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Foreword

Cardiovascular disease remains the leading cause of death worldwide. According to the 
World Heart Federation, cardiovascular disease is responsible for 17.1 million deaths 
globally each year. Counterintuitively, 82% of these deaths actually occur in the devel-
oping world. Such numbers are often difficult to comprehend. The gravity of the situa-
tion is enhanced when portrayed as the following: Heart disease kills one person every 
34 s in the USA alone, and 35 people under the age of 65 die prematurely in the UK 
every day due to cardiovascular disease (12,500 deaths per annum). Although still the 
leading killer, the incidence of cardiovascular disease has declined in recent years for 
several reasons: a better understanding of its pathology, implementation and enhance-
ment of lipid-lowering therapy, new drug regimens including low-molecular-weight 
heparin and antiplatelet drugs such as glycoprotein IIb/IIIa receptor inhibitors, and acute 
surgical intervention.

The disease burden has a great financial impact on global healthcare systems and major 
economic consequences for world economies. Hospital care for patients with cardiovascu-
lar disease accounts for approximately 70% of the cost with 20% spent on pharmacologi-
cal agents. However, the total cost should also include non-healthcare costs such as 
production losses in the workforce and informal care of people with the disease.
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This text aims to elevate the current understanding and treatment of coronary artery 
disease at every level, and I particularly appreciate the multidisciplinary and international 
approach of the editors and authors. The authors are cardiologists, radiologists, patholo-
gists, and cardiac surgeons who work in Europe, America, Asia, and Australia. The book 
is very comprehensive, covering all aspects of ischemic heart disease including anatomy, 
physiology, preoperative assessment by various techniques, and risk analysis that is espe-
cially relevant to an ever-increasing elderly population. The book then focuses on varied 
surgical procedures and newly emerging technologies, and its particular focus on modern 
innovations provides a very innovative slant.

While the book is primarily aimed at cardiology fellows in training, it will also appeal 
to a far wider audience including surgeons, cardiologists, imagers, interventionalists, as 
well as other clinicians and students involved in the diagnosis and treatment of ischemic 
heart disease. I believe that this book will help clarify daily questions regarding the clinical 
and surgical practice in ischemic heart disease, as well as induce inspiration and new 
insights into this field. For all these efforts and initiatives, the editors and authors deserve 
congratulations.

David P. Taggart
University of Oxford

Oxford, UK

Foreword



ix

  Surgical Anatomy of Coronary Arteries: Morphogenesis, Normal  
and Pathological Anatomy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   1
Alberto Aimo

  Pathogenesis of Atherosclerosis: A Multifactorial Process . . . . . . . . . . . . . . . . . . .  15
L. Maximilian Buja

  Prevention of Coronary Atherosclerosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39
Gemma A. Figtree, Katharine A. Kott, and Stephen T. Vernon

  History of Ischemic Heart Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59
Giovanni Concistrè

  Pathophysiology of Ischemic Syndromes in Coronary Artery Disease  . . . . . . . . .  67
Avinash V. Sharma and John A. Ambrose

  Epidemiology of Ischemic Heart Disease  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  83
Muhammad Jawad Hashim

  Non-atherosclerotic Coronary Artery Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93
Rohit Samuel and Jacqueline Saw

  Evaluation of Anginal Syndromes Using Standard Clinical Procedures . . . . . . . . 121
Antonio Lio, Giulio Cacioli, Francesca Nicolò, and Francesco Musumeci

  Cardiovascular Biomarkers in Acute Myocardial Infarction . . . . . . . . . . . . . . . . . 139
Cristina Vassalle, Laura Sabatino, and Alessia Pepe

  Electrocardiogram in Ischemic Heart Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
Andrea Rossi

  Exercise Testing and Its Role in Ischemic Heart Disease  . . . . . . . . . . . . . . . . . . . . 191
Giuseppe Vergaro, Valentina Spini, and Iacopo Fabiani

Contents



x

  Echocardiography Evaluation of Ischemic Heart Disease  . . . . . . . . . . . . . . . . . . . 209
Antonio Boccellino and Eustachio Agricola

  Cardiac Catheterization and Coronary Arteriography  . . . . . . . . . . . . . . . . . . . . . 237
Antonio Mangieri, Mauro Gitto, Sara Baggio, Guido Del Monaco, Aisha Gohar, 
and Bernard Reimers

  Computed Tomography Cardiac Imaging: Coronary Artery  
Disease and Ischemia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267
Alberto Clemente

  Magnetic Resonance Imaging of the Myocardium, Coronary Arteries,  
and Anomalous Origin of Coronary Arteries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
Andrea Barison and Francesco Bianco

  Diagnosis of Acute Myocardial Infarction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305
Annamaria Mazzone and Monica Baroni

  Indications for Myocardial Revascularization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
Francesca Chiaramonti

  Multidisciplinary Approach to Treatment of Ischaemic Heart Disease:  
The Role of the Heart Team . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335
Giovanni Concistrè

  Pharmacological Treatment of Ischemic Heart Disease  . . . . . . . . . . . . . . . . . . . . . 345
Alberto Giannoni, Francesco Gentile, and Chiara Borrelli

  Percutaneous Myocardial Revascularization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369
Luigi Ferrarotto, Alessio La Manna, and Corrado Tamburino

  Anomalous Aortic Origin of a Coronary Artery: Clinical and Surgical 
Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
Chiara Marrone and Duccio Federici

  Surgical Myocardial Revascularization with Cardiopulmonary Bypass . . . . . . . . 399
Giovanni Concistrè and Marco Solinas

  Surgical Myocardial Revascularization Without Cardiopulmonary Bypass  . . . . 409
Paul Sergeant

  Graft Materials, Harvesting Methods, and Treatment of Grafts in Surgical 
Myocardial Revascularization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423
Rahk Margaryan

  Total Arterial Revascularization, Techniques, and Results . . . . . . . . . . . . . . . . . . . 435
Massimo Lemma

Contents



xi

  Management of Patients with Concomitant Coronary and Carotid Artery 
Disease  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447
Giuseppe Santarpino, Dario Fina, Chiara Simeone, Anna Nicoletti, and 
Giuseppe Nasso

  Minimally Invasive Myocardial Revascularization . . . . . . . . . . . . . . . . . . . . . . . . . 459
Giovanni Concistrè and Marco Solinas

  Redo CABG: History, Epidemiology, Surgical Treatment, and Outcomes . . . . . . 467
Armin Darius Peivandi, Andreas Rukosujew, and Angelo Maria Dell’Aquila

  Surgical Complications After Acute Myocardial Infarction:  
Ventricular Septal Defect and Free Wall Rupture . . . . . . . . . . . . . . . . . . . . . . . . . . 477
Alina Gallo and Silvia Solari

  Surgical Ventricular Remodeling in Ischemic Cardiomyopathy  . . . . . . . . . . . . . . 497
Serenella Castelvecchio, Laura Perfetti, Lucia Ramputi, and Lorenzo Menicanti

  Mitral Regurgitation from Ischemic Heart Disease . . . . . . . . . . . . . . . . . . . . . . . . . 511
Giacomo Bianchi

  Cardiac Transplantation and Assist Devices for Ischemic Heart Disease . . . . . . . 525
Andrea Montalto, Agostino La Marca, and Giuseppe Falivene

  Transmyocardial Laser Revascularization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 533
Edoardo Zancanaro

  Stem Cells Therapy for Ischemic Heart Disease  . . . . . . . . . . . . . . . . . . . . . . . . . . . 543
Nicola Pradegan and Gino Gerosa

Contents



1

Surgical Anatomy of Coronary Arteries: 
Morphogenesis, Normal and Pathological 
Anatomy

Alberto Aimo

Abbreviations

ALCAPA Anomalous origin of the left coronary artery from the pulmonary artery
CA Coronary artery
CAA Coronary artery anomaly
CCTA Cardiac computed tomography angiography
EPDC Epicardium-derived cell
LA Left atrium/atrial
LAD Left anterior descending artery
LCA Left coronary artery
LCX Left circumflex artery
LMCA Left main coronary artery
LV Left ventricle/ventricular
MACE Major adverse cardiac events
PDA Posterior descending artery
RCA Right coronary artery
RV Right ventricle/ventricular
SCD Sudden cardiac death

A. Aimo (*) 
Interdisciplinary Center for Health Sciences, Pisa, Italy 

Cardiology and Cardiovascular Medicine Department, Fondazione Toscana Gabriele 
Monasterio, Pisa, Italy
e-mail: a.aimo@santannapisa.it; aimoalb@ftgm.it

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
G. Concistrè (ed.), Ischemic Heart Disease, 
https://doi.org/10.1007/978-3-031-25879-4_1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-25879-4_1&domain=pdf
mailto:a.aimo@santannapisa.it
mailto:aimoalb@ftgm.it
https://doi.org/10.1007/978-3-031-25879-4_1


2

The vessels that nourish the heart are called coronary arteries (CAs). An adequate blood 
flow at rest and during exercise is crucial to sustain cardiac function. Blood flow can be 
reduced by disorders affecting CAs or by congenital alterations in the origin and course of 
CAs. This chapter provides first an overview of the complex (and still incompletely under-
stood) process of CA development. Normal CA anatomy and the main variants will then 
be presented. The last section of this chapter is devoted to congenital abnormalities.

1  Development of Coronary Blood Vessels

CAs in humans and other amniotic vertebrates join the systemic circulation at the aortic 
root. Until the late 1980s, CAs were thought to derive entirely from an outgrowth of the 
aortic root endothelium expanding to form an arterial bed, then a network of capillaries, 
and the venous system [1]. Several studies on avian models challenged this notion, show-
ing that CAs do not stem from the aortic root. Indeed, at least part of the early arterial coro-
nary vascular system forms through the coalescence of endothelial progenitor cells (or 
angioblasts) and subsequent fusion of endothelial cell clusters to form new blood vessels 
(vasculogenesis) [2]. These new vessels then gain access to the aortic lumen [3–6], possi-
bly along a gradient of vascular endothelial growth factor C [7].

Larger CAs have an inner endothelial layer (intima), a medial wall formed by smooth 
muscle cells and elastic fibers (media), and an outer layer of fibrous tissue (adventitia). 
The coronary endothelium has a mesodermal nature. At least three different cellular 
sources of coronary endothelium have been proposed, i.e., the sinus venosus endocardium, 
the ventricular endocardium, and the epicardium. Although the relative importance of each 
source in mammalian coronary vascular development needs further evaluation [8], current 
evidence suggests that sinus venosus endocardium gives origin to venous endothelium, 
whereas endothelial cells from the ventricular endocardium and epicardium are the main 
contributors of the arterial components of the coronary tree [4–6, 9, 10]. The epicardium 
derives from the proepicardium, a cluster of coelomic cells located at the inflow of the 
developing heart during the fourth week of gestation in humans. Proepicardial cells spread 
over the surface of the embryonic myocardium, forming a monolayered epithelium (the 
primitive epicardium) over the myocardium. Some primitive epicardial cells immediately 
undergo an epithelial-to-mesenchymal transition [5, 10], producing a new population of 
highly invasive mesenchymal cells named epicardium-derived cells (EPDCs) [11]. EPDCs 
then migrate into the intimal, medial, and adventitial layers of developing coronary blood 
vessels.

EPDCs are also considered the source of smooth muscle cells forming the medial wall 
of CAs, although other sources such as the neural crest are not excluded [12, 13].

Fibroblasts are particularly abundant in the adventitial layer of large CAs. Coronary 
fibroblasts likely derive from the epicardium [14–16], although other origins such as the 
bone marrow cannot be excluded [17, 18].

A. Aimo
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Overall, animal studies (mostly murine and avian models) have allowed to understand 
that coronary blood vessels are a developmental mosaic, including cells derived from dif-
ferent embryonic sources [19]. Another quite established point is that CAs develop auton-
omously and then connect to the aortic root, instead of sprouting from the aortic root.

2  Normal Coronary Anatomy

2.1  Origins from the Sinuses of Valsalva

The aortic root is the portion of the left ventricular (LV) outflow tract that supports the 
leaflets of the aortic valve, delineated by the sinotubular junction superiorly and the bases 
of valve leaflets inferiorly [20]. The aortic root comprises the sinuses, the aortic valve 
leaflets, the commissures, and the interleaflet triangles. The sinuses of Valsalva are 
expanded portions of the aortic root, which are confined proximally by the attachments of 
the valve leaflets and distally by the sinotubular junction. Two sinuses are adjacent to the 
pulmonary root, and usually the major CAs originate from these sinuses. The remaining 
noncoronary sinus is usually the largest [20]. Coronary orifices are seldom positioned in 
the middle of the sinuses; they tend to be located just below, at, or just above the level of 
the sinotubular junction and are often not in the midline of the respective sinusal junc-
tions [19].

2.2  Right Coronary Artery

Viewed from the frontal plane, the RCA arises at nearly 90° from the corresponding sinus. 
It enters the atrioventricular groove and descends anteriorly and inferiorly to the right 
border of the heart, issuing several branches [21]. In half of the subjects, the first branch is 
the infundibular (or conal) branch. In the other half, the infundibular artery arises directly 
from a second orifice within the right sinus [21]. The RCA supplies the infundibular mus-
culature of the right ventricle (RV), often anastomosing with an infundibular branch of the 
anterior interventricular artery [22]. In three-fifths of the population, the RCA gives rise to 
the artery to the sinus node [23]. The largest branch of the RCA is the right marginal 
artery, which usually originates at least 1 cm proximal to the acute margin and travels to 
the apex of the heart [21]. The majority of hearts have right coronary dominance, which 
means that the posterior descending artery (PDA, also known as inferior interventricular 
artery) is supplied only by the RCA. This condition accounted for 81% of subjects in a 
large postmortem coronary angiogram study [24]. In subjects with right coronary domi-
nance, the artery to the atrioventricular node arises from the RCA. In most cases of right 
coronary dominance, the artery itself continues beyond the crux and supplies branches to 
the infero-septal papillary muscle and the diaphragmatic wall of the LV.

Surgical Anatomy of Coronary Arteries: Morphogenesis, Normal and Pathological…
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2.3  Left Coronary Artery

The left main coronary artery (LMCA) originates from the left sinus and travels anteriorly 
and to the left towards the sternocostal surface of the heart, between the left atrial (LA) 
appendage and the pulmonary trunk [25]. It is very short (about 1–2 cm) and divides into 
the left anterior descending (LAD) artery (or anterior interventricular artery) and the cir-
cumflex artery [21]. In some individuals, the main stem gives rise to a third branch called 
intermediate artery. When present, it supplies the area normally covered by the diagonal 
and/or obtuse marginal arteries [23].

2.4  Left Anterior Descending Artery

The LAD is the direct anterior continuation of the LMCA. After curving around the pul-
monary trunk, it enters the anterior interventricular groove and travels to the apex [21]. It 
then ascends within the inferior interventricular sulcus towards the crux, supplying 
branches to the apical parts of the inferior walls of both ventricles [21]. It terminates 
within the inferior interventricular groove adjacent to the inferior interventricular artery. 
The LAD gives rise to the diagonal arteries and the deep septal perforators, which both 
vary in their number and course. The diagonal arteries supply the LV free wall. The deep 
septal perforators branch at right angles to the interventricular artery and supply the ante-
rior two-thirds of the muscular ventricular septum [23]. The most prominent branch is the 
left descending septal artery, which supplies the moderator band before terminating at the 
anterior papillary muscle. The LAD can also produce an infundibular or conal branch, 
which can anastomose in a circular pattern around the pulmonary infundibulum.

2.5  Left Circumflex Artery

The LCX branches at an angle perpendicular to the LMCA and enters the left atrioven-
tricular groove [21]. In individuals who are right dominant, the LCX usually terminates as 
the left obtuse marginal artery [21]. Several branches supply the posterior and lateral walls 
of the LV and the superolateral papillary muscle [26]. Smaller unnamed branches arise 
from the LCX as it travels along the atrioventricular groove and supply the aortic root and 
ventricular myocardium adjacent to the groove [26]. In around 10% of individuals (9% in 
the postmortem study above) [24], the LCX reaches the cardiac crux and gives rise to the 
PDA. In this circumstance, the artery to the atrioventricular node derives from the circum-
flex artery (so-called balanced pattern) [21]. In other cases, there is no proper PDA, and 
the terminal branches of the RCA and LCX descend along the interventricular groove. 
This condition is known as codominance and was found in 10% of individuals in the 
postmortem study above [24].

A. Aimo
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3  Variants from Normal Coronary Anatomy

There is substantial interindividual variability in the origin, course, and branches of CAs. 
Normal variants differ from coronary artery anomalies (CAAs) because of their higher 
prevalence and benign nature [27–29]. Apart from the right or left dominance or codomi-
nance, we have already mentioned the variable perfusion of sinoatrial and atrioventricular 
nodes, the emergence of a conus branch from the right sinus, or an intermediate artery 
originating from a trifurcation of the LMCA [29, 30]. The absence of the LMCA, with a 
separate origin of the LAD and LCX, is found in up to 0.67% of subjects [28] and is 
regarded as a variant. Additionally, an origin with a more acute angle or a higher takeoff 
and an increased tortuosity is generally considered a benign variant, but may complicate 
percutaneous coronary interventions [31, 32].

4  Coronary Artery Anomalies

Although originally described in the eighteenth century, CAAs were first classified in 
1969 [33]. The use of a heterogeneous nomenclature in historical reports may have led to 
underestimation of the real prevalence of CAAs. When assessing the prevalence of CAAs, 
other potential sources of bias should be considered: 1) postmortem examination of coro-
nary arteries is more likely performed in young victims of sudden cardiac death (SCD) and 
2) patients with suspected or known CAAs are more often referred to specialized angio-
graphic centers [34]. The estimated prevalence of CAAs ranges from 0.2% to 5.8%, based 
on angiography, cardiac computed tomography angiography (CCTA), and autopsy data-
bases [19]. The diffusion of CCTA is expected to advance our knowledge of the epidemi-
ology of CAAs [35, 36], whose prevalence might be even higher (8% in a recent cohort of 
1759 patients) [35].

CAAs with potential hemodynamic and clinical implications can be labelled as “malig-
nant,” whereas the others can be designated as “benign.” Furthermore, CAAs may be 
encountered in otherwise normal hearts, but can also coexist with heart malformations 
such as tetralogy of Fallot, transposition, or bicuspid aortic valve, and may in some cases 
complicate their management [21]. Despite these considerations, the classification of 
CAAs relies merely on anatomical considerations. A classification system proposed by a 
position statement of the European Society of Cardiology identifies anomalies of CA con-
nection (origin and course), anomalies of intrinsic CA anatomy, and anomalies of CA/
myocardial interaction [19] (Table 1).

Surgical Anatomy of Coronary Arteries: Morphogenesis, Normal and Pathological…
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Table 1 Classification of coronary artery anomalies (CAAs)

Anomalies of CA connection
•  To the pulmonary artery (PA)/pulmonary circulation
 –  LCA to posterior facing sinus (ALCAPA)
 –  LCX to posterior facing sinus
 –  LAD to posterior facing sinus
 –  RCA to anterior right facing sinus
 –  Ectopic connection (outside facing sinuses) of any CA to PA left
 –  Sinus, trunk, or branch
 –  RV
•  To the aorta/systemic circulation
 –  Absent left main trunk (split LCA)
 –  Anomalous CA ostium location within or near proper aortic sinus of:
 –  Valsalva:
   High tubular aorta
   Low aorta
   Commissural (with acute angle)
 –  Anomalous CA ostium location at improper aortic sinus—wrong sinus:
   RCA to left sinus
   LCA to right sinus
   LCX to RCA or sinus
   LAD to RCA or sinus
    RCA or LCA to posterior sinus with anomalous course: interarterial, prepulmonic, 

intraseptal, retroaortic, posterior atrioventricular groove or retrocardiac, posteroanterior 
interventricular groove

 –  Single CA
 –  Anomalous CA ostium location outside sinotubular aorta:
   LV
   Ascending aorta
   Aortic arch
    Others (innominate artery; right carotid artery; internal mammary artery; bronchial artery; 

subclavian artery; descending thoracic aorta)
Anomalies of intrinsic CA anatomy
•  CA ostial stenosis or atresia
•  CA ostial dimple
•  CA ectasia or aneurysm
•  Absent CA
•  CA hypoplasia
•  Anomalous CA ramification:
 –  Anomalous origin of PD from LAD or septal penetrating branch
 –  Split RCA
 –  Split LAD
 –  Ectopic origin of first septal branch (RCA, right sinus, diagonal, LCX)

A. Aimo
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4.1  Anomalies of CA Connection

The origin of CAs from the pulmonary artery is one of the most serious CA anomalies, 
with an estimated prevalence of 1  in 300,000 live births and an established association 
with myocardial infarction and SCD. In the most common form, the LMCA connects to 
the pulmonary artery (anomalous origin of the left coronary artery from the pulmonary 
artery, ALCAPA), while the RCA connects normally to the aorta. Coronary steal may 
occur when the low blood pressure in the pulmonary artery causes blood from the LCA to 
flow towards the pulmonary artery instead of the heart, causing myocardial ischemia and 
promoting the formation of collateral vessels. The extent of the acquired collateral circula-
tion between the two CAs is the major determinant of the degree of ischemia, severity of 
clinical presentation, and outcome. Thus, patients with well-established collateral vessels 
have the “adult type” of the disease, and those without or with few collaterals have the 
“infant type,” with early onset of symptoms when pulmonary arterial pressure decreases 
[37]. The availability of less invasive diagnostic modalities, such as CCTA, has led to a 
more frequent identification of this condition in an older cohort [38]. The definitive treat-
ment for ALCAPA is surgical intervention, with direct reimplantation of the anomalous 
CA into the aorta.

Anomalies in the origins of CAs from the aorta are more common. Estimates from 
observational studies are extremely heterogeneous, but their prevalence is at least 1  in 
1000 individuals [29, 32, 39]. The origin of a CA from the opposite sinus is the most fre-
quent and clinically relevant anomaly, while the origin from the noncoronary sinus is 
unusual [28, 39, 40]. The presence of these CAAs is usually not associated with other 
congenital abnormalities [41], whereas other rarer subtypes (e.g., single or inverted CAs) 
are often observed in the setting of complex congenital heart diseases [33, 40].

Anomalous myocardial/CA interaction
•  Intramural course (“myocardial bridge”)
•  Subendocardial course
•  Fistulae from RCA, LCA, or infundibular artery to RV, RA, coronary sinus, superior vena cava, 

PA, PV, LA, LV, multiple
•  Inadequate arteriolar/capillary ramifications

ALCAPA, anomalous origin of the left coronary artery from the pulmonary artery; LA, left atrium/
atrial; LAD, left anterior descending artery; LCA, left coronary artery; LCX, left circumflex artery; 
LV, left ventricle/ventricular; MACE, major adverse cardiac events; PA, pulmonary artery; PDA, 
posterior descending artery; PV, pulmonary vein; RA, right atrium/atrial; RCA, right coronary 
artery; RV, right ventricle/ventricular. Adapted with permission from Pérez-Pomares et al. (2016) [19]

Table 1 (continued)

Surgical Anatomy of Coronary Arteries: Morphogenesis, Normal and Pathological…
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In the setting of anomalous connection of either the RCA to the left coronary sinus or 
the LCA to the right coronary sinus, the proximal portion of the anomalous CA may run 
before the pulmonary trunk (prepulmonic), behind the aorta (retroaortic), or between the 
pulmonary artery and the aorta (interarterial) (Fig. 1). Among them, only those with an 
interarterial (aorta–pulmonary) course are regarded as conditions at risk of ischemia and 
even SCD [42]. Several mechanisms of ischemia during exercise have been proposed, 
including (1) increased cardiac output and expansion of the great vessels, with compres-
sion of the anomalous vessel between the aorta and the pulmonary artery; (2) spasm or 
kinking of the anomalous vessel; and (3) a flap-like closure of the coronary ostium due to 
an acute angle takeoff and a further stretch during exercise [28, 42]. Anomalous LCA con-
nection to the right sinus is considered more dangerous than RCA connection to the left 
sinus because of the larger amount of myocardium at risk of ischemia [43]. Anomalous 
connection of a CA to the noncoronary sinus is quite rare and exceptionally associated 
with SCD [43].

The LCX starting from the RCA or the right sinus is considered the most frequent CA 
anomaly with an angiographic incidence of up to 0.67% [44, 45]. The LCX has a  retroaortic 
course and crosses the aortic-mitral fibrous continuity (Fig. 1). This anomaly is usually 
considered benign and a rare cause of myocardial ischemia and SCD [46].

A single CA is a very rare condition seen in 0.0024–0.044% of the population [47], 
where only one CA connects to the aorta through a single ostium. The single CA may take 

LCA
Circumflex
artery

Normal

RCA LCA

RCA from left aortic sinus
with interarterial course

LCA from right aortic sinus
with interarterial course

Circumflex
artery

RCA
LCA

Circumflex
artery

RCA

LCA

Circumflex
artery

RCA

Circumflex artery from right sinus
with retroaortic course

Arteries from anomalous sinus with prepulmonary course

LCA

Circumflex
artery

RCA LCA

Circumflex
artery

RCA

Fig. 1 Examples of anomalous origination of coronary ostia from the opposite aortic sinus. LCA, 
left coronary artery; RCA, right coronary artery
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the course of either an RCA or an LCA and divide shortly from its origin into two or three 
of the main coronary branches [48]. A single CA may be compatible with a normal life 
expectancy, but acquired coronary stenosis is very dangerous because of the impossibility 
to develop proximal collateral branches, and there is a high risk of ischemia when a major 
CA branch courses between the pulmonary artery and the aorta [19].

4.2  Anomalies of Intrinsic CA Anatomy

Congenital atresia of the LMCA differs from LMCA absence in that a fibrous tract may 
hinder myocardial perfusion. There are few reports of congenital atresia of the LMCA in 
adults [49]. Absence or severe hypoplasia of the RCA or LCX is rare [29, 32].

An epicardial coronary artery, usually the LAD, may present an intramyocardial course. 
“Myocardial bridges” are much more common than other CAAs. The prevalence of myo-
cardial bridges at angiography is lower than at autopsy (0.5–2.5% vs. 15–85%) since many 
bridges consist of thin loops of myocardium that do not affect coronary hemodynamics 
and then cannot be detected by angiography with the typical vessel constriction (so-called 
milking effect) [50]. Myocardial bridges are common in patients with hypertrophic cardio-
myopathy, with a frequency of around 25% [51]. Exercise-induced ischemia has been 
attributed to tachycardia, which increases the myocardial oxygen requirement and reduces 
the time of diastole [52]. Beta-blockers are commonly used as first-line agents for patients 
with symptoms, because they reduce myocardial oxygen requirement and compression of 
the artery. Coronary stenting is not recommended [53]. The most common surgical 
approaches are coronary artery bypass grafting (CABG) and surgical myotomy. CABG 
seems to be most beneficial in long (>25 mm) or deep (>5 mm) myocardial bridges; in the 
other cases, surgical myotomy (with resection of the muscle fibers compressing the artery) 
should be considered [53, 54]. Myocardial bridges have been considered a possible cause 
of SCD; the existence of this cause-effect relationship, possibly mediated by ventricular 
arrhythmias elicited by myocardial ischemia, is still debated [46].

A coronary aneurysm is a focal dilatation of at least 1.5 times the normal coronary 
lumen, involving less than half of CA length, while ectasia is a dilation of more than half 
of CA length. Coronary aneurysms may be saccular (if the transverse diameter exceeds the 
longitudinal diameter) or fusiform (in the opposite case) [55]. Coronary aneurysms are 
usually acquired (e.g., atherosclerosis, syphilis, Kawasaki disease), while they are exceed-
ingly rare as congenital anomalies [55, 56].

Coronary arteriovenous fistulas consist of the termination of a coronary artery into 
another vessel or a cardiac chamber. They are relatively common in the context of complex 
malformations, while they are rare in adults [57]. The most common site of drainage is the 
RV, followed by the right atrium and the pulmonary artery. Fistulae drain into the LA or 
LV in less than 10% of cases. The hemodynamic consequences depend on the site of drain-
age and the resistance to flow (which in turn depends on fistula diameter, length, and tor-
tuosity). The blood flow from the CA to a venous structure or right-sided cardiac chamber 
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occurs throughout the cardiac cycle. Large fistulae may cause a coronary steal during 
diastole, with ischemia symptoms, and a left-to-right shunt, with volume overload of both 
ventricles. When fistulae drain in the LA or a pulmonary vein, a left-to-left shunt with 
left-heart volume overload occurs. Small fistulae in asymptomatic children should be fol-
lowed over time because of their tendency to grow with age. Symptomatic or asymptom-
atic patients with large, hemodynamically significant CA fistulae should be treated through 
surgical ligation, either isolated or in association with CA bypass grafting, and interven-
tional closure with occlusion coils, umbrellas, vascular plugs, and covered stents [58].

5  Conclusion

A good knowledge of the normal coronary anatomy, including coronary variants, is crucial 
to recognize alterations in coronary anatomy caused by acquired disorders (such as athero-
sclerosis or Kawasaki disease) or abnormalities in CA development. The latter may be 
benign alterations that are discovered occasionally or vice versa may alter cardiac hemo-
dynamics and increase the risk of myocardial ischemia and SCD, thus requiring a specific 
treatment.

Conflicts of Interest None.
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1  Introduction

Atherosclerosis is a vascular disease that is characterized by the presence of fibrofatty 
raised lesions (plaques) involving the aorta and its main distributing branches—the coro-
nary arteries, the carotid and cerebral arteries, and the iliofemoral arteries [1]. During the 
twentieth century, the fundamental pathobiology was determined for atherosclerosis and 
CAD, also designated as IHD [2]. In essence, atherosclerosis results from an inflammatory 
and immunologically driven response of the arterial wall to multifactorial and repetitive 
injury [1, 2]. This understanding of the pathogenesis of atherosclerosis has come from a 
convergence of evidence from multiple lines of investigation including epidemiology, 
population-based pathology, vascular cell and molecular biology, and pathology of lesions 
in humans and experimental animals (Table 1) [2].

In the last 20 years, major research advances have provided important new insights 
with new opportunities for more effective therapy. This chapter builds on fundamental 
knowledge presented in previous reviews and provides a synthesis of new information 
regarding the pathobiology of atherosclerosis and CAD/IHD [3–9].

Table 1 Major lines of evidence for the response to injury theory of atherosclerosisa

Epidemiology
   Risk factor analysis
   Seven Countries Study
   Framingham Study
Population-based pathology
   Korean Conflict Casualties
   International Atherosclerosis Project/Geographic Pathology of Atherosclerosis Study (GPAS)
   Bogalusa Heart Study
   Pathological Determinants of Atherosclerosis in Youth (PDAY)
Experimental animal studies
   Diet-induced models
   Genetic-based models
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Pathology of atherosclerotic lesions
   Cytology and ultrastructure of lesions
   Morphometrics of aorta and coronary arteries
   Unstable/vulnerable plaque
   Updated classification of atherosclerotic lesions and relationship to clinical events
Vascular cell biology
   Endothelial cells and smooth muscle cells
   Adhesion molecules and cytokines
   Angiogenesis
Pathogenesis
   Response to injury theory
   Role of hemodynamics
   Roles of inflammation and innate and acquired immunity
   Monoclonal construct

a Lines of evidence discussed in Buja LM. Innovators in atherosclerosis research: A historical review. 
Int J Cardiol. 2020 May 15;307:8–14. https://doi.org/10.1016/j.ijcard.2020.02.016

Table 1 (continued)

2  Epidemiology, Natural History, and Risk Factors

Atherosclerosis and its complications constitute the leading cause of disability and death 
worldwide. There is a dichotomy between a decrease in atherosclerotic disease prevalence 
in the United States and other developed countries due to advances in prevention and treat-
ment and increase in the prevalence of atherosclerosis-related diseases in developing 
countries in recent decades [10, 11].

The natural history of atherosclerosis involves a long clinically silent phase followed 
by the onset, often sudden, of symptomatic disease [1, 2] (Fig. 1). The clinical complica-
tions of atherosclerosis result from progressive growth of plaques and secondary changes 
in the plaques. Progression of atherosclerosis can lead to luminal stenosis, thrombosis, 
embolization, aneurysm formation, and vessel rupture. The resultant clinical manifesta-
tions include CAD/IHD, stroke, and peripheral vascular disease. Since progression of 
atherosclerosis increases over time, age is a significant risk factor for clinical expression 
of disease. Progression of atherosclerosis is also influenced by specific genetic defects, 
such as familial hypercholesterolemia, as well as more heterogeneous genetic factors 
which contribute to a positive family history of disease [12–18]. A large body of experi-
mental, clinical, and epidemiological work has firmly established hypercholesterolemia 
and other forms of hyperlipidemia as the dominant risk factor in the development of ath-
erosclerotic disease [12–19]. Epidemiological studies have also established that the four 
major risk-treatable factors for disease are hyperlipidemia, hypertension, cigarette smok-
ing, and diabetes mellitus [1, 2, 19].

The metabolic syndrome is a clustering of hyperglycemia/insulin resistance, obesity, 
and dyslipidemia. It identifies patients who are at high risk of developing atherosclerotic 
cardiovascular disease and type 2 diabetes mellitus [20]. Obesity predisposes to the devel-
opment of other components of the metabolic syndrome. However, a paradoxical inverse 
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Fig. 1 Schematic depiction of the natural history of human atherosclerosis and atherosclerosis 
lesions based on population-based pathology studies with supportive evidence from epidemiological 
studies and experimental studies and with incorporation of the potential for regression of established 
atherosclerotic lesions and the potential for development of unstable/vulnerable plaques with associ-
ated thrombosis. Reproduced with permission from reference 2: Buja LM. Innovators in atheroscle-
rosis research: A historical review. Int J Cardiol. 2020 May 15;307:8–14. https://doi.org/10.1016/j.
ijcard.2020.02.016

correlation has been observed between body mass index and atherosclerosis of the aorta 
[21, 22].

Contemporary epidemiological and basic studies have focused attention on “nontradi-
tional” risk factors, including CRP and other markers of inflammation, altered coagulation 
factors, increased blood level of homocysteine, and exposure to infectious organisms, par-
ticularly herpesviruses and Chlamydia [23]. These studies indicate that progression of 
atherosclerosis can be influenced by a broad array of metabolic, immunological, and 
inflammatory factors.

3  Vascular Lesions

Arteries consist of an adventitia of connective tissue, a muscular media containing smooth 
muscle cells, and an intima lined by endothelium [24]. The aorta is designated as an elastic 
artery based on the presence of numerous longitudinal elastic fibers as well as smooth 
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muscle cells in the media, whereas the major aortic distributing vessels are designated as 
muscular arteries based on the media containing abundant smooth muscle cells without 
elastic fibers [24].

Diffuse intimal thickening occurs in both the aorta and the distributing arteries over 
time due to accumulation of smooth muscle cells and connective tissue matrix in the 
intima [25]. Early vascular lesions consist of focal alterations within the diffusely thick-
ened intima [4, 25–27]. Gray gelatinous lesions are focal areas of excess fluid accumula-
tion in the intima. Fatty streaks are foci of lipid accumulation within the intima. The lipid 
usually has a predominantly intracellular localization but may be partially or exclusively 
extracellular. The lipid-containing foam cells are macrophages derived from blood mono-
cytes and smooth muscle cells derived from the vessel wall. Microthrombi, composed of 
platelets and fibrin, constitute another type of focal lesion along with gray gelatinous 
lesions and fatty streaks. There is a general similarity in the distribution of pre- 
atherosclerotic lesions and lesions in the initial stages of atherosclerosis with localization 
in and around branch points of the aorta and distributing branch arteries (Fig. 2).

The lesions of established atherosclerosis are atherosclerotic or fibrous plaques (Fig. 3). 
These are raised intimal lesions composed of variable combinations of lipid, cells, and 
connective tissue matrix, as characterized by light and electron microscopic study [25–27]. 
Further detail of the cellular pathology of atherosclerotic lesions has been provided by 
light and electron microscopic analysis of vascular lesions from subjects with homozy-
gous familial hypercholesterolemia and the Watanabe heritable hyperlipidemic (WHHL) 
rabbit model (Fig. 4) [28–30]. The lipid composition of lesions has also been determined 
[31, 32].

The classical atherosclerotic lesion (plaque) was originally termed an atheroma and 
more recently has been designated as a fibroinflammatory lipid plaque [4]. However, ath-
erosclerotic plaques exhibit heterogeneity in the proportions of fibrous and lipid compo-
nents. The spectrum of established atherosclerotic lesions consists of pathological intimal 

Fig. 2 Distribution of 
early atherosclerosis. 
Aorta of young accident 
victim stained with oil 
red O for demonstration 
of lipid deposition. Note 
the lipid deposition in 
atherosclerosis-prone 
areas adjacent to the ostia 
of the aortic arch 
branches and the 
intercostal arteries in the 
descending thoracic aorta 
and the more extensive 
deposition in the 
abdominal aorta
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Fig. 3 Gross and histological features of an atherosclerotic plaque. Top left: Atherosclerotic plaques 
are yellow raised lesions. Top right: Low-magnification photomicrograph of section stained with oil 
red O demonstrates the lipid-rich core and fibrous cap of the plaque. Bottom left: Medium- 
magnification photomicrograph of histological section (hematoxylin and eosin stain) shows fibrous 
cap and lipid core at the edge of the plaque. Bottom right: High-magnification photomicrograph of 
thin section (toluidine blue stain) showing foam cells containing cholesterol ester-rich lipid droplets 
and enclosing free cholesterol crystals

Fig. 4 Electron micrograph of an advanced intimal lesion from a 6-month-old WHHL rabbit. The 
lesion is lined by endothelium (E). The lesion contains numerous smooth muscle cells (SMCs) with 
lipid deposits, a modified smooth muscle cell (MSMC), and lipid-laden foam cells. Bar = 1 microm-
eter. Reproduced at the discretion of the author (https://www.ahajournals.org/permissions- rights) 
from reference 28: Buja LM, Kita T, Goldstein JL, Watanabe Y, Brown MS. Cellular pathology of 
progressive atherosclerosis in the WHHL rabbit. An animal model of familial hypercholesterolemia. 
Arteriosclerosis. 1983 Jan-Feb;3(1):87–101. https://doi.org/10.1161/01.atv.3.1.87
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thickening, fibroatheroma, complicated fibroatheroma, and thin-cap fibroatheroma based 
on the lack or presence of a central lipid core and the thickness of the fibrous cap (Table 2) 
[33, 34]. So-called hard plaques are composed predominantly of fibrous tissue, soft 
plaques, or atheromas and have a core of necrotic, lipid-rich material covered by a fibrous 
cap. The central core contains necrotic debris, is rich in extracellular lipid, and often is 
vascularized by an ingrowth of vessels from the vasa vasorum. The fibrous cap of 
 atheromatous plaques is completely or partially lined by endothelium and is composed of 
smooth muscle cells, collagen fibers, glycosaminoglycans, and a few elastic fibers. 
Peripheral and deep portions of the lesions are composed of similar tissue. Lipid-laden 
foam cells of macrophage and smooth muscle origin are present in the connective tissue 
matrix, especially adjacent to the central core. The lesions also contain T lymphocytes and 
macrophages derived from blood monocytes. The term complicated plaque is a histo-

Table 2 Contemporary classification of arterial lesions related to atherosclerosisa

Non-atherosclerotic intimal lesions
Diffuse intimal 
thickening

Age-related accumulation of smooth muscle cells (SMCs) in the absence of 
extracellular lipid, macrophage foam cells, and thrombosis

Intimal fatty 
streak/xanthoma

Focal intimal accumulation of foam cells without necrosis or fibrosis; 
potential for regression

Progressive atherosclerotic lesions
Pathological 
intimal thickening

Plaque rich in SMCs in a matrix rich in glycosaminoglycans; focal (PIT) 
accumulation of extracellular lipid; no necrosis

Fibroatheroma Characteristic lesion of established atherosclerosis; lipid-rich necrotic core 
and overlying fibrous cap; foam cells derived from SMCs and macrophages 
and matrix produced by SMC; with or without calcification

Complicated 
fibroatheroma

Intraplaque hemorrhage or plaque fissure

Thin-cap 
fibroatheroma 
(TCFA)

Thin fibrous cap (<65 μm) infiltrated by macrophages and lymphocytes

Lesions with acute thrombi
Ruptured plaque TCFA with cap disruption. Thrombosis is present, can be mural or 

occlusive. Luminal thrombus communicates with the underlying necrotic 
core

Eroded plaque Focal loss of endothelium and subendothelial disruption of a plaque. Can 
also occur on pathological intimal thickening. Thrombus is present, can be 
mural or occlusive. No communication of thrombus with underlying 
necrotic core

Calcified nodule Nodule of calcium with an underlying fibrocalcific plaque with minimal or 
no necrosis. Thrombus is usually not occlusive

Healed lesions Healed plaque rupture, plaque with superficial layer with features of 
organized thrombus
Erosion or calcified nodule and/or new growth of fibrocellular tissue

a Based on the American Heart Association Classification modified by Virmani and colleagues 
[33, 34]
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Fig. 5 Photomicrograph of cross section of the left main coronary artery from the explanted heart 
of a 6-year-old girl with homozygous familial hypercholesterolemia who underwent liver and heart 
transplantation. Reproduced with permission from reference 30: Buja LM, Clubb FJ Jr., Bilheimer 
DW, Willerson JT.  Pathobiology of human familial hypercholesterolaemia and a related animal 
model, the Watanabe heritable hyperlipidaemic rabbit. Eur Heart J. 1990 Aug;11 Suppl E:41–52. 
https://doi.org/10.1093/eurheartj/11.suppl_e.41

pathological designation to describe advanced fibroinflammatory lipid plaque develop-
ment with secondary changes, including intraplaque hemorrhage and plaque fissure, often 
associated with clinical disease. Advanced atherosclerotic plaques are associated with 
medial degeneration and weakening as well as adventitial fibrosis with lymphocytic infil-
trates. Thus, advanced atherosclerosis lesions involve all three layers of the vessel wall 
(Fig. 5).

Detailed characterization of the cellular and chemical composition of vascular lesions 
has provided the basis for understanding the processes involved in formation and interre-
lationships of these lesions [35–38]. The early vascular lesions do not produce significant 
focal thickening, lack necrosis, and are reversible. In contrast, plaques produce focal inti-
mal thickening, usually have necrotic cores, and are less easily reversible. In a population 
with prevalent risk factors, early lesions progress to intermediate fibrofatty lesions and 
then into atherosclerotic plaques [1, 2]. For both fatty streaks and atherosclerotic plaques, 
the intracellular lipid in foam cells consists of cholesterol esters, and the extracellular lipid 
is composed of free cholesterol, phospholipid, and intact lipoprotein. Both the intracellu-
lar and extracellular lipids are derived from plasma LDL, which undergoes modification 
and metabolism in the evolving lesions [36–40].

In the coronary arterial system, atheromatous lesions associated with coronary throm-
bosis are unstable or vulnerable plaques [41–43]. Most of these vulnerable plaques are 
thin-cap fibroatheromas, which are subject to plaque fissuring and rupture. Others are 
thick-cap fibroatheromas, which are subject to endothelial erosion and thrombosis 
(Table 2).
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4  Response to Injury Theory

Atherogenesis involves complex interactions between the vessel wall and soluble and 
formed elements of the blood [1–4]. All three layers of the arterial wall, i.e., the adventitia, 
media, and intima, participate in the formation of lesions in the intima. Important factors 
in the initiation and growth of plaques in the intima are (1) endothelial injury and dysfunc-
tion; (2) monocyte/macrophage accumulation; (3) influx of T lymphocytes; (4) platelet 
aggregation and attachment; (5) VSMC migration from the media and phenotypic modula-
tion, plasticity, and proliferation in the intima; (6) influx of plasma LDL; (7) oxidation of 
LDL; (8) progressive lipid accumulation in foam cells from uptake of oxidatively modified 
LDL and free cholesterol; (9) apoptotic death of foam cells; (10) extracellular lipid deposi-
tion; (11) modulation by the adventitia; and (12) modulation by hemodynamic influences 
related to blood pressure and pattern of blood flow.

The response to injury theory of atherogenesis is based on multiple lines of evidence 
and incorporates and expands on earlier theories (Table 1) [44–48]. The theory recognizes 
that atherogenesis is intrinsically linked to inflammation and activation of innate and 
acquired immune systems [49, 50] (Fig. 6). The theory also recognizes that atherosclerosis 
is a dynamic process with potential for both progression and stabilization, or even regres-
sion, when risk factors are aggressively managed [51–53].

Fig. 6 Atherogenesis and inflammation. Mechanisms of atherogenesis mediated by inflammation
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5  Role of Endothelium

Vascular integrity is critically dependent on the maintenance of homeostasis of the endo-
thelium [54, 55]. The endothelium is a major source of humoral mediators, including 
antithrombotic as well as prothrombotic factors, cytokines, growth factors, and vasodila-
tory factors, including prostacyclin and EDRF, i.e., NO, as well as vasoconstrictors, 
including endothelin [3, 4, 35]. Normal endothelium is in a mode favoring vasodilation, 
antithrombosis, and fibrinolysis. Conversely, endothelial injury can shift the balance 
toward vasoconstriction and thrombosis. At the foci of endothelial injury, the thrombotic 
process is initiated by platelet aggregation with secondary activation of the coagulation 
cascade. Complex interactions between the endothelium, platelets, and coagulation factors 
then follow, including further platelet aggregation by activation of thrombin receptors.

Endothelial function is mediated through gene expression [3, 4, 35, 54, 55]. Activation 
of the transcription factor, NF-κB, is a key event in the subsequent activation of physiolog-
ically important genes and gene products, including those that regulate the interactions of 
endothelial cells and leukocytes. NO production is an important regulator of NF-κB acti-
vation. NO can inhibit the expression of adhesion molecules on the endothelial cell surface.

Early endothelial injury involves modulation of endothelial cell function without loss 
of cells. Chronic repetitive endothelial injury is important in lesion initiation and progres-
sion, with the endothelium participating in the activation of an inflammatory cascade that 
is instrumental in the process. Injurious factors can include hypertension; high circulating 
levels of LDL, lipoprotein (a), and other atherogenic lipids; components of cigarette 
smoke; high levels of homocysteine; immunologic mechanisms; and injury induced by 
herpesviruses and Chlamydia [23].

Endothelial dysfunction is related to oxidative stress with an excess production of reac-
tive oxygen species and a decrease in NO [3, 4, 35, 54, 55]. An important early event in 
lesion development is the adhesion of blood monocytes and platelets to the endothelial 
surface and the entry of monocytes into the intima. Leukocyte recruitment involves the 
contributions of both adhesion and signaling molecules expressed on the surfaces of both 
the leukocytes and endothelial cells. Receptors called selectins mediate the transient adhe-
sion of leukocytes to regionally activated endothelium. This is followed by activation of 
the loosely adherent leukocytes, with subsequent upregulation of other molecules known 
as integrins, which increase adhesion and mediate emigration.

6  Role of Smooth Muscle Cells

SMC involvement in the development of intimal lesions is another major component of the 
response to injury theory [44–48]. Heterogeneity of SMC in different vascular beds has 
been shown along with supportive evidence for the occurrence of SMC clones [56, 57]. 
SMCs migrate into the intima in response to molecular signals released by activated endo-
thelial cells, leukocytes, and platelets. Simultaneously, SMCs undergo phenotypic modu-
lation changing from contractile to synthetic phenotype. SMCs then proliferate in the 
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growing atherosclerotic plaque. SMCs also exhibit plasticity and express markers for other 
cell types, including macrophages and fibroblasts, driven by cholesterol uptake triggering 
the unfolded protein response [58–62]. Recent studies utilizing lineage tracing analysis 
indicate that SMCs represent the major cell type of plaques. SMCs produce the collagen 
and matrix components of the plaque.

7  Role of the Adventitia

The adventitia, the outer layer of the blood vessel wall, has been found to be a dynamic 
microenvironment in which adventitial and perivascular adipose tissue cells initiate and 
regulate important vascular functions in disease, especially intimal hyperplasia and ath-
erosclerosis [63, 64]. The adventitia has a profound influence on the population and func-
tion of intimal and medial endothelial, macrophage, and smooth muscle cells. Vascular 
injury and dysfunction of the perivascular adipose tissue promote expansion of the vasa 
vasorum, activation of fibroblasts, and differentiation of myofibroblasts. This regulates 
further biologic processes, including fibroblast and myofibroblast migration and prolifera-
tion, inflammation, immunity, stem cell activation and regulation, extracellular matrix 
remodeling, and angiogenesis. Ongoing work is aimed at determining as to whether the 
adventitia initiates disease or is just an important participant in atherogenesis.

8  Role of Hemodynamics

Initially, atherosclerosis is a focal disease. There is a predilection for the formation of 
atherosclerotic plaques adjacent to branch points in areas of low-velocity flow and low 
shear stress adjacent to areas of high shear stress [65–67]. Activation of leukocytes and 
platelets likely occurs in zones of high shear and turbulent flow, and the activated cells are 
primed to interact with endothelium in zones of low shear and flow.

Biomechanical forces generated by blood flow also act as important modulators of 
regional endothelial gene expression, phenotype, and function. Induction of the transcrip-
tion factors KLF2 and Nrf2 by atheroprotective flow orchestrates a multifunctional genetic 
program, the net effects of which contribute to the maintenance of endothelial vasoprotec-
tive phenotypes. Statins, and potentially other yet-to-be-defined agents, through their 
induction of KLF2 can function as pharmacomimetics of atheroprotective flow [54, 55].

9  Plaque Growth

The growth of atherosclerotic plaques involves continued accumulation of macrophages 
and lymphocytes, proliferation of smooth muscle cells, and accumulation of lipid in the 
intima. Cytokines and growth factors mediate smooth muscle proliferation by paracrine 
and autocrine pathways. A key factor in local cellular lipid accumulation is the local for-

Pathogenesis of Atherosclerosis: A Multifactorial Process



26

mation of oxidized LDL and other forms of altered LDL [35–38, 48]. This altered LDL 
can be taken up progressively via the scavenger receptor pathway into vascular cells, lead-
ing to the formation of foam cells filled with numerous droplets of esterified cholesterol 
[39, 40]. This pathway is not subject to feedback inhibition as is the LDL pathway [39, 40].

Plaques develop a considerable content of collagen, glycosaminoglycans, and some 
elastin. These matrix components are synthesized by smooth muscle cells [1–4, 44–47]. 
Repetitive endothelial injury, including patchy endothelial denudation, is important in the 
growth of plaques. This, in turn, leads to platelet aggregation and attachment with release 
of PDGF and other platelet products and further smooth muscle proliferation [1–4].

Progressive intimal thickening leads to the development of hypoxia in the depths of the 
plaque in and around the intimal-medial junction [1–4]. Excess oxidative stress, products 
of the inflammatory process, and hypoxia likely serve as important initiating factors for 
apoptosis and necrosis of foam cells and release of their lipids. Local influence of vascular 
growth factors is also likely involved in the vascularization of plaques by the ingrowth of 
vessels from the vasa vasorum. Dystrophic calcification of the necrotic lipid frequently 
occurs. The vessels in the cores of the plaques are a source of petechial hemorrhages and 
leakage of plasma. These blood components contribute to lipid accumulation in the 
plaques.

10  Atherosclerosis as an Inflammatory Disease

Inflammation associated with the activation of innate and acquired immune mechanisms 
is intrinsic to the pathogenesis and clinical expression of atherosclerosis [48–50] (Fig. 6). 
Atherogenesis is linked to key features of the cellular and molecular biology of inflamma-
tion [68, 69]. Cellular responses in inflammation are mediated by the formation of inflam-
masomes, which are cytoplasmic multiprotein complexes that form in response to signals 
from damaged cells. Inflammasomes are multimeric protein complexes that typically com-
prise a sensor, an adaptor, and the zymogen procaspase-1 [70–73]. An inflammasome 
assembles in response to a diverse range of PAMPs and DAMPs. The DAMPs and PAMPs 
exert their effects by binding to PRPs, including toll-like receptors. The inflammasome 
platform leads to the activation of caspase-1 through proximity-induced self-cleavage, 
which further induces maturation of IL-1β and IL-18 through proteolytic cleavage of pro- 
IL- 1β and pro-IL-18. Activated caspase-1 also cleaves gasdermin D, which leads to a 
particular form of cell death called pyroptosis.

NLRP3 inflammasomes trigger vascular wall inflammatory responses that lead to the 
progression of atherosclerosis [70–73]. NLRP3 inflammasomes have a specific activation 
pathway that involves numerous stimuli, including a wide range of DAMPs. NLRP3 
inflammasomes are activated by various danger signals, such as cholesterol crystals, cal-
cium phosphate crystals, and oxidized low-density lipoprotein in macrophages, to initiate 
inflammatory responses in the atherosclerotic lesion. NLRP3 inflammasomes regulate 
caspase-1 activation and subsequent processing of pro-IL-1β, trigger vascular wall inflam-
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matory responses, and lead to progression of atherosclerosis [70–73]. Recent studies have 
further clarified the regulatory mechanisms and the potential therapeutic agents that target 
NLRP3 inflammasomes.

Altered endothelial cells in lesion-prone areas express a selective profile of adhesion 
molecules that lead to the recruitment, attachment, and transmigration of circulating plate-
lets, monocytes, and T lymphocytes, but not neutrophils, and the transmigration of leuko-
cytes into the vessel wall [1–4, 35]. The local environment within the intima leads to the 
transformation of leukocytes into activated macrophages and T lymphocytes and promotes 
the chemical signaling between the two cell types. Cytokines produced by the macro-
phages create a pro-inflammatory environment that facilitates the recruitment of more 
inflammatory cells. The production of other mediators, including PDGF-like molecules, 
leads to the recruitment and proliferation of vascular smooth muscle cells in the lesions.

Production of superoxide anion and other reactive oxygen species leads to oxidation of 
LDL [35–40]. Native LDL uptake into cells is mediated by LDL receptors, which initiate 
a regulated metabolic pathway with feedback inhibition of further LDL uptake. However, 
oxidized LDL uptake into cells is mediated by scavenger receptors, which initiate an 
unregulated pathway of continued uptake of oxidized LDL. The unregulated uptake of 
oxidized LDL by modified smooth muscle cells and macrophages via their scavenger 
receptors leads to the formation of foam cells. As the plaques grow, foam cells undergo 
cell death, and a central core of necrotic debris and extracellular lipid develops. Apoptosis 
of plaque cells contributes significantly to the development of the necrotic plaque core. 
Apoptosis can be mediated by TNF and other inflammatory mediators. Smooth muscle 
cells lay down the connective tissue matrix comprising the fibrous capsule of the plaque. 
The adventitia has a significant role in mediating and modulating these phenomena.

Macrophages produce collagenases and metalloproteinases that are important in the 
turnover of the connective tissue matrix. An excess of the degradative enzymes leads to 
degradation and thinning of the fibrous capsule [1–4, 33, 34]. Plaques prone to rupture and 
ruptured plaques exhibit an inflammatory profile characterized by prominent numbers of 
macrophages and lymphocytes adjacent to the plaque capsule, increased expression of 
inflammatory mediators, increased local concentration of metalloproteinases, and promi-
nent apoptosis of plaque cells. Somatic mutations in myeloid precursors, termed CHIP, 
can lead to activation of pro-inflammatory pathways by selective expansion of inflamma-
tory monocyte-macrophage lineages producing mediators such as IL-1 [74, 75].

11  Atherosclerosis and Coronary Artery Disease

Atherosclerosis is the substrate for the development of CAD also designated as 
IHD. Coronary atherosclerosis is the primary substrate for the development of ACS [76, 
77]. Two key processes are basic mechanisms for the growth of advanced atherosclerotic 
plaques in the coronary arteries and other vascular beds: (1) positive remodeling with 
outward abluminal expansion of the arterial wall (the Glagov phenomenon) [78] and (2) 
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subclinical plaque rupture of hemodynamically insignificant lesions, with incorporation of 
the mural thrombus into the lesion [79, 80]. Subsequently, a new plaque disruption can 
lead to occlusive thrombosis and sudden cardiac death or acute myocardial infarction. 
These thrombosis-prone lesions are vulnerable plaques. Most of these vulnerable plaques 
are thin-cap fibroatheromas, which are subject to plaque fissuring and rupture. Others are 
thick-cap fibroatheromas, which are subject to endothelial erosion and thrombosis 
(Table  2). The severity of CAD is best determined clinically by quantitative coronary 
arteriography and measurement of fractional flow reserve across coronary lesions [81].

The UDMI is a comprehensive system for the evaluation and classification of patients 
with cardiovascular symptomatology [77, 82, 83]. Based on biomarker analysis, specifi-
cally detection of myocardial injury is done by elevated serum cTn, with preference for 
(hs)-cTn. Clinicopathological studies have confirmed the pathological correlates of the 
UDMI classification of five types of AMI.

12  Genetics of Atherosclerosis and Coronary Artery Disease

A major advance in the twenty-first century has been the application of contemporary 
genetics (next-generation sequencing and whole-genome analysis) to determine the inter-
action of genetic determinants with environmental factors in cardiovascular risk (Table 3) 
[7, 15–18]. Single-gene mutations lead to premature CAD in some patients. FH is an 
autosomal dominant form of elevated cholesterol and premature CAD [12–14, 30]. A 5 kb 
deletion in LDLR, which encodes the low-density lipoprotein receptor, leads to impaired 
receptor-mediated hepatic LDL uptake, elevated levels of circulating cholesterol, and pre-
mature CAD [84]. Family-based studies subsequently identified mutations in APOB, 
which encodes apolipoprotein B, and gain-of-function mutations in PCSK9, which 
encodes proprotein convertase subtilisin/kexin type 9, which are additional causal genes 
for FH [85, 86]. Mutations in APOB prevent the binding of LDL particles to LDLRs for 
uptake. Gain-of-function mutations in PCSK9 promote LDLR catabolism. In addition, 
autosomal recessive form of hypercholesterolemia has been linked to null mutations in 
LDLRAP1, which encodes the LDLR adaptor protein 1, and genes, encoding the ATP- 
binding cassette subfamily G member, ABCG5 and ABCG8 [87, 88].

In addition to rare monogenic forms, CAD has long been noted to cluster in families as 
a complex trait. In the Framingham Offspring Study, family history of premature CAD 
increases age-specific CAD incidence by >2-fold [89]. The Swedish Twin Registry, that 
followed 21,000 subjects for >35  years, estimated the heritability of fatal CAD to be 
approximately 40–60%, with heritability playing a greater role in males and younger indi-
viduals [90]. These seminal studies provide not only evidence that CAD is a complex trait 
but also the impetus for using genetic approaches to uncover novel biology of CAD. Recent 
technological advances, such as high-throughput whole-genome array, have enabled large- 
scale genome-wide association studies that has further propelled the understanding of the 
genetic architecture of CAD. The first CAD genomic locus identified by GWAS is a 53 kb 
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Table 3 Gene mutations impacting coronary artery disease (CAD)a

Gene Carrier frequency Intermediate phenotype CAD risk
Inactivating mutations conferring increased risk
LDLR 1 in 221 (0.5%) Increased LDL cholesterol 320% Increase
LPL 1 in 249 (0.4%) Increased triglyceride-rich lipoproteins 84% Increase
APOA5 1 in 216 (0.5%) Increased triglyceride-rich lipoproteins 120% Increase
Inactivating mutations conferring decreased riskb

PCSK9 1 in 50 (2%)c Decreased LDL cholesterol 88% Decrease
NPC1L 1 in 650 (0.2%) Decreased LDL cholesterol 53% Decrease
ASGR1 1 in 120 (0.8%) Decreased LDL cholesterol 34% Decrease

Decreased triglyceride-rich lipoproteins
APOC3 1 in 150 (0.7%) Decreased triglyceride-rich lipoproteins 40% Decrease
ANGPTL4 1 in 360% (0.3%) Decreased triglyceride-rich lipoproteins 53% Decrease
LPA 1 in 285 (0.4%) Decreased lipoprotein(a) 24% Decrease

Abbreviations: ANGPTL4, angiopoietin-like 4; APO, apolipoprotein; ASGR1, asialoglycoprotein 
receptor; CAD, coronary artery disease; EMA, European Medicines Agency; FDA, US Food and 
Drug Administration; LDLR, low-density lipoprotein receptor; LPA, lipoprotein (a); LPL, lipopro-
tein lipase; NPC1L1, Niemann–Pick C1-like intracellular cholesterol transporter 1; PCSK9, propro-
tein convertase subtilisin/kexin type 9
a Damaging mutations in at least nine genes have been robustly associated with the risk of coronary 
artery disease; in each case, identified genes disrupt pathways related to low-density lipoprotein 
(LDL) cholesterol, triglyceride-rich lipoproteins, or lipoprotein (a) metabolism. Data summarized in 
Khera AV, Kathiresan S. Genetics of coronary artery disease: discovery, biology and clinical transla-
tion. Nat Rev. Genet. 2017 Jun;18(6):331–344. https://doi.org/10.1038/nrg.2016.160
b Pharmacological therapies are in current use or development to mimic the protective variants for 
five of the six genes in which inhibition of the related protein would be predicted to reduce risk
c Prevalence estimate for PCSK9 mutation based on individuals of African ancestry. Carrier fre-
quency substantially lower in other racial and ethnic groups

LD block at the chromosome 9q21.3 locus among Europeans [91–93]. At an allele fre-
quency of 0.48, the risk allele confers a 30% increase in CAD risk. Since the discovery of 
the 9p21 locus, progressively larger sample sizes have led to the identification of addi-
tional loci of smaller effect size with genome-wide significance (p-value <5  ×  10−8). 
GWAS meta-analysis has further increased the number of distinct genetic loci associated 
with CAD at genome-wide significance to greater than 160 [7, 15–18]. These include 
genes with known function in lipoprotein metabolism, hypertension, and other CAD- 
associated phenotypes. Genomic loci located outside of protein-coding regions or harbor-
ing genes of no known relevance to atherosclerosis and plaque rupture have also been 
identified. Less than 25% of the significant loci are related to known CAD risk factors, 
highlighting the importance of novel factors contributing to CAD [7, 15–18]. While the 
majority of GWAS for CAD have been performed in Europeans, many of the GWAS loci 
have been replicated in East and South Asians. In contrast, most of the CAD loci have 
failed to replicate in black populations, as a result of differences in haplotype structure and 
greater genetic diversity among Africans. Future GWAS targeting different populations 
may lead to the identification of additional genomic loci or biological pathways for CAD.
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Approaches in genetics can be utilized to prioritize drug targets by providing confi-
dence that the drug target is causal in the pathophysiology of CAD. MR is based on the 
principle that if a biomarker has a causal association with disease, the genetic determi-
nants of the biomarker will associate with disease risk. Using this approach, biomarkers, 
such as lipoprotein (a), LDL-C, and triglycerides, were shown to have a causal association 
with CAD and therefore drug targets [7, 15–18, 94, 95].

13  Atherosclerosis and CAD/ICD: From Theory 
to Clinical Practice

The inflammatory nature of atherosclerosis is manifest by the correlation of increased 
blood levels of inflammatory markers, especially high-sensitivity CRP and subsequent 
development of atherosclerotic disease [23]. CRP is known to be an acute-phase reactant 
produced by the liver in inflammatory states. It is not certain whether the inflammation in 
the vessel wall leads to systemic CRP elevation or whether both the CRP elevation and the 
vessel wall inflammation are in response to various initiators of the atherosclerotic pro-
cess. Nevertheless, CRP is now known to be a mediator as well as a marker of vessel wall 
inflammation. In response to stimulation by inflammatory cytokines, especially interleu-
kin- 1 beta and interleukin-6, human coronary artery smooth muscle cells produce CRP. In 
turn, CRP can induce human endothelial cells to express VCAM-1, ICAM-1, and 
E-selectin. These molecules are important in the adhesion and recruitment of leukocytes 
into the vascular wall. The clinically beneficial effects of the HMG-CoA reductase inhibi-
tors, the statins, are mediated by their pleiotropic effects as suppressors of inflammation in 
addition to their lipid-lowering properties [19, 23].

Infectious agents have been postulated as the cause of vascular inflammation leading to 
atherosclerosis [23]. Particular attention has been directed to CMV in the Herpesviridae 
family and Chlamydia pneumoniae. The infection theory is based on the identification of 
the organisms or components of organisms at high frequency in atherosclerotic lesions and 
serologic evidence of an association between high titers of antibodies to the organism and 
atherosclerotic disease. However, clinical trials with antibiotics have not reduced recurrent 
cardiovascular events, nor have vaccination strategies yet achieved clinical translation. 
While these clinical trials provide strong evidence against a primary role for microorgan-
isms in the pathogenesis of atherosclerosis, it is possible that infectious processes and 
products of the endogenous microbiome might modulate atherosclerosis and its complica-
tions either directly or indirectly by eliciting local and systemic responses that potentiate 
disease expression.

Important confirmatory evidence for the role of inflammation in atherogenesis has 
come from the CANTOS clinical trial [75]. Results of this clinical trial showed significant 
reduction in clinical cardiovascular events in patients treated with the interleukin 1β inhibi-
tor, canakinumab. Other clinical trials have shown positive results from therapy with the 
anti-inflammatory agent, colchicine. These results represent a major outcome from the 
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symbiosis of translational research and clinical trials confirming the importance of inflam-
mation in atherogenesis in man and leading to new avenues for prevention and treatment 
of atherosclerotic diseases.

Mutations in genes that encode inflammasome components are associated with many 
inflammatory disorders, and studies in the past decade have highlighted the importance 
of appropriate activation of the inflammasome in homeostasis and disease pathogenesis. 
Therefore, much attention is being paid to uncover the modulators of inflammasome 
activation. The combination of CANTOS with the recent colchicine trials firmly estab-
lishes inflammation in atherosclerosis as both a theory and a clinical reality. Ongoing 
research is exploring modulation of other cytokines other than IL-1 as therapeutics for 
atherothrombosis.

Recently, a link has been discovered between clonal hematopoiesis and increased car-
diovascular risk [74, 75]. The expansion of myeloid cell clones in geriatric bone marrow 
(so-called clonal hematopoiesis of indeterminate potential or CHIP) has been correlated 
not only with an increased risk of hematologic malignancy but also with atherosclerotic 
disease risk. This discovery provides a new and previously unsuspected link between sys-
temic inflammation and aggravation of atherosclerosis. The observation shows that indi-
viduals with CHIP have elevated cardiovascular risk that appears to result at least in part 
from activation of pro-inflammatory pathways. The relationship may be mediated by the 
selective expansion in inflammatory monocyte-macrophage lineages producing mediators 
such as IL-1. This provides another opportunity for therapy.

14  Summary

Atherosclerosis is an inflammatory response of the vessel wall to chronic injury related to 
multiple risk factors, including aging, hyperlipidemia, hypertension, cigarette smoking, 
and diabetes mellitus. An inflammatory cascade involves endothelial cell dysfunction, 
increased oxidative stress, production of inflammatory cytokines, expression of adhesion 
molecules, and accumulation of oxidized low-density lipoprotein. Atherosclerotic plaques 
form as a result of endothelial damage, proliferation of modified smooth muscle cells, 
influx of monocytes and T lymphocytes, unregulated lipid uptake, foam cell formation, 
and connective tissue deposition. Inflammation is also important in the erosion or rupture 
of vulnerable plaques leading to clinical complications of atherosclerosis. Genetic studies 
are uncovering multiple gene loci with the potential for targeted therapy.
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1  Introduction

Ischaemic heart disease is the primary cause of cardiovascular disease mortality in men 
and women worldwide [1, 2]. The personal and socio-economic burden is immense. 
Despite atherosclerotic plaque developing over years, many people have no warning 
symptoms prior to a MI or sudden cardiac death. The key roles of hypertension, dyslipi-
daemia, diabetes mellitus, and cigarette smoking in driving atherosclerotic coronary dis-
ease are well recognised at a population level and have been the target of our primary 
prevention strategies for over 50 years, resulting in a substantial reduction in the morbidity 
and mortality associated with coronary artery disease. Strategies targeting these traditional 
risk factors remain essential, with a need for ongoing improvements in education, screen-
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ing, and equitable access to effective preventative therapies. However, risk stratification 
strategies used to date have struggled with how to manage the substantial group of people 
that are assessed to be at intermediate risk, resulting in both overall higher costs through 
overtreatment of some individuals as well as undertreatment and failure to prevent events 
in others. This issue is highlighted by the substantial proportion of MI patients (15–25%) 
that present with life-threatening MI but are apparently from a low-risk group, with none 
of the standard modifiable risk factors explaining the development of their CAD [3–5]. 
The drivers of individual susceptibility to develop atherosclerosis in response to particular 
risk factors are poorly understood. Clearly, new solutions are required. Here, we discuss 
established and emerging approaches at both a community and an individual level, focus-
sing on traditional risk factors, as well as opportunities for earlier detection of CAD in its 
subclinical phase to allow more personalised administration of effective therapies and 
prevention of heart attack. Figure 1 provides a schematic overview.

Risk Factor Identification

- Hypertension
- Dyslipidaemia
- Diabetes Mellitus
- Smoking
- Obesity
- Sedentary Lifestyle

Additional Risk Factor Identification
- Chronic Kidney Disease
- Inflammatory Conditions (e.g. RA, SLE)
- Cancer Survivorship:

- Mediastinal/Breat Radiotherapy
- Cardiotoxic Chemo/Immunotherapies

- Female-Specific:
- Gestational Diabetes & Hypertension
- Preterm Delivery
- Premature Menopause
- Polycystic Ovarian Syndrome

- Mental Health comorbidities (e.g. Depression)
- Low Socioeconomic Status
- High Risk Ethnic Origin
- Family History of Premature CAD

Well
Established

Being
Integrated

Risk Scoring Systems

Risk Factor & Demographic Based
- Framingham Risk Score
- Pooled Cohort Equation
- Reynolds Risk Score
- PREDICT CVD
- SCORE2

In Development
- CACS & Novel Imaging Measures
- Polygenic Risk Scoring
- Novel Blood Based Biomarkers

Preventative Strategies

Personalised Risk Factor Treatment
- Anti-Hypertensives
- Lipid-Modifying Treatments
- Glycaemic Control
- Smoking Cessation
- Weight Loss Interventions

Community / Policy Measures
- Air Pollution Reduction
- Greenspace Promotion
- Clean Water & Soil
- Exercise Programs & Eduction
- Promotion of Heart-Healthy Nutrition

In Development
- Novel Therapeutics
- Digital Communication Tools

Developing

Traditional Modifiabile Risk Factor Assessment

Fig. 1 Schematic overview of the established and emerging approaches to prevention of coronary 
artery disease
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2  Public Health Approaches to Screening and Treating 
Traditional Modifiable Risk Factors

Over recent decades, improved management of ACS using clinically proven interventions 
and pharmacotherapy has increased survival. This has led to a dramatic rise in the number 
of people living with CVD and subsequent reduced quality of life. Further efforts are 
required to improve primary and secondary prevention. The most important way to pre-
vent CAD is to promote a healthy lifestyle throughout all of life, particularly by not smok-
ing [6]. The coupling of this with screening for and treatment of well-established modifiable 
risk factors has been effective and is now available at greater global scale for more equi-
table access with generic drugs available at low costs [6], including in “polypill” formulas 
[7]. Additionally. at a community level, strategies, including town planning approaches 
such as incorporating green spaces to encourage physical activity and clean air, are 
important.

2.1  Hypertension

Hypertension is the leading risk factor for ischaemic heart disease globally [8]. This 
appears to be more tightly associated with women, who have a higher risk of acute 
MI associated with the prevalence of hypertension than men [9]. There is a linear 
relationship between blood pressure measures, including within the normal range, 
and risk of death from either coronary artery disease or stroke [6]. Additionally, evi-
dence from the SPRINT trial demonstrated that aggressive management of systolic 
blood pressure to ranges below 120  mmHg protects against major cardiovascular 
events and death [10]. Thus, individual absolute risk and patient tolerance are major 
factors in decisions guiding initiation of pharmacotherapy and blood pressure targets. 
Lifestyle changes including salt-reduced diets, weight loss, and exercise are effec-
tive, but are challenging to maintain over long periods. There are a wide variety of 
antihypertensive agents, many now available off patent, and they are accessible as 
“generics” globally. Whilst there are theoretical benefits above and beyond the anti-
hypertensive effect of the aldosterone-angiotensin signalling pathway relating to 
reduction in angiotensin II and NADPH oxidase activity, little difference has been 
observed between the various classes if target blood pressure is achieved [11–13]. 
Pragmatically, this results in physicians and patients working together to achieve 
target with minimum side effects. Additionally, there is a wide body of research 
showing that when escalation of therapy is required, using two or more agents, rather 
than maximal dose of a single agent, is both more effective and better tolerated from 
a side effect perspective [7, 14, 15].
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2.2  Dyslipidaemia

The causal role of elevated cholesterol, particularly LDL cholesterol, has been cemented 
by observational [9] and interventional studies [16], as well as genetic and Mendelian 
randomisation studies [17, 18]. Lipid-modifying treatment using statins which inhibit 
HMG-CoA reductase reduces both cardiovascular events and mortality in individuals with 
established coronary artery disease (secondary prevention) [19, 20]. In a primary preven-
tion setting, evidence-based thresholds for commencing statins vary according to overall 
risk for the individual, with the absolute benefit of lowering LDL-C depending on the 
absolute risk of CVD [20, 21]. Whilst other agents such as ezetimibe have been effective 
in lowering LDL [22] by inhibiting cholesterol uptake in the small intestine, via the 
Niemann-Pick C1-like 1 protein, their benefits on cardiovascular events have been less 
compelling, with controversy as to whether ezetimibe therapy confers additional reduction 
in cardiovascular risk above a statin, even in an individual with persistently elevated 
LDL-C levels. It was not until the IMPROVE-IT study published in 2015 that we have 
seen randomised control trial evidence that ezetimibe conferred a protective effect against 
major cardiovascular events when used in addition to a statin in high-risk patients [23]. Its 
role in primary prevention is less clear. However, there has been an acceptance of its role 
in individuals who are intolerant of statins to achieve target LDL-C levels [24].

In the past 5 years, the emergence of monoclonal antibody PCSK9 inhibitor has dem-
onstrated powerful effects on LDL cholesterol, with a reduction in major adverse cardio-
vascular events in those with established CAD [25, 26]. Whilst equitable access to 
expensive monoclonal antibody approaches is an important limitation, emerging small 
interfering RNA (siRNA) strategies, such as inclisiran which targets PCSK9, may have 
advantages related to scalability of production as has been witnessed with the RNA tech-
nology tackling COVID-19. In addition, the need for only twice-yearly injections is attrac-
tive to both patients and healthcare providers. However, whilst randomised controlled 
trials have been completed and confirm substantial reductions in LDL-C in patients with 
atherosclerotic disease with persistently elevated LDL on a statin [27], the effect of incli-
siran on cardiovascular morbidity and mortality has not yet been determined and is the 
focus of an ongoing cardiovascular outcome trial. Despite this, the impressive results have 
resulted in FDA approval as an add-on therapy in high-risk individuals.

2.3  Diabetes Mellitus

The rising prevalence of diabetes mellitus is driven by type 2 diabetes mellitus and is 
closely related to increases in obesity, unhealthy diets, and sedentary lifestyles. Both type 
1 and type 2 diabetes are independent risk factors for atherosclerotic cardiovascular dis-
ease, increasing the risk of an event by approximately two times. However, the risk appears 
to be more significant in females. Data from >800,000 patients across 64 studies found 
that the risk for incident coronary heart disease was 44% higher in women with diabetes 
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than in men with diabetes [28]. Similarly, data from the UK Biobank showed ~29% higher 
risk of MI in association with diabetes in women compared with that in men [29]. Important 
aspects of prevention strategies require multidisciplinary efforts at both a population and 
an individual level to enhance diet, reduce body mass index, increase exercise, and reduce 
sedentary behaviours. Whilst earlier pharmacotherapies such as metformin or insulin 
which are successful in improving glycaemic control had disappointing benefits on athero-
sclerotic and cardiovascular events [30], there is increasing evidence for the cardio- 
protective effects of new therapies targeting SGLT2 [31–33] and GLP1 [34]. In the case of 
SGLT2 inhibitors, the most profound effect has been protection against heart failure 
events, with minimal effect versus MI only seen in very large meta-analyses [35]. Whilst 
international guidelines have acted rapidly to include SGLT2 inhibitors as recommended 
prevention strategies against heart failure in patients with diabetes [36], they are not spe-
cifically recommended to prevent atherosclerotic events.

2.4  Smoking

Cigarette smoking is responsible for 50% of all avoidable deaths in smokers, with half 
of these resulting from atherosclerotic cardiovascular disease [37]. Astonishingly, the 
CVD risk in young smokers (<50 years) is fivefold higher than in non-smokers, with 
even higher risk in women versus men [38]. Mechanisms include endothelial dysfunc-
tion, with reduced nitric oxide bioavailability, increased platelet and macrophage activa-
tion, and a pro- inflammatory vascular environment that drives tissue remodelling [39]. 
Preventative strategies need to include prevention of smoking initiation, public messag-
ing, policy approaches including taxing and packaging rules, as well as laws preventing 
smoking at indoor public locations. New Zealand has taken a particularly strict stance, 
making it illegal to buy cigarettes or tobacco for “the next generation” (current and all 
future minors) throughout their lifetime [40]. However, whilst smoking cessation is the 
most effective measure for reversing vascular injury and preventing associated events, 
the addictive nature makes success rates low even with nicotine replacement or anti-
addiction pharmacotherapies such as bupropion [41]. As such, working, in parallel with 
cessation efforts, to optimise overall cardiovascular health in smokers, including other 
risk factors, is a pragmatic approach.

2.5  Obesity

Obesity is a burgeoning health challenge across the globe, which increases CVD risk via 
its association with major conventional risk factors above, as well as through additional 
mechanisms. Treatments range from diet and lifestyle interventions, through to pharmaco-
logical (e.g. phentermine, liraglutide) [42] and bariatric surgical approaches. The high 
failure rate of diet and lifestyle interventions had led to a paucity of evidence that targeting 
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obesity with non-invasive approaches improves cardiovascular outcomes. However, 
recently, bariatric surgery has been found to reduce the incidence of major adverse cardiac 
events in several matched cohort studies [43–45].

3  Community Measures to Optimise Cardiovascular Health

In addition to education, screening, and risk factor management, communities may benefit 
from policy decisions that influence the environment for the broader population. This may 
include efforts to reduce air pollution, promote incidental exercise and activity, and 
improve the quality of food options. Such factors may be particularly important to devel-
oping countries and communities with a lower socio-economic status.

 1. Environment
Air pollution is thought to be the most important environmental CVD risk factor, 

and fine particulate matter <2.5 μm, nitrogen dioxide, and ozone gas are some of the 
major determinants [46]. Exposure to air pollution has been associated with increased 
risk of stroke and CAD, even at levels lower than currently allowable by public health 
policies [47]. Additional environmental factors which should be considered in policy 
include extreme temperature events, adequate greenspace proximity in the form of 
civic foliage and public parks, and monitoring of waterways and soils for toxins such 
as heavy metals [48].

 2. Exercise
Maintaining physical fitness is a key component to optimising cardiovascular health 

in both primary and secondary prevention of atherosclerosis. Meta-analysis of studies 
investigating physical activity in the general population has shown 14–20% lower risk 
of coronary heart disease in those who exercised 150–300 min per week at a moderate 
intensity level [49]. The benefits of exercise-based cardiac rehabilitation in patients 
with existing CVD are also significant, with reduction seen in mortality, lipid levels, 
blood pressure, and smoking rates [50].

 3. Diet
Diet has a profound effect on health and affects all the major cardiovascular risk 

factors but is largely impacted by cultural and socio-economic situation. Though it is a 
difficult area to study conclusively, several studies have demonstrated that changes in 
diet could alter CVD risk. Diets high in saturated and trans-fats create a more athero-
genic lipid profile, and it is estimated that a 2% increase in calories from trans-fats 
results in a 23% increase in the incidence of CVD51. The “Western diet”—high in 
processed food, sugars, saturated fats, and red meat—has been associated with 
increased obesity and type 2 diabetes [51]. A heart-healthy diet is currently thought to 
consist of vegetables, fruits, whole grains, lean protein with minimal red meat intake, 
and low levels of saturated and trans-fats [48], though further research is required to 
fully understand the impact of diet on cardiovascular health.
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4  Risk Scores

Estimation of CVD risk provides information for tailored intervention on an individual 
level, in apparently healthy subjects, but also in older individuals or those with comorbidi-
ties such as diabetes mellitus. This allows for shared decision-making and individualised 
treatment. Multiple risk scores have been developed and refined in recent decades using 
multivariate models in large population studies. However, only a proportion have been 
adopted in clinical practice. Key factors that determine whether a risk calculator is adopted 
include the ease of use, the applicability to specific patient populations, and professional 
society recommendations. Some of the more widely adopted absolute cardiovascular risk 
scores are summarised below:

 1. Framingham Risk Score 2008 (FRS): The most recent iteration of the FRS includes the 
following predictor variables: age, gender, total cholesterol (mg/dL), HDL cholesterol 
(mg/dL), systolic blood pressure (mmHg), blood pressure treatment (yes/no), diabetes 
mellitus (yes/no), and current smoking (yes/no). This iteration assesses additional end 
points not included in earlier iterations including stroke, transient ischaemic attack, 
claudication, and heart failure. The estimated risk is thus higher than in scores that 
predict only coronary heart disease events [52]. The Framingham risk scores have been 
derived from a largely White American population; however, with recalibration, they 
have been demonstrated to perform well in multiple ethnic groups [53].

 2. Pooled Cohort Equation (PCE): The American College of Cardiology/American Heart 
Association-endorsed Pooled Cohort Equation was the first model to include data from 
large populations of both White and Black Americans. The model includes the same 
predictor variables as the 2008 FRS, but includes only hard end points (fatal and non- 
fatal MI and stroke) [54].

 3. Reynolds Risk Score: The sex-specific Reynolds Risk Score was developed in a large 
prospective cohort of non-diabetic North Americans. The main differences between the 
Reynolds Risk Score and many of the other risk equations are the inclusion of hs-CRP 
and premature family history of MI as predictor variables [55, 56]. The end points 
assessed include cardiovascular death, non-fatal MI, non-fatal stroke, and coronary 
revascularisation.

 4. PREDICT CVD risk predictor (2018): The PREDICT CVD risk calculator was devel-
oped in a massive cohort of over 400,000 New Zealanders with no prior history of 
cardiovascular or renal disease. The end points assessed include cardiovascular death 
(including MI, stroke, or atherosclerotic aneurysm), non-fatal MI, coronary artery 
revascularisation, non-fatal stroke, transient ischaemic attack, peripheral vascular dis-
ease including revascularisation procedures, heart failure, and cardiomyopathy (unless 
specified as non-ischaemic in origin). PREDICT CVD estimates 5-year rather than 
10-year or lifetime risk. PREDICT CVD highlights the importance of having a risk 
score that is calibrated to the population it will be used in, with PREDICT CVD 
 performing substantially better in a New Zealand population than the Pooled Cohort 
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Equation, which was found to overestimate risk by as much as 60% in the New Zealand 
context [57].

 5. SCORE2: SCORE2 uses risk prediction models derived using 45 cohorts in 13 
European countries and is recommended by the European Society of Cardiology. Given 
that the estimated absolute risk for a given age and combination of risk factors differed 
substantially across regions within Europe, SCORE2 includes four separate models 
calibrated for the four risk regions in Europe, incorporating region-specific CVD mor-
tality and risk factor distributions. The outcomes assessed in SCORE2 include the 
combined outcome of fatal and non-fatal CVD events. Compared with the earlier itera-
tion, SCORE2 better estimates the total burden of CVD, particularly in younger indi-
viduals, and has improved risk discrimination [58].

Whilst initial scores focussed on 5- or 10-year absolute cardiovascular risk which is 
heavily influenced by age, there is an increasing recognition of the importance of lifetime 
CVD risk estimates. This is in response to the recognised failure of 10-year risk algo-
rithms, consistently underestimating risk in younger individuals who may have important 
modifiable risk factors that would be best addressed early [59]. Adopting a lifelong per-
spective may allow for improved decisions of individual patients around smoking cessa-
tion, blood pressure lowering, and metabolic optimisation [6].

5  Atypical Risk Factors

A number of under-recognised risk factors for CAD are increasingly appreciated, including 
psychological, social, economic, and cultural issues, particularly in women. These factors 
incorporate mental health disorders, socio-economic status, intimate partner violence, and 
sociocultural roles. The strong association between mental health conditions and cardiovas-
cular health and disease in both men and women has been increasingly recognised [60]. 
Conditions specific to women that are now recognised to have risk factors for cardiovascu-
lar disease include gestational hypertension, gestational diabetes, preterm delivery, giving 
birth to a small-for-gestational-age infant, premature menopause, and polycystic ovary 
syndrome [61]. Chronic kidney disease and systemic autoimmune inflammatory disease 
[62] are also important factors when considering overall risk in an individual, in addition to 
cancer survivorship and exposure to mediastinal or breast radiation, or specific chemo- or 
immuno-therapies [63]. Elevated lipoprotein (a) may occur independently of elevated LDL 
and is associated with high burden of atherosclerosis [64]. Emerging RNA technology may 
help target this otherwise challenging non-traditional factor [65]. Whilst many of these 
additional risk factors are not modifiable, increasing awareness by both physicians and the 
community is important to guide decisions about screening and thresholds for commencing 
additional preventive strategies. Future risk scoring  systems should consider addition of 
these non-traditional factors into their algorithms, which may particularly increase accurate 
prediction of the development of CAD in females.
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6  A Need for New Solutions

Despite a common perception that CVD is well understood and managed, it remains a 
leading global killer and current screening programmes are missing patients at risk. Major 
advances were made decades ago in the identification and treatment of modifiable risk 
factors for CAD in the community as discussed above [66]. However, until recently, these 
risk factors have been all that clinicians and patients had to predict CVD events and guide 
early preventative strategies. Whilst these population measures are helpful to determine 
the risk in demographic groups, it is not uncommon for patients to present with extensive 
atherosclerosis and life-threatening heart attacks who have no personal risk factors for 
CAD. Patients without any of the standard modifiable cardiovascular risk factors (SMuRFs) 
who present with STEMI comprise 15–25% of initial STEMI presentations and have a 
surprisingly higher (>50%) mortality rate compared to those with one or more risk factors, 
a difference that is more pronounced in women [4, 5, 67].

The SMuRFless STEMI group highlights that whilst the existing risk scoring systems 
are beneficial on a population level, they still have failings at the level of the individual. 
When one of these patients inevitably asks, “why me?”, it is hard to give them a satisfac-
tory answer. Improved systems to detect early CAD in patients with and without SMuRFs 
are urgently required and will likely take the form of a combination of risk factor screen-
ing, non-invasive imaging measures, and blood-based biomarker testing.

6.1  CT Coronary Calcium Score

The strong association between CAC and atherosclerotic burden was first reported by 
Rumberger and colleagues in 1995 [68]. This directly reflects the pathophysiological pro-
cess in the artery, with deposition of calcium phosphate hydroxyapatite crystals in the 
extra-cellular matrix of the intima being a common and typical feature of atherosclerosis 
[69]. Standardised measures of CAC have been developed utilising a non-contrast ECG- 
gated CT acquisition and a protocol to quantify CAC to establish the Agatston score. This 
involves quantifying the amount of calcium at each focus, scaled by an attenuation factor 
and added to produce an overall score [70]. The rigour and leadership amongst the field, 
particularly working together on a harmonised protocol, have allowed for a large body of 
evidence to grow and for the tool to be available to guide the management of an individual. 
The resulting CAC score, which is our only non-invasive marker of coronary atheroscle-
rosis itself, is the most successful single marker of subsequent coronary events [71, 72]. 
Several studies have demonstrated the ability for the CAC score to correctly reclassify 
patients from intermediate-risk groups based on traditional risk scores into a high- or 
 low- risk group [71, 73, 74]. International guideline bodies therefore recommend using 
CAC score for screening in individuals at intermediate risk, where findings are considered 
likely to influence therapy. However, given the unmet need of individuals who develop 
atherosclerosis despite a calculated low absolute risk score, there have been calls for its 
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use in this group also. Early identification of plaque in this group would allow for effective 
therapy to prevent progression and heart attack that they would otherwise not be able to 
access, with statins shown to benefit patients with established CAD even with “low” cho-
lesterol [20]. However, this approach remains controversial, and dedicated prospective 
implementation studies are required if this is to be considered in future.

6.2  Polygenic Risk Score as an Aid to Improve Risk Identification

PRS for CAD has been developed from large populations and clinical biobanks such as the 
UK Biobank and integrates the number of risk variant alleles for an individual weighted 
by the impact of each allele on disease risk. PRS for CAD has expanded from a few SNPs 
[75] to millions of variants [76], and advances in molecular profiling and data analytics 
provide powerful new tools to improve risk identification. Inouye and colleagues led a 
large international collaboration to apply a meta-analytic approach that combines large- 
scale, genome-wide, and targeted genetic association data to develop a new “meta” PRS 
consisting of 1.7 million genetic variants [77]. The metaGRS stratified individuals with 
those in the top 20% of risk having a hazard ratio of 4.17 compared with those in the bot-
tom 20% [77]. The PRS has been validated in American [78] and Canadian cohorts of 
European descent [79]. Botta and colleagues have expanded this further, showing that 
additional SNPs have residual predictive power in combination [80]. However, there is an 
urgent need to test this potentially powerful tool in prospective studies, evaluating the 
feasibility, patient experience, impact on risk assessment and management, and health 
economic potential, as outlined in our recently published expert perspective [81].

These PRSs have improved predictive performance over conventional risk factors in 
observational studies and have the potential advantage that they can be determined at any 
time in the lifespan, indeed, many years prior to the development of CAD. However, there 
is currently no clear evidence regarding what proportion of patients that are currently 
“missed” by traditional risk scores could be identified using a PRS, and little information 
regarding how well a PRS could be implemented into clinical pathways, or at what cost 
and with what value to patients and providers. Prospective studies need to also consider 
challenges in communicating results of PRS to primary care physicians and patients and 
should provide clear guidelines regarding how this would be integrated with traditional 
risk factor scores to optimise preventative strategies and inspire behaviour modification.

6.3  Unmet Need for Blood-Based Biomarker 
of Atherosclerosis Itself

Whilst many of the risk factors discussed above are mechanistically involved in the initia-
tion and progression of atherosclerosis, there is a large degree of variation in the “host” 
arterial response [82]. This can be best appreciated in the more extreme examples of 
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patients suffering from MI secondary to coronary atherosclerosis in the absence of tradi-
tional risk factors [3, 83], or in the more resilient individuals, who may have a whole suite 
of risk factors, but live healthy lives, and be found to have angiographically normal coro-
nary arteries [84]. High-throughput multi-omic platforms, paired with advanced coronary 
imaging and machine learning in large cohorts, provide us with the opportunity to hunt for 
the “holy grail”: a blood-based biomarker of coronary atherosclerosis burden and/or activ-
ity which can be used to guide personalised approaches to CAD and MI prevention [85–
87]. Collaborative platforms to prospectively test emerging biomarkers will be required to 
demonstrate efficacy in improving outcomes.

7   Integration of Technology: Community Education and Novel 
Approaches to Shared Decision-Making

A decision to modify lifestyle or commence on effective preventative medication has life-
long implications, and motivation may be difficult to achieve when individuals are treating 
themselves based on the probability of developing disease, rather than having the disease 
itself. To improve joint decision-making, communication is key and should focus on calcu-
lated risk and demonstrating anticipated risk reduction with various treatment approaches. 
The approach to this communication needs to be tailored to the individual’s preference, as 
well as their education status and numeracy [6]. Numerous digital communication tools have 
been developed, with evidence showing that visual aids improve the understanding of dis-
ease risk. Botta and colleagues have developed an interactive app available on devices or as 
a web-based interface to communicate risk incorporating polygenic risk scores and modifi-
able factors [80]. In addition, studies have demonstrated that visualising personal plaque 
burden—for example by seeing one’s own coronary calcium score results—enhances adher-
ence with preventative therapies and success in achieving recommended targets [88]. Future 
efforts to integrate technology into risk factor reduction by allowing patients to track their 
own individual results and progress in an application may promote adherence to therapy and 
lifestyle efforts by “gamifying” the process, to the benefit of all involved.

8  Summary and Conclusion

Atherosclerotic cardiovascular disease remains a massive burden to the people and econo-
mies of the world; however, we have made great gains in the last 50 years. The identifica-
tion of the major—now “traditional”—standard modifiable cardiovascular risk factors or 
SMuRFs prompted the development of treatment strategies which have truly reduced mor-
bidity and mortality for a large number of patients over the intervening decades. Effective 
therapies for hypertension, dyslipidaemia, diabetes, obesity, and smoking cessation are in 
our current medical repertoire and are used to benefit millions of patients at risk for CAD 
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daily. Education programmes have been developed to promote heart-healthy diets and 
exercise regimens, which promote better lifestyle choices at the community level.

However, despite these achievements, much work remains to be done. There is still an 
outstanding and urgent need for improved risk scoring systems that can identify individu-
als who are missed by current screening systems—those that end up being “SMuRFless 
STEMIs” because of unidentified atherosclerotic risk. Integration of traditional risk matri-
ces with atypical risk factors, genetic risk scoring, new imaging measures, and novel bio-
markers may prove to be an effective mix that identifies CAD risk in all patients, but this 
remains to be proven in long-term clinical studies. There is also an ongoing need for dis-
covery work that will result in novel therapeutics and adjuncts to care, which improve 
compliance with medications and lifestyle changes, as well as continued advocacy for 
population measures that will improve the outcomes of cardiovascular patients on the 
community level.
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History of Ischemic Heart Disease

Giovanni Concistrè

1  Introduction

Is heart attack a modern plague or does it come down from antiquity? Who first described 
the clinical picture and who first tied it to disease of the coronary arteries? When and by 
whom was the connection established between atherosclerosis or fatty arteries, and throm-
bosis and the syndromes of angina pectoris and myocardial infarction? What accounts for 
the long delay in recognizing the phenomenon of infarction with survival? Where and 
when did the idea about the potential of preventing heart attack arise?

John Hunter, a brilliant English physician of the eighteenth century, was probably the 
first in Western medicine to paint the clinical picture of chest pain, called angina pectoris, 
and sudden death. Noting that his own symptoms were aggravated by anger, he com-
plained that his life was “in the hands of any rascal who chose to annoy or tease” him. He 
proved the case by dying abruptly after an argument with—we know not whether a ras-
cal—a fellow member of his St. George’s Hospital board (Liebowitz 1970, 102).

The history of coronary syndromes and sudden death, and apoplexy or stroke, goes 
back to antiquity and has been thoroughly treated by historians and experts from many 
disciplines. By the beginning of the twentieth century, a heart attack with myocardial 
infarction was well known to cause death, but comprehension of it as a syndrome that one 
might survive was much delayed. When that awareness finally came and diffused into the 
practicing community in the 1920s and after, it had a major effect on the recognition of 
coronary disease as an epidemic after World War II, which, in turn, gave preamble and 
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impetus to CVD epidemiology and preventive cardiology. Because coronary disease was 
newly epidemic, it was reasoned by a few pioneers that its causes, and conceivably its 
preventives, must therefore lie in changed environment.

2  Ancient Egypt

At the 2009 American Heart Association meeting in Florida, researchers presented study 
results showing that Egyptian mummies, some 3500 years old, had evidence of cardio-
vascular disease—specifically atherosclerosis (which narrows the arteries) in different 
arteries of the body. Pharaoh Merenptah, who died in the year 1203 BCE, was plagued by 
atherosclerosis. Of the other mummies studied, 9 of the 16 also had probable-to-definite 
evidence of the disease. How could this be possible? Researchers theorized that diet 
could be involved. High-status Egyptians may have eaten a lot of fatty meats from cattle, 
ducks, and geese. Beyond that, the study brought up some interesting questions and has 
prompted scientists to continue their work to fully understand the condition. “The find-
ings suggest that we may have to look beyond modern risk factors to fully understand the 
disease,” said co-principal investigator on the study, clinical professor of cardiology Dr. 
Gregory Thomas.

3  Arabia

There is also an accurate but incidental description of angina pectoris in old Arabic love 
literature revealed in a poem written by Qais ibn Al-Mulawah. It comes from the love story 
Majnoon Lila. The story is famous in Arabic literature as well as in Arab folk stories. A 
madman in Arabic is called “Majnoon,” so Majnoon Lila means “Crazy about Lila.” The 
poet’s name is Qais who lived in the seventh century. In a nutshell, Majnoon Lila is about 
a young poet, Qais ibn Al-Mulawah, who fell in love with a girl named Lila. The father of 
Lila refused to consent to their marriage even though Lila also loved Qais [1]. Lila was 
forced to marry another man and moved out of town. Qais ran away to live in the desert, 
alone, losing interest in family, friends, and society. He was considered sick with “love 
madness.” He wrote poems about his love to Lila. In his poems, he described his tears, 
sleeplessness, lack of appetite, racing heartbeats or palpitations, and fainting episodes 
when Lila left [2].

He died immediately after writing a poem to his beloved Lila saying:

“My heart is firmly seized By a bird’s claws;
My heart is tightly squeezed, When Lila’s name flows.
My body is tightly bound, My body is tightly bound,
Is like a finger ring around.” [2]
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An Arab cardiologist, Dr. H. A. Hajar Albinali, the author of an Arabic book Majnoon 
Lila: Between Medicine and Literature, translated the above poem into English. He 
claimed that it was the first clear and best description of angina in the history of medicine. 
He concluded in his book from that poem and other symptoms that the poet had CAD and 
died with myocardial infarction [2].

4  Seventeenth–Nineteenth-Century Europe

In Europe, it is customary to reference angina pectoris to William Heberden, but he was 
not the first to describe atherosclerosis. The medical literature is replete with narratives of 
the first descriptions of a particular disease by different physicians.

Among the first to describe atherosclerosis was Leonardo da Vinci, who reportedly 
stated that “vessels in the elderly restrict the transit of blood through thickening of the 
tunics” [3]. Leonardo was not a physician, but he was a great artist and leading intellectual 
of the Italian Renaissance; he is known as the embodiment of a “Renaissance man.” He 
believed that studying science made him a better artist. He is renowned for painting the 
Mona Lisa. Leonardo’s experiments, anatomical drawings, and notes (often in mirror writ-
ing) provide early descriptions of the structure and function of the heart and circulation. 
His interest in anatomy was inspired by the anatomist Marcantonio della Torre (1473–1511) 
who was a professor of anatomy in Pisa and then Padua and who commissioned da Vinci 
to provide the illustrations for his text on anatomy based on dissection [4].

It was, however, William Heberden who brought angina pectoris to the attention of the 
medical profession when he presented his paper, “Some Account of a Disorder of the 
Breast,” at the Royal College of Physicians in London in 1768 [5]. Many aspects of his 
description are true to this day. He describes both typical exertional angina and variant 
angina, which affected a patient only when he/she was in bed and was relieved by sitting 
up. He also points out the influence of mental stress. Although it is a classic, it is not the 
first description of angina. Heberden wrote:

“Those who are afflicted with it are seized, while they are walking, and more particu-
larly when they walk soon after eating, with a painful and most disagreeable sensation in 
the breast, which seems as if it would take their life away, if it were to increase or to con-
tinue: The moment they stand still, all this uneasiness vanishes” [3].

Heberden coined the term “angina pectoris” from Greek ankhonē which means “stran-
gling” and Latin pectoris, meaning “chest.” That historical term—“angina pectoris”—is 
still used in this modern era of medicine.

Of interest, John Hunter, the eighteenth-century Scottish surgeon and anatomist, suf-
fered from angina pectoris and he was the first in Europe to mention the effect of emotions 
in precipitating an attack of angina. Hunter unintentionally proved that when he suddenly 
collapsed after a dispute with a colleague and died. Marked atheroma (presumably in his 
coronary) was found on autopsy [6]. John Hunter’s death occurred during a period of 
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emerging understanding of the relation between angina pectoris and CAD. However, phy-
sicians continued to describe the coronary lesions on pathology specimens without corre-
lating them to clinical signs.

In 1761, the Italian anatomist Giovanni Morgagni described the lesions as “hardening 
of the arteries” for the first time. Edward Jenner (1729–1823), a British physician and 
pioneer of smallpox vaccine, and his contemporary colleague, Caleb Parry (1755–1822), 
linked the excruciating “disorder of the breast” to the “hardening of the arteries.” However, 
the disease was looked on, as still, only with pathologic interest.

In 1856, Rudolf Virchow, the “father of pathology,” defined the physiological elements in 
thrombosis within the vascular system and the risk factors that predispose arteries and veins to 
thrombus formation. Virchow’s concepts on thrombosis remained relevant to the current medi-
cine, especially in cardiology [7]. Only after Virchow postulated the features of thrombosis did 
scientists begin to consider the clinical implications of coronary heart disease seriously.

Near the end of the nineteenth century, cardiovascular physiologists noted that occlusion 
of a coronary artery in the dog caused “quivering” of the ventricle which was rapidly fatal. 
In 1879, the pathologist Ludvig Hektoen concluded that myocardial infarction is caused by 
coronary thrombosis “secondary to sclerotic changes in the coronaries.” In 1910, two Russian 
clinicians described five patients with the clinical picture of acute myocardial infarction, 
which was confirmed at postmortem examination. Two years later, James Herrick estab-
lished the importance of bed rest and used electrocardiography to diagnose the condition [8]. 
In 1628, in his work De Motu Cordis, William Harvey described the circulation and the 
function of the heart [8]. These milestones stimulated physicians in successive centuries to 
explore and put forth theories on the pathogenesis of coronary heart disease, and in the pro-
cess, they made discoveries on how to improve diagnostic accuracy and treatment.

In the nineteenth century, Claude Bernard catheterized animals, measuring the pres-
sures in the great vessels and cardiac chambers. Werner Forssmann, in 1929, performed 
cardiac catheterization on himself which led to the exploration of cardiac hemodynamics 
by Andre Frederic Cournand and Dickinson Richards. These three investigators were 
awarded the Nobel Prize in Physiology or Medicine in 1956 [8].

5  Coronary Arteriography

The coronary arteriogram truly revolutionized our understanding and management of car-
diac patients. Dr. Mason Sones of Cleveland Clinic introduced the selective injection of 
contrast media into the coronary arteries in 1958 [1]. In the catheterization laboratory in 
Cleveland Clinic that day, a 26-year-old patient was being evaluated for rheumatic mitral 
and aortic valve disease when the catheter whiplashed into the ostium of the right coronary 
artery. Sones was reportedly in the catheterization laboratory at the time and reportedly 
exclaimed, “we’ve killed him!” [1].

However, there was no fatal ventricular arrhythmia; the monitor showed only prolonged 
asystole after sinus arrest that promptly responded to repeated deep coughs. Two days 
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later, Sones proceeded to a planned selective injection of the coronary arteries [1]. The 
expected ventricular arrhythmias failed to occur, and the technique of selective coronary 
arteriography was born. The traditional thinking before the introduction of the technique 
was that if you injected dye into one coronary artery at a time, the resultant asymmetrical 
hypoxia of the coronary circulation would create an electrical imbalance and fatal ven-
tricular arrhythmia would ensue [1].

The images of the coronary arteries obtained with arteriography provided objective 
evidence to support or refute the clinical diagnosis of angina pectoris.

Two radiologists, Drs. Judkins and Amplatz, designed catheters and used the Seldinger 
percutaneous technique to gain access to the femoral artery and engaged the ostia of either 
the left or the right coronary artery. Their technique required less training than the Sones’ 
technique, which facilitated the widespread use of coronary angiography in cardiology as 
a diagnostic technique.

The coronary angiogram continues to play an integral role in the diagnosis, manage-
ment, and planning of future treatment of CAD. It was the first reliable in vivo marker for 
the presence of obstructing coronary lesions. It provided objective evidence to support or 
refute the clinical diagnosis of angina pectoris. It became the standard diagnostic tool for 
defining vessel anatomy and led to the first studies of the natural history of patients with 
CAD.  It also led to studies confirming the benefit of CABG over medical treatment in 
subsets of patients. It was instrumental in the introduction of percutaneous transluminal 
coronary angioplasty and delineation of restenosis. It has the ability to compare PCI ver-
sus CABG for revascularization outcomes [1].

6  The Treatment of Coronary Artery Disease

In our time, much progress has been learned about the pathogenesis and treatment of 
ischemic heart disease. Once CAD is diagnosed, the findings from coronary angiography 
guide the strategy for the best treatment. The options of medical therapy, angioplasty, 
stenting, or CABG depend largely on the severity of disease.

In general, at present, patients with coronary narrowing that does not limit coronary 
artery blood flow receive medications and lifestyle modification to help prevent progres-
sion. If a patient has coronary atherosclerosis that limits blood flow in the coronary arter-
ies, balloon angioplasty and stenting can be offered. In patients with multiple areas of 
coronary artery narrowing or blockage, CABG surgery is generally recommended.

Below is a brief summary of the modern advances in the therapy of CAD and AMI.

6.1  Coronary Care Unit

Before 1961, patients with AMI were placed in nonmonitored beds in the hospital and far 
away from nurses’ stations, so the patients would not be disturbed. Patients were found 
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dead in their beds. The risk of death occurring in the hospital was approximately 30% [8]. 
Development of the CCU [9] took place in 1961. Establishment of the CCU provided con-
tinuous ECG monitoring of the patient, closed chest cardiac resuscitation, external defibril-
lation, and reduced in-hospital mortality by half among patients admitted with AMI. Other 
influences that reduced mortality were prompt and early diagnosis with sensitive and spe-
cific biomarkers [7] and development of surgical methods for revascularization.

6.2  Surgery

The coronary arteriogram provided the foundation for surgical treatment of CAD by 
means of coronary revascularization. The development and refinement of CABG for the 
treatment of CAD required close collaborations among surgeons, engineers, cardiologists, 
anesthesiologists, and hematologists. The heart–lung machine developed by Gibbon [10] 
was originally introduced into cardiac surgery for the repair of intracardiac defects but was 
soon adopted by cardiac surgeons for adult coronary revascularizations because of its abil-
ity to create a motionless, bloodless operative field. Tens of millions of patients benefitted 
from coronary revascularization on cardiopulmonary bypass.

6.3  Drug Therapy

There have been many advances in the medical therapy of CAD and AMI. Since the 1970s, 
large-scale trials have shown that the risk of death is lowered with aspirin, cholesterol- 
lowering drugs, β-blockers, and angiotensin-converting enzyme inhibitors. However, life- 
threatening heart failure still occurs late in patients with large infarcts. Prognosis in such 
patients has been improved with an implantable defibrillator, cardiac resynchronization 
therapy, pacemakers, and left ventricular assist devices.

Fibrinolytic therapy has been a major advance in the treatment of AMI, leading to 
improved early survival, less heart failure, less ventricular remodeling, and fewer arrhyth-
mias [11]. SK was the first thrombolytic drug to be used in myocardial infarction. 
Researchers have known for some time of SK’s ability to dissolve clots. Fibrinolysis 
induced by SK resulted in the breakdown of fibrin. SK was used initially for fibrinous 
pleural exudates, hemothorax, and tuberculous meningitis. Some researchers started using 
SK in patients with AMI, offering hope that CAD could be “cured.” Experimental intra-
coronary infusion of SK produced conflicting results initially. Hence, the Italian Group for 
the Study of Streptokinase in Myocardial Infarction (Gruppo Italiano per la Sperimentazione 
della Streptochinasi nell’Infarto Miocardico) (GISSI) trial in 1986 addressed this issue by 
recruiting more than 10,000 patients and proved that SK reduced early mortality in patients 
with AMI [12].

The thrombolytic era was found on a fundamental concept that most cases of AMI are 
the result of sudden obstruction of an epicardial coronary artery by intracoronary throm-
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bus superimposed on a ruptured or fissured atherosclerotic plaque. The GISSI study vali-
dated SK as an effective therapeutic method, and therefore fixed protocols for its use in 
AMI were established. SK has been supplanted by tissue plasminogen activator in 
 developed nations, but SK remains essential to the management of AMI in developing 
nations. The Second International Study of Infarct Survival showed that the addition of 
aspirin (an antiplatelet drug) led to further reductions in mortality [13].

6.4  Angioplasty

In the recent years, PCI treatment (introduced by the German radiologist Andreas 
Gruentzig in 1977) for CAD is oftentimes preferred over CABG because the comparative 
effects of these two revascularization methods on long-term mortality are still unclear. PCI 
is also less invasive. However, the journal JAMA Inter Med [14] in 2014 published a meta- 
analysis of randomized clinical trials comparing CABG versus PCI. The study found that 
in patients with multivessel coronary disease, CABG leads to an unequivocal reduction in 
long-term mortality and myocardial infarctions and to reductions in repeat revasculariza-
tions, regardless of whether patients are diabetic or not [14].

Coronary angioplasty and stenting together with newer, more potent platelet inhibitors 
such as P2Y and glycoprotein IIb/IIIa platelet receptor blockers further reduced in- hospital 
mortality from AMI to about 7% [8]. The efficacy of these treatments depends on a short 
interval between the onset of symptoms and the patient arrival at the hospital.

7  Conclusion

CAD and AMI have been with us since antiquity. We understand now that coronary isch-
emia and AMI are the result of a sudden obstruction of a coronary artery by intracoronary 
thrombus superimposed on a ruptured atherosclerotic plaque. Advances in modern therapy 
are based on this concept. However, the clinical problem of CAD and AMI is still being 
actively investigated in an effort to refine management and hopefully find a cure.
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Pathophysiology of Ischemic Syndromes 
in Coronary Artery Disease

Avinash V. Sharma and John A. Ambrose

1  Introduction

Heart disease remains the leading cause of death globally accounting for about 18.6 mil-
lion deaths in 2019. In the USA, CVD was listed as the cause of death in 868,000+ cases 
in 2017. Coronary heart disease is responsible for over 40% of these deaths and, by far, is 
the leading contributor to the mortality of CVD. According to statistics from the American 
Heart Association, CAD accounted for 365,744 deaths in 2018. Approximately every 39 
seconds, an American in the USA will have a heart attack [1]. Although the annual death 
rate related to coronary disease has been declining over the past decade, the burden of 
disease remains high and the direct and indirect costs of heart disease are in the hundreds 
of billions of dollars.

2  Pathophysiology of Ischemic Coronary Syndromes

Symptomatic CAD can manifest as stable angina, acute coronary syndromes includ-
ing sudden coronary death, congestive heart failure, tachy- or brady-arrhythmias, and 
syncope. This chapter primarily considers the ischemic syndromes of stable angina 
and acute coronary syndromes including sudden cardiac death. In a majority of cases 
with the exception of some patients with either type 2 myocardial infarction by the 
Universal Definition of Myocardial Infarction or coronary microvascular dysfunction, 
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Ischemic Syndromes

SA

� Underlying significant CAD

� IC thrombus with CAD

� IC thrombus with CAD

� IC thrombus with CAD

� AMI, ischemia
� Scar mediated

� Other causes listed in Table 3
� Supply/demand mismatch

� Type 2 from other causes,
 per Universal Definition

� CMD

� CMD
� CMD

UA NSTEMI STEMI SCD

Fig. 1 Ischemic syndromes in coronary artery disease with associated etiologies and pathogenic 
mechanisms. AMI acute myocardial infarction, CAD coronary artery disease, CMD coronary micro-
vascular dysfunction, IC intracoronary, NSTEMI non-ST-elevation myocardial infarction, SA stable 
angina, SCD sudden cardiac death, STEMI ST-elevation myocardial infarction, UA unstable angina

their pathophysiology typically involves epicardial coronary artery atherosclerosis 
(Fig. 1). For clarification, the Universal Definition of Myocardial Infarction is included 
in Table 1 [2].

Atherosclerosis is accelerated by known cardiovascular risk factors and can progress 
slowly or rapidly through plaque hemorrhage or intracoronary thrombosis. Common to all 
syndromes but not necessarily considered in most reviews is the concept of a relative or 
absolute perturbation in myocardial blood supply relative to myocardial oxygen demand 
ratio as the cause of all myocardial ischemia/necrosis. Whether one speaks about stable 
angina, acute syndromes such as myocardial infarction type 1 or 2, or even sudden death, 
there is an alteration in the supply/demand (S/D) ratio leading to symptoms, which may be 
extrinsic or intrinsic to the coronary bed. In MI with epicardial coronary artery thrombo-
sis, the supply to the affected territory is usually completely absent at its onset. In type 2 
MI, the perturbation in the S/D ratio is extrinsic to the coronary vascular bed caused by 
either a decreased supply or increased demand. There are other examples of a S/D mis-
match intrinsic to the coronary bed. These might include either epicardial or microvascular 
spasm, microembolization to the distal vasculature bed, and coronary dissection. In stable 
angina, ischemia occurs when oxygen demands outstrip supply as occurs during exercise 
or other causes of stress.
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3  Stable Angina

Classically, stable angina is either chest discomfort or atypical symptoms that occur with 
activity or emotional stress that is, as mentioned above, due to an imbalance in the supply/
demand ratio. Most patients have significant coronary atherosclerosis, and symptoms/
ischemia occur when the demand outstrips the blood supply. It is predictable and repro-
ducible based on the amount of exercise. In some cases, there can be a variable threshold 
or even silent ischemia, but the symptoms/ischemia by definition are not changing over 
time. Variable threshold angina may be due to variations in resting coronary artery tone or 
different exercise thresholds to the onset of symptoms, but a constant rate pressure product 
is usually present (peak heart rate X blood pressure) to the onset of ischemia [3].

Rise and/or fall of cTn with at least one value above the 99th percentile and with at least one of the following:

Rise and/or fall of cTn with at least one value above the 99th percentile and an imbalance between myocardial oxygen
supply and demand unrelated to coronary thrombosis, with at least one of the following:

Cardiac death, with symptoms suggestive of myocardial ischemia with presumed new ischemic ECG changes or VF,
but die before serum biomarkers can be obtained, or before increases in cardiac biomarkers can be identified, or MI is
detected on autopsy.

Coronary intervention-related MI, defined by elevation of cTn > 5 times the 99th percentile in patients with normal
baseline values. In patients with elevated pre-procedure cTn in whom the cTn level are stable (≤ 20% variation) or
falling, the post procedure cTn must rise by > 20%. The absolute post-procedural value must still be ≥ 5 times the 99th

percentile with one of the following*:

•  Symptoms of actue myocardial ischemia
•  New ischemic ECG changes
•  Development of pathlogical Q waves
•  Imageing evidence of new loss of viable myocardium, or new RWMA in a pattern consistent with an ischemic
   etiology
•  Angiographic findings consistent with a procedural flow-limiting complication such as coronary dissection,
   occlusion of a major epicardial artery or a side brance occlusion/thrombus, disruption of collateral flow, or distal
   embolization 

MI as defined above, and it due to stent/scaffold thrombosis. Noted by timing ad below:
•  Acute if 0 to 24 hours after
•  Subacute 24 hours to 30 days
•  Late 30 days to 1 year
•  Very late > 1 year after stent/scaffold implantation

Elevation of cTn>10 times the 99th percentile in patients with normal baseline values. In patients with elevated pre-
procedure cTn in whome the cTn level are stable (<20% variation) or falling, the post procedure cTn must rise
by > 20%. The absolute post-procedural value must still be > 10 times 99th percentile with one of the following:
•  Development of new pathological Q waves
•  Angiographically documented new graft occlusion or new native coronary artery occlusion
•  Imaging evidence of nwe loss of viable myocardium or new RWMA in a pattern consistent with an ischemic
   etiology

MI as defined above, and it due to in-stent restenosis (ISR). ISR is usually noted focal or diffuse, or complex
associated with elevated cTn consistent with above definition for MI

This is in the setting og plaque
rupture or erosion from an existing
atherosclerotic plaque

Can be secondary to another process
(e.g. severe anemia, shock, tachy or
brady-arrythmia, severe hypertension)
or non-atherothrombotic event (e.g.
spontaneous coronary artery
dissection, vasospasm, coronary
microvascular dysfunction)

Post-procedure MI in setting of
coronary artery bypass graft surgery

•  Symptoms of acute myocardial ischemia
•  New ischemic ECG changes
•  Development of pathologic Q weaves
•  Imaging evidence of new loss of viable myocardium or new RWMA in a pattern consistent with an ischemic
   etiology
•  Identification of a coronary thrombus by angiography including intracoronary imaging or by autopsy

•  Symptoms of acute myocardial ischemia
•  New ischemic ECG changes
•  Development of pathological Q waves
•  Imaging evidence of new loss of viable myocardium, or new RWMA in a pattern consistent with an ischemic
   etiology

Type of
Myocardial
Infarction

Definition Notes

Type 1

Type 2

Type 3

Type 4a

Type 4b

Type 4c

Type 5

Table 1 Fourth Universal Definition for Myocardial Infarction (MI), 2018 [2]. cTn cardiac specific 
troponin, ECG electrocardiogram, MI myocardial infarction, RWMA regional wall motion abnor-
mality, VF ventricular fibrillation. *There is still great debate in the literature concerning the amount 
of troponin rise following percutaneous coronary intervention (PCI) to define the presence of 
post-PCI MI
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In patients with a stable angina syndrome and the presence of a single severe lesion on 
angiography, percutaneous intervention on the affected lesion eliminates symptoms and 
the patient is followed up with guideline-directed medical therapy. In other cases, in spite 
of a successful intervention and no other significant obstructive disease, there is still 
 evidence for ongoing ischemia during stress. In those patients, microvascular dysfunction 
is likely contributing to the symptoms.

4  Coronary Microvasculature Dysfunction

Symptoms of stable angina can occur without the evidence of significant obstructive dis-
ease. Over the past several years, there has been an increasingly recognized patient popu-
lation with symptoms of stable angina, but without evidence of significant obstructive 
coronary artery disease. Recently, clinical and research interest has grown to characterize 
this condition, which bears the name ischemia with nonobstructive coronary artery disease 
(INOCA). Patients experience typical anginal symptoms with objective evidence of isch-
emia, usually by noninvasive stress testing, and undergo angiography for an assessment of 
their coronary anatomy. The pathophysiology is usually not due to epicardial stenoses but 
in the arterioles, invisible on angiography. It is referred to as CMD. Angiography reveals 
nonobstructive CAD, <50% stenosis of epicardial coronary arteries including no recogniz-
able angiographic stenosis in these patients. Varying population data and studies have 
reported that this entity may be present in approximately 50–70% of women and 30–50% 
of men who undergo clinically indicated angiography for evaluation of coronary ischemia 
[4, 5]. CMD not only is seen in stable angina, but may also present as unstable angina 
or NSTEMI.

The pathophysiology behind INOCA is believed to be multifactorial, and this chapter 
will not address the plaque-related causes, such as plaque rupture of small epicardial 
plaques [6]. Two specific processes may represent a majority of these cases. These include 
CMD and coronary vasospasm. The latter can exist both in the epicardial arteries occa-
sionally and coronary microcirculation (e.g., arterioles and capillaries). These two may 
exist independently, but may also overlap such as in microvascular angina—clinical symp-
toms of ischemia with established CMD. Other causes for INOCA include coronary artery 
anomalies, valvular heart disease (e.g., severe aortic stenosis), increased platelet aggrega-
bility, and occasionally myocardial bridging [7]. Previously, myocardial bridging was 
thought to be highly prevalent, with up to 86% on older autopsy data [8]. However, more 
recent coronary CT angiography data estimates approximately 25–30% [9], still higher 
compared to angiography studies [8], but most of these patients are asymptomatic.

The coronary circuit can be divided into three compartments, as outlined by Del Buono 
et al. [10]. These include epicardial vessels (0.5–5 mm in diameter), pre-arteriolar vessels 
(100–500 μm), and intramural arterioles (<100 μm). The pre-arteriolar compartment is 
responsible for a large portion of vascular resistance to coronary blood flow and is sensi-
tive to pressure changes across the system. Being the last and smallest compartment, intra-
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mural arterioles have a main role to match myocardial blood supply with tissue oxygen 
consumption and demand. CMD is characterized by cardiovascular symptoms and myo-
cardial ischemia due to abnormalities in the coronary microcirculation, defined by the 
arterioles and capillaries (typically <500 μm in diameter). A variety of mechanisms have 
been proposed to contribute to the physiology behind CMD.  These include structural, 
molecular, and functional abnormalities [11].

Normal endothelium in the microcirculation plays a role in modulating vascular tone in 
response to normal stimuli (e.g., physical stress and exercise) and biochemical signals 
(e.g., acetylcholine) as well as producing vasodilatory substances (e.g., nitric oxide). 
Alterations in the normal physiology and function of the endothelium that contribute to 
CMD are generally referred to as an endothelial dysfunction. Changes in the actual struc-
ture of the microvascular bed can also contribute to CMD.  Structural changes include 
intimal thickening, smooth muscle proliferation, vascular wall infiltration (i.e., amyloido-
sis or Fabry disease), fibrosis, luminal obstruction, or rarely extrinsic compression (e.g., 
hypertrophy). While these structural changes do not include epicardial atherosclerotic 
disease, its presence can exacerbate CMD [12].

On the other hand, functional abnormalities and biochemical/molecular mechanisms 
can play a role in the physiology of CMD. Inflammation from known cardiovascular risk 
factors and the subsequent cascade produces inflammatory markers like reactive oxygen 
species (ROS) and vasoconstrictive substances, such as endothelin-1, which contribute to 
endothelial dysfunction and CMD [10, 11]. Functional alterations in the normal physiol-
ogy of vasodilation are also responsible for CMD.  Impaired vasodilation can be either 
endothelial dependent or independent. As mentioned above, normal endothelium modu-
lates vascular tone via several mechanisms including a balanced production and degrada-
tion of vasoactive substances, such as nitric oxide. Disruption in this balance with 
endothelial dysfunction can result in an abnormal vascular response to physiologic stimuli. 
This includes impaired vasodilation but with a paradoxical vasoconstriction in large ves-
sels upstream [10, 11]. Invasive assessment with intracoronary vasoreactivity testing, 
using acetylcholine, can help to identify endothelium-dependent pathways for CMD in 
this setting [4, 10, 13].

As mentioned above, CMD may be linked to other chronic conditions that have similar 
pathophysiology including chronic inflammation. This includes the process of atheroscle-
rosis itself, as well as aging (increased arterial stiffness and medial thickening), hyperten-
sion (remodeling and arteriolar constriction), metabolic syndrome, smoking, chronic 
kidney disease, diabetes mellitus, elevated lipids, and both ischemic and nonischemic 
cardiomyopathies (myocardial stiffness resulting in decreased compliance limiting the 
microcirculation’s ability to meet the increased demand for oxygen consumption) [4, 10, 
11]. CMD can also play a role in clinical syndromes, such as stress-induced cardiomyopa-
thy and acute coronary syndrome, among several others. See Fig. 2.

Growing awareness and standardization for CMD have been advocated, particularly 
since its presence is higher in females who were previously thought to have no pathology 
and managed without any standard medical therapy. The large prospective WISE study 
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SA
Vasospasm

AS

Stress
Induced CM Cardiomyopathies

HFpEF

Iatrogenic

INOCA/
MINOCA

ACS

Coronary Microvascular
Dysfunction

Fig. 2 Diagram highlighting different clinical entities where coronary microvascular dysfunction 
may play a role in the pathophysiology of ischemia. Modeled after del Buono et al. [10]. Iatrogenic 
disease may occur after percutaneous coronary intervention or surgical revascularization. ACS acute 
coronary syndromes, AS aortic stenosis, CM cardiomyopathy, HFpEF heart failure with preserved 
ejection fraction, INOCA ischemia with nonobstructive coronary artery disease, MINOCA myocar-
dial infarction in nonobstructive coronary artery disease, SA stable angina

(Women’s Ischemic Syndrome Evaluation) found that up to 47% of women with angina 
and nonobstructive CAD had CMD by invasive testing using CFR [14]. The increasing 
recognition of CMD, especially in INOCA, has led to steps for the standardization of 
defining and managing this clinical syndrome. The Coronary Vasomotion Disorders 
International Study Group (COVADIS) sought to standardize MVA, i.e., anginal symp-
toms in patients with CMD. These criteria include 1) presence of symptoms suggestive of 
myocardial ischemia; 2) objective documentation of myocardial ischemia; 3) absence of 
obstructive coronary artery disease (<50% coronary artery diameter and/or fractional flow 
reserve >0.80); and 4) confirmation of reduced coronary blood flow reserve and/or induc-
ible microvascular spasm [15].

Previously less understood and recognized, INOCA and CMD were believed to be 
benign or less adverse than traditional obstructive CAD. As mentioned here, the interplay 
of these syndromes is complex and highly related to atherosclerotic disease. Five-year data 
from the prospective WISE study showed that patients with CMD have increased major 
adverse cardiovascular events, especially women, as compared to their counterparts with 
normal CFR and no CMD [16]. This is observed in other studies as well [17]. Different 
therapeutic options have been observed to improve patient symptoms and outcomes 
depending on the mechanism behind CMD; see Table 2. These are primarily based on 
observational and retrospective data, with limited randomized clinical trials. In order to 
identify the pathogenic mechanism (e.g., endothelial dependence, vasospasm), there are 
several proposed diagnostic workflows [4, 10, 13]. These are typically done using invasive 
coronary angiography with specialized diagnostic guidewires that measures CFR, index of 
IMR, and FFR. Several intracoronary medications are administered including adenosine, 
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acetylcholine, and nitroglycerin. After medication administration, any variation in these 
hemodynamic markers is measured in conjunction with changes in the coronary artery 
diameter.

It is recognized that patients can experience significant disability from INOCA, which 
can markedly impact their quality of life. However, continued research efforts are still 
needed in this arena. Future directions include large, prospective studies with an in-depth 
analysis using detailed hemodynamic profiling, standardized assessment of patient symp-
toms (e.g., Seattle Angina Questionnaire), and randomized clinical trials to help tailor 
management options to INOCA phenotype in order to improve patient outcomes.

5  Acute Coronary Syndromes

Acute coronary syndromes include the diagnoses of unstable angina and non-ST-elevation 
and ST-elevation myocardial infarction as well as sudden coronary death related to acute 
coronary occlusion. To best consider their pathogenesis, one should first explain the 
importance and history of the role of coronary thrombosis as the cause of acute MI.

Until the 1970s, the cause of acute myocardial infarction and the role of thrombosis 
were disputed throughout the twentieth century by cardiac pathologists. Was thrombus 
necessary and, if so, was it the cause of or the effect of slow flow in the coronary arteries? 
In an NIH-sponsored workshop in 1973 attended by leading cardiac pathologists, clini-
cians, and hematologists, it was finally concluded that coronary thrombosis was the pri-
mary cause of transmural MI but not subendocardial (non-transmural) MI [18]. These 
pathologic definitions roughly equate to the present-day designation of ST-elevation and 

Endothelial Dependent

Endothelial Independent

Vasospasm

ACEi

ARB

ACEi

Beta-Blocker

Ranolazine

Nitrates

Calcium Channel Blocker

PDE-5i

Cardiac Eshabilitation

Enhanced External Counterpulsation

L-Arginine

Statins

Table 2 Proposed 
therapeutic options based 
off the believed pathogenic 
mechanism for coronary 
microvascular dysfunction, 
primarily from observa-
tional data with limited 
clinical trial evidence. 
ACEi - angiotensin 
converting enzyme 
inhibitor; ARB - angioten-
sin II receptor blocker; 
PDE-5i - phosphodiesterase 
5 inhibitor
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non-ST-elevation MI, respectively. This conference was groundbreaking, but it only repre-
sented those patients who succumbed and had autopsies. What about the living patient?

This question concerning the primacy of coronary thrombosis as the cause of transmu-
ral MI was unequivocally answered by DeWood et al. in 1980 [19]. In 322 patients admit-
ted to the hospital within 24 h of the onset of transmural infarction, coronary angiography 
noted acute coronary occlusion in 87% of those admitted within 4 h of symptom onset 
(n=126). Its incidence dropped to 65% when patients were studied 12–24 h after the onset 
of symptoms (n=57). Among 59 patients with angiographic features of coronary thrombo-
sis at the time of open-heart surgery, the thrombus was retrieved by Fogarty catheter in 52 
(88%). This discovery was paramount in changing the therapy for acute MI. One could 
now use agents to open the occluded artery and preserve myocardium. Initially,  intravenous 
thrombolytic therapy and appropriate antithrombotic and anticoagulant regimens were the 
treatments of choice, and now, primary percutaneous intervention is preferred if available 
with the insertion of a drug-eluting stent at the site of coronary occlusion.

6  Pathogenesis of Coronary Thrombosis and ST-Elevation 
Myocardial Infarction

While thrombosis may be the cause of MI, how did it get there? This question was 
addressed by Chapman in 1965 and Constantinides in 1966 [20, 21]. Both showed that 
thrombus formed on a defect on the surface of an atherosclerotic plaque and essentially 
described the pathologic entity of plaque disruption as the primary mechanism for coro-
nary thrombus formation in acute STEMI. Since then, there have been innumerable articles 
published on the pathogenesis of coronary thrombosis. In about 2/3 of cases of STEMI, 
thrombus formation is due to plaque rupture of a so-called thin-capped fibroatheroma or 
TCFA. Blood comes into contact with the undersurface of the torn or disrupted fibrous 
cap, and platelet deposition is followed by tissue factor activation leading to a platelet, 
fibrin, and red cell thrombus with the head being platelet rich and the tail red cell/fibrin 
rich and occlusive. These TCFAs contain a necrotic core of lipid and cellular debris, which 
overlies a thin fibrous cap devoid of collagen and smooth muscle cells and infiltrated by 
macrophages and T-lymphocytes. They are typically large plaques but due to positive 
remodeling are not occlusive on angiography in the weeks to months prior to the 
STEMI [22].

The second most common mechanism for thrombus formation is plaque erosion, and in 
this situation, thrombus forms on a defect in the endothelial lining covering the fibrous 
cap. These plaques are typically not TCFAs, and their caps are not usually thin. The pre-
dominant plaque type in some studies is proteoglycan rich, and lipid may not be an impor-
tant component [23]. These pathologic observations have been corroborated by in vivo 
OCT, which has been utilized to investigate the pathogenesis of coronary thrombus during 
primary PCI for STEMI [24]. Over a guidewire, an OCT catheter is passed to the site of 
coronary occlusion and with its axial resolution of 10–15 microns, one can, with the proper 
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preparation and technique, interrogate the site and determine in most cases the pathogen-
esis of thrombus formation.

While these processes are responsible for the vast majority of patients presenting with 
STEMI, there are potentially other causes of STEMI. A potential list is given in Table 3. 
In most instances, even if thrombus is not the primary cause, slow or no flow can lead to 
secondary thrombus formation. Furthermore, every primary coronary thrombus does not 
necessarily lead to acute myocardial infarction. Asymptomatic thrombus formation may 
contribute to progression of atherosclerosis as the thrombus becomes incorporated into the 
wall of the artery [25].

7  Pathophysiology of Unstable Angina and Non-ST-Elevation 
Myocardial Infarction

7.1  Unstable Angina

The term unstable angina was coined in separate publications by Conti and Fowler to 
describe a syndrome in between that of stable angina and an acute MI [26, 27]. Patients 
had progressive angina and/or rest discomfort without an elevation of cardiac enzymes. 
The pathophysiology was unclear although some small studies suggested that intracoro-
nary thrombus was present [28, 29] while other publications indicated no differences in 
coronary anatomy between stable and unstable patients at angiography [30, 31]. Given the 
different clinical presentations in unstable angina from that of stable angina, Ambrose 
et al. theorized that the angiographic lesions might qualitatively look different in unstable 
angina. In 1985, they published data indicating that in unstable angina with a patent 
angina-producing artery, the lesion responsible was eccentric and irregular (later called a 
complex plaque) while stable lesions usually did not have these characteristics [32]. Based 

Causes of ATEMI Without Presence of Intracoronary Plaque Related
Thrombus

Coronary Emboli

Coronary Vasospasm

Vasculitis

Blunt Traumatic Injury

Anomalous Origin of Coronaty Arteries

Spontaneous Coronary Artery or Aortic Dissection

Table 3 Causes of STEMI Without Presence of Intracoronary Plaque Related Thrombus
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Fig. 3 (a) Invasive coronary angiography depicting typical example of a type II eccentric lesion 
(complex plaque)—white arrow. (b) Ambrose et al.’s study [32] on the qualitative assessment of the 
morphologic appearance of coronary arteries in patients presenting with unstable angina. Specifically, 
the relationship and diagnostic accuracy of having type II eccentric lesions in this ischemic syn-
drome outlined in bar graph on 3B

on a postmortem angiographic study of Levin and Fallon [33], our group suggested that 
these unstable lesions represented plaque disruption and/or intracoronary thrombus and 
they were seen in 71% of unstable patients but only in 16% of stable patients (Fig. 3).

As the preferred enzyme in the 1980s to exclude an infarct was CK-MB, today the more 
sensitive troponin is used. Thus, many of the early studies including ours contained 
patients that today might be classified as NSTEMI given the fact that troponin would 
likely have been elevated. In fact, unstable angina by the classic Braunwald definition [34] 
has become less frequent than in the past due to troponin as the preferred biomarker [35].

7.2  Non-ST-Elevation Myocardial Infarction

The pathogenesis of NSTEMI is complex as there are multiple potential causes. As tropo-
nin assays became more sensitive, the incidence of an elevated troponin increased. Were 
all these elevations indicative of an MI? In 2007, the First Universal Definition of MI was 
published [36], and it helped clarify the etiology of the troponin increase. It defined an MI 
as a rise of and/or fall of troponin above the upper reference level and clinical evidence of 
ischemia from either new ischemic symptoms, ischemic ECG changes, or wall motion 
abnormalities. If the troponin elevation did not meet the criteria for an MI, it was classified 
as myocardial injury. An infarction was subclassified into five groups, but for the purposes 
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of our discussion, we will consider types 1 and 2 NSTEMI with which the clinician will 
most often be confronted. Type 1 MI is the MI related to atherothrombosis and is the one 
we have so far been considering in this chapter. On the other hand, type 2 MI meets the 
criteria for an MI but it is due to a supply/demand mismatch in the absence of athero-
thrombosis. The mismatch is usually extrinsic to the coronary bed and could be related to 
changes in blood pressure or pulse (in both instances, either too high or too low), hypoxia, 
or other less common causes as coronary spasm, coronary embolism, or dissection.

The pathophysiology of a type 1 NSTEMI is variable and comes in a variety of ana-
tomical shapes and forms. One might find either a patent vessel with a new significant 
lesion due to plaque rupture or a plaque erosion with intermittent total occlusion or 
 embolization of thrombotic material to the distal vascular bed, total occlusion of a major 
epicardial vessel with collaterals, or a new total occlusion of a branch vessel. There can be 
one-vessel or multivessel disease, and in about 40–50% of cases, a culprit lesion may not 
be apparent [37]. Finally, as discussed earlier, there may be insignificant or no angio-
graphic coronary artery disease and no apparent S/D mismatch to explain the syn-
drome [38].

While type 2 MI has helped to clarify the etiology of troponin elevation, there are sig-
nificant problems with this diagnosis. The incidence of a type 2 MI varies widely in the 
literature from a little over 1% to as high as 75% [38, 39]. We believe that a significant 
reason for this variability is related to the imprecision in the diagnostic criteria. The S/D 
mismatch is not standardized and variably interpreted as does its incidence. Also, symp-
toms may be either typical or atypical. Atypical symptoms such as dyspnea without isch-
emic ECG change will certainly lead to an inflated incidence of a type 2 MI in a patient 
with an exacerbation of congestive heart failure and an elevated troponin. We have shown 
that the diagnosis can also be missed even in patients with extreme prespecified criteria for 
the S/D mismatch and typical ischemic symptoms that would fit all criteria for an unequiv-
ocal type 2 MI [40]. This might explain the low incidence of a type 2 MI reported in some 
studies. While patients with a type 2 MI may have significant underlying coronary disease, 
we believe that more specific criteria should be developed for diagnosis.

8  Sudden Cardiac Death

SCD has been traditionally defined as unexpected, natural death from a cardiac etiology 
that occurs within 1 h from symptom onset [41]. Most information and research on this 
subject matter have been derived from patients who initially present to medical care as an 
OHCA. The risk of SCD increases with age, and the majority of cases in the adult popula-
tion are due to CAD [42–44]. This is especially true in adults over 35 years old in indus-
trialized countries. SCD from CAD in the setting of an AMI can present with arrythmias, 
such as PMVT and VF. SCD can also be the result of structural changes to the myocardium 
after an AMI that result in remodeling and scar, which can cause monomorphic VT and 
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VF. Other non-CAD mechanisms in SCD include pulmonary embolism, hypoxia, meta-
bolic derangements, and channelopathies, among several others.

Within the context of CAD, there are several mechanisms that play a role in SCD. These 
include acute thrombotic events, such as an AMI, chronic transient ischemia in patients 
with established CAD, as well as scar from a prior ischemic insult with long-term remod-
eling. Autopsy data of patients with SCD suggest that active or acute changes in coronary 
atherosclerotic plaque can be seen in up to 57% of SCD cases [43]. These changes were 
defined as disrupted coronary plaques, thrombus, or both. There is also evidence that 
women, particularly younger females, presenting with SCD more frequently have plaque 
erosion with late-stage thrombus, as compared to men [23].

Chronic, stable CAD also plays a role in the development of arrythmias, which can 
cause SCD. With already limited blood flow to distal myocardium from an atherosclerotic 
lesion, this supply/demand relationship may be strained under certain circumstances. This 
includes hemodynamic changes in blood pressure, changes in pH, hypoxemia, electrolyte 
disturbances (hypokalemia and hypomagnesemia), and toxins (drugs or alcohol) [45]. 
This concept of transient ischemia and reperfusion can alter cell membrane physiology 
including potassium channel conductance and provide a nidus for the arrythmias respon-
sible for SCD [46].

Convalescent remodeling after an AMI or in the setting of chronic ischemia from CAD 
can result in adaptive changes to the myocardium that put patients at an increased for 
SCD. This can initially be in the form of fibrosis and ultimately result in ventricular dila-
tion with reduced systolic function. Reduced LVEF is independently associated with an 
increased risk for SCD [47, 48]. The common arrythmia that precedes SCD in this patient 
population is MMVT, which can further degenerate into VF. Recent advanced imaging 
studies with CMR show the extent of infarct and scar surface area along with the amount 
of mass, ventricular volumes, fibrosis, and edema correlating with an increased risk of 
MMVT and SCD [49, 50]. The cellular changes that occur in this setting create an environ-
ment of electrical dispersion, which translates to mechanical changes, as assessed on 
multi-modality imaging techniques including strain echocardiography and CMR [51, 52]. 
This provides a reentrant substrate for tachyarrhythmias, such as MMVT, and has been 
observed in patients with ventricular remodeling post-AMI.

The decreased incidence in SCD over the last several decades is believed to be due to 
multiple factors, including improved post-resuscitation care, early intervention in SCD 
with STEMI and prompt revascularization, increased uptake of bystander cardiopulmo-
nary resuscitation, changes to the advanced cardiovascular life support algorithm, and 
implantable cardioverter defibrillators. There has also been a decrease in mortality due to 
CAD, which has been attributed to the advancement in medical care. This includes modern 
revascularization techniques along with evidence-based medical therapy [52]. Similarly, 
SCD after an AMI has also decreased over time [53, 54]. However, SCD still remains the 
initial presentation of underlying CAD in at least 30% of events [54]. Therefore, continued 
efforts are needed to identify high-risk individuals. This underscores the importance of 
understanding the pathophysiology of CAD in SCD and continually improving primary, 
secondary, and tertiary care.
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9  Conclusion

Coronary artery disease can present as various clinical syndromes, each with a varied 
prognosis. Over the last 50 years, our understanding of their pathogenesis has resulted in 
various therapies that have vastly improved clinical outcomes. However, as still the lead-
ing cause of mortality worldwide, more effective preventive strategies and therapeutic 
options are still required.
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Epidemiology of Ischemic Heart Disease

Muhammad Jawad Hashim

1  Introduction

IHD is, at the same time, common and fatal, and yet preventable and treatable. In the cur-
rent era, it remains the most common cause of deaths worldwide, easily surpassing any 
cancer or infectious disease.

The epidemiology of IHD is of relevance to clinicians as well as public health experts. 
Among clinicians, all specialties are involved. Cardiologists, cardiac surgeons, emergency 
medicine physicians, internists, and family physicians/general practitioners need to know 
pretest probabilities and high-risk groups. Public health officials need to plan for the rising 
burden of IHD due to population aging.

2  Risk Factors

Risk factors for IHD are divided into two categories: traditional and emerging risk factors 
(Table  1). Epidemiologically established risk factors include male sex, increasing age, 
diabetes mellitus, previously diagnosed atherosclerotic disease (such as peripheral arterial 
disease), chronic renal impairment, and family history of premature IHD [1]. Family his-
tory in this context is defined as an initial cardiac ischemic event in a first-degree relative 
(parent or sibling) of age less than 55 years (male relative) or 65 years (female relative). 
Hypertension and cigarette smoking contribute the largest proportion of risk among all 
IHD risk factors. Hypercholesterolemia has a strong dose-response relationship with 

M. J. Hashim (*) 
Family Medicine, College of Medicine and Health Sciences, United Arab Emirates University, 
Al Ain, UAE
e-mail: jhashim@uaeu.ac.ae

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
G. Concistrè (ed.), Ischemic Heart Disease, 
https://doi.org/10.1007/978-3-031-25879-4_6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-25879-4_6&domain=pdf
mailto:jhashim@uaeu.ac.ae
https://doi.org/10.1007/978-3-031-25879-4_6


84

Table 1 Risk factors for IHD

Traditional/established risk factors Emerging risk factors
Modifiable
   Cigarette smoking
   Hypertension
   Diabetes mellitus
   Hypercholesterolemia
Non-modifiable
   Male sex
   Increasing age
   Family history of premature IHD

Metabolic
   Obesity
   Overweight or elevated BMI
   Elevated blood glucose
   Physical inactivity
   Increased waist circumference
   Metabolic syndrome
   Familial hypercholesterolemia
Dietary
   Meat and poultry consumption
   Saturated fat intake (animal fat and butter)
   Low intake of fish
   Low intake of legumes (beans, lentils)
   Dietary salt
   Processed meat
   Trans-fatty acids
   High sugar beverages
   Vitamin E and omega-3 fatty acids
   Alcohol intake
Emerging associations
   Inflammatory conditions such as psoriasis
   Chronic kidney disease
   HIV/AIDS
   Nonalcoholic fatty liver disease
   Erectile dysfunction in men
   Microalbuminuria
   Remnant lipoproteins
   Hemostatic factors (fibrin, D-dimer)
   Periodontitis
   Radiation exposure to chest
   Passive exposure to tobacco smoke
   Waterpipe shisha smoking
   Screen time (television, smartphones)
   Urban residence
   Psychosocial and work stress
   Sleep deprivation
   Prolonged sitting
   Air pollution

IHD. Regrettably, cigarette smoking rates are rising among women, young adults, and 
men living in low- and middle-income countries [2].

Unhealthful diets are associated with IHD in observational studies [3]. Consuming fish 
appears to provide a protective effect [3]. A reduced intake of saturated fatty acids (meat, 
poultry, and dairy), substituted by polyunsaturated fatty acids (vegetable oils), may 
decrease the risk of IHD [4]. Animal fat including dairy products such as butter are sources 
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of saturated fatty acids in human diet. Recently, the role of saturated fatty acids and calorie 
restriction has been re-evaluated in nutritional research. In particular, previous dietary 
recommendations to limit saturated fat while consuming more carbohydrates were mis-
guided [4]. Dietary nuts and legumes (lentils, beans) are associated with a reduction in 
IHD events [5]. Intermittent fasting has been linked to cardiometabolic health in some 
studies [6].

In terms of general cardiovascular health, the overall effect of alcohol consumption is 
harmful. Alcoholic drinks increase the risk of IHD at moderate to high intake. Evidence 
for a potential protective effect of low daily intake comes from observational studies com-
paring average consumption across regions. Polyphenol flavonoids in nonalcoholic grape 
juice have a comparable cardioprotective effect [7–10]. Given the potential for escalation 
to moderate- and high-volume drinking, harmful effects of alcohol on other body systems 
[11], and psychosocial consequences, it is difficult to recommend alcohol consumption to 
prevent heart disease.

A variety of emerging risk predictors for IHD are being reported in epidemiological 
research (Table  1) [6]. These include pro-inflammatory conditions such as HIV/AIDS, 
psoriasis, chronic liver disease, as well as hemostatic biomarkers such as fibrin, D-dimer, 
and tPA [12]. These predictive variables are, in turn, associated with lifestyle factors such 
as smoking, alcoholism, obesity, and sedentariness. It is difficult to isolate and quantify the 
effect of individual risk factors from observational studies. Causal relationships cannot be 
proven in such studies [13].

In clinical settings, male patients older than 70 years with diabetes mellitus are more 
likely to have an ACS secondary to IHD [1]. However, the absence of these risk factors 
should not rule out IHD in a patient with chest pain or other signs and symptoms sugges-
tive of ACS. For the diagnosis of ACS, clinical features are more important than risk fac-
tors. Nevertheless, 90% of patients with an ischemic cardiac event have at least one risk 
factor [14].

Online calculators are available to estimate the 10-year risk of a major cardiac event in 
an individual [15]. An individual with a risk estimate of 20% or more is considered to be 
at high risk [16]. Such individuals are typically stratified to “aggressive” treatment such as 
high-dose statins and coronary revascularization. Persons with a risk estimate between 5 
and 20% are considered intermediate risk and usually considered for optimal medical 
therapy. A 10-year risk of less than 5% is considered low risk, and preventive interventions 
are advised to reduce modifiable risk factors. Risk stratification is superior to previously 
used rules of thumb such as counting the number of risk factors or using LDL cholesterol 
cutoff levels to guide clinical decision-making.

3  Disease Burden

An estimated 4% of adults (20+ years) worldwide have IHD [17]. Men are affected more 
than women (on average 1.3:1). Onset starts at around 30 years but is usually clinically 
manifested after 50 years of age (Fig. 1). Prevalence increases rapidly with aging. Among 
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Fig. 1 Prevalence of ischemic heart disease in different age groups

the elderly (70+ years), the prevalence is 20%. This further increases to 24% among per-
sons more than 80 years of age.

Globally, about 200 million persons have IHD. This translates to a prevalence rate of 
3820 cases per 100,000 population worldwide. In a community of 100,000 adults, over 
400 new cases can be expected every year (global average). This incidence rate is mostly 
due to first AMI.

Men are at a higher risk for IHD compared to women. The lifetime risk of IHD is about 
50% among men and 33% in women, at age 40  years [14]. The gender differential 
decreases with advancing age. AMI and sudden cardiac death are rare in premenopausal 
women. Men tend to present with an initial AMI, while uncomplicated angina is more 
likely among women. Women tend to be underdiagnosed and undertreated leading to 
worse outcomes such as higher reinfarction rates and all-cause mortality [18]. Among 
women, IHD causes far more deaths than cancer including breast cancer.

Over nine million people die from IHD every year. This far exceeds deaths due to any 
other illness (lung cancer, the most common fatal malignancy, causes two million deaths 
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per year). Overall, cardiovascular diseases cause almost twice the number of deaths com-
pared to all cancer deaths combined. IHD is the number one cause of deaths worldwide.

Disability-adjusted life year (DALY) rates paint a truer picture of human suffering. In 
contrast to prevalence or mortality rates, DALY captures the reduced quality of life due to 
disability among survivors as well as the loss of life from premature deaths. IHD ranks first 
among all diseases as a cause of human suffering (DALY rates) among adults. If all ages are 
considered, IHD ranks second, after neonatal disorders, and is followed by stroke [17].

The economic burden of IHD is substantial. In the USA alone, the direct and indirect 
costs of IHD and stroke care exceed US$ 350 billion per year [19]. These expenditures are 
rising every year. Among patients with type 2 diabetes, IHD costs contribute 20–49% of 
total direct healthcare expenditures [20]. In lower middle-income countries, the cost of a 
single episode of IHD care exceeds several times the average annual health expenditure 
per person [21].

4  Regional Patterns

IHD is more common in developed regions. These regions include North America, west-
ern Europe, Australia, as well as rapidly developing nations in the Middle East and Asia 
Pacific. In particular, central and eastern European countries such as Estonia and Latvia 
stand out with the highest prevalence rates. IHD is relatively less common in South Asia 
and sub-Saharan Africa. The most widely accepted explanation is the adoption of Western 
lifestyle leading to obesity and diabetes [22].

In terms of total number of cases, countries with the largest populations have the great-
est burden. China, India, and the USA sustain the largest number of individuals with 
IHD. India, for instance, has 37.5 million persons with IHD and can expect an addition of 
4.7 million new cases every year. Russia, Iran, Pakistan, Bangladesh, and Egypt also rank 
in the top ten, mostly likely due to unhealthy dietary and lifestyle patterns. Health systems 
in these countries are under severe stress due to the failure of primary prevention coupled 
with a widespread shortage of cardiac tertiary care.

Heart failure is a major endpoint for IHD and other cardiovascular diseases. In developed 
countries, heart failure is most commonly due to coronary atherosclerosis. In developing 
countries such as those in sub-Saharan Africa, uncontrolled hypertension, cardiomyopathies, 
rheumatic heart disease, and congenital heart defects are more likely to be implicated [23].

5  Epidemiological Trends

IHD rates are decreasing in certain regions including North America and Europe (Fig. 2A). 
This is most likely due to greater public awareness of healthy living in the postindustrial 
societies. Contributing factors include a decline in cigarette smoking [24]. However, it is 
premature to declare this a global health success. The reversal has not been observed in 
less developed regions.
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a

b

Fig. 2 Changing burden of ischemic heart disease with sociodemographic transition comparing (a) 
prevalence rate, and (b) total number of cases globally

5.1  Prevalence

Age-adjusted prevalence rates have dropped measurably in North America and Europe 
since 1990 [17]. Age-adjusted rates are useful for analyzing time trends across regions. 
These rates are adjusted for changes in underlying population structure due to aging and 
migration. For instance, in Italy, the age-adjusted prevalence dropped from 2274 cases in 
1990 to 2032 cases per 100,000 population in 2019. However, low and low-middle devel-
oped regions have experienced a rise in prevalence rates. For example, in Pakistan, the 
rates rose from 3784 cases in 1990 to 4116 cases per 100,000 in 2019.
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On the other hand, unadjusted prevalence rates are continuing to increase worldwide, 
in all regions (Fig. 2B). These unadjusted rates incorporate population growth and aging. 
Thus, the overall burden of IHD is increasing in all societies. Health systems need to plan 
for this absolute increase in the number of patients presenting with ACS and chronic IHD 
every year. This massive burden can overwhelm system capacity leading to delays in care, 
excessive waiting times, preventable premature deaths, and avoidable human suffering. 
IHD could be considered a global health system emergency.

5.2  Mortality

Death rates have fallen dramatically. Over the last few decades, from 1990 to present, the 
global age-adjusted mortality rate has decreased from 170 deaths to 118 deaths per 100,000 
population [17]. The drop is even greater for several Western nations. For example, in 
Italy, age-adjusted mortality rates decreased from 121 deaths in 1990 to 55 per 100,000 
population in 2019. In the UK, the rate fell from 198 deaths to 67 deaths per 100,000 annu-
ally. In certain countries such as Japan, Korea, Singapore, and Taiwan, due to the declining 
rates of IHD, cancers have become the number one cause of death [25].

This is a remarkable phenomenon and a global achievement in clinical medicine and 
public health. A new term is introduced in this book to describe this phenomenon: Cuore 
Vita (Italian for heart life). Public awareness of heart health has considerably increased 
due to media campaigns and clinical preventive counseling. Health promotion efforts 
towards healthy nutrition and physical activity, combined with more public spaces for 
outdoor activities and restrictions on cigarette smoking, have most likely contributed to 
this decline in IHD incidence (Box 1).

 c Box 1. Cuore Vita 

Cuore Vita—a new term defined as public awareness and community action that 
results in a decline in heart disease. 

However, the total number of deaths continues to rise due to population growth and 
aging. Unadjusted death rates as well as the total number of deaths are continuing to 
increase worldwide. Most of these deaths occur in the prime of productivity: during the 
fifth and sixth decades of life. More than 1.7 million people in the age group 60–69 years 
die from IHD every year. This number is expected to continue increasing in the foresee-
able future. Personal and family tragedies unfold daily as fathers and mothers die leaving 
children and grandparents dependent and unsecure. This human face of IHD is all too 
familiar to cardiologists and other clinicians.

The rising epidemic of obesity, diabetes, and digital screen time may eclipse the Cuore 
Vita phenomenon. Renewed and sustained efforts are needed in preventive cardiology, 
public health promotion, and enhanced primary care. Community health activities, urban 

Epidemiology of Ischemic Heart Disease



90

redesign (parks, bicycle lanes, decentralization), and reducing access to video games and 
processed foods (high in refined sugars) may be even more important.

The discovery of sensitive biomarkers such as troponin may have increased the diagnosis 
of acute myocardial infarction. These changes in diagnostic criteria, access to care, and com-
munity awareness can affect epidemiological estimates. Widespread and indiscriminate 
recording of cause of death as “cardiac arrest” may have inflated IHD rates. Documenting 
the proper underlying cause of death in death certificates is vitally important [26].

6  Clinical and Public Health Policy Implications

IHD is the foremost cause of premature death and disability worldwide. Unfortunately, 
most patients do not receive or adhere to optimal medical therapy. Regional variations in 
care indicate that clinicians often do not implement best practices. These factors lead to 
unnecessary and avoidable suffering and premature deaths. Thus, a large gap exists 
between research knowledge and its translation into clinical implementation. Several IHD 
interventions are low cost (Box 2). Healthy nutrition, exercise, and smoking cessation are 
less expensive than medical treatment. Control of blood pressure, cardioprotection with 
aspirin, and control of serum lipids and glucose can be managed at the primary care level. 
Shortage of tertiary care in a region should not necessarily lead to poor IHD care or out-
comes. Public health interventions to reduce obesity and cigarette smoking while promot-
ing an active, healthy lifestyle are cost effective. Alongside preventive approaches, regional 
health systems with large aging populations should plan for a rising burden of IHD.

 c Box 2. Key recommendations for heart health 

1.  Active lifestyle—avoid prolonged sitting and screen time; stay active with house-
hold and outdoor activities; make daily walks and exercise a priority; avoid labor-
saving devices. 

2.  Healthy nutrition—avoid meat and dairy products; enjoy fresh fruits, vegetables, 
nuts, and lentils/beans; limit salt intake; reduce (but not eliminate) carbohydrates 
such as white bread, rice, refined sugars, bakery products, and sweetened beverages.

3. Periodic checks for high blood pressure, blood glucose, and serum cholesterol.
4. Avoid cigarette smoking and alcoholic drinks.
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Non-atherosclerotic Coronary Artery 
Disease

Rohit Samuel and Jacqueline Saw

When considering symptomatic myocardial ischemia, there is a predominant focus on 
the presence of obstructive coronary artery disease as the primary pathological process. 
However, in many cases, there is minimal or even no discernible obstructive plaque 
even when invasive coronary angiography is utilized. It is important to recognize the 
potential underlying pathologies in such scenarios as this can have a significant impact 
on the diagnosis, management, and overall patient outcomes. In this chapter, we will 
discuss processes within the coronary vasculature that can manifest through the full 
spectrum of acute and chronic coronary syndromes, collectively termed NACAD 
(Table 1).

R. Samuel · J. Saw (*) 
Division of Cardiology, Vancouver General Hospital, University of British Columbia, 
Vancouver, BC, Canada
e-mail: jsaw@mail.ubc.ca

Table 1 Causes of 
coronary artery disease

Atherosclerotic coronary artery disease
   • Plaque rupture/erosion
   • Imbalance of oxygen supply/demand
Non-atherosclerotic coronary artery disease
   • Spontaneous coronary artery dissection
   • Coronary vasospasm
   • Coronary embolism
   • Myocardial bridge
   • Coronary vasculitis (e.g., Kawasaki disease)
   • Coronary ectasia/aneurysm
   • Congenital anomaly
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1  Definitions

To identify the presence of NACAD, it is first important to define the presence of obstruc-
tive and potentially clinically relevant atherosclerotic disease. Obstructive coronary dis-
ease has previously been defined as a luminal stenosis of greater than or equal to 50%; 
however, values of up to 70% have been used [1]. It is important to recognize that athero-
sclerotic lesions causing less than 50% luminal stenosis may still have clinical relevance, 
and long-term follow-up data has shown an increase in MACE compared with those who 
have no identifiable coronary artery disease. Furthermore, although coronary angiography 
is considered the gold standard, it is still subject to significant interobserver variability [2]. 
These differences are particularly stark when lesions are of moderate severity. In these 
situations, the use of invasive physiological testing may be particularly beneficial to 
 identify obstructive ischemia given the large evidence base for both hyperemic and non- 
hyperemic pressure ratios [3, 4].

NACAD pathologies can present through the full spectrum of coronary syndromes, 
from stable angina to STEMI.  When there is evidence of myocardial injury, the term 
MINOCA is used [5]. This particular entity comprises a clinical presentation consistent 
with AMI based on clinical presentation and elevated cardiac biomarkers, but an absence 
of obstructive coronary disease (stenosis <50%) and no other direct clinical cause for the 
presentation. It is important to note that MINOCA is a descriptive term, and not a diagno-
sis in and of itself. If MINOCA is suspected based on accepted criteria, a thorough diag-
nostic evaluation should be performed with particular attention given to the pathologies 
outlined in the remainder of this chapter.

2  Spontaneous Coronary Artery Dissection

SCAD is an important cause of AMI, particularly in young women with minimal athero-
sclerotic risk factors [6]. It is defined as a spontaneous separation of the coronary artery 
wall that is not iatrogenic or related to trauma. SCAD is an important differential diagnosis 
in patients presenting with potential NACAD. Dissection may occur in small, branching 
vessels or in the distal termination of larger vascular beds. This can lead to missed diagno-
ses unless there is a high index of suspicion, and appropriate care is taken when interpret-
ing the angiogram.

3  Epidemiology

The true prevalence of SCAD is unclear due to underdiagnosis, but it is increasingly rec-
ognized as a cause of AMI, especially in young women without traditional coronary risk 
factors [7]. It is estimated that SCAD is implicated in 0.1–4% of ACS overall, based on 
registry data and case series [8–10]. Women make up between 87 and 95% of SCAD 
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presentations with a mean age between 44 and 53 years at the time of event [11]. Although 
rare, SCAD can still occur in men with approximately 10% of cases occurring in males 
[12]. Men presenting with SCAD tend to be younger than women and are more likely to 
present with a physical exertion trigger.

There is a large variability in physician comfort in assessing and managing SCAD 
patients, given this relative rarity [13]. The prevalence of SCAD is much greater when 
considering ACS in young women, ranging from 24 to 35% in two retrospective datasets 
[14, 15]. Pregnant women are at particularly high risk for SCAD [16]. SCAD is the most 
common cause of AMI in pregnancy, occurring in 15–43% in some series [17, 18]. 
P-SCAD can occur in the antepartum period, any time during pregnancy, or up to 24 months 
postpartum [19]; however, it is most common in the first postpartum month, and particu-
larly in the first week [20].

SCAD can affect any section of the coronary vasculature but is most commonly 
observed in the LAD artery, where it can occur in up to 46% of cases [7]. The circumflex, 
obtuse marginal, and ramus intermedius territories are the next most commonly affected, 
followed by the RCA and its branches. De novo LM SCAD is relatively rare in most series, 
occurring in between 1.5 and 4% of cases. However, involvement of the LM is a high-risk 
feature with poor long-term outcomes [21].

SCAD has a high risk of recurrence, with a rate of 10.4% over a median follow-up of 
3.1 years in one series, emphasizing the need for prompt diagnosis, appropriate manage-
ment, and careful long-term follow-up of these patients [22].

4  Pathophysiology

The pathognomonic feature of SCAD is the presence of a false lumen containing intramu-
ral hematoma as demonstrated histologically [7]. The underlying mechanism of SCAD is 
not fully understood; however, two theories have been proposed (Fig. 1) [23]. The first 
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Fig. 1 Schematic diagram of the mechanisms of spontaneous coronary artery dissection. Reproduced 
with permission from Elsevier [23]
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involves the formation of an intimal tear leading to the passage of endoluminal blood into 
the intimal space, leading to the formation of a false lumen. A second theory suggests that 
the rupture of vasa vasorum with subsequent intramural hemorrhage is the precipitating 
event for the formation of the false lumen. In both cases, there is a pressure-driven expan-
sion of the false lumen by enlarging hematoma, which can lead to significant luminal 
narrowing with secondary myocardial ischemia and potentially infarction. Thrombus does 
not usually play a significant role in the obstruction of coronary flow in SCAD based on 
angiographic and OCT series [24–26].

Histological changes suggestive of periadventitial inflammation have been described 
previously. These “periarteritis”-like changes include an eosinophilic infiltrate, which 
have been described in multiple series [27]. It is unclear if the presence of this inflamma-
tory milieu of cells contributes or predisposes to the formation of dissection through 
breakdown of the medial-adventitial interface. It is more likely that these findings are a 
reaction to the vascular injury as opposed to a causative factor. Cystic medial necrosis has 
been described in some older SCAD series, but the significance of this finding is uncertain 
and has not been described in more contemporary studies [7].

The female predominance for SCAD may suggest a genetic or hormonal component for 
the development of the condition [28]. As previously mentioned, there is a clear increased 
risk during pregnancy and the postpartum period, which may reflect the rapidly changing 
hormonal state. Elevated progesterone levels during pregnancy can weaken the arterial 
media through its effect on elastic fibers, collagen synthesis, and induction of cystic medial 
necrosis with disruption of the vasa vasorum [6, 29, 30]. For this reason, women who have 
had an episode of SCAD are advised to avoid exogenous hormonal therapies although this 
requires further investigation. The hemodynamic changes of pregnancy may also contrib-
ute to SCAD predisposition. The increase in cardiac output and state of relative volume 
retention have been shown to increase arterial shear stress, which can impact the aorta and 
further extend into the coronary arteries [31].

4.1  Predisposing and Precipitating Factors

A number of factors may play a role in the development of SCAD, such that the underly-
ing etiologies are likely multifactorial. This is further suggested by the unusual demo-
graphics and lack of traditional cardiac risk factors found within the SCAD population [7]. 
Multiple studies have found associations between SCAD and arteriopathies, genetic fac-
tors, circulating hormones, and environmental stressors to precipitate SCAD.

One of the earliest described associations was the presence of FMD in patients with 
SCAD, first identified in 2005 and confirmed in multiple subsequent case series [32–35]. 
FMD is a non-atherosclerotic, non-inflammatory disease of the systemic vasculature that 
has a range of manifestations from tortuosity to aneurysm and dissection [36]. It is radio-
graphically defined as alternating areas of stenosis and dilatation, resulting in a so-called 
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Fig. 2 Examples of extracoronary multifocal fibromuscular dysplasia (FMD): (a) right renal artery, 
(b) left renal artery, (c) right vertebral artery, and (d) right external iliac artery. Reused with permis-
sion from Wolters Kluwer Health [37]

string of beads pattern (Fig. 2), also known as multifocal FMD [37]. FMD can affect any 
arterial bed, but features are most commonly screened for in the cranial vasculature, the 
renal and the iliac arteries. Cohort studies have suggested a widely varying prevalence of 
the condition in the SCAD population, ranging from 17 to 86% depending on the imaging 
test used for screening [7]. There have been case reports linking the histopathological 
changes of FMD in coronary arteries affected by SCAD, confirming a pathophysiological 
link [38, 39].
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Inherited vascular disorders and their associated genetic mutations can be associated 
with SCAD. These conditions include vascular Ehlers-Danlos syndrome, Marfan syn-
drome, and Loeys-Dietz syndrome among others [7]. SCAD associated with these con-
ditions can cluster in families; however, non-syndromic SCAD does not appear to be 
familial [40]. In one series, a family history of SCAD was only seen in 1.2% of patients 
[41]. Retrospective registries have identified rates of 5–13% of patients with SCAD hav-
ing underlying genetic mutations that predispose to vascular fragility and similar syn-
dromes [42, 43]. Therefore, even though some of these genetic disorders can be 
diagnosed via screening, they remain relatively low yield in the absence of specific clini-
cal characteristics [6].

In patients who have an underlying predisposition to vascular fragility and SCAD, a 
precipitating factor or trigger can lead to a pathological event. However, the link between 
these is not always clear and may not even be present in some patients for reasons which 
are not fully understood [7]. The most common trigger is an emotional or physical stressor, 
occurring in 40% and 24% of SCAD patients, respectively [24]. Emotional stressors tend 
to be more common in women, while men have a higher prevalence of physical stressors 
such as isometric exercise [44]. Any increase in thoracoabdominal pressure (Valsalva) or 
circulating catecholamines has been theorized to increase vascular shear stress that can 
trigger SCAD [6]. This hypothesis has not been specifically investigated in patients with 
SCAD but is mechanistically similar to other conditions such as Takotsubo syndrome [7].

4.2  Diagnosis

The overwhelming majority of patients with a SCAD event will present with symptoms 
and signs of ACS, with chest pain being the most common symptom presentation occur-
ring in up to 96% of patients [45]. It should be noted however that the chest pain charac-
teristics may not be typical for ACS, especially in women who represent the majority of 
SCAD presentations. Furthermore, given the patient demographics and absence of tradi-
tional cardiac risk factors, there is a higher potential for missed diagnosis which can have 
longer term consequences. The initial evaluation of patients should reflect standard care 
for any suspected ACS, including early ECG, cardiac biomarkers, and cardiac telemetry.

Invasive coronary angiography is the gold standard for diagnosis and should be used 
promptly when SCAD is suspected, particularly in clinically unstable patients who repre-
sent up to a third of presentations [45]. Furthermore, angiography allows further 
 classification of the SCAD lesion into one of the three distinct angiographic subtypes, a 
framework which is now widely used [25, 46]. Type 1 is the pathognomonic appearance 
of SCAD with contrast dye staining of the arterial wall and multiple radiolucent lumens. 
Type 2 refers to diffuse narrowing of the affected vessel, which can be further divided into 
two subtypes. Type 2A SCAD is a diffuse narrowing with normal segments of vessel 
proximally and distally to the intramural hematoma. Type 2B is a diffuse narrowing that 
has normal vessel proximally but extends to the distal tip of the artery. This subtype can be 
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misinterpreted as normal tapering of the vessel. Type 3 refers to a focal or tubular stenosis 
that mimics atherosclerosis and is the most difficult to accurately diagnose. It may be 
particularly helpful to use intracoronary imaging when this type is suspected to more 
accurately differentiate between plaque and intramural hematoma. Type 2 is the most 
commonly reported angiographic manifestation of SCAD, occurring in 67.5% of patients 
in one series [24]. Type 1 was reported in 29.1%, whereas type 3 was seen in 3.4%. It 
should also be noted that coronary angiography is not without risk in the SCAD popula-
tion. The presence of an underlying vascular fragility puts these patients at an increased 
risk of iatrogenic catheter-induced dissection, with a reported prevalence of 3.4% [47].

Intracoronary imaging through the use of IVUS and OCT is useful, especially when the 
diagnosis is uncertain. OCT is particularly beneficial for diagnosing SCAD due to its 
higher spatial resolution than IVUS, allowing for more accurate identification of intimal 
tear, false lumen, and intramural hematoma. For this reason, it is the preferred imaging 
modality when diagnosis is uncertain and when it is technically feasible to use [7]. This is 
tempered by the need to use contrast injection for image acquisition, which has a theoreti-
cal risk of worsening SCAD through hydraulic dissection. IVUS is not limited by this 
factor and remains a good alternative to OCT when required.

CCTA has been suggested as a potential alternative to invasive angiography for diag-
nosing SCAD, but its use is limited by lower spatial and temporal resolution that poses 
difficulties in identifying features of SCAD such as intimal tears and formation of a false 
lumen [48]. However, it may be a useful tool for noninvasive follow-up of prior SCAD 
[49]. The use of CT for this indication would be limited to SCAD affecting proximal and 
larger caliber vessel, as the diagnostic utility reduces significantly for distal segments, side 
branches, and small-caliber vessels.

4.3  Management

In the majority of SCAD patients who are hemodynamically stable without evidence of 
ongoing ischemia, a conservative approach is the preferred management strategy [7, 11]. 
This recommendation is guided by observational data, particularly the finding of angio-
graphic healing of the dissected artery that can occur in the first few days to 1 month 
post-event [24, 50]. Patients should be monitored in hospital for 3–5 days following the 
event, with hospital stay guided by the presence of left ventricular dysfunction, ventricular 
arrhythmia, or evidence of ongoing ischemia. There is a potential early risk of dissection 
extension or recurrent SCAD in this period, occurring in 5–10% of cases.

Pharmacotherapy strategies differ from traditional ACS due to differing underlying 
pathophysiology and a lack of clear evidence for use. Antiplatelet therapy with aspirin is 
generally recommended for lifetime use, although some practitioners may shorten this 
duration. Clopidogrel is recommended for at least 1–3 months post-event. Beta-blocker is 
the only pharmacotherapy that was shown to be associated with lower SCAD recurrence, 
demonstrating a 64% reduction in one study at a median follow-up of 3  years [22]. 
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Therefore, it is recommended that all SCAD patients should be on maximally tolerated 
beta-blocker.

A conservative strategy may not be possible in patients with hemodynamic instability, 
ventricular arrhythmia, or involvement of proximal vessel subtending a large area of myo-
cardium. In these situations, coronary revascularization should be considered. Percutaneous 
coronary intervention (PCI) in SCAD is associated with significant technical challenges 
and potential complications [24, 26, 50]. There is an inherent risk of propagating dissec-
tion through the use of guide catheters, guide wires, or deployment of coronary stents. 
Some strategies that may improve outcomes include the use of long stents extending 
beyond the intramural hematoma, cutting balloon fenestration to allow decompression of 
the false lumen, and sealing both ends of the intramural hematoma prior to stenting the 
middle to reduce the risk of propagation [51, 52]. Femoral access should be preferred, 
given that radial access may require greater manipulation to achieve coaxiality of guide 
catheters which can increase dissection risk. CABG has been shown to be safe when indi-
cated and may be required following complication of PCI or involvement of the left main 
[26]. There is a high rate of graft failure during long-term follow-up, most likely related to 
healing of the native artery with competitive flow leading to graft occlusion.

Following SCAD, a number of non-pharmacological strategies can be utilized to reduce 
the risk of recurrence. These include limiting lifting heavy weights (avoiding >20 pounds 
for women and >50 pounds for men) to reduce arterial shear stress, use of psychological 
support to reduce the risk of depression and anxiety, and encouraging all patients to join a 
cardiac rehabilitation program [7]. Ideally, this would entail the use of a SCAD-specific 
rehabilitation program, tailored to the unique exercise and psychosocial demands of these 
patients. This includes baseline cardiopulmonary exercise testing, a graded aerobic exer-
cise program, resistance training limited to weights under 20 pounds, and multidisciplinary 
care including support groups, psychotherapy, and educational sessions. The use of a 
SCAD-specific program has been shown to improve exercise capacity, reduce severity of 
depressive symptoms, and reduce MACE [53]. General access to a specialized SCAD 
rehabilitation program is limited; however, standard cardiac rehabilitation has been shown 
to be safe and effective in SCAD patients [54, 55].

5  Coronary Vasospasm

Coronary vasospasm is an intense, transient vasoconstriction of an epicardial coronary 
artery resulting in subtotal or total occlusion of myocardial blood flow that can result in 
angina or ACS.  It can occur in vessels with and without coronary atherosclerosis, and 
although it is usually considered a chest pain syndrome, it can precipitate severe MI, 
arrhythmia, and sudden cardiac death [56, 57]. Vasospastic angina was first described by 
Prinzmetal in 1959, which he termed “variant angina” as the characteristics of the syn-
drome differed from classical exertional angina [58]. Variant angina was described as 
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occurring in young patients without known cardiovascular risk factors and was associated 
with transient ECG changes. It is now known that coronary vasospasm can affect both the 
epicardial vessels and the microvasculature [59].

5.1  Epidemiology

The overall prevalence of coronary vasospasm is unclear due to variations in population 
characteristics and lack of routine coronary provocation testing in cases where a non- 
atherosclerotic cause for presentation is suspected [60]. It is more common in East Asian 
than Caucasian populations, but the underlying mechanism is unclear [61]. In one study of 
routine coronary provocation testing following a diagnosis of MINOCA, there were higher 
rates of vasospasm in Japanese and Korean patients than their white counterparts [5, 62]. 
Spasm is more common in males than females and is mainly diagnosed in patients aged 
between 40 and 70 [63]. Rates of coronary spasm may be higher than currently reported, 
and it remains underdiagnosed due to the lack of aforementioned routine testing. In the 
ACOVA study of patients with stable angina and nonobstructive coronary disease, the rate 
of coronary vasospasm induced by routine acetylcholine provocation was 62%, with an 
almost even split of epicardial or microvascular spasm [64]. When patients with MINOCA 
are considered, rates of spasm are similarly high with acetylcholine provocation at 
79% [65].

5.2  Pathophysiology

The pathophysiology of coronary vasospasm is not fully understood but is likely multifac-
torial with vascular smooth muscle hyperreactivity playing a key role. Under normal 
physiological circumstances, the constriction and dilatation of the coronary vasculature 
play an important role in the regulation of myocardial blood flow and perfusion pressure. 
Therefore, the pathophysiological state of coronary vasospasm that leads to myocardial 
ischemia appears to be part of a spectrum that is underpinned by shared mechanism, albeit 
a malfunctioning one [59, 66].

Vascular smooth muscle hyperreactivity has been implicated as a key factor in the 
pathogenesis of coronary vasospasm. MLC kinase and phosphatase regulate the contrac-
tion and relaxation of vascular smooth muscle. The molecule rho kinase is implicated in 
the inhibition of MLC phosphatase and has been found to be upregulated in areas of spasm 
leading to hypercontraction of the vascular smooth muscle [60, 67]. This is mediated 
through enhanced sensitivity to calcium influx in response to vasoconstrictor stimuli [68].

The autonomic nervous system has been suggested to play a role due to observational 
data showing increased frequency of vasospastic angina after midnight into the early hours 
of the morning, times when vagal tone is the greatest [69, 70]. Furthermore, the use of 
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sympathomimetic agents such as acetylcholine to precipitate spasm implies that an imbal-
ance in parasympathetic and sympathetic may be at play. The use of surgical autonomic 
denervation of the heart has been shown to ameliorate refractory spasm in some case 
reports [71].

The normal endothelium has an important role in maintaining vascular tone through the 
release of vasoactive substances such as prostaglandins and nitric oxide among others 
[60]. Endothelial dysfunction was therefore hypothesized to contribute to the development 
of coronary spasm, but clear evidence is lacking. Furthermore, endothelial dysfunction is 
relatively common in the population while coronary vasospasm is not. Nevertheless, dys-
functional endothelium may still predispose to the formation of spasm when combined 
with underlying vascular smooth muscle hyperreactivity.

Chronic inflammation has been found in the coronary vascular adventitia and adipose 
tissue of patients with vasospastic angina and could be a marker for disease activity [72]. 
This finding suggests that inflammatory mediators may contribute to spasm, a hypothesis 
that is further strengthened by evidence demonstrating that the inflammatory mediator 
interleukin-B can trigger coronary vasospasm in a porcine model [73]. Other serum 
inflammatory markers are significantly elevated in patients with vasospasm when com-
pared with controls, but levels are still lower than in patients with atherosclerotic ACS [74].

Reactive oxygen species and oxygen free radicals are known to damage the vascular 
endothelium, leading to endothelial dysfunction and reduction in nitric oxide production 
[60]. Thioredoxin, a biomarker of oxidative stress, is increased in patients with known 
vasospasm [75]. Furthermore, antioxidants such as vitamin E have been shown to be con-
sumed at a greater rate in patients with vasospasm when compared with controls and those 
with atherosclerotic stable angina. This suggests a greater level of oxidative stress in the 
vasospastic patient [76].

5.3  Risk and Precipitating Factors

A number of factors can put individuals at increased risk of developing coronary vaso-
spasm. As previously mentioned, people of East Asian backgrounds have a higher risk of 
developing coronary spasm. Cigarette smoking is strongly associated with the develop-
ment of vasospasm, particularly in younger males [77, 78]. It may also develop as part of 
a systemic vasospastic disorder as spasm is associated with Raynaud’s phenomenon and 
migraine [79]. Importantly, traditional atherosclerotic risk factors such as hypertension 
and dyslipidemia do not predict the development of vasospastic angina [78].

Although coronary vasospasm can occur spontaneously, and does so in most cases, 
there are also potential precipitants or triggers for discrete episodes. In particular, there are 
a number of substances that can induce a vasospastic episode. These include medications 
such as general anesthesia, bromocriptine, triptans, dobutamine, and capecitabine, as well 
as illicit substances such as cocaine and amphetamines [60]. Physical triggers include 
hyperventilation, cold exposure, early morning exercise, and Valsalva maneuver [63].
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5.4  Diagnosis

Diagnosis of coronary vasospasm has been standardized by the Coronary Vasomotion 
Disorders International Study Group (COVADIS), combining three key components 
including the classical clinical manifestations, transient ECG changes, and documentation 
of coronary spasm either spontaneously or through provocation testing [80].

Clinically, patients present with chronic, recurrent episodes of chest pain that may be 
similar to classical angina. However, episodes are predominantly at rest and occur in the 
early hours of the morning. The pain is usually nitrate and CCB responsive but may not be 
relieved by beta-blocker. Patient with coronary vasospasm may also have episodes of 
silent ischemia, which is significant due to the risk of presentation with malignant arrhyth-
mia or sudden cardiac death [81].

Transient ECG changes can occur with the onset of chest discomfort, and both ST 
elevation and depression are included as part of the diagnostic criteria. These changes 
rapidly return to baseline with resolution of symptoms, unlike in atherosclerotic ACS. The 
ECG is frequently normal between episodes of discomfort, making diagnosis more 
 challenging. Therefore, the use of ambulatory ECG monitoring should be considered 
when the diagnosis is suspected. Given that the frequency of episodes can be low, longer 
term monitoring with an event monitor or implantable loop recorder or similar device can 
be useful to detect ischemic changes over extended periods. Ambulatory monitoring is 
also effective in monitoring treatment efficacy, given the frequency of asymptomatic epi-
sodes. Asymptomatic episodes with ECG evidence of ischemia occurred in almost 80% of 
patients undertaking ambulatory ECG monitoring in one cohort [82].

Provocative testing during coronary angiography is the gold standard for documenting 
the presence of coronary spasm when the index of suspicion is high. This is achieved 
through intracoronary administration of a provocative stimulus usually acetylcholine, 
ergonovine, or methylergonovine [60]. It should be noted that hyperventilation can be 
used as a provocative stimulus and has a high specificity when used with ECG monitoring, 
but is rarely used in the catheterization laboratory [83]. Baseline coronary angiography 
without provocation is also useful to exclude atherosclerotic disease as a cause for the 
presenting symptoms. A positive provocation test must include the reproduction of usual 
chest pain, ischemic ECG changes, and a greater than 90% vasoconstrictive response as 
imaged on angiography [60, 84]. The test is considered equivocal if all three components 
are not present. Intracoronary nitrate should be rapidly administered to reverse the spasm 
and restore coronary blood flow. Care should be taken while performing provocative test-
ing, as serious complications can occur, although rare [85]. Registry data has shown that 
provocation is safe in the contemporary era, but rates of significant brady- or tachyarrhyth-
mia occurred in 6.8% of patients [5, 86]. Even so, it should not be performed in pregnant 
women and those with severe hypertension, significant left main stenosis, advanced heart 
failure, and severe aortic stenosis [63].

Intracoronary imaging with IVUS or OCT can be useful in specific situations. Both 
modalities can be used to identify the presence of concomitant atherosclerotic plaque, 
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which may not be visible on angiography. The increased spatial resolution of OCT allows 
interrogation of the coronary structure during spasm, including conformational changes in 
the intima and media [87]. However, use of intracoronary devices can also induce spasm, 
which may confound results.

5.5  Management

The management of coronary vasospasm aims to reduce the frequency of symptoms and 
also reduce the risk of serious complications. Lifestyle factors can be key in reducing 
potential triggers, and this includes smoking cessation and avoiding illicit drugs such as 
cocaine or amphetamines.

Sublingual short-acting nitrates remain the mainstay for relief of acute attacks [84]. 
They are effective in reducing the duration of each episode, which also limits myocardial 
ischemia. Calcium channel blockers are the first-line therapy for vasospastic angina, and 
their use has been shown to improve infarct-free survival [88]. Either dihydropyridine or 
non-dihydropyridine CCBs can be used to good effect, depending on the side effect profile 
and individual patient factors. Long-acting nitrates can be used in conjunction with CCBs, 
when patients have refractory symptoms that are not ameliorated by CCBs alone. They are 
not used as a first-line therapy, due to concerns over nitrate intolerance. Furthermore, 
observational data has suggested that longer term use of long-acting nitrates may not have 
any significant benefit over CCBs alone, but more data is required before firm recommen-
dations can be made [89].

Rho kinase inhibitors have been developed to act directly on the vasospastic mecha-
nisms within the coronary artery. Fasudil is a rho kinase inhibitor that has been shown to 
inhibit acetylcholine-induced spasm [90]. However, although useful in confirming the role 
of rho kinase in the pathogenesis of coronary spasm, its use is limited due to the need for 
intravenous administration.

Statins have a beneficial effect in the prevention of spasm, likely through beneficial 
effects on the vascular endothelium to improve nitric oxide release and induce relaxation 
of smooth muscle. A randomized trial of fluvastatin versus placebo in conjunction with 
CCBs showed a significant reduction in spasm on invasive provocative testing [91]. 
Furthermore, statin use reduced MACE at 5 years in patients on statin therapy after diag-
nosis of coronary vasospasm with acetylcholine provocation [92].

In patients who are refractory to medical therapy, PCI can be considered as a therapeu-
tic option. It is indicated in patients who have significant coronary atherosclerosis which 
may be a trigger for focal spasm, or in patients who have clearly identifiable vasospastic 
segment that is refractory to medical therapy even in the absence of atherosclerosis [93]. 
However, many patients have diffuse or multivessel spasm and the role of a mechanical 
intervention in these settings is unclear.

Patients who have had a serious ventricular arrhythmia can be considered for insertion 
of an ICD for secondary prevention. A high rate of ventricular events with delivery of 
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therapy was seen in one study of patients who received ICDs as secondary prevention; 
however, the use of ICDs did not significantly improve survival in another cohort despite 
a trend towards a reduction in cardiac death [94, 95]. There is currently no consensus on 
the use of device therapy in this population, and its use should be considered on a case-by- 
case basis.

6  Coronary Embolism

CE is an important etiology of NACAD but is likely underdiagnosed in clinical studies. It 
can be divided into three distinct types: direct, paradoxical, and iatrogenic [96]. The coro-
nary arteries are relatively protected from embolic events compared to the systemic circu-
lation, owing to the acute takeoff from the aortic sinuses [96]. Obstruction of myocardial 
blood flow leads to ischemia and ACS.

6.1  Prevalence

Early estimates of the prevalence of CE come from autopsy studies, where the rate of CE 
was 13% of AMI. Diagnosis was made on the basis of the presence of thrombotic material 
in the coronary arteries without a clear sign of plaque rupture, although this could be dif-
ficult to determine if the plaque burden was small [97]. A more contemporary study exam-
ining all comers with a first AMI showed a 3% prevalence of CE, using proposed diagnostic 
criteria for CE [98]. Atrial fibrillation was the most common underlying cause, followed 
by cardiomyopathy and valvular heart disease. There was no significant difference in the 
distribution of CE between the epicardial coronary arteries. Multivessel CE was present in 
15%, while 23% had systemic embolization. A third of patients were found to have an 
intracardiac source.

6.2  Classification of Coronary Embolism

Direct CE results from thrombus originating from within a cardiac chamber, most com-
monly the left atrium and the left ventricle. However, there is evidence of direct embolism 
from the pulmonary veins, vegetations of infective and noninfective endocarditis, and car-
diac tumors such as atrial myxoma [59]. The most common risk factor for direct embolism 
is the presence of AF without anticoagulation, which can lead to the formation of intracar-
diac thrombus and subsequent embolization. Prosthetic valves, particularly mechanical 
heart valves in the mitral position, are another important source of thrombus. This is an 
especially high-risk setting when there is a coexisting prothrombotic state, such as preg-
nancy. Infective endocarditis leads to clinically significant coronary embolism in 1.5% of 
cases; however, the rates of embolism at autopsy are much greater [96, 99]. The risk of a 
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mycotic embolus increases with vegetation size >10 mm, mitral valve endocarditis, and 
staphylococcal or fungal infection [100].

Paradoxical CE occurs when emboli originate from the venous circulation and enter the 
systemic circulation through a left-to-right shunt, most commonly a PFO. The prevalence 
of paradoxical embolism is unknown but has been described in case reports [59].

Iatrogenic CE is the embolization of material into the coronary arteries during an inter-
ventional procedure and can comprise clot, air, or foreign material. It is most common 
during cardiothoracic surgery and interventional coronary procedures [96].

6.3  Diagnosis

The clinical presentation of CE is indistinguishable from atherosclerotic ACS, and there-
fore management should proceed as per a standard ACS pathway. In the majority of cases, 
patients will undergo coronary angiography which may reveal the offending thrombus and 
coronary occlusion. Multivessel thrombus is suggestive of an embolic source as opposed 
to a pathology such as plaque rupture [96]. If thrombus burden is heavy, aspiration can be 
considered to restore flow in the occluded coronary artery. This also allows for the assess-
ment of any underlying atherosclerotic plaque that could have been the nidus for thrombus 
formation following a plaque rupture. Aspirated material should be sent for pathological 
evaluation in select cases where a non-thrombotic pathology is suspected, namely infected 
vegetation, malignancy, or foreign material [96].

Patients should be screened for the etiology of the embolism and for signs of systemic 
embolism. Inpatient telemetry or ambulatory ECG monitoring may be required to diag-
nose occult AF as a cause of intracardiac thrombus. Transthoracic echocardiography 
allows for the assessment of left ventricular thrombus, valvular vegetations, and presence 
of PFO. These pathologies can be further evaluated by transesophageal echocardiography, 
with the added benefit of left atrial appendage (LAA) assessment. Bubble studies with and 
without Valsalva maneuver using agitated saline may be used in both modalities to confirm 
the presence of PFO.

Routine thrombophilia testing is not useful in the setting of CE, unless there are features 
on clinical history and examination to suggest an underlying inherited thrombophilia.

6.4  Management

The management of CE can be divided into the acute management of the embolic event 
and the longer term strategy to prevent a recurrence of embolism. In the acute setting, the 
interventionalist can consider balloon angioplasty of the embolized material to restore 
flow to the affected coronary. However, this is associated with the risk of distal emboliza-
tion to the microcirculation and the no-reflow phenomenon. If thrombus burden is large, 
aspiration can be considered as previously mentioned. This can be performed through the 
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use of specialized catheter with manual aspiration, or with more advanced thrombectomy 
systems. The use of aspiration thrombectomy is controversial as randomized trials have 
not shown benefit in routine use in the context of STEMI, and its use is also associated 
with an increased risk of stroke [101, 102]. It may have a beneficial role in patients with 
large thrombus burden, with a reduction in cardiovascular mortality [103]. However, the 
small stroke risk still remains.

If aspiration is unsuccessful or partially successful, with ongoing evidence of ischemia, 
then other strategies should be considered. This includes the use of intracoronary agents to 
clear thrombotic material. The use of glycoprotein IIb/IIIa inhibitors is well studied in 
ACS and can be administered intracoronary and intravenously. Intracoronary thromboly-
sis has been used in case reports, with good outcomes [104].

Anticoagulation is an important component of therapy in the setting of thrombotic 
CE. Patients with AF or a persistent risk factor for thromboembolic disease should be 
maintained on long-term oral anticoagulation [96]. This can be achieved through the use 
of warfarin or DOACs. The duration of therapy when there is a transient or reversible risk 
factor is less clear. Expert consensus suggests oral anticoagulation for 3 months following 
the embolic event.

In the setting of paradoxical embolism, closure of PFO should be considered. There is 
observational data to suggest a long-term reduction in embolic events following closure in 
one observational study [105]. Recent randomized data in PFO closure for cerebral throm-
boembolic events has shown reduction in recurrent events out to 5 years, demonstrating 
the potential benefits in this setting [106].

7  Myocardial Bridging

MB is a congenital anomaly that occurs when a segment of epicardial coronary artery fol-
lows a tunneled course through the myocardium with an overlying muscular bridge. This 
causes compression of the bridged segment during ventricular systole, which can affect 
myocardial blood flow and lead to ischemic symptoms. MB is commonly found inciden-
tally on coronary angiography and CCTA and has a benign clinical course in the majority 
of cases.

7.1  Epidemiology

MB was first recognized as a distinct entity on autopsy studies in 1737 and further charac-
terized in a coronary angiography series in 1960 [107]. The prevalence of MB varies 
widely based on the mode of evaluation, whether in vivo or on autopsy. This discrepancy 
is likely due to the presence of thin bridges or myocardial loops that can be detected on 
autopsy, but does not cause significant systolic compression when imaging is performed 
in vivo. Rates on autopsy studies vary from 5 to 86%, with a mean of 25% across all stud-
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ies [107]. The wide range of prevalence rates reflects the difficulty in carefully dissecting 
the affected vessel to appreciate the presence of a bridged segment [108]. Specific popula-
tions have a higher prevalence of MB, including patients with hypertrophic cardiomyopa-
thy and prior heart transplantation, which reflects changes in the density of myocardial tissue.

The rate of MB is much lower when diagnosed via coronary angiography, as it is 
dependent on compression of the lumen during systole and the so-called milking effect of 
contrast. Furthermore, there are a number of factors that affect the angiographic appear-
ance of the bridged segment. These include the length and thickness of MB, presence of 
connective or adipose tissue, coronary vascular tone, presence of fixed stenosis, and myo-
cardial contractility [109]. The LAD is the most commonly affected artery, so it is also 
likely that MB is underdiagnosed when the circumflex or right coronary arteries are 
involved [110]. As a result, rates of MB on angiography range from 0.5 to 12% [111]. 
Diagnosis of MB can increase when provocative testing is used, up to 40% prevalence in 
some series [107].

The advent of CCTA has allowed for more accurate diagnosis of MB, as it reproduces 
the anatomical state of the artery in an in vivo setting. Contemporary studies of MB on 
CCTA have shown similar prevalence rates to autopsy studies, but the functional signifi-
cance of these lesions cannot be ascertained by CT alone [112, 113].

7.2  Pathophysiology

There is a potential paradox in the presence of ischemia with MB, as coronary blood flow 
and myocardial perfusion occur predominantly in diastole when theoretically there should 
be no constriction of the lumen by the overlying myocardium. It is estimated that only 
15% of coronary blood flow occurs in the systolic phase of the cardiac cycle [109]. 
However, in the presence of tachycardia, there is a potential unmasking of MB by decreas-
ing diastolic time and coronary flow reserve [109, 114].

Angiographic and IVUS studies of patients with MB have shown that vessel compres-
sion in systole can persist into the diastolic phase, with delayed increase in luminal diam-
eter affecting coronary blood flow [115]. This finding was especially significant during 
episodes of tachycardia. When atrial pacing was used as a mechanism to induce a tachy-
cardic state in patients with MB causing greater than 70% luminal compression, an aver-
age decrease of 41% in the diastolic diameter of the vessel was seen [116]. These findings 
suggest that persistent diastolic luminal narrowing could explain the presence of ischemia 
in symptomatic patients.

Furthermore, a number of studies have shown the formation of accelerated atheroscle-
rosis in the area just proximal to the bridged segment, with rates up to 90% when IVUS is 
used [110, 117]. This may be explained by increased local wall tension and changes in 
arterial shear stress with subsequent endothelial injury that can lead to atherosclerotic 
plaque formation [115, 118]. This has been shown on histological studies in a rabbit 
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model, with evidence of endothelial structural changes suggestive of low shear stress 
[119]. However, it is unlikely that these lesions contribute significantly to the development 
of symptomatic ischemia [110]. In contrast, there is atherosclerotic sparing of the bridged 
segment which is most likely related to flow dynamics and its positive impact on the endo-
thelium. The intima of the tunneled segment is thinner and contains a higher proportion of 
contractile smooth muscle, factors that appear to be protective against atherosclerosis 
[120]. There is also reduced expression of vasoactive agents such as nitric oxide synthase 
and endothelin-1  in the wall of the bridged segment, which have been associated with 
proliferation of smooth muscle and increased atherosclerotic plaque size [110, 121].

7.3  Diagnosis

The diagnosis of MB may require a multimodality approach, especially in symptomatic 
patients with no other clear cause for their presentation. However, it should be noted that 
there are no established diagnostic criteria for MB.  In the majority of cases, MB is a 
benign incidental finding, but they can present with a wide range of symptoms ranging 
from stable angina to ACS, malignant arrhythmia, and sudden cardiac death [122]. 
Asymptomatic patients with MB can develop symptoms in the context of a separate 
pathology such as diastolic dysfunction, left ventricular hypertrophy, or microvascular 
dysfunction.

CCTA is the only reliable noninvasive method for diagnosing MB and has become a 
useful tool. As previously described, CCTA is the only method that is able to detect MB at 
similar rates to autopsy series. However, it is only able to give anatomical rather than 
functional information at this stage.

Coronary angiography is the most common modality for diagnosing MB [110]. It has 
the benefit of providing anatomical information as well as enabling the use of other modal-
ities such as intracoronary imaging and Doppler. As previously mentioned, key features on 
angiography are the presence of systolic compression (sometimes referred to as “step 
down” and “step up” phenomena) as well as “milking” of the bridged segment. There is 
commonly an area of atherosclerosis proximal to the MB, and on occasion, the MB is not 
appreciated until PCI is performed to the proximal lesion with subsequent improvement in 
distal flow [123].

Intracoronary imaging with IVUS is useful for confirming MB. In one series, IVUS 
was able to detect MB of the LAD in 23% of patients compared with only 3% via angiog-
raphy alone [124]. A characteristic “half-moon” appearance in the bridged segment can be 
used to identify MB.  IVUS has been shown to correlate with vessel compression and 
impaired CFR in MB [110, 125], potentially identifying patients who may benefit from 
intervention.

Functional assessment of the affected artery may be utilized to assess the physiologic 
impact of MB. FFR can be used; however, systolic pressure can be overestimated and 
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therefore affect the mean FFR over a single cardiac cycle [126]. Therefore, diastolic FFR 
is the preferred method as it more accurately reflects the hemodynamic state of the 
MB. Dobutamine should be used as a provocative mechanism in place of adenosine, as it 
is able to produce a hemodynamic state that is more likely to induce functionally impor-
tant ischemia [127]. The use of iFR has been well validated against FFR in atherosclerotic 
cohorts and may be more useful in the setting of MB as it is a purely diastolic index. It has 
been shown to correlate more closely with patient symptoms when compared to FFR in 
one study, but further data is needed [128].

The use of intracoronary Doppler in MB can show a characteristic pattern that reflects 
abrupt early diastolic flow acceleration, mid-to-late diastolic plateau, and retrograde flow 
in systole [110, 115]. This has been termed a “spike and dome” or “fingertip” pattern 
[110]. CFR measurements have been shown to be abnormal distal to the bridged segment, 
despite being normal or slightly reduced in the proximal coronary segment [115, 129].

7.4  Management

The first-line therapy for symptomatic MB is the use of beta-blockers and non- 
dihydropyridine CCBs [116, 130, 131]. Evidence for their use is derived from observa-
tional data but is based on the principle of reducing heart rate and myocardial 
contractility to reduce symptoms in MB. Beta-blocker has been shown to reduce symp-
toms in small series, but the hard endpoints of morbidity and mortality have not been 
evaluated [110]. The use of nitrates is contraindicated in MB due to differential vaso-
dilatation of the proximal segment, which accentuates systolic compression of the 
bridged segment [132].

In patients with refractory symptoms, PCI or surgery can be considered. PCI has been 
shown to improve hemodynamic abnormalities as well as symptoms; however, these ben-
efits are offset by high rates of TLR especially when the stent extends into the bridged 
segment [110, 133]. In one study of LAD MB, patients had a TLR rate of 24% when 
stenting into the MB, compared with 3% when the stent only covered the area proximal 
to the bridge. There have been multiple case reports of coronary perforation and stent 
fracture when attempting PCI into these lesions [110]. Therefore, PCI should be reserved 
for patients with truly disabling symptoms. Surgery is indicated for patients with refrac-
tory symptoms but also deemed at high risk for a significant outcome such as AMI, ven-
tricular arrhythmia, or sudden cardiac death. The surgical options include surgical 
myotomy or CABG. Surgical myotomy is the resection of the myocardium overlying the 
tunneled segment, essentially “deroofing” the artery. It has been shown to improve symp-
toms and coronary blood flow [134, 135]. CABG is most useful in MBs that are >25 mm 
long or >5 mm deep [122]. It typically involves anastomosis of the left internal mammary 
artery (LIMA) to the LAD and has an efficacy comparable to myotomy in published 
series [136].
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8  Summary

In conclusion, NACAD is an important cause of stable angina and acute coronary syn-
drome. These pathologies include SCAD, coronary embolism, MB, and coronary vaso-
spasm, which may occur in different demographic groups with different risk factors from 
atherosclerotic coronary artery disease. We summarized the key differences, which would 
aid diagnosis and management of these conditions.
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1  Preface

The leading symptom of coronary artery disease (CAD) is angina pectoris, which is repre-
sented by an acute chest discomfort described as pain, pressure, tightness, and burning; 
typical angina is characterized by a retrosternal chest discomfort radiating to the left arm, 
both arms, the right arm, the neck, or the jaw. The symptom is usually associated with 
exertion or psychological stress, but a precipitating factor is not always present. “Atypical” 
chest pain description reduces the probability of a myocardial ischemic damage; the 
American College of Cardiology and American Heart Association (ACC/AHA) guidelines 
describe these conditions as atypical chest pain [1]:

 – Pleural pain (acute pain related to respiratory movements)
 – Abdominal localization
 – Chest discomfort exacerbated by chest palpation
 – Protracted pain that persists for hours
 – Irradiation to lower limbs

Conversely, some patients with myocardial ischaemia may present chest pain- equivalent 
symptoms that include dyspnoea, epigastric pain, and isolated pain in the left arm.
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In this chapter, we focus our attention on the standard clinical procedures used for the 
evaluation of anginal syndromes. Typically, anginal syndromes could be divided into two 
different classes:

 – Acute coronary syndromes
 – Chronic coronary syndromes (formerly known as “stable angina”)

2  Acute Coronary Syndromes

2.1  Introduction

Acute coronary syndromes (ACS) comprise a number of clinical scenarios, which have 
angina pectoris as the leading symptom. Based on the electrocardiogram (ECG), two dif-
ferent conditions exist:

 – Acute chest pain and persistent (>20  min) ST-segment elevation: This condition is 
termed ST-segment elevation ACS and generally leads to a ST-segment elevation myo-
cardial infarction (STEMI).

 – Acute chest discomfort but no persistent ST-segment elevation (non-ST-segment eleva-
tion ACS—NSTE-ACS): This condition exhibits ECG changes that may include tran-
sient ST-segment elevation, persistent or transient ST-segment depression, T-wave 
inversion, flat T waves, or pseudo-normalization of T waves, or the ECG may be nor-
mal. The pathological correlate at the myocardial level is cardiomyocyte necrosis (non- 
ST- segment elevation myocardial infarction—NSTEMI) or, less frequently, myocardial 
ischaemia without cell damage (unstable angina).

2.2  STEMI

Acute myocardial infarction (AMI) defines cardiomyocyte necrosis in a clinical setting con-
sistent with acute myocardial ischaemia [2, 3]. A combination of criteria is required to meet 
the diagnosis of AMI, namely the detection of an increase and/or decrease of a cardiac bio-
marker, preferably high-sensitivity cardiac troponin (hs-cTn) T or I, with at least one value 
above the 99th percentile of the upper reference limit and at least one of the following:

 1. Symptoms of myocardial ischaemia
 2. New ischaemic ECG changes
 3. Development of pathological Q-waves on ECG
 4. Imaging evidence of loss of viable myocardium or new regional wall motion abnormal-

ity in a pattern consistent with an ischaemic aetiology
 5. Intracoronary thrombus detected on angiography or autopsy

The main objective in case of STEMI is an earlier reperfusion strategy (within 120 min).

A. Lio et al.
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2.2.1  Physical Examination
The typical symptom of STEMI is acute chest pain with radiation to the neck, lower jaw, 
or left arm. Some patients present with less typical symptoms such as shortness of breath, 
nausea/vomiting, fatigue, palpitations, or syncope [4]. At admission, heart rate may vary 
from a marked bradycardia to a rhythmic or arrhythmic tachycardia. Chest auscultation 
generally reveals the presence of a marked IV tone, appreciable between left sternal border 
and apex. The presence of the third tone is usually associated with left ventricular dysfunc-
tion, and it is generally associated with a systolic murmur due to mitral regurgitation. 
Mechanical complications of STEMI are life-threatening conditions; they generally occur 
in the first days following MI. Therefore, the occurrence of sudden hypotension, recur-
rence of chest pain, new cardiac murmurs suggestive of mitral regurgitation or ventricular 
septal defect, pulmonary congestion, or jugular vein distension should raise immediate 
suspicion to guide the subsequent diagnosis and treatment.

2.2.2  Electrocardiography
In case of high suspicion, 12-lead ECG recording and interpretation are indicated as soon 
as possible with a maximum delay of 10 min (Class I Level of Evidence B) [2, 5–7]. Main 
criteria for ECG diagnosis of STEMI include at least two contiguous leads with ST-segment 
elevation >2.5 mm in men <40 years, >2 mm in men >40 years, or >1.5 mm in women in 
leads V2–V3 and/or >1 mm in the other leads (in the absence of left ventricular hypertro-
phy or left bundle branch block) [8]. The use of additional posterior chest wall leads 
(V7–V9) in patients with high suspicion of posterior MI (circumflex occlusion) should be 
considered (Class IIa Level of Evidence B) [8–12]. In patients with inferior MI, it is rec-
ommended to record right precordial leads (V3R and V4R) to identify concomitant right 
ventricular (RV) infarction [8, 13].

The ECG diagnosis may be more difficult in some cases, such as bundle branch block 
or ventricular pacing, which nevertheless deserve prompt management and triage. 
Moreover, the presence of ST depression >1 mm in six or more surface leads (inferolateral 
ST depression), coupled with ST-segment elevation in aVR and/or V1, suggests multi- 
vessel ischaemia or left main coronary artery obstruction, particularly if the patient pres-
ents with haemodynamic compromise [14]. Patients with atypical ECG presentations and 
ongoing symptoms consistent with myocardial ischaemia should undergo a primary PCI 
strategy. Many deaths occur very early after STEMI onset due to ventricular fibrillation 
(VF). A primary PCI strategy is recommended in patients with resuscitated cardiac arrest 
and an ECG consistent with STEMI (Class I Level of Evidence B); urgent angiography 
(and PCI if indicated) should be considered in patients with resuscitated cardiac arrest 
without diagnostic ST-segment elevation but with a high suspicion of ongoing myocardial 
ischaemia (Class IIa Level of Evidence C) [15–18].

2.2.3  Blood Tests
After ECG recording, blood sampling for serum markers must be routinely carried out in 
the acute phase. This is indicated but should not delay the reperfusion strategy/treatment.
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2.2.4  Echocardiography
Emergency echocardiography at presentation is indicated in patients with cardiac arrest, 
cardiogenic shock, haemodynamic instability, or suspected mechanical complications, 
and if the diagnosis of STEMI is uncertain [19].

2.2.5  Other Imaging Techniques
In the STEMI emergency setting, there is no role for routine computed tomography (CT). 
Use of CT should be confined to selected cases where acute aortic dissection or pulmonary 
embolism is suspected, but CT is not recommended if STEMI diagnosis is likely.

2.3  NSTEMI/Unstable Angina (NSTE-ACS)

In patients presenting with non-ST-segment elevation acute coronary syndrome (NSTE- 
ACS), typical angina symptoms are present and may have one of the following 
presentations:

 – Prolonged (>20 min) chest discomfort at rest
 – New-onset (de novo) (<3 months) angina (class II or III of the Canadian Cardiovascular 

Society classification) [20]
 – Recent destabilization of previously stable angina with at least Canadian Cardiovascular 

Society Class III angina characteristics (crescendo angina)
 – Post-myocardial infarction (MI) angina

Additional symptoms such as sweating, nausea, epigastric pain, dyspnoea, and syncope 
may be present. Less often, patients may present atypical symptoms that include isolated 
epigastric pain, indigestion-like symptoms, and isolated dyspnoea or fatigue. The exacer-
bation of symptoms by physical exertion, and their relief at rest, increases the probability 
of myocardial ischaemia. The relief of symptoms after nitrate administration increases the 
likelihood of NSTE-ACS, but this is not diagnostic [21].

Accurate initial clinical evaluation is important to identify factors associated with an 
increased risk of NSTE-ACS: old age, male sex, family history of CAD, diabetes, hyper-
lipidaemia, smoking, hypertension, renal dysfunction, previous manifestation of CAD, 
and peripheral or carotid artery [22, 23]. Moreover, it is important to evaluate some coex-
isting conditions that may exacerbate or precipitate NSTE-ACS, such as anaemia, infec-
tion, inflammation, fever, hypertensive peak, anger, emotional stress, and metabolic or 
endocrine (particularly thyroid) disorders.

2.3.1  Physical Examination
Physical examination is generally not useful in patients with suspected NSTE-ACS, but it 
could reveal signs of non-coronary causes of chest pain (e.g. pulmonary embolism, acute 
aortic syndromes, myopericarditis, aortic stenosis), extracardiac pathologies that could 
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mimic angina (e.g. pneumothorax, pneumonia, musculoskeletal diseases), or precipitating 
conditions such as anaemia and thyrotoxicosis. Presence at cardiac auscultation of a sys-
tolic murmur is related to the presence of an ischaemic mitral regurgitation, which is 
associated with poor prognosis [24], or, rarely, it may indicate a mechanical complication 
(i.e. papillary muscle rupture or ventricular septal defect) of a sub-acute and possibly 
undetected MI. Signs of heart failure or haemodynamic or electrical instability mandate a 
quick diagnosis and treatment.

2.3.2  Electrocardiography
The resting 12-lead ECG is the first-line diagnostic tool in the assessment of patients with 
suspected ACS. It is recommended to perform it within 10 min of the patient’s arrival in 
the emergency room or, ideally, at first contact with the emergency medical services in the 
pre-hospital setting and to have it immediately interpreted by a qualified physician. Typical 
ECG abnormalities include ST-segment depression, transient ST-segment elevation, and 
T-wave changes [25–27]. However, the ECG in the setting of NSTE-ACS may be normal 
in more than 30% of patients. If the standard leads are inconclusive and the patient has 
signs or symptoms suggestive of ongoing myocardial ischaemia, additional leads should 
be recorded; left circumflex artery occlusion may be detected only in V7–V9 or right 
ventricular MI only in V3R and V4R [3].

2.3.3  Blood Tests
Measurement of a biomarker of cardiomyocyte injury is mandatory in all patients with 
suspected NSTE-ACS [2, 8, 28, 29]; cardiac troponins are more sensitive and specific 
markers of cardiomyocyte injury than creatine kinase (CK), its myocardial band iso- 
enzyme (CK-MB), and myoglobin [2, 8, 28–30].

Particularly, an elevation of cardiac troponin above the 99th percentile of healthy indi-
viduals indicates MI.  Measurement of high-sensitivity cardiac troponin (hs-cTn) has 
shown in large studies an increased diagnostic accuracy for MI compared with conven-
tional assays, especially in patients presenting early after chest pain onset [2, 8, 22, 
23, 28–30].

However, it is important to consider that many other cardiac pathologies may result in 
cardiac troponin elevations due to cardiomyocyte injury, such as tachyarrhythmias, heart 
failure, hypertensive emergencies, myocarditis, Takotsubo syndrome, aortic dissection, 
pulmonary embolism, and valvular heart disease, which should be considered in the dif-
ferential diagnosis. Moreover, in patients presenting with suspected NSTE-ACS, three 
important clinical variables could affect hs-cTn levels: age, renal dysfunction, and sex [22, 
23, 31].

Due to the higher sensitivity and diagnostic accuracy for the detection of MI at presen-
tation, the time interval to the second cardiac troponin assessment can be shortened with 
the use of hs-cTn assays. The European Society of Cardiology (ESC) Guidelines recom-
mend the use of the 0-h/1-h algorithm (best option, blood draw at 0 h and 1 h) or the 
0-h/2-h algorithm (second best option, blood draw at 0 h and 2 h): these algorithms have 
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very high sensitivity (99%) also in patients with early chest pain onset (e.g. <2 h) [2, 23]. 
However, due to the time dependency of troponin release, in patients presenting <1 h after 
chest pain, an additional assessment of cardiac troponin concentration at 3 h should be 
considered [2].

2.3.4  Echocardiography
Transthoracic echocardiography should be routinely performed in all patients with NSTE- 
ACS to identify abnormalities suggestive of myocardial ischaemia or necrosis (i.e. seg-
mental hypokinesia or akinesia). Moreover, echocardiography is useful for differential 
diagnosis with other conditions associated with chest pain such as acute aortic dissection, 
pericardial effusion, aortic valve stenosis, hypertrophic cardiomyopathy, mitral valve pro-
lapse, or acute pulmonary embolism [32].

2.3.5  Other Imaging Techniques
Chest X-ray is recommended in all patients in whom NSTE-ACS is considered unlikely in 
order to detect pneumonia, pneumothorax, rib fractures, or other thoracic disorders. 
Conditions that should always be considered in the differential diagnosis of NSTE-ACS, 
because they are potentially life-threatening, include aortic dissection and pulmonary 
embolism; therefore, in case of high suspicion, CT scan is recommended. Coronary com-
puted tomography angiography (CCTA) allows visualization of the coronary arteries: 
CCTA has a high negative predictive value to exclude ACS, and a normal scan excludes 
CAD [33].

3  Chronic Coronary Syndromes

3.1  Introduction

Chronic coronary syndromes (CCS) represent a large and heterogeneous group of clinical 
conditions associated with myocardial ischaemia, which are thought to be stable, in con-
trast with acute (or unstable) disease. Acute and chronic coronary syndromes could be 
considered as two different points on the same line. Ischaemic heart disease is in fact 
characterized by a slow and progressive course, with a balance that can be broken at any 
time by an acute event, generally a complication of a coronary atherosclerotic plaque. 
Multiple pathophysiologic mechanisms may cause CCS. The most common is atheroscle-
rotic epicardial coronary artery obstruction. However, as many as one-third of patients 
may have no significant epicardial disease and often have microvascular disease as the 
underlying pathophysiology. Angina pectoris is the classical clinical presentation of 
CCS. Most patients can be given the diagnosis of CCS based on a history of angina in the 
presence of either risk factors for or known atherosclerotic cardiovascular disease [34]. 
However, given the variable nature of the disease, the current ESC Guidelines recognize 
some of the most frequently encountered clinical scenarios in patients with suspected or 
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established CCS [35]; patients with suspected CAD and “stable” anginal symptoms and/
or dyspnoea; patients with new onset of heart failure (or left ventricular dysfunction) and 
suspected CAD; asymptomatic and symptomatic patients with stabilized symptoms either 
less or more than 1 year after an acute coronary syndrome and/or previous revasculariza-
tion; patients with angina and suspected vasospastic or microvascular disease; and asymp-
tomatic subjects in whom CAD is detected at screening.

A comprehensive clinical evaluation is the key to diagnosing CCS. Detailed medical 
history, physical examination, and analysis and interpretation of laboratory and instrumen-
tal tests are essential tools for an effective differential diagnosis, as well as to exclude an 
acute coronary syndrome, with which a significant overlap exists.

3.2  Medical History

Angina pectoris refers to chest discomfort that occurs when myocardial oxygen demand 
exceeds oxygen supply. It is the cornerstone of myocardial ischaemia and must be 
sought in every suspect of coronary artery disease. Several studies have reported that the 
majority of patients suspected of having CAD present with atypical or non-anginal chest 
pain, with as few as 10–15% presenting with typical angina. The prevalence of anginal 
symptoms varies and is thought to be lower among community-dwelling patients than 
trial participants. Furthermore, among older individuals, which represent a growing pro-
portion of patients with CCS, recognition of disease can be more challenging due to a 
higher prevalence of atypical symptoms, including exertional dyspnoea or silent myo-
cardial ischaemia [36–39]. Talking to the patient, asking the right questions, is para-
mount for the detection of angina. Essential elements for the characterization of anginal 
pain include site and irradiation, relationship with effort or alternative triggers, duration, 
and character.

 – Site and irradiation: Usually located in the chest, across the sternum, but may be felt 
anywhere from the epigastrium to the lower jaw or teeth, between the shoulder blades, 
or in either arm to the wrist and fingers.

 – Relationship with effort: “Stable” angina occurs predictably and reproducibly at a cer-
tain level of exertion and is relieved with rest or nitroglycerine. Angina classically 
appears or becomes more severe with increased levels of exertion such as walking up 
an incline or against a breeze or in cold weather and rapidly disappears within a few 
minutes when these causal factors abate. Exacerbations of symptoms after a heavy 
meal or after waking up in the morning are classic features of angina. Angina may para-
doxically be reduced with further exercise (walk-through angina) or on second exertion 
(warm-up angina) [20]. The angina threshold, and hence symptoms, may vary consid-
erably from day to day and even during the same day.

 – Duration: The duration of the discomfort is brief <10 min in the majority of cases, and 
more commonly just a few minutes or less so that chest pain lasting for seconds is 
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unlikely to be due to CAD. No less important is the time necessary for its regression 
with rest or administration of nitrates, typically less than 5 min.

 – Character: Angina is often described as pressure, tightness, or heaviness, sometimes 
strangling, constricting, and less frequently as burning.

In summary, angina could be defined typical when it meets three characteristics: con-
stricting discomfort in the front of the chest or in the neck, jaw, shoulder, or arm; is pre-
cipitated by physical exertion; and is relieved by rest or nitrates within 5 min. Angina is 
considered atypical when it meets only two of these three main characteristics. It is non- 
anginal pain when it meets only one or none of the characteristics listed above. This clas-
sification, reported in the Guidelines [35], is practical and of proven value in determining 
the likelihood of obstructive CAD [40].

The Canadian Cardiovascular Society classification is used to quantify the threshold of 
effort at which symptoms occur [20]:

 – Grade I: Ordinary physical activity does not cause angina, such as walking and 
climbing stairs. Angina with strenuous or rapid or prolonged exertion at work or 
recreation

 – Grade II: Slight limitation of ordinary activity. Walking or climbing stairs rapidly, 
walking uphill, walking or stair climbing after meals, or in cold, or in wind, or under 
emotional stress, or only during the few hours after awakening. Walking more than two 
blocks on the level and climbing more than one flight of ordinary stairs at a normal pace 
and in normal conditions

 – Grade III: Marked limitation of ordinary physical activity. Walking one or two 
blocks on the level and climbing one flight of stairs in normal conditions and at 
normal pace

 – Grade IV: Inability to carry on any physical activity without discomfort, anginal syn-
drome may be present at rest

Symptoms are unrelated to breathing, position, or palpation. These represent distinctive 
elements for the differential diagnosis with:

 – Pericardial pain: exacerbated by deep inhalation and eased by bending the torso on 
the abdomen

 – Pleural pain: frequently stinging, with preferential sub-mammary and/or supra- 
scapular localization

Sublingual nitrates could rapidly relieve angina. However, this feature does not 
always lead to a certain diagnosis. In fact, even motor disorders of the oesophagus can 
be related to pain, which is attenuated by or regressed with the administration of 
nitrates. In such cases, other information will need to be considered for the differential 
diagnosis.
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3.3  Stable vs. Unstable Angina

The patient with stable angina reports the onset of discomfort after a certain reproducible 
level of exertion or activity. It is advisable to research the trend of the symptoms and 
identify the exercise threshold at which angina (hence myocardial ischaemia) appears. 
This allows the patient’s risk of events to be stratified and guides the diagnostic and thera-
peutic path. On the contrary, diagnosis of unstable angina should be considered in the case 
of either resting angina, with typical characteristics and longer duration (>20 min); new- 
onset angina; or recent (2  months) onset of moderate-to-severe angina (Canadian 
Cardiovascular Society grade II or III). Additional features suggestive of instability include 
increased intensity, duration, number, and/or frequency of anginal episodes. Whenever a 
patient reports these characteristics, then he or she should be classified as having acute 
disease, and therefore be managed according to the appropriate guidelines [41].

3.4  Alternative Presentations

The patient may report shortness of breath, difficult to distinguish from shortness of breath 
of other origin. Otherwise, the patient may present symptoms suggestive of heart failure 
including those related to reduced cardiac output such as fatigue, with difficulty in making 
efforts such as climbing stairs or walking uphill, or those related to pulmonary (orthopnoea 
and paroxysmal nocturnal dyspnoea, bendopnoea) or systemic congestion (reduced appetite 
and weight reduction, vice versa weight gain linked to fluid accumulation). A possible but 
infrequent clinical presentation of CCS is represented by arrhythmias and syncope. 
Ventricular arrhythmias are a frequent complication of both the early and late phases of acute 
coronary syndromes. However, any finding of ventricular arrhythmias (resting ECG, exer-
cise test, or ambulatory ECG monitoring) reinforces the suspicion of ischaemic heart disease 
and classifies the patient as at high risk of events. Less specific symptoms such as nausea, 
burning, restlessness, or a sense of impending doom may also be present.

Moreover, the role of history in diagnosing ischaemic heart disease goes beyond the 
search for angina and its equivalents. It is advisable to research and characterize the patient’s 
cardiovascular risk factors, i.e. arterial hypertension, dyslipidaemia, diabetes mellitus, smok-
ing, and consumption of illicit drugs and therefore familial history of cardiovascular disease 
and/or of sudden cardiac death, and to search for alternative comorbidities such as endocri-
nopathies (thyroid disorders) and haematological and inflammatory diseases.

3.5  Physical Examination

Physical examination of a patient with suspected CAD is important to assess the presence of 
signs of heart failure as well as of comorbidities such as anaemia, hypertension, valvular heart 
disease, hypertrophic cardiomyopathy (see below), or arrhythmias. It is also recommended to 
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obtain the body mass index (BMI) and search for signs of comorbid conditions such as thy-
roid disease, renal disease, or diabetes. This should be used in the context of other clinical 
information, such as the presence of cough or stinging pain, making CAD more unlikely. One 
should also try to reproduce the symptoms by palpation and test the effect of sublingual 
nitroglycerine in order to classify the symptoms.

3.6  Differential Diagnoses

3.6.1  Angina Without Obstructive Coronary Artery Disease
Angina means myocardial ischaemia; thus, its finding is not synonymous with obstructive 
coronary artery disease. Ischaemia can occur as a consequence of many different patho-
logical processes, which can involve both the epicardial coronaries and the coronary 
microcirculation, even in the context of myocardial diseases.

 – Microvascular and vasospastic angina: A distinction between symptoms caused by an 
epicardial stenosis and symptoms caused by microvascular or vasospastic disease can-
not be made with reasonable certainty. Reliance on ischaemia testing or depiction of the 
coronary anatomy is often unavoidable to exclude obstructive CAD, which can be 
absent in symptomatic patients. Patients with microvascular angina typically have 
exercise-related angina, evidence of ischaemia in non-invasive tests, and either no ste-
noses or mild-to-moderate stenoses (40/60%), revealed by invasive coronary angiogra-
phy or computed tomography angiography, that are deemed functionally non-relevant 
[42]. Some patients may also have a mixed pattern of angina, with occasional episodes 
at rest, particularly associated with exposure to cold. Vasospastic angina should be 
suspected in patients with anginal symptoms occurring predominantly at rest, with 
maintained effort tolerance. Attacks may follow a circadian pattern, with more episodes 
at night and in the early morning hours [35]. Patients are frequently younger and have 
fewer cardiovascular risk factors than patients with effort angina. The diagnosis of 
vasospastic angina relies on detecting transient ischaemic ST-segment changes during 
an angina attack (usually at rest). Prinzmetal angina represents a special subset with 
resting symptoms accompanied by transient ST-segment elevation.

Aortic stenosis and hypertrophic cardiomyopathy, through (concentric) myocardial 
hypertrophy, could determine secondary microvascular angina:

 – Aortic stenosis: Angina, dyspnoea, and syncope are clinical and prognostic defining 
elements in patients with aortic valve stenosis. Angina has typical characteristics; there-
fore, the suspicion of aortic valve disease will have to be guided by other clinical signs: 
the classic systolic ejective murmur, harsh, radiated to the carotids; possible absence of 
the second heart sound; and the well-known “parvus and tardus” pulse.

 – Hypertrophic cardiomyopathy: Patients with hypertrophic cardiomyopathy (HCM) are 
susceptible to myocardial ischaemia attributable to a mismatch between myocardial 
oxygen supply and demand. Anatomical remodelling of the intra-myocardial coronary 
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arterioles has been observed, associated with severely decreased luminal area. Along 
with microvascular remodelling, reduced capillary density, myocyte disarray, intersti-
tial fibrosis, and increased oxygen demand of the hypertrophied cardiomyocytes con-
stitute the anatomical basis for microvascular dysfunction and represent the substrate 
for ischaemia in HCM [43]. Most HCM patients complain of atypical chest pain or 
tightness occurring at rest or during exercise. Clinical pearls for the differential diagno-
sis include a family history of cardiomyopathy or sudden death, a history of transient 
loss of consciousness especially after intense exertion, and the presence of symptoms 
and signs of heart failure (with eventual appearance and worsening after meals, typical 
of obstructive forms). Physical examination could reveal a systolic murmur, prominent 
apical point of maximal impulse shifted laterally and either bifid or trifid, carotid dou-
ble pulsation known as “pulsus bisferiens”, and an S4 from a noncompliant left ven-
tricle. Systolic anterior motion of the mitral valve leads to left ventricular outflow tract 
obstruction (LVOTO) and resultant harsh crescendo-decrescendo systolic murmur best 
heard over the lower left sternal border. Physical findings of LVOTO should be sought 
both at rest and with provocative manoeuvres (Valsalva manoeuvre, standing from the 
squatting position). Those without LVOTO may have a normal physical examination 
[44]. Clinical evaluation, together with instrumental examinations such as ECG and 
echocardiography, usually allows the differential diagnosis with obstructive coronary 
disease. Nonetheless, typical angina, even if rarely reported by HCM patients, should 
be carefully evaluated. Coronary arteriography should be considered, in order to 
exclude causes of ischaemia involving the epicardial coronary circulation, such as ath-
erosclerotic disease in the adults, intra-myocardial bridges, or anomalous origin of 
coronary arteries in the young.

3.6.2  Obstructive Coronary Artery Disease Without Angina
Conversely, the absence of angina does not rule out the diagnosis of CAD but, as reported 
above, makes it more difficult. This group includes patients whose coronary artery disease 
is diagnosed as part of screening tests, as well as patients who, due to a previous silent 
myocardial infarction or the presence of extensive coronary artery disease, develop symp-
toms of heart failure.

 – Diabetes mellitus: It often compromises anginal symptoms. In the diabetic patient, 
angina is muffled due to neuropathic complications, even in the presence of obstructive 
coronary artery disease (either in the acute or the chronic context).

 – Coronary allograft vasculopathy (CAV): Coronary artery disease is a major determi-
nant of the long-term prognosis of heart-transplant recipients. Angiographically 
 significant CAV is associated with shorter graft survival and high mortality rate [45]. 
Innate and adaptive immune responses are involved in the pathogenesis of CAV. Vascular 
lesions are the result of cumulative endothelial injuries induced both by alloimmune 
responses and by non-specific insults (including ischemia-reperfusion injury, viral 
infections, and metabolic disorders) in the context of impaired repair mechanisms [46]. 
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Early detection of CAV is challenging because symptoms of myocardial ischemia sec-
ondary to CAV are typically absent or atypical due to afferent and efferent allograft 
denervation [47] (regardless of the variable degree of re-innervation by a few years 
after transplantation). As a result, angina pectoris is rarely referred by patients with 
CAV. Premonitory symptoms associated with exertion such as chest pain, dyspnoea, 
diaphoresis, gastrointestinal distress, pre-syncope, or syncope are often missing or 
atypical, so symptoms do not provide a reliable warning of disease [48]. As a conse-
quence, symptoms and signs of progressive heart failure due to allograft dysfunction, 
silent myocardial infarction detected on testing, or sudden death are common initial 
clinical presentations of CAV. CAV may also present with asymptomatic changes in 
allograft function detected on routine imaging studies or right-heart catheterization. 
Thus, CAV must be detected by screening studies rather than by waiting for the onset 
of symptoms.

3.7  Electrocardiography

The electrocardiographic diagnosis of myocardial ischaemia is based on repolarization 
abnormalities (classically, ST-segment depression). The latter can be found in a resting 
ECG, or be absent at rest and appear in the course of a provocative test (such as exercise 
stress test rather than stress echocardiography), or be found in the context of ambulatory 
ECG monitoring. In the electrocardiogram of a patient with chronic coronary syndrome, we 
can otherwise find alterations suggestive of a previous acute myocardial infarction (Q 
waves) or find ventricular arrhythmias that, properly contextualized, may suggest the pres-
ence of current myocardial ischemia. Indirect signs of CAD could be conduction abnor-
malities (mainly left bundle branch block and impairment of atrio-ventricular conduction). 
Since they could be non-specific, when found, such alterations must be integrated with 
clinical information so that the correct meaning can be given. The finding of dynamic 
changes in ventricular repolarization can be diagnostic of myocardial ischaemia (for exam-
ple the classic ST-segment transient elevation that characterizes Prinzmetal angina). Atrial 
fibrillation is a frequent finding in patients with chest pain (usually atypical). ST-segment 
depression during supraventricular tachyarrhythmias is not predictive of obstructive CAD.

3.8  Blood Tests

Blood tests are useful in identifying any triggers of myocardial ischaemia, comorbidities, 
and risk factors for ischaemic heart disease. Blood tests that every patient with suspected 
CAD should undergo (as part of an initial screening or as part of periodic follow-up), 
include full blood count, electrolytes and renal function indices, lipid profile, and diabetes 
mellitus indices (fasting blood glucose, HbA1c, oral glucose tolerance test). To these, we 
can add the assessment of thyroid function.

A. Lio et al.



133

3.9  Echocardiography

In chronic coronary syndromes, echocardiography may give important information about 
cardiac structure and function. It may show regional wall motion abnormalities suggesting 
the presence of CAD (current, or as a result of a previous acute coronary event). It also 
allows highlighting valvular heart disease and a set of structural abnormalities that can 
sustain or exclude alternative causes of angina (for example, cardiomyopathies). 
Furthermore, echocardiography is recommended for the evaluation of diastolic function 
and the measurement of left ventricular ejection fraction, a mean of prognostic stratifica-
tion [35]. However, biochemical testing, ECG, and echocardiography of a patient with 
CCS could be completely normal.

4  Conclusions

In summary, history and physical examination are essential to establish the clinical like-
lihood of ischaemic heart disease. Clinical findings, together with laboratory and instru-
mental examinations, help in stratifying the patient’s risk and defining the subsequent 
diagnostic and therapeutic path. When the clinical likelihood of CAD is high (once an 
acute coronary syndrome has been ruled out), current guidelines suggest a functional 
non- invasive imaging test, with the purpose of evaluating myocardial perfusion and 
detecting myocardial ischaemia through ECG changes or wall motion abnormalities 
[35]. Conversely, when the clinical probability is low, we can opt for an anatomical non-
invasive imaging test (cardiac computed tomography angiography), which describes the 
coronary anatomy but does not provide information on any perfusion defects. When the 
clinical probability and the risk of events are very high, in selected cases, it is reasonable 
to use invasive coronary angiography. History and physical examination are valuable 
tools both at the time of diagnosis and at each subsequent follow-up visit. Any change 
in physical activity and in the frequency, severity, or pattern of angina; modification of 
risk factors; and development of new or worsened comorbid illnesses should be 
investigated.

References

1. Braunwald E, Antman EM, Beasley JW, et  al. ACC/AHA guidelines for the management of 
patients with unstable angina and non-ST-segment elevation myocardial infarction. J Am Coll 
Cardiol. 2000;36(3):970–1062.

2. Roffi M, Patrono C, Collet JP, Mueller C, Valgimigli M, Andreotti F, et al. 2015 ESC Guidelines 
for the management of acute coronary syndromes in patients presenting without persistent 
ST-segment elevation: Task Force for the Management of Acute Coronary Syndromes in Patients 
Presenting without Persistent ST-Segment Elevation of the European Society of Cardiology 
(ESC). Eur Heart J. 2016;37:267–315.

Evaluation of Anginal Syndromes Using Standard Clinical Procedures



134

3. Thygesen K, Alpert JS, Jaffe AS, Chaitman BR, Bax JJ, Morrow DA, et al. Fourth universal 
definition of myocardial infarction (2018). Eur Heart J. 2019;40:237–69.

4. De Torbal A, Boersma E, Kors JA, van Herpen G, Deckers JW, van der Kuip DA, et al. Incidence 
of recognized and unrecognized myocardial infarction in men and women aged 55 and older: the 
Rotterdam Study. Eur Heart J. 2006;27(6):729–36.

5. Diercks DB, Peacock WF, Hiestand BC, Chen AY, Pollack CV Jr, Kirk JD, et al. Frequency and 
consequences of recording an electrocardiogram >10 minutes after arrival in an emergency room 
in non-ST-segment elevation acute coronary syndromes (from the CRUSADE Initiative). Am J 
Cardiol. 2006;97(4):437–42.

6. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H, et al. 2017 ESC 
Guidelines for the management of acute myocardial infarction in patients presenting with 
ST-segment elevation: the Task Force for the management of acute myocardial infarction in 
patients presenting with ST-segment elevation of the European Society of Cardiology (ESC). 
Eur Heart J. 2018;39(2):119–77.

7. Rokos IC, French WJ, Koenig WJ, Stratton SJ, Nighswonger B, Strunk B, et al. Integration of 
pre-hospital electrocardiograms and ST-elevation myocardial infarction receiving center (SRC) 
networks: impact on door-to-balloon times across 10 independent regions. JACC Cardiovasc 
Interv. 2009;2(4):339–46.

8. Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman BR, White HD, Writing Group on the 
Joint ESC/ACCF/AHA/WHF Task Force for the Universal Definition of Myocardial Infarction, 
Thygesen K, Alpert JS, White HD, Jaffe AS, Katus HA, Apple FS, Lindahl B, Morrow DA, 
Chaitman BA, Clemmensen PM, Johanson P, Hod H, Underwood R, Bax JJ, Bonow RO, Pinto 
F, Gibbons RJ, Fox KA, Atar D, Newby LK, Galvani M, Hamm CW, Uretsky BF, Steg PG, Wijns 
W, Bassand JP, Menasché P, Ravkilde J, Ohman EM, Antman EM, Wallentin LC, Armstrong PW, 
Simoons ML, Januzzi JL, Nieminen MS, Gheorghiade M, Filippatos G, Luepker RV, Fortmann 
SP, Rosamond WD, Levy D, Wood D, Smith SC, Hu D, Lopez-Sendon JL, Robertson RM, 
Weaver D, Tendera M, Bove AA, Parkhomenko AN, Vasilieva EJ, Mendis S, ESC Committee 
for Practice Guidelines (CPG). Third universal definition of myocardial infarction. Eur Heart 
J. 2012;33(20):2551–67.

9. Dixon WC 4th, Wang TY, Dai D, Shunk KA, Peterson ED, Roe MT. Anatomic distribution of 
the culprit lesion in patients with non-ST-segment elevation myocardial infarction undergoing 
percutaneous coronary intervention: findings from the National Cardiovascular Data Registry. J 
Am Coll Cardiol. 2008;52(16):1347–8.

10. Rokos IC, Farkouh ME, Reiffel J, Dressler O, Mehran R, Stone GW. Correlation between index 
electrocardiographic patterns and pre-intervention angiographic findings: insights from the 
HORIZONS-AMI trial. Catheter Cardiovasc Interv. 2012;79(7):1092–8.

11. Stribling WK, Kontos MC, Abbate A, Cooke R, Vetrovec GW, Dai D, et  al. Left circumflex 
occlusion in acute myocardial infarction (from the National Cardiovascular Data Registry). Am 
J Cardiol. 2011;108(7):959–63.

12. Wang TY, Zhang M, Fu Y, Armstrong PW, Newby LK, Gibson CM, et al. Incidence, distribution, 
and prognostic impact of occluded culprit arteries among patients with non-ST elevation acute 
coronary syndromes undergoing diagnostic angiography. Am Heart J. 2009;157(4):716–23.

13. Lopez-Sendon J, Coma-Canella I, Alcasena S, Seoane J, Gamallo C. Electrocardiographic find-
ings in acute right ventricular infarction: sensitivity and specificity of electrocardiographic altera-
tions in right precordial leads V4R, V3R,V1, V2, and V3. J Am Coll Cardiol. 1985;6(6):1273–9.

14. Yan AT, Yan RT, Kennelly BM, Anderson FA Jr, Budaj A, Lopez-Sendon J, et al. Relationship 
of ST elevation in lead aVR with angiographic findings and outcome in non-ST elevation acute 
coronary syndromes. Am Heart J. 2007;154(1):71–8.

A. Lio et al.



135

15. Garot P, Lefevre T, Eltchaninoff H, Morice MC, Tamion F, Abry B, et al. Six-month outcome 
of emergency percutaneous coronary intervention in resuscitated patients after cardiac arrest 
complicating ST-elevation myocardial infarction. Circulation. 2007;115(11):1354–62.

16. Kern KB, Rahman O. Emergent percutaneous coronary intervention for resuscitated victims of 
out-of-hospital cardiac arrest. Catheter Cardiovasc Interv. 2010;75(4):616–24.

17. Larsen JM, Ravkilde J. Acute coronary angiography in patients resuscitated from out-of-hospital 
cardiac arrest: a systematic review and meta-analysis. Resuscitation. 2012;83(12):1427–33.

18. Spaulding CM, Joly LM, Rosenberg A, Monchi M, Weber SN, Dhainaut JF, et al. Immediate 
coronary angiography in survivors of out-of-hospital cardiac arrest. N Engl J Med. 
1997;336(23):1629–33.

19. Neskovic AN, Hagendorff A, Lancellotti P, Guarracino F, Varga A, Cosyns B, et al. Emergency 
echocardiography: the European Association of Cardiovascular Imaging recommendations. Eur 
Heart J Cardiovasc Imaging. 2013;14(1):1–11.

20. Campeau L. Letter: grading of angina pectoris. Circulation. 1976;54:522–3.
21. Rubini Gimenez M, Reiter M, Twerenbold R, Reichlin T, Wildi K, Haaf P, et al. Sex specific 

chest pain characteristics in the early diagnosis of acute myocardial infarction. JAMA Intern 
Med. 2014;174:241.

22. Boeddinghaus J, Nestelberger T, Twerenbold R, Neumann JT, Lindahl B, Giannitsis E, et al. 
Impact of age on the performance of the ESC 0/1h-algorithms for early diagnosis of myocardial 
infarction. Eur Heart J. 2018;39:3780–94.

23. Twerenbold R, Badertscher P, Boeddinghaus J, Nestelberger T, Wildi K, Puelacher C, et al. 0/1- 
hour triage algorithm for myocardial infarction in patients with renal dysfunction. Circulation. 
2018;137:436–51.

24. Persson A, Hartford M, Herlitz J, Karlsson T, Omland T, Caidahl K. Long-term prognostic value 
of mitral regurgitation in acute coronary syndromes. Heart. 2010;96:1803–8.

25. Chapman AR, Shah ASV, Lee KK, Anand A, Francis O, Adamson P, et  al. Long-term out-
comes in patients with type 2 myocardial infarction and myocardial injury. Circulation. 
2018;137:1236–45.

26. Mandelzweig L, Battler A, Boyko V, Bueno H, Danchin N, Filippatos G, et al. The second Euro 
Heart Survey on acute coronary syndromes: characteristics, treatment, and outcome of patients 
with ACS in Europe and the Mediterranean Basin in 2004. Eur Heart J. 2006;27:2285–93.

27. Neumann JT, Sorensen NA, Rubsamen N, Ojeda F, Renne T, Qaderi V, et al. Discrimination of 
patients with type 2 myocardial infarction. Eur Heart J. 2017;38:3514–20.

28. Reichlin T, Twerenbold R, Maushart C, Reiter M, Moehring B, Schaub N, et al. Risk stratifica-
tion in patients with unstable angina using absolute serial changes of 3 high-sensitive troponin 
assays. Am Heart J. 2013;165:371–8.e3.

29. Reichlin T, Twerenbold R, Reiter M, Steuer S, Bassetti S, Balmelli C, et  al. Introduction of 
high-sensitivity troponin assays: impact on myocardial infarction incidence and prognosis. Am 
J Med. 2012;125:1205–13.e1.

30. Mueller C, Giannitsis E, Mockel M, Huber K, Mair J, Plebani M, et al. Rapid rule out of acute 
myocardial infarction: novel biomarker-based strategies. Eur Heart J Acute Cardiovasc Care. 
2017;6:218–22.

31. Sorensen NA, Neumann JT, Ojeda F, Schafer S, Magnussen C, Keller T, et al. Relations of sex 
to diagnosis and outcomes in acute coronary syndrome. J Am Heart Assoc. 2018;7:e007297.

32. Lancellotti P, Price S, Edvardsen T, Cosyns B, Neskovic AN, Dulgheru R, et  al. The use of 
echocardiography in acute cardiovascular care: recommendations of the European Association 
of Cardiovascular Imaging and the Acute Cardiovascular Care Association. Eur Heart J Acute 
Cardiovasc Care. 2015;4:3.

Evaluation of Anginal Syndromes Using Standard Clinical Procedures



136

33. Samad Z, Hakeem A, Mahmood SS, Pieper K, Patel MR, Simel DL, et al. A meta-analysis and 
systematic review of computed tomography angiography as a diagnostic triage tool for patients 
with chest pain presenting to the emergency department. J Nucl Cardiol. 2012;19:364–76.

34. Ford TJ, Corcoran D, Berry C. Stable coronary syndromes: pathophysiology, diagnostic advances 
and therapeutic need. Heart. 2018;104:284.

35. Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, et al. 2019 ESC 
Guidelines for the diagnosis and management of chronic coronary syndromes. Eur Heart 
J. 2020;41(3):407–77. https://doi.org/10.1093/eurheartj/ehz425. Erratum in: Eur Heart J. 2020 
Nov 21;41(44):4242.

36. Cheng VY, Berman DS, Rozanski A, Dunning AM, Achenbach S, Al-Mallah M, et  al. 
Performance of the traditional age, sex, and angina typicality-based approach for estimating 
pretest probability of angiographically significant coronary artery disease in patients undergoing 
coronary computed tomographic angiography: results from the multinational coronary CT angi-
ography evaluation for clinical outcomes: an international multicenter registry (CONFIRM). 
Circulation. 2011;124(2423–32):2421–8.

37. Ferraro R, Latina JM, Alfaddagh A, et  al. Evaluation and management of patients with sta-
ble angina: beyond the ischemia paradigm: JACC state-of-the-art review. J Am Coll Cardiol. 
2020;76:2252.

38. Reeh J, Therming CB, Heitmann M, Hojberg S, Sorum C, Bech J, et al. Prediction of obstruc-
tive coronary artery disease and prognosis in patients with suspected stable angina. Eur Heart 
J. 2018;40:1426–35.

39. SCOT-HEART Investigators. CT coronary angiography in patients with suspected angina due to 
coronary heart disease (SCOT-HEART): an open-label, parallel-group, multicentre trial. Lancet. 
2015;385:2383–91.

40. Genders TS, Steyerberg EW, Hunink MG, Nieman K, Galema TW, Mollet NR, et al. Prediction 
model to estimate presence of coronary artery disease: retrospective pooled analysis of existing 
cohorts. BMJ. 2012;344:e3485.

41. Collet JP, Thiele H, Barbato E, Barthélémy O, Bauersachs J, Bhatt DL, et  al. 2020 ESC 
Guidelines for the management of acute coronary syndromes in patients presenting without 
persistent ST-segment elevation. Eur Heart J. 2021;42(14):1289–367. https://doi.org/10.1093/
eurheartj/ehaa575. Erratum in: Eur Heart J. 2021 May 14;42(19):1908. Erratum in: Eur Heart 
J. 2021 May 14;42(19):1925. Erratum in: Eur Heart J. 2021 May 13.

42. Ong P, Camici PG, Beltrame JF, Crea F, Shimokawa H, Sechtem U, et al. Coronary Vasomotion 
Disorders International Study Group (COVADIS). International standardization of diagnostic 
criteria for microvascular angina. Int J Cardiol. 2018;250:16–20.

43. Ommen SR, Mital S, Burke MA, Day SM, Deswal A, Elliott P, et al. 2020 AHA/ACC guide-
line for the diagnosis and treatment of patients with hypertrophic cardiomyopathy: a report of 
the American College of Cardiology/American Heart Association Joint Committee on Clinical 
Practice Guidelines. J Am Coll Cardiol. 2020;76(25):e159–240.

44. Cecchi F, Sgalambro A, Baldi M, Sotgia B, Antoniucci D, Camici PG, et  al. Microvascular 
dysfunction, myocardial ischemia, and progression to heart failure in patients with hypertrophic 
cardiomyopathy. J Cardiovasc Transl Res. 2009;2(4):452–61.

45. Khush KK, Cherikh WS, Chambers DC, et  al. The International Thoracic Organ Transplant 
Registry of the International Society for Heart and Lung Transplantation: thirty-sixth adult 
heart transplantation report—2019; Focus theme: donor and recipient size match. J Heart Lung 
Transplant. 2019;38:1056.

46. Schmauss D, Weis M.  Cardiac allograft vasculopathy: recent developments. Circulation. 
2008;117(16):2131–41.

A. Lio et al.

https://doi.org/10.1093/eurheartj/ehz425
https://doi.org/10.1093/eurheartj/ehaa575
https://doi.org/10.1093/eurheartj/ehaa575


137

47. Ades PA, Keteyian SJ, Balady GJ, et al. Cardiac rehabilitation exercise and self-care for chronic 
heart failure. JACC Heart Fail. 2013;1:540.

48. Gao SZ, Schroeder JS, Hunt SA, et al. Acute myocardial infarction in cardiac transplant recipi-
ents. Am J Cardiol. 1989;64:1093.

Evaluation of Anginal Syndromes Using Standard Clinical Procedures



139

Cardiovascular Biomarkers in Acute 
Myocardial Infarction

Cristina Vassalle, Laura Sabatino, and Alessia Pepe

Abbreviations

AACC American Association for Clinical Chemistry
ACC  American College of Cardiology
AHA American Heart Association
AMI  Acute myocardial infarction
ANP  Atrial natriuretic peptide
AST  Aspartate aminotransferase
AST  Aspartate transaminase
BNP  B-type (or brain) natriuretic peptide
CAD  Coronary artery disease
CK  Creatine kinase
CNP  C-type natriuretic peptide
CRP  C-reactive protein
c-Tn  Cardiac troponins
CVD  Cardiovascular disease

C. Vassalle (*) 
Fondazione CNR-Regione Toscana, G. Monasterio, Pisa, Italy
e-mail: cristina.vassalle@ftgm.it 

L. Sabatino 
Institute of Clinical Physiology, National Research Council, Pisa, Italy
e-mail: laura.sabatino@ifc.cnr.it 

A. Pepe 
Department of Medicine, Institute of Radiology, University of Padua, Padua, Italy
e-mail: alessia.pepe@unipd.it

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
G. Concistrè (ed.), Ischemic Heart Disease, 
https://doi.org/10.1007/978-3-031-25879-4_9

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-25879-4_9&domain=pdf
mailto:cristina.vassalle@ftgm.it
mailto:laura.sabatino@ifc.cnr.it
mailto:alessia.pepe@unipd.it
https://doi.org/10.1007/978-3-031-25879-4_9


140

ESC  European Society of Cardiology
HBT  Heterophilic blocking tubes
HF  Heart failure
IL  Interleukin
LDH  Lactate dehydrogenase
MB  Myoglobin
miRNAs MicroRNAs
MPV Mean platelet volume
ncRNA Noncoding RNA
NLR  Neutrophil-to-lymphocyte ratio
NP  Natriuretic peptides
NT-proBNP N-terminal fragment of precursor BNP
PDW Platelet distribution width
PLR  Platelet-to-lymphocyte ratio
POCT Point-of-care testing
RDW Red cell distribution width
WBC White blood cells
WHO World Health Organization

1  Introduction

According to the World Health Organization (WHO), cardiovascular disease (CVD), as 
the leading cause of death in the world, is responsible for 32% of all deaths, corresponding 
to 17.9 million deaths per year [1]. Thus, CVD has been the object of intense research to 
improve diagnosis, risk stratification, and patient management, especially for acute myo-
cardial infarction (AMI) that together with heart failure (HF) is the most common and 
studied CV condition [2, 3]. Circulating biomarkers associated with these diseases (e.g., 
cardiac troponins (cTns) and natriuretic peptides (NPs)) represent important references in 
the routine clinical practice [4]. Really, biomarkers such as myoglobin (MB), lactate dehy-
drogenase (LDH), aspartate aminotransferase (AST), and creatine kinase (CK) were firstly 
used for AMI diagnosis, then abandoned for their low specificity and sensibility, and 
replaced by cardiac troponins (cTnI and T). In fact, cTns have radically changed AMI 
diagnosis and are nowadays considered the most reliable available biomarkers of myocar-
dial ischemia/necrosis, especially with the development of high-sensibility assays (hs- 
cTn, able to detect lower and lower levels of troponins) [5]. However, whereas the use of 
hs-cTn has greatly improved diagnostic sensitivity, it has in parallel entailed a decrease in 
diagnostic specificity, since cTn increase results elevated in a number of other diseases 
(e.g., acute or chronic heart failure, aortic dissection, myocarditis, takotsubo cardiomy-
opathy, atrial fibrillation, and stroke) [6].
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NP family includes three structurally similar peptides, atrial natriuretic peptide (ANP), 
B-type (or brain) natriuretic peptide (BNP), and C-type natriuretic peptide (CNP), whose 
levels increase in response to enhanced cardiac wall stretching due to volume or load 
stress [7]. In particular, levels of BNP and the N-terminal fragment of its precursor 
(NT-proBNP) contribute to AMI patient’s prognosis (death, acute heart failure: according 
to 2020 ESC Guidelines for the management of acute coronary syndromes in patients 
presenting without persistent ST-segment elevation) and are commonly used for HF diag-
nosis, risk stratification, and management of HF patients [8].

Although the importance of cTn and BNP/NT-proBNP is widely recognized, it is also 
clear that the involvement of these markers is not sufficient to include the complexity of 
CV pathophysiology. Thus, the efforts in the identification and validation of new reliable 
biomarkers are extremely active in various pathophysiological contexts (e.g., myocardial 
stress or necrosis, neurohormonal activation, inflammation/oxidative stress, fibrosis, 
plaque instability), which use, also in a multimarker approach, may ultimately improve 
patient well-being.

Accordingly, the aim of this chapter is to explore the literature on cardiac biomark-
ers, mainly focusing on the role and applications of cTn and NP in the diagnosis, risk 
stratification, and management of patients with AMI, discussing some additional avail-
able routine biomarkers and newer biomarkers with relevant potential clinical value in 
the future.

2  Brief Notes on Historical Cardiac Biomarkers

The first biomarkers (AST, LDH, CK, creatine kinase MB isoenzyme-CK-MB, or MB) of 
cardiac damage were considered with low specificity since, in addition to the heart, they 
were also localized in skeletal muscle. In fact, the continuous turnover of the skeletal 
muscle cells generates a baseline level of these biomarkers into the circulation, rendering 
the diagnosis of AMI difficult, especially in case of small infarction, which often does not 
cause a detectable change over the baseline value.

2.1  Aspartate Transaminase (AST)

AST is an enzyme that catalyzes the conversion of aspartate and alpha-ketoglutarate to 
oxaloacetate and glutamate, and it was the first circulating biomarker used for AMI diag-
nosis and introduced in the clinical practice since the half of the past century [9]. Kinetics 
of AST implies an increase in blood within 3–4 h after AMI, peaking in 15–28 h and 
returning towards normal values within 5 days [10]. Although AST retains high sensitivity 
for AMI, it is not so specific for myocardial tissue, since it can also increase in several 
other diseases [11].
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2.2  Lactate Dehydrogenase (LDH)

LDH belongs to the class of oxidoreductases, catalyzing the synthesis of lactate and pyru-
vate in a reversible reaction [12]. The LDH trend during IMA showed an increase in blood 
5–10 h after AMI, achievement of the maximum value in blood in 60–144 h, and returning 
to normal values in 12 days [10]. LDH is widely expressed in different organs and is not 
heart specific. Therefore, LDH assays assume a higher clinical significance when its five 
isoenzymes are evaluated. In particular, LDH1 is present in cardiac myocytes and erythro-
cytes, and retains more organ specificity than total LDH activity. For this reason, LDH1 
activity was also initially used for AMI diagnosis; however, it is no longer used [13]. 
Generally, levels of LDH1 are lower than isoenzyme LDH2 (highest content in white 
blood cells), but after AMI, LDH1 exceeds the LDH2 values. Thus, a reversal of the 
LDH1:LDH2 ratio was considered suggestive of myocardial necrosis. Nonetheless, since 
also hemolysis produces this characteristic inversion pattern, and since LDH is present in 
erythrocytes, it is important to verify the lack of sample hemolysis before the analysis [14].

2.3  Creatine Kinase (CK) Total Enzyme Activity and Isoforms

CK is an enzyme expressed by various tissues, catalyzing the conversion of creatinine by 
using ATP to give phosphocreatine and adenosine diphosphate, in a reversible reaction, 
which can also generate ATP [15]. Trend of CK in AMI involves its appearance in blood 
3–9 h after the event, maximum value in 10–20 h, and return to normal values in about 
72 h [10]. CK shows a good sensitivity, although not specific for the heart, with its activity 
considerably increased in many diseases and tissues other than myocardium (e.g., liver, 
kidneys, and skeletal muscle) [16]. Another limitation is represented by the difficulty to 
detect minor myocardial damage, due to its high molecular weight (diffuse at a slower rate).

Measurement of CK isoforms (BB, MM, and MB), named according to the various 
combinations of the M-muscle and B-brain isoforms, is also possible [17]. In particular, 
the CK-MB isoenzyme, normally undetectable or present at very low concentration in the 
blood, is found mostly in the myocardium and may be useful in heart disease as an AMI 
early specific biomarker [18]. However, it can increase in skeletal muscle disorders, and its 
assay is affected by many pre-analytical/analytical interferences (e.g., prolonged storage 
or inadequate sample preservation, interference from other enzymes or drugs, pH and 
ionic concentration used in the analyses, and assay temperature), as well as cross- reactivity 
can occur with other different compounds (e.g., rheumatoid factor) [19, 20]. CK-MB has 
different isoforms (CK-MB1 in myocardium, CK-MB2 in blood) [21]. The determination 
of CK-MB mass appears a more stable and reliable value than the measurement of enzyme 
activity, as it increases more rapidly than CK or CK-MB activity [10, 22]. CK-MB clinical 
relevance is attributable to its more rapid decline after AMI with respect to cTn, which 
gives to CK-MB an added value for a correct determination of myocardial injury onset and 
early detection of reinfarction [8].
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2.4  Myoglobin

Myoglobin is a protein found exclusively in the heart tissue and in the skeletal muscle 
cells, acting as a local oxygen reserve and providing oxygen under intense muscular activ-
ity [23]. It can be found in the blood of AMI patients 1–3 h after the cardiac event, reach-
ing its maximum within 4–7 h, and returning to basal values after 1–1.5 days [10]. Its rapid 
rise facilitates early AMI diagnosis or exclusion of any cardiac damage [24]. Myoglobin 
is characterized by a rapid clearance from blood; therefore, if on one side it is no more 
detectable in late-presenting patients, its rapid kinetics may help to diagnose reinfarction 
in patients [24]. However, it is not highly cardiac specific [24].

3  Troponins

Troponins are proteins characteristic of skeletal and heart muscle, where they are involved 
in muscular contraction [25]. History of troponins began in the 1960s with identification, 
purification, and characterization of a new sarcomeric protein complex, including the 
TnC, TnI, and TnT, named in view of their specific characteristics: Ca2+-binding capacity 
of TnC, inhibition of ATPase activity by TnI, and tropomyosin binding by TnT [25, 26]. 
When their structure was defined, and skeletal and cardiac isoforms were identified (cTnT 
and cTnI for heart), the significance of cTnT and cTnI as cardiac biomarkers began to 
grow [27]. First assays were developed some years later utilizing RIA methodology and 
evidenced the trend of cTn during AMI—increased within 4–6  h, a peak at 18  h, and 
returned to normal value in up to 8 days [10, 28]. Then, cTn immunoassays were devel-
oped and considerably optimized during the time, so for example the actual cTnT fifth- 
generation assays reached an analytical sensitivity almost 100-fold higher than the first 
commercial assay [10, 28]. Actual hs-cTn assays measure lower concentration ranges 
making evaluation of changes more reliable, with a low analytical imprecision (<10% CV) 
at the 99th percentile concentration of the reference population, which is the recommended 
upper reference limit (URL), thus with a very high degree of analytical sensitivity. 
Circulating troponin levels are very low in healthy subjects; thus, its elevation in blood 
accounts for even the smallest cardiac injury [29]. It has been estimated that hs-cTnT and 
hs-cTnI are able to evidence myocardial damage (cTns in blood over the 99th percentile) 
provoked by the necrosis of about 0.015% of heart tissue, at amounts significantly lower 
than the limit of the spatial resolution of the most sensitive noninvasive cardiac imaging 
techniques (e.g., magnetic resonance imaging or positron-emission tomography) [30, 31].

Troponin is essentially located in the contractile apparatus and, in a more limited 
amount, in the cytosol. During AMI, it is released in the blood initially from the cytosolic 
pool and later from the contractile apparatus [32].

Due to the number of cTnI assay methods available, results obtained for the same 
patient through different methods may not be in agreement [33]. This fact makes cTnI 
standardization a critical issue [34, 35]. In 2000, the consensus document of the Joint 
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European Society of Cardiology/American College of Cardiology Committee for the 
redefinition of myocardial infarction unequivocally recommended cTnI and T as the 
best options for the differential diagnosis [36]. The clinical cutoff value for the diagno-
sis was defined as a value exceeding the 99th percentile in a cTn distribution of a refer-
ence control population (99th percentile URL), with an acceptable imprecision at this 
value corresponding to 10 CV% [37]. In the 2018 Fourth Universal Definition of 
Myocardial Infarction, myocardial injury was confirmed when at least one cTn value 
was above the 99th percentile URL [37]. Laboratory experts, in May 2018, evidenced 
two critical points to be considered: (a) the %CV at the 99th percentile URL should be 
<10% (e.g., using the Elecsys-Roche analyzer, at the 99th percentile value correspond-
ing to 13.5  ng/L, the CV resulted 9%) [38] and (b) measurable cTn concentrations 
should be reachable at a value equal or above the assay’s LoD for 50% of healthy indi-
viduals belonging to both genders [39]. Nonetheless, the most recent hs assays have 
been able to detect troponin up to 95% of healthy subjects in the reference population, 
with imprecision (coefficient of variation for repeated analyses of the sample) values of 
2–5% [40]. Guidelines by the American Heart Association (AHA), the American College 
of Cardiology (ACC), and the European Society of Cardiology (ESC) also advised on 
the use of hs-cTn and defined AMI in the presence of myocardial injury by an elevation 
of cardiac troponin values with at least one value above the 99th percentile upper refer-
ence limit [3]. The establishment of the 99th percentile value must be taken according to 
gender, and troponin values should be measured in at least 300 female and 300 male 
subjects. Ideally, this value should be established by each laboratory, considering not 
only the method and instrumentation used but also the specific characteristics of the 
population in which the test is performed. Clearly, this procedure is very complex and 
implies elevated costs; thus, generally parameters provided by the manufacturers are 
accepted. Notably, the improved sensitivity of the new-generation immunoassays cor-
responds to a decreased specificity for AMI. Nonetheless, the use of hs-cTn assays does 
not aim to identify more AMI patients but, rather, to shorten the time required for AMI 
diagnosis and quickly identify AMI patients and discharge those without AMI on the 
basis of hs-cTn levels (rule-in/rule-out) [8]. Preferably, AMI diagnosis in the clinical 
practice considers standard clinical rule-out/rule-in algorithms (as 0/1-h and 0/2-h algo-
rithms, recommended by the 2020 European Society of Cardiology-ESC-Guidelines- 
class I recommendation) based on the difference between two (or more) hs-cTn samples, 
collected during fixed time periods after admission in patients who present more than 
2–3 h after symptom onset (thus not recommended in “very early presenters,” with onset 
of symptoms <3 h, due to a potential time shift in cTn release) [8]. Further serial testing, 
in parallel to careful clinical and instrumental evaluation, is currently adopted in the 
clinical practice to stratify patients with elevated cTn, but without satisfying rule-in/
rule-out AMI criteria (e.g., values over the upper range limit at admission, but with 
remission of chest pain, or without typical changes of electrocardiogram-ECG) [8]. A 
value lower than the limit of detection (LoD, by using method-specific cutoff) at admis-
sion, always evaluated together with ECG and clinical symptoms, has a high negative 
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predictive value and allows safe and sure AMI rule-out in patients [8]. Another impor-
tant issue is that hs-cTn must be intended as a quantitative biomarker related to the 
extension of cardiac damage, and not as a categorical parameter (positive/negative), 
according to the assertion that the higher the value, the higher the risk for AMI and the 
worse the prognosis [41]. Typically, high hs-cTn, which usually occurs within 3–12 h, 
especially in the presence of ECG changes, is suggestive of AMI, and the patient should 
be treated as soon as possible [37]. Moreover, serial sampling may not increase positive 
predictive values in patients with very high cTn elevation at admission (e.g., values 
greater than 80 ng/L) [42].

Beyond diagnostic utility, cTn retains short- and long-term prognostic values, as two 
meta-analyses suggested, evidencing as this biomarker may assist in the early identifica-
tion of higher risk patients [43, 44]. Specifically, a meta-analysis conducted in non-ST- 
segment elevation myocardial infarction (NSTEMI) patients evidenced that the short-term 
odds of death are increased up to eightfold for patients with an abnormal troponin test, as 
well as another meta-analysis suggested that hs-Tn elevation predicted a higher risk of 
death in suspected acute coronary syndrome patients [43, 44].

Since hs-cTn is very sensitive to evidence an extremely limited myocardial tissue injury, 
underlying pathology may be of different nature (ischemic as well as nonischemic), and 
thus, this biomarker is not disease specific at all [45, 46]. However, as acute cardiac events 
presented a pattern of changes (rising or falling levels), chronic cardiac disorders (e.g., 
heart failure, valvular heart disease, or renal insufficiency) showed stable elevations, gener-
ally lower than in AMI (around two- or threefold upper normality limits) [45, 46]. Excluding 
patients with frank elevation of cTn, the others need serial sampling to distinguish acute 
from chronic elevation characteristic of other conditions. The hs-cTn retest could permit 
better stratification of an acute cardiac event from a chronic cardiac disease characterized 
by stable hs-cTn trend. hs-cTn assays allow the detection of circulating troponins in the 
majority of patients with stable coronary artery disease (CAD), whereas higher cTn values 
seem to suggest a worse prognosis in this population [47–49]. Similarly, an elevated cTn is 
frequent in HF patients, where it represents an independent predictor of adverse outcomes 
when compared with HF patients who showed low hsTnT or decreased levels on follow-up 
[50–52]. Moreover, elevated hsTn can be commonly found in patients with renal failure, 
likely reflecting reduced renal elimination and/or increased cardiac, where it confers 
adverse prognosis, even in asymptomatic patients [53–55]. Elevated hsTn is also common 
in patients with cardiac amyloid, where higher concentration is associated with adverse 
outcomes [56]. Patients under chemotherapy may also present increased hsTn, and in this 
setting, the opportunity of pharmacological intervention, as enalapril, can be beneficial to 
prevent left ventricular dysfunction, at least in selected patients [57, 58]. Intense acute 
exercise may increase cTn, although this transient and often moderate elevation may rather 
suggest a physiological response to acute exercise, than a real damage of cardiomyocytes 
[59]. Nonetheless, even in asymptomatic healthy subjects, an increase of cTn may have a 
prognostic role [60, 61]. Moreover, there is a gradient of risk across the reference range 
even for those who are within the normal interval limit [62]. Many underlying mechanisms 
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Table 1 Troponin take-home messages

Detectable release of cTnI or cTnT indicates some degree of cardiac injury, but not its underlying 
condition (cardiac injury specificity, but not disease specificity)
Adoption of 99th percentile of a reference population (higher sensitivity) and measurement 
uncertainty ≤10% at this concentration represent the desirable goal
Finding of a rising pattern of values over time is critical to detect patients with acute diseases
hs-cTnT/I assays (vs. conventional ones) increase the diagnostic AMI accuracy, which means that 
it is now possible to measure smaller concentrations of cardiac troponin
Improved (analytical) sensitivity of hs-cTn assays means that it is possible to measure smaller 
concentrations of cTn (thus different from “clinical sensitivity”)
hs-cTnT/I should always be interpreted as a quantitative variable; the higher the concentration, 
the higher the AMI probability
hs-cTn can remain elevated up to 10–14 days after an acute event
Higher hs-cTnT/I sensitivity with respect to all available cardiac imaging techniques (including 
cardiac magnetic resonance), thus unexpected hs-cTnT/I elevations are more likely true positive, 
than “false elevations” due to analytical problems
Values obtained with one method cannot be directly extrapolated to other methods
hs-cTn levels are higher in men and increase with age
hs-cTnT/I concentrations should always be interpreted within the context of the clinical 
presentation with all the other available medical information
In majority of patients, a definitive diagnosis can be made within 2 h (the ESC 0/1-h algorithm, 
published in the NSTE-ACS guidelines in 2015, being the preferred algorithm, validated for all 
clinically available hs-cTnT/I assays)

for this increase in the general population have been proposed,  including apoptosis, cardio-
myocyte turnover, strain, increased cardiac mass, and subclinical plaque rupture [63] 
(Table 1 summarized main important points to consider in cTn interpretation).

3.1  Troponin Test in Laboratory Medicine

Elevated concentrations of cTnT and I indicate cardiomyocyte injury, but do not nec-
essarily indicate an acute coronary event, because many other conditions may induce 
an elevation of cTn. However, beyond the challenge of the nonspecific etiology, there 
are other aspects that must be considered in cTn interpretation, surely including the 
extent of false- positive results, pre-analytical and analytical confounders, biological 
variability, and lack of standardization of methods. If troponin values are discrepant 
with the clinical and instrumental findings, the possibility of an analytical error must 
be considered. Moreover, whether hs-cTnI and T are concordant and both elevated is 
likely the case of “true elevations,” whereas if they are discordant, a suspicion of 
“false elevations” is reasonable. Moreover, due to between-method differences, values 
for troponins should be preferably performed in the same laboratory, to avoid misin-
terpretation [64]. This fact may create problems in case a patient needs to be trans-
ferred from a hospital to another where different methods of Tn determination are 
used, because the results may not agree.

C. Vassalle et al.



147

3.2  Pre-analytical and Analytical Interferences, 
and Method Standardization

In the interpretation of cTn values, it is important to remember that the definition of 99th 
percentile marks a value at which 1 sample/100 may give a false-positive result, a fact 
caused by many factors, including pre-analytical and analytical interferences. One of the 
most common pre-analytical interferences is sample hemolysis, which can cause both 
false-negative and false-positive results [65–68]. Other interferences can be due to fibrin 
clots, also in this case causing both false-positive and false-negative cTn findings [69]. 
Moreover, heparin can interfere with cTnI and cTnT determination when a heparinized 
tube is used (a fact that can be overcome by dosing another sample with a different antico-
agulant) or in patients on heparin therapy (an effect avoidable only by discontinuing the 
heparinization), as heparin may bind cTnI and impair its association with the antibodies in 
the immunoassays [70, 71]. Macrotroponin I, macro-complex produced by the binding of 
cTnI molecule to circulating immunoglobulins, characterized by a delayed clearance, may 
provoke unreal increased circulating troponin levels [72].

Blood TnI and T are full-sized forms (high MW) and proteolytic fragments of different 
lengths (low MW) (e.g., in view of proteolytic cleavage, posttranslational modifications) 
[73]. Thus, producers aimed to develop assays using antibodies directed against parts of 
the molecule that are not subject to proteolytic degradation, since coexistent circulating 
degradation products may cause interference and differences between assays. For exam-
ple, it seems that the elevation of cTn which characterized intense exercise in healthy 
subjects is essentially due to fragments, whereas intact cTnI and T predominate in patients 
with AMI, likely reflecting different forms of injury [74, 75]. Consequently, the future 
development of assays capable of discriminating specific forms may allow better distin-
guishing of different pathophysiological conditions, increasing the specificity of AMI 
diagnosis, as well as the time course of cTn degradation, which may give information on 
the different temporal phases of the acute ischemic event [76, 77].

One of the most common analytical interferences causing false-positive results is the 
presence of heterophilic antibodies. In high titers, they can bind other species of antibod-
ies, such as those used as reagents in immunoassays, giving positivity regardless of the 
concentration of the true analyte, even in the absence of the antigen to be detected (particu-
larly regarding hs-cTnI assays) [78]. This interference can be excluded by pretreatment of 
samples with heterophilic blocking tubes (HBT), or PEG precipitation, although an alter-
native measurement with another hs-cTn method may represent a simple possibility to 
confirm/exclude the interference, which generally is method dependent [6].

The lack of standardization, particularly critical for hs-cTnI assays for which many 
methods are currently available, is related to several factors, including (1) the avail-
ability of assays with different stabilities, (2) the use of different antibodies recogniz-
ing different epitopes, and (3) the different coefficients of variability between methods 
[79]. There are several immunoassays for measuring cTnI, implemented on a number 
of instruments ranging from small point-of-care testing (POCT) instruments to large 
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and automated analytical platforms, essentially belonging to two categories: “high-
sensitivity” and “contemporary” (conventional) methods. The difference is due to the 
total imprecision at which a cTn method can measure the 99th reference percentile 
and the proportion of healthy subjects showing cTn values over the LoD [39]. While 
hs- cTn assays can measure low values and small increases above the 99th percentile 
URL, many contemporary and POCT cTn assays may not be able to detect small 
increasing values within the reference interval or slightly above the 99th percentile 
URL, causing significant differences in the frequency of events if the judgment is 
based exclusively on the cTn result. Nonetheless, their utilization is consented, 
although the clinical use of an assay with an imprecision ⩾20% is not acceptable [31]. 
However, continuous encouraging improvement for cTn POCT may greatly benefit 
quicker decision-making strategies inside as well as outside the emergency depart-
ment in the near future [80, 81].

To note, the American Association for Clinical Chemistry (AACC) Troponin I 
Standardization and the Subcommittee IFCC Working Group on Standardization of 
Cardiac Troponin I are working to propose a commutable reference material for cTnI to 
standardize cTnI measurements and reduce inter-assay bias [82].

3.3  Biological Variability

The intraindividual variation of cTnI in healthy adults, evaluated with a high-sensitivity 
method, is on average about 8–10%, lower than the intersubject variation, which may 
account for 50% of variation [83]. In view of the low intraindividual variation, the mea-
surement of hs-cTn in a single subject/patient acquires importance, especially when com-
pared to a clinical cutoff estimated in a large reference population (e.g., the 99th percentile 
URL), with a higher interindividual variation. Thus, the use of temporal changes in hs-cTn 
is recommended for early AMI diagnosis, as chronic myocardial injury is a status that 
implies the stability of Tn values, whereas an even slight change from baseline could be 
clinically relevant.

hs-cTnI and T showed a circadian rhythm, characterized by higher values in the 
morning, gradually decreasing until evening [84, 85]. Exact pathophysiological mecha-
nisms for this rhythm are not completely clear, although sympathoadrenal, renin-
angiotensin- aldosterone, and hypothalamic-pituitary-thyroid systems may have a role 
[31]. Nonetheless, this trend does not seem to significantly affect the diagnostic accu-
racy for AMI, although it could reduce the difference between cTn in non-AMI versus 
AMI conditions, as well as affect the changes from the first to the second blood draw 
[85, 86]. For hs-TnI, some studies reported that levels of this biomarker do not signifi-
cantly differ with time of presentation [85].

Aging causes a progressive increase of hs-cTn levels, as elevated cTn values are 
found more frequently observed in older individuals, especially after 65  years [87, 
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88]. In fact, it is possible that some subjects with asymptomatic cardiac dysfunction 
(e.g., increased left ventricular mass or decreased left ventricular ejection fraction) are 
anyway present in the reference healthy population. Moreover, in elderly, there is a 
higher prevalence of cardiovascular risk factors, or reduced kidney functionality, 
although the relationship between age and cTn increase seems even independent from 
these risk factors [89].

Moreover, it is known that men have higher cTn concentration than women, as men 
present higher myocardial mass [90]. On this basis, the use of specific gender-related 
cutoff is recommended (e.g., by the Global Task Force for the Diagnosis of MI and the 
International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) Task 
Force on Cardiac Biomarkers), but still not endorsed by all scientific societies (e.g., 
European Society of Cardiology Guideline (ESC) for management of non-ST-segment 
elevation ACS (NSTE-ACS)) [8, 39]. Interestingly, there may be significant discordant 
classifications between the hs-cTnT and hs-cTnI methods (e.g., in one study including 
3588 patients, 21% were classified as having myocardial injury by hs-cTnT, but not by 
hs-cTnI) that the use of sex-specific thresholds is capable to reduce [91, 92]. Clearly, 
the use of specific gender-related cutoffs leads to a reclassification of AMI patients, 
increasing the number of diagnoses in women, despite increasing the risk of overdiag-
nosis in the elderly, who may have higher cTn values. As an example, using biological 
sex-specific hs-cTnI cutoffs, the AMI diagnoses changed from 16.6 to 22.6% in women, 
and from 23.1 to 21.1% in men, in a population of 1282 chest pain patients [93]. 
Interestingly, the predictive role of hs-cTn-specific gender cutoff improves the identifi-
cation of women (but not men) at risk for 1-year adverse outcomes and all-cause mor-
tality [94, 95].

Although at present there is still too controversial data to definitively adopt the use of 
gender-specific cutoffs, cutoffs including not only gender but also age, symptoms, and 
renal function have been proposed, towards a more personalized diagnosis. For this pur-
pose, development of algorithms, which consider relative or absolute concentration 
changes and determine the optimal individual cutoff, is needed, but it is still impractical 
for clinical use.

4  Natriuretic Peptides

Natriuretic peptides belong to a family of hormones, which includes the brain natriuretic 
peptide (BNP), a quantitative biomarker of hemodynamic cardiac stress and ventricular 
dysfunction [96]. BNP is synthesized by cardiomyocytes as prohormone (proBNP) and 
then cleaved into the active BNP hormone and an inactive NT-proBNP fragment [96]. 
NT-proBNP represents the entire N-terminal fragment of proBNP (amino acids 1–76), 
and this molecule may be detected in both myocardium and blood. NT-proBNP has a 
longer half-life than BNP (60–120 versus 20–40 min, respectively), and its concentra-
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tion is about 20 times greater than that of BNP, characteristics which make its use and 
result  interpretation appreciable [96]. Commercially available assays to measure either 
BNP or NT-proBNP are immunometric double-antibody sandwich assays [97]. Pre-
analytical phase is important for natriuretic peptide assessment. Samples for NT-proBNP 
can be collected in ethylenediaminetetraacetic acid on ice and are stable for days if 
refrigerated or stored at −80 °C, with NT-proBNP samples more stable than BNP in the 
longer period [97].

Considering the biological aspect, natriuretic peptides and cardiac troponins may be 
differently affected by mechanisms related to cardiac dysfunction and/or damage, 
respectively [95]. An increase of both biomarkers may suggest alterations on cardiac 
function (i.e., increased BNP/NT-proBNP levels), together with cellular structural dam-
age (i.e., increased hs-cTn levels) [98]. Accordingly, patients with elevation of both 
biomarker species showed worse prognosis than those with only one altered bio-
marker [99].

NT-proBNP levels increase with age and are higher in women and in patients with 
kidney dysfunction [100–102]. Reasons for this gender-related differences have been 
attributed, almost partially, to sexual hormones, as testosterone could lower cardiac natri-
uretic peptide levels, whereas estrogen may increase cardiac natriuretic peptide gene 
expression and NP release [103, 104]. This effect might be mediated by neprilysin activity 
(a transmembrane zinc metallopeptidase that degrades a wide range of peptide substrates), 
affected by the action of sexual hormones [105]. Moreover, some evidence suggested that 
free testosterone may directly decrease natriuretic peptide synthesis [106]. As it is known 
that obese subjects may present lower NP levels, emerging data from a general population 
study showed that the relationship between NT-proBNP and obesity had a significant sex- 
related behavior [100, 107]. In fact, the inverse association between NT-proBNP and obe-
sity was stronger among females than males, especially in women (but not in men) with 
abdominal obesity [100, 107].

BNP and NT-proBNP are elevated in patients with AMI, correlating with acute and 
chronic myocardial infarct size [108–111]. Nonetheless, for their low specificity (e.g., 
high levels in heart failure, renal dysfunction, and pulmonary embolism), their values 
for AMI diagnosis are low. Moreover, from a laboratory medicine point of view, natri-
uretic peptides have a shorter blood half-life and a reduced sample stability (especially 
BNP) than cTn, and circadian variations and trends during the time of natriuretic pep-
tides vary more with respect to hs-cTn [86, 112–115]. For these reasons, hs-cTn 
remains the elective biomarker for AMI diagnosis. Instead, the value of NP in predict-
ing post-AMI adverse events is demonstrated by many findings [116–119]. Accordingly, 
in the 2020 ESC Guidelines for the management of acute coronary syndromes in 
patients presenting without persistent ST-segment elevation, both BNP and NT-proBNP 
are indicated as biomarkers significantly contributing to patient’s prognosis (death, 
acute heart failure), and as such their assessment may be helpful for this clinical pur-
pose [8].
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5  Additive Biomarkers

5.1  C-Reactive Protein

CRP is an acute-phase reactant protein produced by the liver in response to inflamma-
tion and stimulation by inflammatory cytokines, primarily interleukin-6 (IL-6). This 
molecule is one of the most widely used inflammatory biomarkers in routine clinical 
practice. However, many factors are known to modulate CRP levels, including lifestyle 
behaviors (e.g., gender, smoking, exercise, alcohol), whereas elevation is associated 
with increased body mass index and obesity [120–125]. Moreover, serum concentration 
of CRP (actually measured by hsCRP assays) can be found increased in AMI patients 
and closely associated with the severity of coronary artery lesions [126]. However, the 
significance of these associations is far less to that of the cardiac-specific biomarkers 
(NT-proBNP and especially cTn); thus, CRP, not considered with sufficient specificity 
and sensitivity for this clinical setting, is not absolutely recommended as a reliable 
marker for AMI diagnostic purposes [8]. Rather, CRP may represent an independent 
prognostic marker of poor outcome (e.g., nonfatal MI, heart failure, or cardiac death) in 
this setting [127–129]. As the prognostic value of CRP is independent from other bio-
markers, such as cTn, and for its pathophysiological significance and advantages (e.g., 
low costs, availability), simultaneous evaluation of C-reactive protein with other bio-
markers might allow a better prognostic assessment [130]. Thus, hsCRP has been often 
tested in combined multimarker panels (also including not only laboratory biomarkers) 
to evaluate whether this approach may better identify patients at high risk for adverse 
prognosis, provide prognostic information beyond that of established clinical risk 
scores, or improve clinical decision-making [131–133]. For example, the combination 
of hsCRP with hsTnT and NT-proBNP may improve risk stratification accuracy of the 
Global Registry of Acute Coronary Events (GRACE) score in patients with acute coro-
nary syndrome [134]. Nonetheless, other studies suggested that the assessment of CRP 
as that of other recently proposed biomarkers did not significantly improve AMI patient 
management, with a value in risk assessment which seems marginal [8]. For these rea-
sons, the routinary use of CRP for prognostic assessment is not recommended by the 
current AMI guidelines [8].

5.2  Hemochrome-Related Biomarkers

The complete blood cell count is one of the most common laboratory tests, because it is 
simple to perform and cheap, and it is a part of the overall general patient evaluation and 
thus practically always available. Many parameters can be easily obtained or calculated by 
hemochrome, which, although difficult to use for AMI diagnosis, has shown good predic-
tive power for adverse events such as white blood cells (WBC), neutrophil-to-lymphocyte 
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ratio (NLR), red cell distribution width (RDW), and platelet-derived parameters, such as 
platelet-to-lymphocyte ratio (PLR), mean platelet volume (MPV), and platelet distribution 
width (PDW) [135].

One of the most studied factors is MPV (which means the average size of platelets), a 
biomarker that may increase during platelet activation, which correlates with an increased 
incidence of long-term adverse events, including all-cause mortality in NSTEMI patients 
[136]. From a laboratory point of view, the assessment of the MPV parameter is widely 
discussed, in view of the number of physiological determinants for platelet size and the 
poor standardization of MPV methods. In particular, as MPV may vary depending on the 
instrument and technology used, it is important to state that all hemochromes were per-
formed by using the same automated counter. The use of different anticoagulants has been 
found to affect MPV, as other hematological parameters (e.g., PDW) [137]. Moreover, 
some drugs (e.g., statins) or other diseases (e.g., chronic renal failure, anemia, thrombocy-
topenia, thyroid dysfunction, dyslipidemia, diabetes, and hypertension) may affect levels 
of these hemochrome-related biomarkers [138]. Interestingly, the variability affecting 
MPV may be reduced in a ratio with other hematological biomarkers. Accordingly, the 
MPV-to-platelet count ratio (MPV/PLT ratio) retains a better prognostic capacity in the 
prediction of adverse prognosis compared to MPV alone in predicting adverse outcomes 
in patients with NSTEMI, similar to the GRACE score, but with the advantage of being 
easier to be calculated [136, 139]. In addition, hematological biomarkers may have an 
additional prognostic value for AMI patients if they are considered with other inflamma-
tory markers (e.g., CRP and fibrinogen) or with GRACE, SYNTAX, and TIMI risk scores 
[135, 139].

6  Emerging Biomarkers

6.1  Other Biomarkers

A number of other biomarkers have been proposed and are actually under study for a pos-
sible use in AMI diagnosis and prediction of CV outcome after AMI. These biomarkers 
evidenced different aspects and underlying pathways involved in the complexity of the 
AMI, some of the important ones being given in Table 2 [8, 24, 32, 98, 140–157]. Whether 
for cTnI or T the value in diagnosis, prognosis, and risk stratification is recognized, for all 
the other biomarkers evidence is unclear. The 2020 ESC Guidelines for the management 
of acute coronary syndromes in NSTEMI patients evidence the incremental prognostic 
value of BNP/NT-proBNP, which may therefore help in risk stratification [8]. However, 
the measurement of additional biomarkers, such as hs-C-reactive protein, mid-regional 
pro-adrenomedullin, GDF-15, copeptin, and hFABP is not recommended, because it 
remains to establish their incremental role and effective utility in the clinical practice, in 
addition to validated risk predictors [8]. It is noteworthy that most of these new proposed 
biomarkers are not specific for myocardium tissue and their circulating levels may be 
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Table 2 Conventional and new proposed biomarkers related to different AMI pathophysiological 
underlying mechanisms

Abbreviation Biomarker Pathway Ref.
cTnT-I Cardiac troponin I and T Myocardial necrosis [8]
BNP/
NT-proBNP

Brain natriuretic peptide/N-terminal 
proBNP

Myocardial stress [8]

cMyC Cardiac myosin-binding protein C Myocardial necrosis [140]
H-FABP Heart-type fatty acid-binding protein Myocardial necrosis [141]
IMA Ischemia-modified albumin Myocardial necrosis [141]
sST2 ST2 soluble Myocardial stress, fibrosis [142]
S100A S100 calcium-binding protein A Myocardial damage [143]
IR Irisin Myocardial repair [144]
CT-proAVP Copeptin Neurohormonal activation [32]
MR-proADM Mid-regional-pro-adrenomedullin Neurohormonal activation [145]
CRP C-reactive protein Inflammation [32]
IL-6 Interleukin-6 Inflammation [24]
FIB Fibrinogen Inflammation [32]
TNF-α Tumor necrosis factor-α Inflammation [24]
UA Uric acid Inflammation [146]
GDF-15 Growth differentiation factor 15 Inflammation, apoptosis [32]
Lp-PLA2 Lipoprotein-associated 

phospholipase-A2
Platelet activation [32]

GAL-3 Galectin-3 Inflammation, fibrosis [32]
GDF-15 Growth differentiation factor-15 Inflammation, modulation of 

growth, and cell differentiation
[147]

WBC White blood cell count Inflammation [148]
SYND Syndecan-1-4 Inflammation, fibrosis, cardiac 

remodeling
[149]

PlGF Placental growth factor Growth factors, inflammation [150]
PLT Platelet count Platelet biomarkers [148]
MPV Mean platelet volume Platelet biomarkers [148]
LPLT Large platelets Platelet biomarkers [148]
sPLA2 Secretory phospholipase A2 Platelet activation [145]
sCD40L Soluble CD40 ligand Platelet activation [142]
PAPP-A Pregnancy-associated plasma 

protein-A
Plaque instability [145]

MMPs Matrix metalloproteinases Plaque instability [145]
MPO Myeloperoxidase Plaque instability [143]
CER Ceramides Cellular death, apoptosis [151]
Cytc Cytochrome c Mitochondrial biomarkers [152]
mtDNA Mitochondrial DNA Mitochondrial biomarkers [152]
Hcy Homocysteine Oxidative stress [32]

(continued)
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Table 2 (continued)

Abbreviation Biomarker Pathway Ref.
VCAM-1 and 
ICAM-1

Vascular cell adhesion molecule 1 
and intercellular adhesion 
molecule 1

Vascular cell adhesion 
molecules

[153, 
154]

ADM Adrenomedullin Natriuresis and vasodilation [98]
P-sel P-selectin Cell adhesion molecule [98]
GPBB Glycogen phosphorylase isoenzyme Myocardial damage [24]
NGAL Neutrophil gelatinase-associated 

lipocalin
Renal function [155]

FGF-23 Fibroblast growth factor 23 Phosphate and vitamin D 
metabolism

[156]

PCT Procalcitonin Calcium homeostasis, 
inflammation

[141]

ET1/CT-proET1 Endothelin 1/C-terminal 
pro-endothelin-1

Vasoconstriction [140]

Cys-c Cystatin-C Renal damage [142]
PACAP Pituitary adenylate cyclase- 

activating polypeptide
Neuropeptide [157]

miRNAs MicroRNA Other [174, 
175]

affected by different determinants (e.g., age, gender, or renal dysfunction). Nonetheless, a 
multimarker panel, including some of these biomarkers, may theoretically increase the 
diagnostic accuracy and improve risk stratification, especially if applied in particular sub-
groups where traditional scores may not optimally work (e.g., women, elderly population). 
In particular, this approach may be more effective if selected biomarkers have a low degree 
of correlation and it is even better if each biomarker belongs to totally unrelated contribut-
ing pathophysiological pathways, providing different levels of information [158, 159]. 
This multimarker approach has been tested by adding to cTn values other biomarkers 
related to different pathophysiological pathways involved in AMI (e.g., markers of inflam-
mation like CPR and leukocyte activation, myeloperoxidase, or earlier cardiac biomarkers 
such as CK-MB, myoglobin, hFABP, or copeptin). However, the diagnostic and prognostic 
additive value of the other biomarkers with respect to cTn, when measured with hs-assays, 
is not significant [160]. For example, the incremental gain suggested for hFABP addition 
to cTn, also in view of the higher sensitivity of hFABP with respect to cTn, was never 
definitively proven, and consequently its use in the patient with chest pain for AMI diag-
nosis and rule-out [161–164]. In fact, two meta-analyses, comparing the diagnostic perfor-
mance of hFABP both alone and together with hsTn in the early AMI diagnosis and 
exclusion, do not prove a significant gain over hs-cTn diagnostic accuracy [165, 166]. 
Instead, copeptin use within a dual-marker approach together with conventional cTn, 
increases in particular the negative predictive value of cTn alone for AMI, but not the 
incremental value, also in this case not justifying its measurement in great number of 
patients [167]. However, current AMI guidelines advocate the use of copeptin as an alter-
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native biomarker for the early rule-out of AMI when hs-cTn assays are not available [8]. 
Other multimarker combinations (e.g., IL-10/MPO/PGF/cTnT or ST2/GDF-15/hFABP/
hs-TnT) have also been tested, although they need further validation to assess their effec-
tive prognostic advantage [168, 169].

Another intriguing aspect is to determine which of these biomarkers may act as phar-
macological targets. Increasing data suggested this possibility, as in the case of successful 
inhibition of MPO activity by the orally administered drug PF-1355 in parallel to struc-
tural and functional heart improvement in a mice experimental model [170]. Moreover, 
administration of CP-471,474, a matrix metalloproteinase inhibitor, reduced left ventricu-
lar remodeling and dilation in an AMI rabbit model [171]. Similarly, fluvastatin may 
improve left ventricle structural remodeling and contractile function, reducing AMI- 
related increase of matrix metalloproteinase-2 and -13 activity in a mice model [172]. 
Other evidences suggested that anti-inflammatory therapy (canakinumab at a dose of 
150 mg every 3 months) targeting the interleukin-1β innate immunity pathway (an IL-6 
inductor) reduced the rate of recurrent AMI in patients with previous myocardial infarc-
tion and ongoing inflammation (hsCRP higher than 2 mg/L) [173].

6.2  Noncoding RNAs

About 99% of the human genome is not encoding but transcriptionally active and gives rise 
to noncoding RNA (ncRNA) with regulatory and structural functions. A very interesting 
aspect is that the same ncRNAs may not have the same functions in different species; thus, 
in many cases, their pathogenic relevance in humans cannot be investigated in animal mod-
els. It is therefore fundamental to conduct screening studies for ncRNAs clinically interest-
ing in humans. On this basis, genome-wide association studies and transcriptome mapping 
are two of the most useful technologies to identify ncRNAs involved in cardiovascular dis-
ease pathogenesis. ncRNAs include different classes of small regulatory RNAs, the best 
studied of which is composed of microRNAs (miRNAs), short (20–25 nucleotides) single 
stranded, which modulate gene expression and have fundamental roles in many key biologi-
cal processes, including those related to CV pathophysiology (e.g., oxidative stress, inflam-
mation, lipid metabolism, glucose homeostasis, vascular and endothelial cell function) [174]. 
Advantages are that different cardiac miRNAs can be easily found in blood samples, stable 
at room temperature as well as after sample frozen and thawed cycles [175]. In particular, 
miR-15 appears involved in the regulation of cardiac cell death and regeneration after myo-
cardial ischemia; in fact, its inhibition has been proven to reduce infarct size and cardiac 
remodeling and enhances cardiac function in response to AMI [176].

Furthermore, members of miR-17–92 cluster (formed by miR-17, miR-18a, miR-19a, 
miR-20a, miR-19b-1, and miR-92a) are involved in cardiomyocyte cell death and neovas-
cularization after ischemia. Particularly, miR-92a is active in response to ischemic injury 
and its pharmacological inhibition increases capillary density and improves heart function 
in a mouse model [177].
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Analogously, miR-26a is upregulated after AMI in mice and inhibits angiogenesis; 
however, the administration of a specific anti-miRNA stimulates angiogenesis and reduces 
the infarct size, improving cardiac function [178]. A large spectrum of miRNAs are also 
involved in mitochondrial function regulation, as miR-140 impairs mitochondrial fission 
and, consequently, cardiomyocyte survival [179]. Moreover, miR-1, miR-133a, 
miR- 208a/b, and miR-499 are among the most studied miRNAs associated with cardiac 
function. They are involved in differentiation of myocytes and fibroblasts and maintain 
activity and survival of cardiac muscle cells [180].

Since circulating miR-1 levels are particularly high in AMI patients, it has been adopted 
as a selective biomarker for early AMI diagnosis and used to distinguish the cardiac event 
from other cardiovascular diseases [181]. Furthermore, circulating miR-1 levels strongly 
correlate with cTnT in AMI patients and downregulation of miR-1 would be beneficial for 
heart ischemia and post-MI complications. Also circulating levels of miR-133 are upregu-
lated in AMI patients, making it a valuable diagnostic marker for AMI; however, it is not 
as much efficient with TnT, and thus, miR-133a has a weaker prognostic power than miR-1 
[182]. Recently, it has been found that miRNA-499 and miR-22 are highly expressed in 
the heart of AMI patients. miR-499 overexpression is associated with cardiac myosin 
heavy-chain gene upregulation, together with many inflammatory cytokines, whereas 
miR-22 is believed to protect cardiomyocytes by promoting autophagy and inhibiting 
apoptosis. Furthermore, in AMI patients, both miRNAs’ sensitivity and specificity for 
diagnosis result to be extremely high [183].

Emerging data also suggest that the variation of miRNA during the acute ischemic 
event may be helpful to evaluate the risk for subsequent adverse events in the follow-
up [184]. Important in this setting will be the serial assessments to evaluate longitudi-
nal changes in circulating miRNAs. At present, in addition to the many technical and 
bioinformatics aspects that need to be improved, as well as the assessment of the clini-
cal gain of these biomarkers over current diagnostic tools/scores, available miRNA 
detection techniques require time, which may not fit with the need for the fast diagno-
sis required in patients with AMI. Nonetheless, some miRNAs may have a prognostic 
role in the prediction of left ventricular remodeling, CV events, and death (e.g., miR-
133a, miR-208b) [185]. Another interesting issue to be exploited is that miRNAs may 
act not only as disease biomarkers, but also as pharmacological targets. Some efforts 
in this direction are in progress and tested on experimental models. Accordingly, 
injection of human microRNA-590 and human microRNA-199a improves cardiomyo-
cyte proliferation and cardiac tissue repair, with a recovery of cardiac functional 
parameters in both neonatal and adult infarcted mice, likely through effects on target 
genes (Homer1, homeodomain-only protein X, and chloride intracellular channel 5) 
[186, 187]. Another example is the delivery of anti-miR- 34a to neonatal and adult 
infarcted mouse hearts, which significantly improves post-AMI remodeling by facing 
miR-34 upregulation and modulating miR-34a targets (such as Bcl2, cyclin D1, and 
Sirt1) [188].
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Other ncRNAs (e.g., long noncoding RNAs-lncRNAs and circular RNAs-circRNAs) 
appear correlated to cardiac pathophysiology, in particular participating in events related 
to ischemic heart disease, and cardiac fibrosis, although the research in these fields is at an 
even earlier levels of development with respect to miRNAs [189, 190].

7  Conclusion

Biochemical markers represent the core to the diagnosis of early risk stratification and guid-
ance of therapy for AMI, with cTn as the reference standard biomarker. In fact, through cTn 
assessment, the majority of patients can be ruled out quickly in 1–2-h algorithms. Whether 
cTn is cardiac specific, accurately reflecting myocardial injury, it is otherwise well known 
that cTn may increase in several other clinical situations without overt cardiac disease 
involvement, and even following particular exercise sessions (thus sensitivity is not com-
pletely satisfactory). Moreover, it is clear that the early diagnosis of AMI is critical to maxi-
mally shorten the time of AMI treatment and save as much myocardium tissue at risk as 
possible. However, troponin blood levels are detectable in blood samples about 2–4 h after 
AMI onset, leaving a “troponin gap,” where the use of other biomarkers, which could fur-
ther benefit diagnosis, risk stratification, and prognosis, may be desired. Accordingly, the 
efforts to identify additive biomarkers improving AMI diagnosis and risk assessment are 
intense at present. Really, a number of emerging biomarkers have been proposed and are 
under evaluation to be translated into clinical practice, including biochemical biomarkers 
belonging to different underlying pathways and molecular biomarkers, some promising 
with diagnostic and/or prognostic utility, also in a multimarker approach view. Moreover, 
several challenges must be overcome before entering into a clinical workflow algorithm. 
Surely, the added value of each biomarker over conventional utilized tools must be carefully 
evaluated (none at present superior to cTn), as well as the development of standardized 
methods and quality control schemes, and an appropriate estimation of cost and test run 
time. Nonetheless, the efforts towards the identification of additive biomarkers have the 
potential to improve diagnosis and risk stratification and may be informative on underlying 
biological pathways contributing to improving knowledge of the onset and development of 
acute cardiac events as well as the management of patients in the clinical practice.
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Electrocardiogram in Ischemic Heart 
Disease

Andrea Rossi

1  Introduction

The feasibility of recording the cardiac electrical activity via the limbs and directly from the 
chest in intact animals and humans was demonstrated by Augustus Desiré Waller in 1887. 
Inspired by this discovery, Willem Einthoven, using a modified version of the galvanometer, 
obtained a device able to record an ECG from a human and published his findings between 1902 
and 1903 labelling the P, Q, R, S, and T waves of the ECG. The work by Einthoven and Sir 
Thomas Lewis, one of the first to use a commercially available string galvanometer from the 
Cambridge Scientific Instrument Company, led to the electrocardiographic description of sinus 
arrhythmia, heart block, atrial fibrillation, and hypertrophy. Einthoven also studied the spread 
of action potentials introducing the three standard limb leads and the concept of “Einthoven’s 
triangle,” father of vectorcardiography. In 1938, the American Heart Association recommended 
six positions for placement of electrodes named V1–V6, which were then adopted for routine 
use. Finally, in 1942, Goldberger using unipolar limb leads (first described by Wilson in 1931) 
produced augmented unipolar limb leads. These derivations were added to the standard limb 
leads and the unipolar chest leads to give the so-called standard 12-leads ECG.

2  ECG Findings During Acute Myocardial Ischemia

The electrocardiogram (ECG) remains a fundamental tool in the diagnosis of acute and 
chronic coronary artery syndromes. Typical findings depend on (1) the duration of the isch-
emic process (acute vs. chronic), (2) the extent of ischemia, (3) the topography, and (4) the 
presence of underlying arrhythmic conditions (masking or altering the classic ECG patterns).
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2.1  Repolarization Abnormalities (ST-T Wave)

Ischemia is defined as inadequate blood flow, which reduces oxygen delivery to tissue 
leading to hypoxia state and decrease in intracellular adenosine triphosphate (ATP) level 
[1]. This condition induces a K+ outflow and increases extracellular K+ levels, conse-
quently leading to a depolarized state of the cell. Furthermore, intracellular ATP reduction 
decreases the activity of the Na/K-ATPase pump, leading to extracellular accumulation of 
K+ and a loss of the electrogenic contribution of the pump to the membrane potential. This 
condition may contribute to depolarization.

During acute ischemia, myocardial ischemic cells present resting membrane potential 
reduction, shortening of action potential duration in the ischemic area, and upslope phase 
0 potential slowing and depression [2]. As for the depolarized state, Na channels respon-
sible for the “phase 0” of action potentials become inactivated inducing reduction of the 
phase 0 slope. In this condition, inward current derives from slow L-type Ca channels that 
become responsible for phase 0. Finally, ischemic depolarization also shortens the action 
potential duration, which may be related to the opening of K-ATP channels, leading to 
earlier phase 3 repolarization [1, 3, 4].

Ischemia can alter the ECG in several different ways. Changes in depolarization and 
repolarization lead to ST deviation and T wave alterations, changes in rate and rhythm, and 
conduction disturbances depending on the location of the ischemic region. Conduction 
blocks in the left or right branches lead to alteration of ventricular activation or prolonga-
tion of activation times and QRS duration. Localized altered conduction may also lead to 
the development of reentry circuits and tachyarrhythmias [5]. The earliest and typical 
ECG sign during acute cardiac ischemia is the deviation of the ST segment. This is the 
result of “current of injury” mechanism. Normally, healthy myocardial cells have the same 
potential at the early repolarization phase and ST segment is nearly isoelectric in the nor-
mal ECG. Cellular alterations induced by hypoxia and acidosis causing modification of 
the action potential determine a voltage gradient between normal and ischemic zones lead-
ing to a current flow. This current is represented by the ST-segment deviation on the sur-
face ECG. When acute ischemia is transmural, the resultant ST vector is usually shifted in 
the direction of the epicardial layers and ST elevation is associated sometimes with tall 
positive (hyperacute) T waves in the ischemic zones. As previously described by Harold 
E.B. Pardee in his original paper in 1920, upsloping convex ST elevation during acute 
phase of myocardial infarction is considered a typical electrocardiographic finding of the 
acute transmural ischemic process (Pardee’s sign) [6]. Reciprocal ST depression can 
appear in leads reflecting the contralateral surface of the heart (reciprocal ST depression 
can be often more apparent than primary ST elevation) [7, 8].

The amplitude of ST depression or elevation gives information about the severity of 
myocardial ischemia. Profound ST deviation in multiple leads indicates very severe isch-
emia. Conversely, prompt resolution of ST elevation following reperfusion strategy 
(thrombolytic therapy or primary angioplasty) is a specific marker of successful reperfu-
sion [9, 10].
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Ventricular ischemia can alter repolarization and produce T wave inversion. In the 
normal heart, the sequence of ventricular repolarization differs from depolarization 
leading to the explanation for why the T wave presents a different appearance with 
respect to QRS. T wave is normally upright in the left-sided leads (I, II, V3–V6) and 
has a longer duration than the QRS. The reason is that the last cells to depolarize are 
the first cells to repolarize. The last cells to depolarize are located in the subepicardial 
region of the upper left ventricular free wall. The subepicardial cells repolarize first 
because they have shorter action potential duration than subendocardial cells. Therefore, 
although an overlying electrode would record a positive QRS, the wave of repolariza-
tion normally travels away from the recording electrode leading to a positive deflection 
[11]. Finally, T wave is longer in duration than the QRS because the repolarization is 
longer than the depolarization phase. In effect, depolarization involves the high-speed 
Purkinje system to rapidly conduct action potentials throughout the ventricles, whereas 
the propagation of repolarization uses slower cell-to-cell conduction outside of 
Purkinje system.

During ischemic process, the action potential of the cell is shortened leading to early 
repolarization phase than normal. As the subendocardial layers are more susceptible to 
ischemia [12], these cells may repolarize before those in subepicardial regions. In this 
condition, the propagation of repolarization travels from the subendocardial to subepicar-
dial surface of the ventricle causing a negative deflection in the T wave recording by 
electrode overlying that region (Fig. 5). T wave inversion does not necessarily indicate 
myocardial ischemia but is often observed clinically during ischemic events.

2.2  Depolarization Abnormalities (QRS Changes)

Changes in depolarization propagation accompany ST-T abnormality during myocardial 
infarction. Necrosis of sufficient amount of myocardial tissue can reduce R wave or gener-
ate abnormal Q wave as result of the loss of relevant component of electromotive forces in 
infarcted area. Local conduction delays caused by acute ischemia could contribute some-
times to Q wave pathogenesis. The historical definition of “Q wave” or “non-Q wave” 
myocardial infarction (also deemed useful to estimate the severity and the extension of 
infarcted area) as differentiation between transmural and subendocardial ischemia has 
been overcome by the evidence that Q wave finding is not always related with transmural 
ischemia as reported in ECG-pathological correlative studies [13, 14]. Q waves are often 
found in normal ECGs. Abnormal Q waves suggesting a myocardial infarction, however, 
usually have a greater negative deflection and a longer duration (Fig. 1). The presence of 
any Q waves in leads V1 through V3 that are at least 30 ms in duration or Q waves in at 
least 2 contiguous leads in leads I, II, aVL, aVF, or V4 through V6 that are at least 1 mm 
in depth is considered to be worrisome for a myocardial infarction. Pathologic Q waves 
typically appear within the first 9 h of infarction, with a range of only a few minutes to 
24 h [15].
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a b

Fig. 1 (a) Pathologic Q waves indicative of past myocardial infarction. (b) Anterolateral 
ST-elevation myocardial infarction with Q waves in leads V1–V4. From: Nable JV, Brady W. The 
Evolution of electrocardiographic changes in ST-segment elevation myocardial infarction. American 
Journal of Emergency Medicine 2009;27:734–46

In case of posterior or lateral infarction, typically with concomitant Q waves, loss of 
depolarization forces in ischemic region may be associated with reciprocal R wave ampli-
tude increase in right precordial leads (V1–V3) [16]. Tall R waves in right precordial leads 
require differential diagnosis with particular conditions with prominent anterior electro-
motive forces (i.e., right ventricular hypertrophy, hypertrophic cardiomyopathy, Wolff- 
Parkinson- White preexcitation, Duchenne’s progressive muscular dystrophy).

2.3  Evolution of ECG Changes

During acute ischemia, findings of hyperacute T waves associated with ST elevation are 
followed by changes within a period ranging from hours to days evolving T wave inversion 
and sometimes Q waves in the same leads. Evolutionary T wave changes after acute myo-
cardial infarction are attributed to abnormal prolongation of ventricular action potential in 
the region adjacent to the necrotic area, so that the degree of prolonged repolarization may 
influence T wave voltage and polarity [17]. The T wave inversion can resolve after days or 
week or persist indefinitely. As previously reported, persistent negative T waves in leads 
with Q waves in advanced stages of myocardial infarction indicate the presence of a trans-
mural infarction with a thin fibrotic layer whereas positive T waves can be found in non-
transmural infarct containing viable myocardium within the layer [18] (Fig. 2).

In the days to weeks or longer following infarction, the QRS changes can persist or 
begin to resolve. Complete normalization of ECG after Q wave infarction is uncommon 
but can occur, especially in case of smaller infarcts and when the left ventricular ejection 
fraction and regional wall motion improve. This happens with good collateral circulation, 
spontaneous recanalization, or prompt revascularization and is a good prognostic sign 
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a

b

Fig. 2 (a) Infarct-related T wave inversion. Inverted T waves resulting from ischemia or infarction 
are symmetric in morphology with similar down- and upsloping limbs; a, minimally inverted T 
waves; b, deeply inverted T waves. (b) Infarct-related T wave inversion; “i” anterior T wave inver-
sion; “ii” anterolateral T wave inversion; “iii” anterolateral T wave deeply inverted; “iv” anterior 
biphasic T waves. From: Maeda S, Imai T, Kuboki K, et al. Pathologic Implications of Restored 
Positive T Waves and Persistent Negative T Waves after Q wave Myocardial Infarction. J Am Coll 
Cardiol;28:1514–8, 1996
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[19]. In case of persistence of Q waves and ST elevation several weeks after myocardial 
infarction, the yield of severe underlying wall motion disorder (akinetic or dyskinetic 
zones) is very high. The presence of an rSR’ or similar complex in the mid-left chest leads 
or in lead I is a specific marker of left ventricular aneurysm (“El-Sherif” sign) [20].

2.4  Other Ischemic Patterns

Reversible transmural ischemia caused by coronary vasospasm may induce transient ST 
elevation pattern (Prinzmetal variant angina) [21]. Depending on the duration and the 
severity of the underlying condition, the ST elevation can resolve completely within min-
utes or could be followed by T wave inversion that persists for hours or days with or 
without elevation of cardiac enzyme markers.

The baseline ECG is usually normal or can depict nonspecific ST changes, or flat or 
negative T wave in the leads showing ST elevation during attacks. The most frequent and 
typical ECG changes are related to repolarization as a consequence of progressive isch-
emia provoked by abrupt coronary spasm. In more than 50% of the cases, the first ECG 
change is a tall, symmetrical, and usually peaked T wave, which is accompanied by a mild 
increase in the QT interval (Fig. 3). These findings are followed by ST elevation typically 

a d

e

f

b

c

Fig. 3 Crisis of coronary spasm (Prinzmetal angina). (a) Control. (b) Initial pattern of a very tall T 
wave (subendocardial ischemia). (c) Huge pattern of ST elevation. (d–f) Resolution toward normal 
values. Total duration of the crisis was 2 min. From: Bayes de Luna A, Cygankiewicz I, Baranchuk 
A, et al. Prinzmetal Angina: ECG Changes and Clinical Considerations: a Consensus Paper. Ann 
Noninvasive Electrocardiol;19(5):442–443, 2014
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associated with angina periods. Due to the transient nature of the phenomenon, ECG find-
ings can be better appreciated with ECG Holter monitoring [22].

In case of the presence of T wave inversion in the baseline, normalization of the T 
waves can be found during episodes of acute myocardial ischemia (T wave pseudonormal-
ization) [23].

QT lengthening and increased QT dispersion may be present in Prinzmetal angina. QT 
dispersion was reported in patients who experienced cardiac arrest due to triggered ven-
tricular arrhythmias [24].

Transient intraventricular conduction disorders, especially right bundle branch block in 
case of proximal left anterior descending coronary artery spasm and hemiblocks, may 
exist but they are very rare. Pathologic Q waves appear occasionally, especially in case of 
preexisting occlusive coronary artery disease with acute coronary syndromes. However, in 
most cases, the Q waves are transient and do not represent permanent necrosis because of 
the brief period of myocardial ischemia.

2.5  Localization of Ischemia or Infarction

The ECG leads are helpful in localizing regions of transmural than subendocardial isch-
emia. 12-Leads ECG and modified leads can offer a topographic tool in recognizing the 
ischemic zones and the specific coronary vessels involved in the ischemic process (Fig. 4).

While ECG is limited by its inadequate representation of the posterior, lateral, and api-
cal walls of the left ventricle, culprit vessel occlusion recognition may be possible accord-
ing to ST elevation in specific ECG leads (Table 1).

ST elevation or hyperacute T waves are seen in one or more of the precordial leads (V1 
through V6); lead I with acute transmural anterior or anterolateral wall ischemia; leads V1–
V3 with anteroseptal ischemia; leads II, III, and aVF with inferior wall ischemia; right-sided 
precordial leads with right ventricular ischemia; and V7 through V9 (posterior leads) with 
posterior wall infarction (Fig. 11). Localization of ischemic area in non-ST- elevation acute 
coronary syndrome/non-ST-elevation myocardial infarction (NSTE-ACS/NSTEMI) is more 
difficult because leads with ST depression do not point exactly to the ischemic area. 
Therefore, it is commonly stated that ST depression (as well as T wave inversion) cannot be 
used to localize the ischemic area. In exception to this rule, “Wellens syndrome” is caused by 
proximal occlusion in the LAD and thus causes anterior wall ischemia [25] (Figs. 5 and 6).

In patients with inferior wall myocardial infarction, the presence of ST-segment elevation 
in lead III exceeding lead II associated with ST elevation in V1 may be a useful predictor of 
an occlusion in the proximal right coronary artery. Right-sided ST elevation is indicative of 
acute right ventricular injury and usually correlates with occlusion of the proximal right 
coronary artery (Fig. 7). Not uncommonly, ECG can show characteristic findings of acute 
myocardial ischemia in leads pointing different regions. Inferior lead ST elevation associated 
with acute anterior wall infarction suggests occlusion of a left anterior descending coronary 
artery that extends onto the inferior wall of the left ventricle (“wraparound” vessel).

Electrocardiogram in Ischemic Heart Disease



178

Aorta

RCA

LMCA

LAD
LCx

OB1

OB2

OB3

LPD
D1

R. nodi sinuatrialis
(to SA node)

R. coni arteriosi

R. marginalis dx
(to right ventricle)

To AV node

Se
pta

ls

R. atrialis
(to atrium)

V6R

V5R

V4R
V3R V1

PDA

III

aVF

-aVR

II

V2
V3

V9
V8

aVL

V7

V6

V5

V4

I

D2

Distal LAD

Fig. 4 Topographic representation of the heart and coronary vessel distribution according to ECG 
leads. RCA (right coronary artery), PDA (posterior descending artery), LMCA (left main coronary 
artery), LAD (left anterior descending artery), D (diagonal branches (D1, D2)), Septals (septal 
branches), LCx (left circumflex artery), OB (obtuse marginals (OB1, OB2, OB3)), LPD (left poste-
rior descending artery), V3R through V6R (right-sided leads), V7 through V9 (posterior leads)

Table 1 Localization of ischemic area in ST-segment elevation myocardial infarction. LAD (left ante-
rior descending coronary artery), LCx (left circumflex coronary artery), RCA (right coronary artery)

Leads with ST-segment elevation Affected myocardial area
Occluded coronary 
artery (culprit)

V1–V2 Septal Proximal LAD
V3–V4 Anterior LAD
V5–V6 Apical Distal LAD
I, aVL Lateral LCx
II, aVL, III Lateral 90% RCA, 10% LCx
V7, V8, V9 (reciprocal ST depression is 
frequently evident in V1–V3)

Posterolateral (also referred to 
as inferobasal or posterior)

RCA or LCx
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Fig. 5 Localization of infarct area according to the topographic distribution of coronary vessels. 
From the left: lateral infarction (brown area), septal infarction (blue area), anterior-apical infarction 
(purple area), inferior infarction (green area)

a b c

Fig. 6 “Wellens syndrome.” Tracing recorded on the same patient. (a) ECG recorded on admission. 
(b) ECG recorded 23 h later. The patient was without chest pain in the interval between tracings a 
and b. During tracing b, the patient experienced transient chest pain. c: Tracing captured hours after. 
The patient died from a massive anterior myocardial infarction. Note huge T wave inversion in pre-
cordial leads V1 through V4 in tracing B followed by hyperacute T waves in V2–V3 (c), typical sign 
of pre-infarction stage. From: De Zwaan C, Bar FHM, Wellens HJJ. Characteristic electrocardio-
graphic pattern indicating a critical stenosis high in left anterior descending coronary artery in 
patients admitted because of impeding myocardial infarction. Am Heart J;103:730. 1982
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Fig. 7 Right ventricular myocardial infarction. ST elevation of >1 mm in lead V4R with upright T 
wave in that lead typically found in the acute stage of right ventricular infarction. From: Rafla S, 
Kamal A. Localization of the occluded vessel in acute myocardial infarction. J Cardiol Cardiovasc 
Med. 2020; 5: 029–033

2.6  Conduction System Disease in the Setting 
of Myocardial Infarction

Disturbances of cardiac rhythm and conduction are a frequent component of the usual 
course of myocardial infarction, making knowledge of the cardiac conduction system and 
its blood supply essential [26] (Fig. 8).

2.6.1  Anteroseptal Myocardial Infarction
Neither the sinus node nor the AV (atrioventricular) node (and His bundle) is normally 
supplied by the anterior descending artery, and atrial arrhythmias or AV block is virtually 
never the consequence of occlusion in this vessel alone. If an atrial arrhythmia or AV block 
occurs during anteroseptal infarction, there is always associated disease in either the left 
circumflex or the right coronary artery. During anteroseptal infarction, typical pathologi-
cal ECG signs are often accompanied by right bundle branch block (RBBB). RBBB 
mainly affects the terminal portion of the QRS complex, resulting in a second R-wave (R’) 
in V1–V3 and a broad and deep S wave in V5–V6. RBBB also causes secondary ST-T 
changes in leads V1–V3, but these forces are not strong enough to mask ischemic ST-T 
changes arising from the left ventricle. The classical ECG changes (and ECG criteria) used 
for acute myocardial infarction diagnosis can be applied also in the presence of RBBB. It 
is interesting to note that RBBB is often accompanied by a fascicular block indicating 
concomitant anterior fascicle damage. The typical association between RBBB and left 
anterior hemiblock happens because the left posterior fascicle receives dual blood supply 
but both right bundle and left anterior fascicle receive same blood supply.

2.6.2  Lateral Infarcts
Lateral infarct is nearly always due to occlusion of the circumflex artery (LCx), but signifi-
cant anatomic variations of this vessel are frequent. In 10% of the human hearts, left cir-
cumflex artery crosses the crux and supplies all the diaphragmatic surface of the left 
ventricle (in 90% of the cases, right coronary artery crosses the crux cordis and supplies 
the diaphragmatic wall of the left ventricle).
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Fig. 8 Diagrammatic 
representation of the 
conduction system and its 
blood supply. 
Abbreviation: Ant. div. 
anterior division; AVN 
atrioventricular node; 
LAD left anterior 
descending artery; LBB 
left bundle branch; LCx 
left circumflex artery; 
PDA posterior 
descending artery; Post. 
div. posterior division; 
RBB right bundle branch; 
SAN sinoatrial node

LCx often supplies the AV node and the His bundle. The occurrence of AV block during 
lateral infarction indicates a long LCx or a concomitant involvement of the right coronary 
artery disease. In about 45% of the cases, LCx supplies the sinoatrial node. The occurrence of 
atrial arrhythmia during acute lateral infarction suggests that the occlusion of the LCx is very 
near the origin of the vessel (the branch to sinoatrial node originates proximally from the LCx).

2.6.3  Posterior Infarcts
Right coronary artery (RCA) occlusion happens in 90% of the cases. These infarcts are 
inevitably associated with ischemia of the AV node and His bundle, including the cholin-
ergic nerves and ganglia present there [26]. Furthermore, in 55% of human hearts, proxi-
mal RCA supplies sinoatrial node. Both neuroreflexes and arrhythmias and conduction 
disturbances are frequently associated with acute inferior infarcts inducing sudden 
arrhythmic death especially in the acute stage.

2.7  ECG Diagnosis of Myocardial Infarction in the Presence 
of Bundle Branch Blocks

The presence of bundle branch blocks (BBBs) makes diagnosis of acute myocardial isch-
emia more difficult. Moreover, the presence of BBB pattern develops as a complication of 
the infarct. A new BBB in a patient with chest discomfort is strongly suggestive of ongo-
ing ischemia.

The right bundle branch block (RBBB) mainly affects the terminal portion of the QRS 
complex, resulting in a second R-wave (namely R’) in V1–V3 and a broad and deep S 
wave in V5–V6. Given that the RBBB only affects the depolarization of the right ventricle, 
the left ventricle will be depolarized and consequently typical criteria for the diagnosis of 
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infarct (pathological Q waves) will be applied in the presence of RBBB. The RBBB also 
causes secondary ST-T changes in leads V1 through V3, but these forces are not strong 
enough to mask ischemic ST-T changes arising from left ventricle. In conclusion, the clas-
sical diagnostic ECG changes and ECG criteria can be used in the presence of RBBB.

The diagnosis of ischemia/infarction in the presence of left bundle branch block 
(LBBB) is more complicated and confusing because LBBB alters the early and the late 
depolarization phase of the left ventricle. Secondary ST-T changes provoked by LBBB 
may imitate and/or mask ischemia. In uncomplicated LBBB, the ventricles are activated 
sequentially (right ventricle depolarizes before the left ventricle). The normal direction of 
septal depolarization is reversed (from right to left) and forces spread first to the right 
ventricle through the right bundle branch and then to the left ventricle via slow activation 
of the septum. This activation extends the duration of QRS (≥120 ms) and eliminates the 
normal initial septal Q waves in the lateral leads. The overall direction of depolarization 
produces monophasic wide R waves in the lateral leads (I, V5–V6) and concomitant rS or 
QS waves from V1 through V3. In normal uncomplicated LBBB, the ST-segment and T 
wave vectors are opposite to the greater deflection of the QRS: positive from V1 to V3 and 
negative in lateral leads.

In normal LBBB setting, overall vector forces are directed posteriorly and to the left 
within the range from −90° to −40°. On the horizontal plane, maximal vector of the QRS 
is located in the left posterior quadrant (−40° and −80°) with increased magnitude (2 mV); 
main portions of QRS loop have a clockwise rotation. On a vectorcardiographic analysis, 
T wave loop is directed rightward and anteriorly with counterclockwise rotation (this is 
why T wave is typically positive in right precordial leads and diphasic in V4 through V6). 
On the frontal plane, overall vector is directed usually between +30° and −30°; T wave 
loops are opposite to the QRS with counterclockwise rotation.

Given the normal features in uncomplicated LBBB, some ECG signs can be used to 
diagnose myocardial ischemia. ST elevations in lateral leads or ST depressions or deep T 
wave inversions in leads V1 to V3 strongly suggest underlying ischemia. More pronounced 
ST elevation (≥0.5 mV) in leads with QS or rS waves may also be due to acute ischemia. 
As described by Sgarbossa et al. [27], the presence of specific ECG features (Sgarbossa 
criteria) is strictly associated with the diagnosis of myocardial infarction in LBBB pattern:

 1. Concordant ST elevation > 1 mm in leads with a positive QRS complex
 2. Concordant ST depression > 1 mm in V1–V3
 3. Excessively discordant ST elevation > 5 mm in leads with a negative QRS complex

2.8  ECG Differential Diagnosis of Ischemia and Infarction

2.8.1  ST-Segment Elevation
The diagnosis of acute myocardial infarction with ST elevation (STEMI) should be made 
by a 12-leads ECG. The presence of ST-segment elevation (STE) in a patient with acute 
chest pain should be considered as STEMI. If uncertainty about diagnosis exists, repetitive 
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Table 2 Differential diagnosis of ST-segment elevation

Myocardial Ischemia/Infarction
   Non-infarction transmural ischemia (Prinzmetal angina)
   Acute myocardial infarction
   Ventricular aneurysm pattern
Acute Pericarditis
Normal variant (“early repolarization pattern”)
Left ventricular hypertrophy/LBBB pattern (in V1–V2 or V3 only)
Other rare pathological conditions
   Myocardial trauma
   Acute myocarditis
   Cardiac tumors invading the left ventricle
   Hypothermia
   Post-electrical cardioversion pattern
   Intracranial hemorrhage
   Hyperkalemia (usually V1–V2)
   Channelopathies (Brugada’s pattern)
   Hypercalcemia

ECG recordings and echocardiographic and additional laboratory information can be 
included in order not to add delay in reperfusion strategy. The differential diagnosis of ST 
elevation includes some pathological situations listed in Table 2.

During acute diffuse inflammatory process affecting pericardial sac or myocardial 
muscle (acute pericarditis/myocarditis), the current of injury sign may be recognized with-
out correspondence to a specific coronary territory. STE will be present in most leads (not 
in aVR and V1 where ST-segment depression can be seen due to its distant and opposite 
position of the normal heart axis). STE in acute pericarditis/myocarditis has mainly a 
concave morphology and unaltered R wave amplitude. Often, PR segment depression can 
be typically seen as the inflammatory process involves the atria [28].

2.8.2  T Wave Inversion
When caused by physiological variants, T wave inversion is sometimes mistaken for isch-
emia. T wave inversion in V1 through V2 may be inverted normally at any age, and it is 
sometimes normally negative. T waves can be negative in leads aVR, V1, and III in sub-
jects without cardiac diseases. Diagnostic approach should be tailored according to the 
clinical presentation and medical and family history [29]. Differential diagnosis of promi-
nent T wave inversion is listed in Table 3.

When the presence of T wave inversion represents a pathological finding, we define 
primary T wave inversion when abnormalities are due to alteration in myocardial cellular 
electrophysiology (ischemia or injury). Primary T wave changes are caused by alteration 
in duration and morphology of ventricular action potentials without changes in cardiac 
conduction sequence. Ischemia, drug effect, and metabolic disorders can be included. 
Primary T wave inversion is described sometimes in acute cerebrovascular accidents, par-
ticularly in case of stroke or subarachnoid hemorrhage (“cerebral T waves”); it is known 
that acute cerebrovascular accidents can drive alterations in the autonomic nervous system 

Electrocardiogram in Ischemic Heart Disease



184

Table 3 Differential diagnosis of prominent T wave inversion

Normal variants
   Juvenile T wave pattern
   Early repolarization
Myocardial ischemia/infarction
Cerebrovascular accident (especially intracranial bleeds)
Left or right overload ECG patterns
   “Strain” pattern
   Cardiomyopathies
Post-tachycardia T wave pattern
Secondary T wave alterations: bundle branch blocks, Wolff-Parkinson-White patterns
“Memory” T waves
   Intermittent left bundle branch block
   Preexcitation
   Ventricular pacing
Electroconvulsive therapy

involving changes in cardiac cellular action potentials inducing often conduction distur-
bances and mechanical ventricular dysfunction [30].

Secondary T wave inversion refers to a presence of alterations depending on the 
sequence of ventricular activation without changes of action potential characteristics. 
Examples include bundle branch block, preexcitation syndromes, and paced rhythms. The 
term “memory T wave changes” has been used to describe repolarization changes induced 
by depolarization changes caused by intermittent preexcitation, left bundle branch block, 
and paced beats.

3  Cardiac Arrhythmias in the Setting of Ischemic Heart Disease

Coronary artery disease (CAD) represents the leading cause of death in the industrialized 
world. Many of these deaths are attributed to the development of ventricular tachyarrhyth-
mias during periods of myocardial ischemia or infarction. Myocardial ischemia is charac-
terized by ionic and biochemical alterations, creating an unstable electrical substrate 
capable of initiating and sustaining arrhythmias. The infarct process creates areas of elec-
trical inactivity and blocks conduction, which also promotes arrhythmogenesis [31]. 
During acute myocardial ischemia, several biochemical and metabolic changes alter 
inward and outward transmembrane ionic current fluxes, causing profound alterations of 
the resting membrane and action potential characteristics of the myocyte. These changes 
induce slow conduction, decreased excitability, shortening of action potential duration, 
refractoriness dishomogeneity, dispersion of repolarization, and abnormal automaticity. 
These factors represent electrophysiological triggers and anatomic substrate necessary to 
induce arrhythmias (Fig. 9).
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Fig. 9 Mechanisms of ischemia-induced arrhythmogenesis. CAMP cyclic adenosine monophosphate

3.1  Supraventricular Arrhythmias

3.1.1  Sinus Bradycardia
Sinus bradycardia (<60 beats/min) is common, occurring in 25–40% of patients with the 
first hour of a myocardial infarction. It is more common with inferior wall myocardial 
infarction and is often due to hypervagotonia induced by stimulation of vagal afferent 
receptors (more commonly represented in the infero-posterior than the anterior and lateral 
portions of the left ventricle) with resulting efferent cholinergic stimulation of the heart. 
This is a manifestation of the Bezold-Jarisch reflex [32] that is mediated by the vagus 
nerves and occurs during reperfusion, particularly of the right coronary artery [33].

3.1.2  Sinus Tachycardia
This arrhythmia is typically associated with augmented sympathetic activity and may pro-
voke transient hypertension or hypotension. Contributing factors are anxiety, persistent 
thoracic pain, fever, pericarditis, hypovolemia, pulmonary embolism, and drugs. Sinus 
tachycardia is frequently associated with large anterior infarction especially with left ven-
tricular dysfunction. It is an unfavorable rhythm in patients with acute myocardial infarc-
tion because of augmented oxygen consumption induction and reduction in the time 
available for coronary perfusion, intensifying myocardial ischemic process.
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3.1.3  Atrial Tachyarrhythmias
The incidence of atrial tachyarrhythmias during the peri-infarction period is estimated at 
10–20%, with atrial fibrillation as the commonest occurring in 10–15% of cases. Atrial 
flutter occurs in less than 5% of cases [34]. These arrhythmias usually occur within 72 h 
of the index infarction with less than 3% arising in the very early phase (<3 h) [35]. Atrial 
fibrillation has been shown to be independently associated with in-hospital and long-term 
mortality, reinfarction rates, ventricular arrhythmias, conduction disturbances, asystole, 
cardiogenic shock, and ischemic strokes [36, 37]. Contributing factors to peri-infarction 
atrial fibrillation development are atrial infarction/ischemia, sinus node dysfunction, older 
age, metabolic abnormalities, pericarditis, pericardial effusion, right ventricular infarc-
tion, congestive heart failure, increased heart rate, diabetes, history of hypertension, and 
iatrogenic factors.

3.2  Ventricular Arrhythmias

The knowledge of the mechanisms of ventricular arrhythmias (VAs) in acute myocardial 
ischemia and infarction derives from animal studies. The acute phase includes a very early 
period (2–10 min from artery occlusion) in which the pathophysiology is most likely to be 
related to alterations in cellular electrophysiology and reentrant mechanisms. In the period 
between 10 and 30 min from the beginning of ischemic process, principal mechanisms 
seem to be related to local accumulation of catecholamines and increased automaticity 
[38]. The late phase of VAs occurs up to 72 h after coronary artery occlusion and may be 
caused by abnormal automaticity within surviving Purkinje fibers, triggered activity from 
surviving cells, or ischemic myocardium. Chronic-phase VAs develop after 72 h and usu-
ally depend on reentry mechanisms.

3.2.1  Premature Ventricular Complexes (PVCs)
PVCs commonly develop during ischemic period. Some studies report an incidence of 
10–93% of PVCs in the acute phase of infarction [39]. Their presence in late postinfarc-
tion phase (usually >10 per hour) represents a strong predictor of all-cause and arrhythmic 
mortality [40].

3.2.2  Accelerated Idioventricular Rhythm
This is a ventricular rhythm with a rate of 60–125 beats/min and is frequently called “slow 
ventricular tachycardia” (Fig. 10) presenting in 20% of patients with acute myocardial 
infarction, probably caused by enhanced automaticity of Purkinje fibers. Accelerated idio-
ventricular rhythm is commonly seen early after reperfusion therapy.

3.2.3  Ventricular Tachycardia (VT)
VT is conventionally described according to its temporal and morphological presentation. 
Nonsustained ventricular tachycardia (NSVT) is usually defined as three or more consecu-
tive ventricular beats at a rate > 100 beats/min and lasting for <30 s. Sustained ventricular 
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Fig. 10 Accelerated idioventricular rhythm

Fig. 11 Polymorphic VT. Note the frequent changes in QRS complex morphology

tachycardia (SVT) refers to ventricular rhythm at a rate > 100 beats/min lasting for more 
than 30 s or causing hemodynamic compromise that requires intervention. VT is described 
as “monomorphic” if the QRS complexes have one morphology, “multiple monomorphic” 
if there are two or more runs of different QRS morphologies, and “polymorphic” if the 
QRS morphology is variable during one episode [41] (Fig. 11).

Peri-infarction VT has an incidence of 0.3–2%. It is associated with a higher in-hospital 
mortality but is not considered to be a prognostic factor among hospital survivors [42]. 
The occurrence of SVT in peri-infarction period is uncommon and usually an indicator of 
extensive myocardial damage or recurrent ischemia [43].

3.2.4  Ventricular Fibrillation (VF)
VF is characterized by rapid, disorganized, multiple reentrant wavelets in the ventricle 
resulting in no uniform ventricular contraction and no cardiac output. Untreated, this 
arrhythmia is lethal and it is the main mechanism of sudden cardiac death. It has been 
reported to occur in 3% of acute myocardial infarction with 60% of episodes occurring 
within 4 h and 80% within 12 h [44].
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1  Principles of Exercise Testing

Exercise testing has been used as a provocative test in patients with known or suspected 
cardiovascular disease since decades. Although recent recommendations have reappraised 
the utility of exercise testing in ischemic heart disease, it is still used for diagnostic pur-
poses in patients with chest pain syndromes or potential anginal equivalents, to predict 
cardiovascular events and all-cause death, to evaluate exercise-related symptoms, and to 
assess response to interventions.

Aerobic exercise up to maximal individual tolerance is the most commonly used 
stress to unmask cardiovascular abnormalities that can be absent at rest. The increased 
metabolic demand following exercise initiation elicits cardiovascular responses char-
acterized by a rise in cardiac output following augmentation in stroke volume and, 
especially at moderate to high intensity, in heart rate. As the exercise intensity pro-
gresses toward a maximum level, sympathetic discharge becomes maximal and para-
sympathetic stimulation is inhibited, resulting in vasoconstriction in most circulatory 
body systems, except in exercising muscle and in the cerebral and coronary circula-
tions, and skeletal muscle blood flow and oxygen extraction increase. Maximal oxy-
gen uptake (V  o2max) corresponds to the product of maximum cardiac output and 
maximum arteriovenous oxygen difference. While systolic blood pressure increases 
with exercise, diastolic pressure remains unchanged or slightly decreases in healthy 
subjects.

Myocardial metabolic demand, mainly determined by intramyocardial wall stress, con-
tractility, and heart rate, is also increased by exercise, which can elicit up to a fivefold 
increase in coronary blood flow above resting values. In patients with obstructive coronary 
artery disease (CAD), an adequate coronary blood flow may not be provided to the affected 
myocardial tissue, leading to myocardial ischemia.

2  Clinical Indications to Exercise Testing

Latest European guidelines on chronic coronary syndromes suggest a stepwise approach 
to the assessment of patients with suspected CAD [1]. The first steps are the evaluation of 
signs and symptoms, investigation on comorbidities and possible alternative causes of 
symptoms, basic testing with biochemistry, resting electrocardiogram (ECG), echocar-
diography, assessment of pretest probability, and clinical likelihood of CAD based on age, 
sex, and nature of symptoms. In patients in whom CAD cannot be excluded by clinical 
assessment alone, noninvasive diagnostic tests, either functional imaging of ischemia or 
anatomical imaging, are recommended to establish the diagnosis and assess the event risk. 
ECG changes can be detected during a conventional exercise testing or, as discussed later 
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Table 1 Summary of characteristics of the most commonly used exercise test for the detection of 
coronary artery disease. ECG electrocardiogram. See text for references

Test
Sensitivity 
(%)

Specificity 
(%) Advantages Limitations

Exercise stress 
testing

68 77 Wide availability, 
limited costs

Limited diagnostic 
accuracy, especially in 
patients with abnormal 
resting ECG and previous 
coronary 
revascularization

Stress 
echocardiography

79 87 Assessment or 
regional wall motion 
abnormalities, as well 
as of valves. Does 
not require radiations

Dependent on quality of 
images and on operator

Exercise single 
photon emission 
computed 
tomography

85 85 Evaluation of 
regional perfusion, 
prognostic 
assessment

Cannot assess valves, 
affected by heart rhythm, 
requires radiations

in this chapter, can be combined with echocardiography or nuclear imaging (e.g., with 
single photon emission computed tomography - SPECT) to detect wall motion abnormali-
ties or perfusion defects.

Exercise ECG has limited diagnostic performance and is less powerful for the ruling-in 
and ruling-out of CAD, compared to imaging tests [2]. As some randomized clinical trials 
have demonstrated that imaging tests (either functional or anatomical) have superior diag-
nostic yield [3, 4], allow the targeting of therapeutic intervention (such as coronary revas-
cularization), and potentially reduce the risk of myocardial infarction, they should be 
preferred as the initial test in patients with suspected CAD [1]. Table 1 summarizes the 
characteristics of the most commonly used exercise tests for the detection of 
CAD. Nonetheless, exercise ECG may be considered when imaging tests are not available, 
or when information about exercise tolerance, arrhythmias, and blood pressure response 
is sought.

Importantly, some characteristics of resting ECG further limit the diagnostic value of 
exercise ECG for the detection of CAD, such as the presence of left bundle branch block, 
paced rhythm, or repolarization abnormalities [5–7]. Alternative tests should therefore be 
preferred in these settings. Moreover, some patient characteristics and clinical conditions, 
especially recent acute cardiovascular events, may represent absolute and relative contra-
indication to exercise testing, as summarized in Table 2 [5, 6].
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Table 2 Absolute and relative contraindication to exercise testing

Absolute Relative
Acute myocardial infarction (within 
2 days)

Known obstructive left main coronary artery stenosis

Ongoing unstable angina Moderate-to-severe aortic stenosis
Uncontrolled arrhythmia with 
hemodynamic compromise

Tachyarrhythmias with uncontrolled ventricular rates

Active endocarditis Acquired advanced or complete heart block
Symptomatic severe aortic stenosis Hypertrophic obstructive cardiomyopathy with severe 

resting gradient
Decompensated heart failure Recent stroke or transient ischemic attack
Acute pulmonary embolism, pulmonary 
infarction, or deep vein thrombosis

Mental impairment with impaired ability to cooperate

Acute myocarditis or pericarditis Resting hypertension (systolic/diastolic blood 
pressure > 200/110 mmHg)

Acute aortic dissection Uncorrected significant medical conditions (e.g., 
anemia, electrolyte imbalance, hyperthyroidism)

3  Setup and Performance of Exercise Testing

Whether it is associated with ECG monitoring only or it is complemented by an imaging 
technique, the setting up and performance of exercise testing are similar. Preparation to the 
exam should follow the following steps [5, 8]:

 – Indications to the test should be clarified.
 – Patient should be fasting for at least 3 h before the test and should dress comfortably.
 – Although no formal recommendation exists on the management of background medi-

cations, when ischemia is searched, especially in patients without a known history of 
ischemic heart disease, some drug classes (in particular beta-blockers) may be sus-
pended, as they can reduce blood pressure and heart rate response and further limit the 
diagnostic accuracy of the test.

 – A brief history and physical examination should be routinely taken, in order to exclude 
absolute or relative contraindications to the test.

 – A resting supine ECG should be recorded before exercise to be initiated.
 – Informed consent should be systematically obtained before the test.

Although some differences exist in relation to the dynamics of exercise consumption 
and in muscular groups involved, both treadmill and cycle ergometers are universally 
accepted as exercise equipment and are the most commonly used dynamic exercise testing 
devices [5, 6].

Exercise protocols generally include an initial warm-up at low workload, followed by 
an increasing graded exercise at higher workload up to the individual maximal functional 
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Table 3 Absolute and relative indication to exercise termination

Absolute Relative
Central nervous system symptoms 
(e.g., ataxia, dizziness, near syncope)

Other arrhythmias (such as frequent/repetitive premature 
ventricular beats, supraventricular tachycardia, 
bradyarrhythmias) potentially evolving into more 
relevant rhythm disorders

Decrease in systolic blood 
pressure > 10 mmHg with other signs 
of ischemia

Bundle branch block that cannot immediately be 
distinguished from ventricular tachycardia

Sustained ventricular tachycardia or 
other brady/tachyarrhythmia 
potentially affecting cardiac output

Decrease in systolic blood pressure > 10 mmHg without 
other signs of ischemia

ST-segment elevation (>1.0 mm) in 
leads without preexisting Q waves 
(other than aVR, aVL, and V1)

Marked hypertensive response (systolic blood 
pressure > 250 mm Hg and/or diastolic blood 
pressure > 115 mm Hg)

Signs of peripheral hypoperfusion Marked ST-segment displacement (horizontal or 
downsloping >2 mm, measured 60–80 ms after the J 
point)

Technical difficulties in ECG 
monitoring
Increasing/severe angina
Willingness of the patient

capacity, and a low/no workload recovery period [5]. The Bruce protocol, consisting of 3 
steps at increasing speed and slope, is the most commonly used with treadmill. Conversely, 
steps with increasing workload of 25 W every 1–3 min are frequently used with cycle 
ergometry. The test should be performed under the supervision of an experienced physi-
cian and should be symptom limited (usually conducted up to maximum exercise toler-
ance). The test may be interrupted earlier when absolute or relative indications to exercise 
termination appear (listed in Table 3) [5, 8].

4  Interpretation of Exercise Testing in Patients with Suspected 
Ischemic Heart Disease

ST-segment depression is the traditional manifestation of exercise-induced myocardial 
ischemia [9, 10]. The standard criteria for test positivity include horizontal or downsloping 
ST depression ≥1 mm (0.1 mV) assessed at 60–80 ms after the J point (Fig. 1). Still, a 
marked upsloping ST depression may also be associated with underlying coronary artery 
disease in high-risk subsets and in patients with angina [11]. Characteristics of ST dis-
placement associated with the probability and severity of disease are the extent, workload, 
and number of leads where ST displacement appears and should therefore be all consid-
ered. Occasionally, ST-segment elevation may occur during exercise in leads where 
postinfarction Q waves are present, possibly accounting for perinecrotic ischemia. When 
ST elevation occurs in patients without signs of myocardial infarction, it should be 
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a b c

Fig. 1 Exercise electrocardiogram. ECG recording at baseline (panel a), at peak exercise (150 W, 
panel b), and during recovery (5′, panel c) in a patient with angina and angiographic documentation 
of stenosis >75% of right coronary artery. Panel b shows marked ST-segment depression in D2–D3–
aVF and V3–V6 leads at peak exercise; marked ventricular repolarization abnormalities in precor-
dial leads

regarded as an index of severe (both subendocardial and subepicardial) ischemia [12] or as 
a sign of coronary artery spasm [13]. Moreover, normalization of repolarization abnor-
malities present at rest, such as T wave inversion or ST depression, may also indicate the 
presence of myocardial ischemia.

Tachyarrhythmia, in particular either isolated or repetitive premature ventricular beats 
[14], and less frequently bradyarrhythmias, such as advanced atrioventricular block, can 
be suggestive of underlying myocardial ischemia, irrespective of ST-segment 
displacement.

Each of the aforementioned abnormalities should be regarded with more attention 
when it is associated with exercise-induced angina, especially when symptoms occur at 
low workload.

Further to diagnostic information, exercise testing is also of clinical utility for risk 
stratification purposes [7]. Exercise capacity itself holds prognostic relevance, as it 
can predict all-cause death [15, 16]. With regard to ischemic heart disease, the lower 
the workload and rate–pressure product at which ST depression occurs, the worse the 
prognosis [17]. Further, ventricular ectopy in the recovery period can also be an inde-
pendent predictive marker for death [14, 18]. In the early 1990s, the Duke treadmill 
score was developed, based on a weighted combination of exercise duration, 
ST-segment depression, and presence and nature of angina during testing, as a tool for 
death prediction [19].
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5  Exercise Echocardiography and Nuclear Medicine

SE provides a dynamic evaluation of myocardial structure and function by the combina-
tion of 2D echocardiography with a physical, pharmacological, or electrical stress [20]. 
The diagnostic endpoint for the detection of myocardial ischemia is the appearance of a 
transient change in regional function during stress. The underlying pathophysiological 
mechanism is the reduction of CFR due to an imbalance between oxygen demand and 
supply that usually results in the typical ischemic “cascade”, which is a chain of events 
hierarchically ranked in a well-defined time sequence [21]. Flow heterogeneity, especially 
between the subendocardial and subepicardial perfusion, is the forerunner of ischemia, 
followed by metabolic changes, by alteration in regional mechanical function, and only at 
a later stage by electrocardiographic changes and pain. Regardless of the stress used and 
the morphological substrate, ischemia propagates centrifugally with respect to the ven-
tricular cavity: it involves primarily the subendocardial layer, whereas the subepicardial 
layer is affected only in a subsequent phase if the ischemia persists, as extravascular pres-
sure is higher in the subendocardial than in the subepicardial layer with a higher metabolic 
demand and an increased resistance to flow. CFR can be reduced in the presence of CAD, 
but also in other conditions such as microvascular disease (e.g., in syndrome X) or LV 
hypertrophy (e.g., arterial hypertension). In this condition, angina with ST-segment 
depression can occur with regional perfusion changes, typically in the absence of any 
regional wall motion abnormalities during stress.

For assessment of regional myocardial function, either the 16- or the 17-segment model 
of the LV may be used [22]. In clinical practice in which RWM and thickening are assessed, 
the 16-segment model is commonly used. The 17-segment model, which includes the api-
cal cap, an area beyond the LV cavity, is recommended if myocardial perfusion is evalu-
ated or if echocardiography is compared with another imaging modality [22]. The function 
of each segment is graded at rest and with stress according to a 5-point scoring system. 
Scores are as follows: normal or hyperkinesis =1 (systolic increase in thickness > 50%), 
hypokinesis =2 (<40%), severe hypokinesis or akinesis =3 (<10%), dyskinesis (paradoxi-
cal systolic motion away from the center of the LV) =4, and aneurysmal (diastolic defor-
mation) =5. The WMSI can be calculated by dividing the sum of the scores of individual 
segments by the number of segments visualized. However, a resting akinesia becoming 
dyskinesia during stress reflects purely passive phenomenon of increased intraventricular 
pressure developed by normally contracting walls and should not be considered a true 
active ischemia [20].

The most frequently used stressors for echocardiographic are exercise, dobutamine, 
and dipyridamole. Exercise echocardiography can be performed using either a treadmill or 
a bicycle protocol and provide information on exercise capacity, heart rate response, 
rhythm, and blood pressure trend; all these changes are analyzed together with wall motion 
analysis and become part of the final interpretation [23]. ESC Guidelines on stable CAD 
have posed a new emphasis on the clinical utility of SE [24]; in a meta- analysis of 55 stud-
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ies with 3714 patients, exercise, dobutamine, dipyridamole, and adenosine echocardiogra-
phy showed a sensitivity of 83, 81, 72, and 79%, respectively, and a specificity of 84, 84, 
95, and 91%, respectively [25]. When compared to standard exercise electrocardiography, 
stress echocardiography has a particularly relevant advantage in terms of specificity [26]. 
Compared to nuclear perfusion imaging, SE at least has similar accuracy, with a moderate 
sensitivity gap that is more than balanced by a markedly higher specificity [25]. Current 
indications for stress echocardiography include [27]:

 (a) CAD diagnosis
 (b) Prognosis and risk stratification in patients with established diagnosis (e.g., after myo-

cardial infarction)
 (c) Preoperative risk assessment
 (d) Evaluation for cardiac etiology of exertional dyspnea
 (e) Evaluation after revascularization
 (f) Ischemia localization in patients with multivessel disease
 (g) Viability assessment

As a rule, the less informative the exercise ECG test is, the stricter the indication for 
stress echocardiography will be. Out of five patients, one is unable to exercise, one exer-
cises submaximally, and one exercises maximally but the ECG is uninterpretable.

Indications in the individual patient can be optimized, after careful consideration of 
relative and absolute contraindications for each test. For instance, a patient with severe 
hypertension and/or atrial or ventricular arrhythmias can more reasonably undergo dipyri-
damole stress test, which, unlike dobutamine, has no arrhythmogenic or hypertensive 
effect. In contrast, a patient with severe conduction disturbances or advanced asthmatic 
disease should undergo the dobutamine stress test, since adenosine has a negative chrono-
tropic and dromotropic effect, as well as a documented bronchoconstrictor activity. 
Patients either taking xanthine medication or under the effect of caffeine contained in 
drinks (tea, coffee, cola) should undergo the dobutamine test. Both dipyridamole and 
dobutamine have overall good tolerance and feasibility. The choice of one test over the 
other depends on patient characteristics, local drug cost, and physician’s preference. 
Antianginal medical therapy (in particular, beta-blocking agents) significantly affects the 
diagnostic accuracy of all forms of stress; therefore, it is recommended, whenever possi-
ble, to withhold medical therapy at the time of testing to avoid a false-negative result 
[28, 29].

Although SE is routinely used for the diagnosis of CAD, an equally important role is to 
identify patients at risk for future cardiac events and to assess prognosis. Several studies 
have demonstrated that a normal stress echocardiogram (normal regional wall motion at 
rest and with stress) is associated with a good prognosis [29–32]. Exercise capacity and 
heart rate response can be used to further stratify risk in patients undergoing exercise SE 
[33–35]. Peak WMSI and EF have been identified on multivariate analysis as the best 
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predictors of cardiac events [29]. The extent and severity of wall motion abnormalities by 
stress echocardiography are both independent and cumulative predictors of prognosis [36].

SE allows assessment of viability: a sign of myocardial viability is a stress-induced 
improvement of function during low levels of stress in a region that is abnormal at rest. By 
far, the widest experience is available with low-dose dobutamine stress echocardiography 
[37–39]. Sensitivity and specificity of low-dose dobutamine test are 86% and 90%, respec-
tively, for the prediction of spontaneous functional recovery after an acute myocardial 
infarction (stunning) [37], and 84 and 81% for the prediction of functional recovery fol-
lowing revascularization in patients with chronic CAD (hibernation) [38]. However, it is 
also possible to assess the presence of myocardial viability using low-dose dipyridamole 
[40–42], low-level exercise [43], or enoximone [44, 45].

For the detection of left main or multivessel CAD, stress echocardiography had greater 
sensitivity compared with nuclear myocardial perfusion imaging, which compares relative 
differences in perfusion and may miss ischemia that is balanced or globally reduced [46]. 
Another meta-analysis revealed that dipyridamole and dobutamine SE had similar sensi-
tivity and specificity for detection of CAD [47].

Most recently, the American College of Cardiology has directed appropriate use criteria 
not to focus on a given imaging modality, but instead to have considered the role of multi-
modality imaging in the case of a diagnosis or disease state [48]. From this point of view, 
SE and nuclear perfusion scintigraphy were rated as similarly appropriate for diagnosis or 
risk stratification of patients with symptoms of suspected cardiac etiology.

SPECT allows evaluation of regional myocardial perfusion and viability [49–52]. An 
abnormal reduction in regional myocardial perfusion, a disturbance in cell membrane 
transport, a lack of energy production, or an abnormality in cellular energy utilization 
results in diminished myocardial uptake of radionuclide tracers. Severe myocardial isch-
emia or infarction can damage cells so these will not take up radionuclide agents even if 
flow is still intact. Major clinical application of myocardial perfusion imaging using 
SPECT technology is the detection of CAD in patients presenting with chest pain or other 
symptoms considered suggestive (Fig.  2). Either exercise or pharmacologic stress is 
employed, and most commonly, one of the Tc-99m-labeled tracers is used. Pooled sensi-
tivity of stress SPECT is 87% with a specificity of 73% [53]. Some areas of myocardial 
tracer uptake can be reduced in normal subjects, such as in inferior-basal segment and in 
anterior wall in women who have overlying breast tissue, that attenuates the photons com-
ing from the heart. Interpretation of SPECT images also depends on adequate image qual-
ity, reader expertise, and well-functioning equipment with trained and accredited laboratory 
staff. It should be pointed out that functional data such as regional thickening abnormali-
ties due to ischemia or scar, LVEF, and LV systolic and diastolic volumes can accurately 
be determined on gated SPECT images in most patients [54].

A great deal of data has accumulated over the past few decades pertaining to the prognos-
tic value of exercise and pharmacologic stress myocardial perfusion imaging. First, it has 
been shown that patients with normal SPECT scans have a low risk of cardiac death or 
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Fig. 2 Single photon emission computed tomography (SPECT). Rest and stress myocardial SPECT 
images demonstrating lateral ischemia accounting for 12% of left ventricular mass in a patient with 
angiographic documentation of stenosis >75% of circumflex coronary artery

nonfatal infarction during follow-up. A pooled analysis from 19 studies involving 39,173 
patients reported a hard event rate of 0.6% per year for patients with normal scans [55]. 
Stress perfusion imaging is particularly effective in separating high- and low-risk subsets 
that have an intermediate Duke treadmill score [56]. However, the value of exercise SPECT 
is questionable in patients who achieve ≥10 METS of workload. One study showed that 
patients achieving a workload of 10 METS or more had a very low prevalence of significant 
ischemia [57]. The prognostic value of stress SPECT is enhanced by assessing functional 
variables on gated images [54]. A reduced post-stress LVEF and an increased LV end-sys-
tolic volume add supplemental prognostic information. Postischemic stunning manifested 
by a lower LVEF on the post-stress compared to the rest images is a high-risk finding.

Stress SPECT may assist in identifying which patients with CAD may benefit more 
from revascularization than medical therapy [58]. It appears that an ischemia involving at 
least 10% of left ventricular mass may identify the group of patients with more benefit 
from revascularization than from medical therapy. It must be emphasized that SPECT 
underestimates the extent of significant coronary artery stenoses, particularly with the 
Tc-99m-labeled perfusion agents, Tc-99m-sestamibi, and Tc-99m-tetrofosmin. It has been 
shown that only 10% of patients with three-vessel CAD had perfusion abnormalities iden-
tified in the supply regions of all three coronary arteries and only 25% had perfusion and/
or regional wall motion abnormalities on gated SPECT images in three coronary territories 
[59]. In the same study, 12% of the patients with angiographic three-vessel disease (>50% 
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stenosis) had normal scans. On the other hand, exercise or pharmacologic SPECT for risk 
assessment can be useful for patients who have high coronary calcium scores (>400) on 
CT scanning, particularly if they are diabetic [60]. Some patients with intermediate steno-
ses (50–70%) on CT angiography may benefit from stress perfusion imaging to determine 
the physiologic significance of such noncritical stenoses. There is no indication for stress 
perfusion imaging as the first test for primary risk assessment in asymptomatic patients [61].

6  Cardiopulmonary Exercise Testing in Ischemic Heart Disease

CPET enables the assessment of gas exchange during exercise, providing a thorough 
description of the system responsible for O2 transport and usage. This information is cru-
cial for clinical decision-making in various clinical settings, since CPET provides infor-
mation on functional capacity, training prescription, treatment effectiveness, and outcome 
prediction across a wide range of cardiopulmonary disorders [62, 63]. CPET is also a 
useful technique for the noninvasive assessment of CAD, since many CPET parameters 
give diagnostic and prognostic information with potential therapeutic implications [64].

The diagnostic utility of CPET in detecting exercise-induced cardiac dysfunction is 
based on variables that are surrogates for CO (i.e., oxygen consumption, VO2) and SV 
(i.e., O2 pulse) as well as on direct measure of the HR response in real time (Fick equation) 
[63]. Briefly, exertional myocardial oxygen deficiency (i.e., ischemia) induces mechanical 
dysfunction beyond the ischemic threshold, resulting in an SV decrease with increasing 
activity. As a compensatory mechanism, the autonomic nervous system increases sympa-
thetic activity (HR increase). This increase, occurring during late exercise, is measured as 
the shift in the HR to work-rate slope parameter (HR–WR slope), which is calculated by 
comparing the HR slope during the last 2 min of exercise to the HR slope during the first 
2 min of exercise [65].

In late exercise, ischemic patients experience an acceleration of their HR response 
(positive HR–WR slope; values more than 15% are pathological). Conversely, in patients 
who are unable to augment their HR response (including advanced CAD), the abrupt pla-
teau or decrease in SV is accompanied by a reduction in CO, as measured by VO2 relative 
to work-rate (flattening of the VO2/WR slope) and minute ventilation (i.e., the oxygen 
uptake efficiency slope). Overall, combining standard exercise testing variables with gas 
exchange parameters, CPET offers a higher accuracy in diagnosing myocardial ischemia 
in patients presenting with chest pain [66, 67].

Peak VO2 is the most accredited cardiorespiratory fitness indicator [68], with a strong 
and independent relationship with the risk of nonfatal myocardial infarction and heart 
failure, and considerable risk stratification potential [69]. In addition, cardiorespiratory 
fitness has a significant long-term prognostic role in males following myocardial infarc-
tion or coronary revascularization [70, 71]. A continuous, 1 mL O2/kg/min increase in 
early peak VO2 is associated with a 10% reduction in cardiac mortality [71], and patients 
with a peak VO2 < 16 mL O2/kg/min at the time of discharge following MI or percutaneous 
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coronary intervention have an increased risk of events at follow-up [69]. Peak VO2 is a 
therapy-responsive variable, and serial measurements may be beneficial in the careful 
monitoring of cardiovascular health status. Patients with peak VO2 increase at follow-up 
have a reduced risk of events [68]. Several drugs have a beneficial effect on peak VO2 
increase, including ranolazine and ACE inhibitors [72, 73]. Beta-blockers blunt the HR 
response to exercise, but an increase in peak VO2 is observed in CAD and heart failure 
patients involved in a correct exercise training strategy [74].

The combination of exercise SE and CPET, a recent acquisition of stress echocardiog-
raphy, provides further information for differential diagnosis and therapeutic management 
of patients with exertional dyspnea in various clinical settings including CAD [63]. CPET 
and SE allow a simultaneous, noninvasive, cost-effective, and widely available evaluation 
of several echocardiographic and CPET variables, providing a deeper phenotyping. In the 
field of CAD, recent papers allowed for the differentiation of coronary circulatory disease 
from deconditioning [75, 76]: in detail, many CPET parameters (in particular VE/VCO2 
slope) showed correlation with a poor stroke volume response to exercise, refining the 
identification and prognostic stratification of CAD.

7  Special Populations

Clinical significance and interpretation of exercise testing can be largely influenced by 
patient characteristics. Women often present with resting ECG abnormalities and have 
more atypical symptoms, thus resulting in a lower accuracy of exercise testing for the 
detection of coronary artery disease. A meta-analysis of studies published between 1966 
and 1995 has shown that exercise ECG had a weighted mean sensitivity and specificity of 
0.61 (95% confidence intervals 0.54–0.68) and 0.70 (0.64–0.75), respectively [77].

Although advanced age per se is not a contraindication to exercise testing, the use of phar-
macological stressors is more common in the elderly population, due to functional limitations 
and comorbidities. Yet, the association of exercise SPECT perfusion defects with cardiac 
death supports the use of myocardial perfusion imaging in older patients [78, 79].

Finally, diabetic patients are at higher risk of coronary artery disease, yet they present 
with a higher prevalence of silent ischemia or with atypical symptoms [80]. Exercise ECG 
has been shown to have similar diagnostic yield in diabetic and nondiabetic patients [81], 
while a particularly high rate of SPECT perfusion abnormalities, approaching 50%, has 
been documented in patients with diabetes and mild symptoms [82].

8  Conclusions

Recent technological advances have provided clinicians with an increasing number of 
diagnostic tools in patients with suspected CAD. While imaging modalities have a better 
diagnostic yield, exercise testing still represents an option in patients with interpretable 
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electrocardiograms who are able to exercise and enables efficient prognostic stratification. 
The choice of the optimal test requires a patient-centered approach accounting for local 
availabilities and risk-benefit and cost-effectiveness ratio.
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LV Left ventricle
LVO LV opacification
MCE Myocardial contrast echocardiography
MR Mitral regurgitation
MW Myocardial work
PDA Posterior descending branch
PL Posterolateral
PMR Papillary muscle rupture
PSS Postsystolic shortening
RCA Right coronary artery
RegFr Regurgitant fractions
RV Right ventricle
RWMA Regional wall motion abnormality
SE Stress echocardiography
STE Speckle tracking echocardiography
TAPSE Tricuspid annular plane systolic excursion
TDI Tissue Doppler imaging
TOE Transesophageal echocardiography
WMSI Wall motion score index

1  Echocardiographic Assessment of Myocardial Ischemia

1.1  Coronary Artery Anatomy

The LAD coronary artery branches off the LM coronary artery and supplies the major por-
tion of the LV. Its diagonal branches perfuse the entire anterior wall, and its septal branches 
supply the anterior septum. The LAD continues distally until the tip of the LV to supply the 
apex. Ischemia may impair the motion of basal and mid-cavity segments of anterior septum 
and anterior wall, apical segments of the septum and anterior wall, and apical cap. Depending 
on which diagonal branches supply the lateral wall, the basal and mid-cavity segments of 
anterolateral wall and the apical lateral segment may be involved. If the LAD artery extends 
around the apex, also the inferior apical segment may be affected.

The LCx artery branches off the LM coronary artery, runs in the left atrioventricular 
groove, and, via its obtuse marginal branches, perfuses the basal and mid-cavity segments 
of the anterolateral and inferolateral walls and the apical lateral segment.

The RCA originates from the aortic right coronary sinus and travels anteriorly around 
the right atrioventricular groove at the base of the heart. Its proximal branches, acute 
marginal branches, supply the RV. Once it reaches the posterior interventricular groove, 
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the right PDA runs in the groove towards the apex and supplies the basal and mid-cavity 
segments of the inferior septum and inferior wall in approximately 85% of the general 
population (referred to as “right-dominant”). In approximately 15% of the population 
termed “left-dominant,” the left PDA originates from the LCx. In some cases, the PDA 
extends around the apex to supply the apical segment of the anterior wall. The remainder 
of the RCA may travel further along the left atrioventricular groove as right PL branch. In 
most individuals, this is a minor branch, but in some patients (referred to as “super right- 
dominant”), the right PL branch is large and supplies the territory usually supplied by 
the LCx.

1.2  Pathophysiology of Myocardial Ischemia

As a consequence of the interruption in coronary blood flow, pathophysiologic changes 
occur in a well-defined time sequence (described as the “ischemic cascade”) [1]. Resting 
blood flow may be preserved until a coronary artery stenosis approaches a 90% diameter 
narrowing. At lesser stenosis degree, the CFR may be reduced leading to an oxygen 
supply- demand mismatch and subsequent myocardial ischemia (during stress). This inad-
equate increase in blood flow leads to a sequential reduction in myocardial perfusion, 
reduced myocardial systolic strain, RWMA, ECG changes, and symptoms eventually [1]. 
This translates clinically into a gradient of sensitivity of the available clinical markers and 
imaging modalities for ischemia detection, with regional perfusion being the most and 
chest pain the least sensitive markers. Regardless of the stress used, ischemia tends to 
propagate centrifugally with respect to the ventricular cavity involving primarily the sub-
endocardial layer and finally the subepicardial layer [2]. Indeed, extravascular pressure is 
higher in the subendocardial than in the subepicardial layer; this provokes a higher meta-
bolic demand and an increased resistance to flow [3]. In the absence of CAD, CFR can be 
reduced in microvascular disease. In this condition, regional perfusion changes, angina, 
and ST-segment depression can occur usually in the absence of any RWMA during 
stress [2].

After a prolonged period of ischemia due to transient occlusion of blood flow with 
minimal infarction, recovery of function of the affected myocardial segments may be 
delayed due to myocardial stunning [4]. Repetitive episodes of ischemia may also lead to 
stunning. Myocardial stunning manifests as a persistent RWMA soon after restoration of 
blood flow, followed by the recovery of contraction over time. In some patients with isch-
emic LV dysfunction, there may be areas of dysfunctional but viable myocardium that 
result from a state of chronic reduced coronary flow. These areas of hibernating myocar-
dium can recover the contractile function following revascularization [4]. If severe isch-
emia persists, myocardial necrosis develops, followed by scarring and permanent 
dysfunction.
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1.3  Stress Echocardiography in Ischemic Heart Disease

SE is a well-established noninvasive technique for diagnosis and risk stratification of 
patients with IHD [5]. SE requires a high level of expertise to achieve accurate and 
 reproducible results, and it is recognized that performing the technique requires additional 
training beyond proficiency in transthoracic echocardiography [6]. The advantage of SE is 
that it can virtually detect each one of the abnormalities that make up the ischemic “cas-
cade”: abnormal perfusion, regional wall motion abnormalities, global systolic dysfunc-
tion, ECG changes, and symptoms [7].

Physiologic exercise is the preferred method of stress testing for ambulant patients, and 
this can be achieved either by treadmill exercise or by bicycle ergometry [8]. For treadmill 
exercise, the Bruce protocol is most commonly used, and the workload achieved provides 
useful clinical and prognostic information [9]. Imaging under these circumstances is per-
formed at rest and immediately after exercise, allowing a time interval of 90 s to acquire 
the stress images. Upright or semisupine bicycle ergometry offers the advantage of con-
tinuous monitoring of wall motion. However, the test may be limited by suboptimal patient 
position for image acquisition or leg fatigue, preventing the achievement of target heart 
rate. Indeed, higher workload is usually evoked by treadmill exercise than bicycle 
ergometry [8].

Pharmacologic stress testing, using inotropic or vasodilator stress agents, is a suitable 
alternative for those unable to exercise and provides similar diagnostic accuracy to exer-
cise echocardiography. The stress images can be obtained at a constant and controlled 
heart rate at peak stress and without the challenges posed by exercise, such as hyperventi-
lation and excessive chest wall movement. Dobutamine is the most widely used stressor 
agent. It increases heart rate, blood pressure, and myocardial inotropic activity by stimu-
lating α-1, β-1, and β-2 adrenoceptors. The protocol uses a weight-adjusted intravenous 
continuous infusion [5]. Echocardiographic images are acquired at rest, mid-dose, peak 
dose, and recovery. Endpoints of the test include achievement of 85% of age-predicted 
target heart rate, development of cardiac symptoms or ischemia, severe arrhythmias, hypo-
tension, severe hypertension, or intolerable side effects. If target heart rate has not been 
achieved at maximal dobutamine dose, intravenous atropine may be given to a maximum 
dose of 2 mg. Short-acting intravenous β-blockade may be needed to reverse the effects of 
dobutamine. Any rate-limiting medications should be withheld for at least 48 h to achieve 
target heart rate.

Vasodilator SE is typically performed with either dipyridamole or adenosine (that has 
a shorter duration of action). Both agents are contraindicated in patients with significant 
conduction disease and reactive airway obstruction. Under these circumstances, dobuta-
mine may be the stress agent of choice. On the other hand, vasodilators may be safer in 
those with a history of atrial or ventricular tachyarrhythmias [5]. The standard dipyridam-
ole protocol consists of intravenous infusion of 0.84 mg/kg over 10 min, while standard 
adenosine protocol consists of infusion of adenosine at a maximum dose of 140 mg/kg/
min over 6 min [5, 7].
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In patients with a permanent pacemaker, stress testing can be performed by program-
ming the pacing rate to increase every 2–3 min until the target heart rate is achieved. This 
technique can be used in conjunction with dobutamine to further increase inotropic activ-
ity and myocardial oxygen consumption [10].

Four basic responses are possible in SE [11]: (1) Normal response: a segment is normo-
kinetic at rest and normal or hyperkinetic during stress; (2) Ischemic response: the func-
tion of a segment worsens during stress from normokinesia to hypokinesia, akinesia, or 
dyskinesia (paradoxical systolic movement); (3) Necrotic response: an akinetic segment 
remains fixed during stress (a resting akinesia becoming dyskinesia during stress reflects 
passive phenomenon of increased intraventricular pressure and should not be considered 
active ischemia); and (4) Viability response: a segment with resting dysfunction may con-
stantly improve during stress indicating myocardial stunning or may show a biphasic 
response (improvement during early stress with subsequent deterioration at peak), the last 
suggestive of viability and ischemia (myocardium fed by a coronary with a critically coro-
nary stenosis) [11, 12].

1.4  Assessment of Regional Wall Motion Abnormalities

Analysis of regional wall function must include assessment of the wall thickening rather 
than just assessment of the extent of wall motion [13]. Indeed, it is recognized that myo-
cardial movements may be caused by adjacent segment tethering or LV displacement. The 
LV is divided along the long-axis plane into six (anterior, anterolateral, inferolateral, infe-
rior, inferior septum, and anterior septum) and in the orthogonal short-axis plane into 
thirds (basal, mid-cavity, and apical) with an additional single distal apical cap segment. 
The cumulative result is the 17-segment model used by most cardiac imaging modalities 
[13]. Optimally, both long- and short-axis images of the heart should be inspected, from 
base to apex, in multiple windows to evaluate all segments. The function of each segment 
is graded at rest and with stress according to a 5-point scoring system. Scores are as fol-
lows: normal or hyperkinesis = 1 (systolic increase in thickness >40%); hypokinesis = 2 
(<40%); severe hypokinesis or akinesis = 3 (<10%); dyskinesis (paradoxical systolic 
motion away from the center of the LV) = 4; and aneurysmal (diastolic deformation) = 5 
[14]. The WMSI should be derived by dividing the sum of the scores of individual seg-
ments by the number of segments visualized. In normal nonischemic myocardium, WMSI 
equals 1 (Fig. 1).

The development of RWMA during early stages of stress indicates the presence of 
severe coronary stenosis [15], and the persistence of abnormalities in the recovery period 
may represent stunning and indicates more severe ischemia [16]. A severe resting RWMA 
with no change with stress (including no biphasic response) is considered a fixed wall 
motion response and represents a transmurally infarcted region.

Assessment of RV lateral wall motion (better by dedicated RV view), primarily sup-
plied by the marginal branches of the RCA, either by measurement of TAPSE or by peak 
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Fig. 1 Bull’s-eye representation of the 17-segment model in a normal patient (WMSI = 1)

systolic velocity by TDI, can be useful for detection of right CAD [17, 18]. A decline in 
TAPSE of >4 mm with exercise has reasonable sensitivity for proximal RCA critical ste-
nosis [5].

1.4.1  Assessment of Coronary Flow Velocity Reserve
CFVR represents the ratio between maximal coronary blood flow, induced by coronary 
vasodilators (adenosine or dipyridamole), and resting blood flow. Ideally, all three coro-
nary arteries could be visualized by TTE, but the LAD is the more technically feasible to 
investigate (90% of cases in experienced hands). Blood flow velocity is measured by PW 
Doppler echocardiography, using a sample volume of 3–4 mm, placed on the color signal 
in the LAD, in a low parasternal long-axis view and/or modified apical two-, three-, or 
four-chamber views [19] (Fig.  2). Like the invasive fractional flow reserve, the TTE- 
derived CFVR reflects the coronary atherosclerotic burden and the status of the microvas-
culature. The functional significance of a stenosis is best evaluated by the coronary flow in 
the tract distal to the lesion, as proximally to the stenosis CFVR can be normal (because 
of the existence of side coronary branches). In contrast to wall motion analysis which is 
qualitative or semiquantitative and sometimes difficult to interpret, TTE-derived CFVR 
provides a quantitative interpretation of a Doppler signal. The CFVR value <2, measuring 
the diastolic velocity of the PW Doppler signal, is the best cutoff value for detecting a 
significant epicardial coronary stenosis [20] (Fig. 2). TTE-derived CFVR is a bedside test, 
safe and reproducible, and, compared to other tests, less time consuming, without irradia-
tion, and can be regularly repeated without additional risk to patients.

Dual-imaging vasodilator stress echocardiography is an independent predictor of death 
conferring useful prognostic information in subjects with CAD (RWMA plus impaired 
CFR on LAD identifies a patient category with a risk >10% for annual mortality) [21]. In 
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Fig. 2 Pulse-wave Doppler of the left anterior descending artery (LAD). (a, b) Coronary flow at the 
distal LAD with normal CFVR (CFVR = 2.8). A rest and B during stress with dipyridamole. (c, d) 
Coronary flow at the distal LAD in a patient pathological CFVR (CFVR = 1.7). C rest and D during 
stress with dipyridamole

patients with proximal LAD or LM stenosis of intermediate severity, the TEE-derived 
CFVR >2 was shown to be a good prognostic parameter and the deferral of revasculariza-
tion was associated with low cardiac event rates [22, 23].

The addition of TTE-derived CFVR to standard WM analysis yielded higher values for 
the prediction of total cardiac events [24]. For these reasons, the combination of conven-
tional WM analysis and CFVR of mid-distal LAD is now the recommended technique 
during vasodilator stress echocardiography [21].

1.5  Assessment of Viability

The assessment of myocardial viability is important in evaluating patients with chronic 
ischemic LV dysfunction. Myocardial viability refers to reversible LV systolic dysfunc-
tion, which could be secondary to myocardial stunning, myocardial hibernation, or a com-
bination of both. Low-dose DSE is a commonly used method for assessing myocardial 
viability [25]. Compared to nuclear techniques, dobutamine SE has lower sensitivity, but 
higher specificity [26, 27], as a larger mass of viable myocytes (at least 50% viable myo-
cytes in a given segment) is required to generate a contractility change compared to scin-
tigraphic methods.

Echocardiography Evaluation of Ischemic Heart Disease



216

Assessment for viability may provide crucial information for the identification of 
patients who could possibly benefit from myocardial revascularization. The use of echo-
cardiography in the myocardial viability approach is based on three parameters: wall 
thickness, contrast enhancement by myocytes, and contractile reserve with inotropic 
stimulation.

A severe decreased diastolic wall thickness (<70% of the thickness in normal segments 
or absolute thickness <6 mm) is suggestive of transmural infarction and scar and showed 
a high negative predictive value for contractile recovery after revascularization [28].

In recent years, the use of myocardial contrast echocardiography (MCE) has increased. 
Contrast enhancement assesses myocardial perfusion and, subsequently, cellular integrity.

Low-dose dobutamine SE, however, is the most studied and experienced method to 
access the contractile reserve of a dysfunctional ischemic segment at rest. Low-dose 
dobutamine (5–10 mcg/kg) is enough to assess the contractile reserve [11]. The possible 
findings include 1. sustained improvement in function at low dose, which persists at 
higher doses, suggestive of viable myocardium with no critical stenosis of the coronary 
artery supplying the region (stunned myocardium); 2. biphasic response: after an initial 
improvement, contractility worsens at higher doses of dobutamine (20 mcg/kg), highly 
suggestive of viable myocardium with flow-limiting stenosis of the coronary artery sup-
plying the segment [29–31] (hibernated myocardium); and 3. non-phasic response: no 
change in function is observed, suggestive of nonviable scarred myocardium. Low-dose 
dobutamine SE has clinically useful sensitivity (up to 80%) and specificity (up to 85%) 
for identification of viable hibernated segments that will functionally recover after 
revascularization [32, 33]. Moreover low-dose dobutamine SE showed good sensitivity 
and specificity (86% and 90%) for predicting spontaneous functional recovery of a 
stunned segment after an AMI [34]. Finally, patients with larger area of dysfunctional 
but viable myocardium (six segments or more) have higher likelihood of LVEF improve-
ment and lower cardiac event rate after revascularization compared to those with mini-
mal or no viable myocardium [35].

1.6  Contrast Echocardiography in Ischemic Heart Disease

CE relies on the administration of acoustically active contrast agents to complement stan-
dard echocardiography in many scenarios. Contrast agents approved for clinical use are 
composed of gas-filled microbubbles encapsulated within a stabilizing exterior lipid shell. 
The microbubbles administered in humans are smaller than red blood cells, which allows 
their passage through the pulmonary circulation and distribution throughout the myocar-
dial intravascular compartment after intravenous injection [36].

CE is performed for the assessment of regional and global LV function both at rest and 
under stress, for the assessment of myocardial perfusion and for the optimal evaluation of 
LV structures. For assessment of RWMA and myocardial perfusion, a low mechanical 
index is preferred (MI 0.1) [36]. Several studies have demonstrated the ability of ultra-
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sound contrast agents to improve the myocardial border detection and improve study qual-
ity and reproducibility [37]. The impact of LVO is particularly relevant in segments that 
more commonly suffer from poor endocardial discrimination, such as the anterior wall, 
basal lateral, and basal inferior segments. The ability to ensure that the true LV apex is 
imaged and not foreshortened is also a valuable contribution of LVO [37]. Contrast 2D 
echocardiography should be considered when two or more contiguous LV segments are 
not adequately visualized on non-contrast echocardiography and management of the 
patient will depend on whether there are RWMA [37].

Following destruction of microbubbles from the myocardium during a brief burst of 
high-power imaging, contrast replenishment within the myocardium can be observed. A 
functionally significant stenosis is most likely present when an area of myocardium does 
not replenish within approximately 2 s after a high MI impulse [38]. CE improves sensitiv-
ity of SE by contemporarily improving the detection of RWMA and the identification of 
perfusion defects [39, 40].

Ultrasound contrast agents increase the accuracy for the detecting of resting RWMA 
[41]. Performing perfusion imaging when there is already a RWMA allows characteriza-
tion of the flow status as either complete lack of perfusion, hypoperfusion with some 
antegrade or collateral flow, or stunning where perfusion has normalized but the RWMA 
persists [42]. The analysis of myocardial perfusion with MCE during stress has been 
shown to be more sensitive than RWMA assessment for the detection of moderate stenosis 
[43]. It has also been shown to be superior to RWMA for determining the area of ischemia 
and for the detection of multivessel CAD [37, 44].

1.6.1  Risk Stratification and Prognosis
A normal SE (normal wall motion at rest and with stress) is associated with a benign 
prognosis with a low annual rate of major cardiac events (0.9% per year) [45, 46]. Peak 
WMSI and LVEF have been identified as the best predictors of cardiac events. Intermediate 
WMSI (1.1–1.7) and high WMSI (>1.7), as well as an EF <45%, further stratified risk 
(from 3% per year to 6% per year, respectively, in intermediate- and high-risk patients) 
[45, 47]. Exercise capacity and heart rate response can be further used in risk stratification. 
Anti-ischemic therapy modifies the prognostic impact of pharmacological SE. Inducible 
myocardial ischemia in patients on medical therapy identifies patients at highest risk of 
fatal cardiac events [48]. Those patients with a negative test on medical therapy or a posi-
tive test off medical therapy are at intermediate risk [48]. Patients with transient ischemic 
dilation (reminding that increase in end-systolic size is more commonly observed with 
ESE rather than with DSE) had greater extent and severity of RWMA, higher percentage 
of coronary multivessel disease, and higher adverse event rate compared to patients with 
ischemia without dilation [49].

RV wall motion analysis should be routinely performed in patients referred for SE for 
effective risk stratification. RV wall motion analysis provides prognostic value indepen-
dently of LV ischemia and LVEF and offers incremental value over rest and conventional 
SE variables. Patients with both abnormal RV and LV have worse outcomes [50].
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1.7  Emerging Echocardiographic Approaches to the Assessment 
of Ischemia

The use of deformation imaging, nowadays mostly using the strain and strain rate derived 
from STE, allows less subjective evaluation of myocardial contraction as compared to 
simple visual assessment. The STE replaced techniques based on TDI overcoming its limi-
tations (sensitivity to passive translational movements of the myocardial segments, angle 
dependence, decrease of myocardial velocities from base to the apex) [51].

The strain and strain rate derived from two-dimensional (2D) STE are based on com-
puter algorithms tracking the movement of “speckles” (acoustic markers generated within 
the myocardium). These techniques allow evaluation of longitudinal (from apical views), 
radial, and circumferential (from short-axis views) strains. The technique requires higher 
frame rates (50–70/s) and a good image quality for accurate tracking. In the normal myo-
cardium, strain and strain rate are nearly homogenously distributed.

In chronic ischemia, despite structural changes such as fibrosis and loss of myocytes, 
conventional measures of LV contractile function may be unaffected. Indeed, in the early 
phases, impairment in longitudinal systolic function is known to be compensated by aug-
mentation of circumferential deformation, which can explain why the LVEF is preserved. 
The myocardial fibers most susceptible to ischemia are the longitudinally orientated fibers 
that are located in the subendocardium. Measurements of longitudinal motion and defor-
mation are, therefore, sensitive markers of CAD [52, 53] (Fig. 3). Assessment of LV func-
tion through measurement of GLS by STE allows detection of early myocardial dysfunction 
before an explicit reduction in LVEF, thus revealing a subclinical LV dysfunction [54, 55].

To date, stable CAD was the major setting of investigation of STE among the IHD 
spectrum. Particularly, the importance of the reduction of LV longitudinal strain has been 
shown with rest and SE in both symptomatic and asymptomatic patients for the prediction 
of significant CAD (GLS) and detection and localization of ischemic myocardium accord-
ing to coronary perfusion territories (segmental longitudinal strain) [53, 56, 57] (Fig. 3).

The application of STE to SE is still debated, since its feasibility could be limited by 
high heart rate and poor acoustic window due to patients’ position; moreover, it lacks 

a b c

Fig. 3 Peak global longitudinal strain (GLS) in bull’s-eye diagram derived by speckle tracking 
echocardiography. (a) Normal patient; (b) patient with an extensive apical myocardial infarction 
resulting from occlusion of the left anterior descending coronary artery; (c) patient with a multives-
sel coronary artery disease
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standardization and reference cutoffs and strongly depends on the experience of the opera-
tor. However, to date, there are evidences supporting its use in clinical practice [58, 59]. 
Recovery LV GLS was the strongest predictor of obstructive CAD and was associated 
with nuclear imaging findings (extent, localization, and depth of myocardial ischemia) [59].

ESL is a novel STE-derived predictor of cardiovascular events defined as the time from 
the onset of the QRS complex to the peak positive systolic strain [60]. ESL reflects a pas-
sive lengthening of an ischemic myocardial region before the beginning of systolic short-
ening, due to its reduced ability to generate an adequate active force during the pressure 
increase in the isovolumic contraction phase. ESL may discern between viable and nonvi-
able segments, with akinetic segments displaying significantly higher ESL values [61]. 
PSS is an STE-derived marker that reflects a longitudinal shortening occurring after aortic 
valve closure. PSS may be found in ischemic viable myocardium reflecting some degree 
of active contraction, whereas necrotic myocardium remains passive [62]. PSS provides 
information about the ischemic burden and is a predictor of major cardiac events in patients 
with acute MI [63] and chronic CAD [62]. PSS may not be ready to be adopted as a stand- 
alone to identify CAD, as it may be found in healthy individuals and, in scar tissue, can 
represent the passive recoil of adjacent viable segment.

The application of STE to the RV could help in allowing the detection of subtle RV 
dysfunction. RV strain is a reliable and accurate tool for the evaluation of RV systolic 
function when validated against RVEF assessed by MRI [64]. RV strain is obtained from 
the apical four-chamber view (the RV free wall has the largest body of evidence). RV 
strain is useful for the detection of occult RV dysfunction in patients with chronic RCA 
stenosis [64].

A limitation of strain imaging is load dependency, which can affect the diagnostic accu-
racy of myocardial function evaluation. The recently proposed MW can overcome these 
limitations taking into account global and regional deformation as well as afterload 
through interpretation of strain in relation to LV pressure. Preliminary results have showed 
an appealing usefulness of MW in predicting critical coronary artery stenosis in patients 
with CAD [65].

2D echocardiography algorithms rely on geometric assumptions about the LV shape 
and have limitations in asymmetric or aneurysmal left ventricles. Conversely, 3- dimensional 
(3D) echocardiography overcomes these limitations limiting the foreshortening of apex 
and analyzing all the amount of LV myocardium with increased reproducibility and accu-
racy [66]. Therefore, the recent guidelines for cardiac chamber quantification with echo-
cardiography advice the 3D measurement of LV volumes and LVEF [13, 14]. Indeed, 
when measured by 3D echocardiography, volumes and LVEF are comparable to those 
assessed by cardiac MRI [67]. The 3D acquisitions during DSE could be useful by allow-
ing more accurate assessment of LV volume and EF, especially in patients with resting 
WMA and aneurysm (Fig. 4). With its ability to acquire the entire LV volume in a single 
beat, 3D SE may become a reference standard in the evaluation of patients with suspected 
IHD. However, the 3D image quality is greatly dependent on the 2D image and on the 
ability to obtain artifact-free 3D datasets. The advantages of 3D SE in comparison to 
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a b

Fig. 4 Multi-slice display of the left ventricle (LV) derived by 3D full-volume datasets. (a) Normal 
patient; (b) patient with ischemic heart disease complicated by dilation of the LV and apical 
aneurysm

conventional 2D SE for detecting myocardial ischemia both during exercise and pharma-
cological stress have been evaluated and validated in a few studies [68]. Moreover, an 
integrated 2D/3D contrast-enhanced dobutamine SE is technically feasible and showed the 
best prognostic value for acute cardiac events in a large contemporary study [69].

Recently, a new standard of practice in stress echocardiography, the ABCDE protocol, 
has been proposed, merging five different parameters with different pathophysiological tar-
gets [70]. It allows the assessment of inducible myocardial ischemia (step A), pulmonary 
congestion (step B), contractile reserve (step C), CFVR (step D), and cardiac sympathetic 
reserve (step E). Step A includes assessment of RWMA as previously described. Step B of 
the protocol includes the assessment of B lines with lung ultrasound by scan from midaxil-
lary to midclavicular lines on the third intercostal space, each site scored from 0 (normal 
horizontal A lines) to 10 (white lung with coalescent B lines) [71, 72]. Step C includes the 
assessment of LV contractile reserve as the stress/rest ratio of force (calculated as systolic 
blood pressure/end-systolic volume). Step D includes calculation of CFVR as previously 
described. Step E includes the assessment of heart rate reserve, calculated as the peak/rest 
heart rate from 12-leads ECG [71]. The ABCDE-SE protocol can detect sources of vulner-
ability of the patient with CAD other than RWMA [71, 73]. Each pathophysiological vari-
able contributes independently and incrementally to the prognosis of the individual patient 
as the outcome progressively worsens with the increasing number of abnormal steps [71].

2  Echocardiographic Assessment of Myocardial Infarction

2.1  Diagnosis of Myocardial Infarction

Myocardial infarction is defined as an injury to the myocardium due to prolonged isch-
emia, usually secondary to acute thrombotic occlusion of an epicardial coronary artery. 
Diagnosis of an acute MI is typically based upon the history, ECG, and serum troponins 
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[74]. In the acute setting, echocardiography enables fast evaluation of global ventricular 
function and hemodynamic status of the patients, and detection of RWMA caused by 
ischemia [75, 76]. In addition, it is useful in excluding other possible causes of acute chest 
pain, such as aortic dissection, massive pulmonary embolism, aortic stenosis, hypertrophic 
cardiomyopathy, and pericardial effusion [76]. Evaluation of RWMA while a patient is 
experiencing chest pain can be useful when the ECG is nondiagnostic; evaluation of 
RWMA may also be useful if there is ECG or laboratory evidence of AMI in the absence 
of chest pain [76]. The myocardial segments affected and the echocardiographic views for 
the assessment of myocardial infarction are the same as described for the evaluation of 
myocardial ischemia. During AMI, affected segments could appear hypo- or akinetic 
while the unaffected walls could be hyperkinetic (raising the risk of acute dynamic left 
ventricular outflow tract obstruction). Moreover, echocardiography is essential to access 
RV dysfunction. RV MI occurs in one-third to one-half of patients presenting with inferior 
MI and cause RV dilation, depressed RV systolic function, and RV akinesia or dyskinesia 
[77]. RV akinesia or dyskinesia was found to be a surrogate marker of hemodynamically 
significant RV MI [78].

2.2  Mechanical Complications of MI

Acute mitral regurgitation in the setting of MI can be secondary to papillary muscle dys-
function, abnormal wall motion of the segment underlying a papillary muscle, or papillary 
muscle rupture (Fig. 5). The anterolateral (AL) papillary muscle receives a dual blood 
supply from both the LAD and LCx, while the posteromedial (PM) papillary muscle is 
supplied only by the PDA (from the LCx artery or the RCA, depending on dominance). 

a b

Fig. 5 Rupture of the posteromedial papillary muscle. (a) Transesophageal three-chamber view 
demonstrating the ruptured posteromedial papillary muscle and the flail of the anterior mitral leaflet 
with severe mitral regurgitation. (b) Effective percutaneous mitral valve repair with MitraClip in the 
same patient
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Inferior MI can cause dysfunction of the PM and MR that can resolve entirely following 
effective revascularization. PMR is a rare (range, 0.05–0.26%) and catastrophic (hospital 
mortality rate ranges between 10% and 40%) complication of inferior or lateral MI [79]. 
PMR commonly occurs within 3–5 days after AMI and may be complete or partial, and 
roughly half of the patients present with progressive severe acute HF. In this setting, TOE 
has a high diagnostic sensitivity. Although surgical treatment remains the standard for 
severe MR secondary to PMR, surgical risk may be prohibitive in selected patients and 
percutaneous mitral valve edge-to-edge repair guided by TOE may be a therapeutic 
option [80].

Ventricular septal defect (VSD) after MI has an incidence of ≈0.3% and typically 
occurs 3–5 days after infarction [79] (Fig.  6). VSDs occurring after MI are typically 
detected by a color-flow jet directed from the left to right ventricle. VSDs may be simple 
or complex when there are multiple, irregular, and variable interventricular connections. 
VSDs caused by anterior MIs are typically simple and arise apically, whereas VSDs caused 
by inferior MIs are complex and usually involve the basal segment of the septum. The jet 
between the left and right ventricles can be interrogated by continuous-wave Doppler: 
smaller (restrictive) VSDs will have higher gradients compared to larger (nonrestrictive) 
VSDs. Moreover, the RV systolic pressure may be calculated by knowing the systolic 

a

c

b

d

Fig. 6 Post-myocardial infarction ventricular septal defect (VSD). (a) Transgastric mid-short-axis 
view showing the VSD. (b) Color-flow jet is directed from the left to right ventricle; (c) en face view 
of VSD by real-time 3D imaging; (d) VSD repair with Amplatzer occluder device
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Fig. 7 Left ventricular pseudoaneurysm. (a) Transthoracic apical four-chamber view showing 
blood flow into a cavity contained by pericardium; (b, c) transesophageal four-chamber view dem-
onstrating a narrow neck connecting the ventricle to the cavity; (d) pseudoaneurysm repair with 
Amplatzer occluder device

blood pressure. Finally, the pulsed-wave Doppler technique allows the noninvasive evalu-
ation of Qp/Qs with a high degree of accuracy [81]. Treatment is generally surgical; in 
cases where the surgical risk is prohibitive, percutaneous closure with a device, using 
echocardiographic guidance, can be a valuable alternative [82].

Free wall rupture is a devastating complication of MI, most frequently detected within 
5 days post-MI [79]. The findings include an acute pericardial effusion associated with 
thin and akinetic myocardium. The actual point of rupture may not be easy to demonstrate. 
Echocardiographic contrast injection may be useful in identifying the rupture [83].

A pseudoaneurysm is a discrete ventricular free wall perforation that is locally con-
tained by pericardial adhesions [79] (Fig. 7). Most pseudoaneurysms are found after infe-
rior MIs, and less commonly in the lateral or apical regions. On echocardiogram, they 
appear as echo-free chambers or spaces adjacent to the LV and can be distinguished from 
true aneurysms by a narrow neck (specifically less than 50% of the maximum diameter of 
the aneurysm itself) and the abrupt transition from normal to thinned walls. CE can be 
helpful in the diagnosis.

LV thrombus formation is a well-recognized complication of MI, tending to occur 
more commonly after large anterior infarction (up to 25% in patients with anterior MI) 
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a b

Fig. 8 Use of contrast echocardiography (CE) in the diagnosis of apical mural thrombus. (a) 
Normal control; (b) thrombus in the left ventricle as viewed by CE

usually within the first 1–2 weeks after the MI [84]. On echocardiography, thrombus is 
identified as a discrete echo dense mass with clear margins that are distinct from the 
endocardium. Thrombus also tends to form over dysfunctional segments. Spontaneous 
echo contrast can be sometimes visualized. Thrombus can be laminar and nonmobile, 
showing a flattened appearance, or pedunculated and mobile with a greater likelihood 
of embolization. On occasion, there may be uncertainty as to whether thrombus is pres-
ent over the apex, due to difficult echo windows or near-field artifacts. Non-contrast 
echocardiography has a low sensitivity (approximately 30%) for LV thrombus diagno-
sis [85] when compared with delayed-enhancement cardiac MRI. In this context, the 
addition of intravenous contrast to TTE may improve sensitivity (up to 64%), while 
providing similar specificity [85] (Fig. 8). Cardiac thrombi may be indistinguishable 
from tumors, especially when occurring adjacent to a normally contracting myocar-
dium. Presence of significant vascularization detected by MCE establishes a cardiac 
tumor diagnosis [86].

2.3  Prognostic Role of Echocardiography After Acute 
Myocardial Infarction

Transthoracic echocardiography plays a fundamental role in early risk stratification of 
patients with AMI. More recently, advanced echocardiography (mainly 2D STE, CE, and 
3D echocardiography) has shown to predict long-term adverse outcomes and to provide 
additional information beyond conventional echocardiographic parameters [87].

LVEF has a very-well-established short-term and long-term prognostic value in this 
clinical setting. LVEF <40% is an important risk factor for post-discharge mortality and 
hospital readmission [88]. In addition to LVEF, overall LV size (as assessed by LV end- 
diastolic volume and diameter) and sphericity are important prognostic indicators [89]. 
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Owing to the compensatory hyperkinesia of normal myocardial segments, LVEF may 
underestimate the true amount of myocardial damage after AMI. In patients with pre-
served LVEF, assessment of RWMA is useful as a predischarge resting WMSI >1.50 
was prognostically superior to LVEF in identifying patients at risk for post-AMI cardiac 
events [90]. Other measurements independently predictive of HF include significant dia-
stolic dysfunction (restrictive filling pattern or E/e’ >15 predischarge), left atrial volume 
index >32 mL/m2, and pulmonary artery systolic pressure >35 mmHg. RV systolic func-
tion by RV fractional area (RVFAC <32%) independently predicted hard endpoints post-
AMI [91].

GLS has shown an incremental value for risk stratification after AMI. Impaired systolic 
GLS was independently associated with cardiac endpoints irrespective of LVEF and vol-
umes [92, 93]. Moreover, sophisticated measures derived by STE may have a prognostic 
role. High value of mechanical dispersion (MD ≥75 ms) was found highly predictive of 
ventricular arrhythmias and sudden cardiac death in patients with moderate and severe LV 
systolic dysfunction [94, 95]. The assessment of RV myocardial function by RV free wall 
LS has shown a prognostic value after AMI [91].

SE performed early after AMI has been demonstrated to predict the recovery of global 
and regional systolic function [87, 96, 97]. STE applied to low-dose dobutamine SE after 
AMI appears to be promising for prediction of LV functional recovery, also in the presence 
of normal LVEF.

In the setting of acute MI, MCE could be useful in the recognition of the no-reflow 
phenomenon after revascularization (similar to MRI, but with the advantages of lower cost 
and performance at the bedside in a coronary care unit) and to predict LV remodeling and 
cardiac endpoints [98].

The role of 3D echocardiography in the risk stratification of patients post-AMI has not 
been extensively evaluated. 3D derived sphericity index may predict LV remodeling, and 
the 3D strain technology can help in the detection of nonviable myocardial segments and 
the prediction of global LV function recovery [99].

3  Echocardiographic Assessment of Ischemic Heart Failure

IHD is the main cause of HF in high-income countries (CAD is the main cause of HF 
in roughly 60% of the patients) [100]. After AMI, anatomical changes in the LV myo-
cardium occur, including scar formation (replacement fibrosis), dilation of the infarcted 
region, reactive LV hypertrophy, and finally dilation of the remote zones [101]. Further 
LV remodeling and dysfunction cause distortion of the mitral valve (MV) apparatus 
and mitral regurgitation. The LV volume overload and increased filling pressures are 
transmitted to the pulmonary vasculature leading to pulmonary hypertension, finally 
causing pressure overload, dilation and dysfunction of the RV, and functional tricuspid 
regurgitation [100].
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3.1  Assessment of Ventricular Remodeling and Dysfunction

Echocardiography is the leading imaging technique to evaluate LV remodeling in routine 
clinical practice. LV remodeling is defined by the changes in the typical anatomy and 
structures of the LV.  Firstly, increased volumes and alterations in wall thickness are 
observed. With more extensive remodeling, the heart often becomes more spherical in 
shape (as calculated by the sphericity index) and the dilation is accompanied by a severe 
depression of LVEF. LVEF, end-diastolic, and end-systolic dimensions have been associ-
ated with all-cause mortality [102, 103]. LVEF assessed by 3D echocardiography is an 
independent predictor of clinical and arrhythmic events in comparison with conventional 
2D echocardiography in patients with LV dysfunction [94, 95]. Ultrasound contrast agents 
(for enhanced endocardial border detection) have resulted in improved accuracy of LV 
volumes and EF quantification, and CE should be recommended, irrespective of image 
quality, when clinical management depends on accurate measurements of LVEF (such as 
monitoring of patients when implantation of ICD or CRT devices is considered) [36].

GLS provides the largest evidence on the diagnostic and prognostic incremental value 
over EF [104] in ischemic HF. LV GLS may be impaired at an earlier stage of the remodel-
ing process, while EF is still within the normal values; therefore, GLS is considered a 
more sensitive marker of myocardial damage with an incremental prognostic value over 
EF [104, 105].

A transmural infarct will result in a myocardial scar, seen on echocardiography as an 
akinetic or dyskinetic segment with thinning and increased echo signal intensity. One or 
more infarcted segments may form an aneurysm defined as a segment with diastolic defor-
mation, with preservation of all three heart layers (endocardium, residual myocardium, 
and epicardium) (Fig. 9). Because there is no acute mechanical disruption of tissue, the 
transition from normal myocardium to aneurysm tends to be smooth and gradual com-
pared to pseudoaneurysm.

a b

Fig. 9 Post-myocardial infarction left ventricle aneurysm. (a) Apical aneurysm; (b) basal inferior 
wall aneurysm
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Progression of LV systolic dysfunction due to CAD may be accompanied by widening 
of the QRS duration, most commonly with an LBBB pattern. The prolonged interventricu-
lar and intraventricular conduction may cause dyssynchronous contraction, therapeutic 
target of CRT.  Many echocardiographic parameters of mechanical dyssynchrony have 
been studied to predict the response to CRT. However, when assessed individually, these 
parameters do not demonstrate significant predictive value in dyssynchrony–resynchrony 
evaluation [106, 107]. Moreover, in LV dysfunction due to CAD, response to CRT is 
affected by other factors including location and extent of myocardial scar, LV lead posi-
tion, RV function, extent of cavity dilation, and mitral regurgitation.

3.2  Secondary Ischemic Mitral Regurgitation

Ischemic MR is a common complication of CAD and is caused by alteration of the geo-
metrical relationship between the LV and mitral valve apparatus. The mitral annular dila-
tion and dysfunction, the LV dysfunction, and the LV mechanical dyssynchrony can also 
affect the degree of MR.

The closure of mitral leaflets is determined by the balance between the closing forces 
generated by the LV systolic contraction and the tethering forces, which restrain the leaf-
lets avoiding leaflet prolapse [108].

LV dysfunction reduces the closure forces, while the LV remodeling causes displace-
ment of the papillary muscles increasing the tethering forces. When tethering forces over-
come closure forces, malcoaptation of the MV leaflets and finally MR develops. The 
direction and degree of tethering determine the MR severity. Local remodeling in the 
posterior-lateral region creates the major leaflet tension and explains why ischemic MR 
incidence is higher in inferior than in anterior MI [108]. Indeed, the leaflet tethering is 
frequently asymmetric, affecting the medial scallop of the posterior mitral leaflet (Fig. 10). 
Tethering of the anterior mitral leaflet by strut chordae leads to the characteristic “seagull 
sign.” The tenting area and the coaptation depth (measured in mid-systole) quantify the 
degree of MV remodeling.

Ischemic MR is an independent predictor of cardiovascular death, and the increased 
mortality risk relates to the degree of MR. Moreover, ischemic MR is a dynamic lesion and 
frequently increases in severity over time, and its progression is a powerful independent 
predictor of adverse events in patients with ischemic heart failure [109].

Echocardiography is pivotal for diagnosis and severity assessment of MR and for accu-
rate characterization of the geometry of the valvular apparatus. EACVI and ASE guide-
lines for native valve regurgitation should be followed for the preprocedural evaluation of 
MR severity [110, 111]. Qualitative, semiquantitative, and quantitative methods have dif-
ferent strengths and should be combined in a multiparametric approach for grading MR 
severity. Moreover, careful evaluation of LV volume, ejection fraction, and effective stroke 
volumes is essential. Indeed, ventricles of different volumes can have similar EROAs but 
different RegFr. This is at the base of the distinction of secondary MR in proportionate and 
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Fig. 10 Secondary mitral regurgitation (MR). (a, b) Transesophageal three-chamber view showing 
MR secondary to the symmetric tethering of the leaflets; (c, d) transesophageal three-chamber view 
showing MR secondary to the asymmetric tethering of the leaflets (mainly the posterior) with a 
regurgitant jet directed posteriorly

disproportionate according to the LV end-diastolic volume; this theory, proposed by 
Greybun, can, at least in part, explain the different outcomes of the contemporary RCTs on 
percutaneous correction of secondary MR [112]. An algorithm for quantitative assessment 
of secondary MR has been proposed [113] to further stratify the patients among those 
within the grey area (EROA between 20 and 30 mm2 and a RVol between 30 and 44 mL), 
identifying patients with RegFr >50% as at high risk.
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Cardiac Catheterization and Coronary 
Arteriography

Antonio Mangieri, Mauro Gitto, Sara Baggio, Guido Del Monaco, 
Aisha Gohar, and Bernard Reimers

1  Introduction and History of Cardiac Catheterization

Cardiac catheterization has provided indisputable improvements in the diagnostic and 
therapeutic management of patients with ischemic heart disease (IHD), extending our 
understanding of circulatory anatomy and vascular pathophysiology.

From the first cardiac catheterization performed by Claude Bernard in 1844 on a horse 
[1], by a retrograde approach from the jugular vein to the right ventricle and from the 
carotid artery to the left ventricle, we had to wait more than half a century to obtain the first 
cardiac catheterization on humans: in 1929, the German physician Werner Forssmann 
inserted a 65 cm catheter through one of his left antecubital veins, guiding it by fluoros-
copy to his right atrium; he proved the successful self-catheterization with an X-ray and 
published it with the title “Über die Sondierung des rechten Herzens” (About probing of 
the right heart) [2].

Based upon these few early studies, in the 1940s, Andre Cournand and Dickinson 
Richards produced a remarkable series of investigations of right-heart physiology in 
humans [3–5]. They shared the Nobel Prize in Medicine with W. Forssmann in 1956 for 
their contribution of the discovery of cardiac catheterization and hemodynamic 
measurements.

Subsequent studies extended the application of cardiac catheterization to the study of 
congenital heart disease and evaluation of pulmonary pressures. In 1947, by reaching the 
distal pulmonary artery with a catheter, Dexter proved that pulmonary artery wedge pres-
sure was a good estimate of pulmonary venous and left atrial pressures [6].
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Selective coronary arteriography was first reported by the pediatric cardiologist Mason 
Sones in 1959, when he accidentally injected radiocontrast into a coronary artery instead 
of the left ventricle [7].

In the late 1970s, coronary catheterization was extended to therapeutic purposes, with 
the advent of catheter-based interventions, pioneered by Andreas Grüntzig, who intro-
duced the technique of balloon angioplasty, generally known as percutaneous transluminal 
coronary angioplasty (PTCA) [8, 9]. Since then, there has been an exponential growth in 
cardiac catheterization, in terms of both diagnostic evaluation and therapeutic interven-
tions, leading to a revolution in the management of patients with IHD, continually result-
ing in improved outcomes.

In essence, these new procedures have led to the blooming of the interventional cardiol-
ogy field. In 2020, despite a significant decrease in procedural volumes due to the 
COVID-19 pandemic, the US interventional cardiology device market size was valued at 
approximately $3.2 billion, with over 1.2 million coronary stents implanted per year. The 
market size is expected to reach $4.1 billion by 2026 [10].

2  Indications for Cardiac Catheterization

Cardiac catheterization is a useful procedure for both diagnostic and therapeutic purposes. 
Nevertheless, due to its invasiveness, it is essential to carefully evaluate the balance 
between its risks and anticipated benefits while also involving the patient in the decision- 
making process. Increasing attention is being given to the rational use of invasive cardio-
vascular procedures, as evident by the development of Appropriate Use Criteria (AUC) 
[11] to assess patient selection for diagnostic coronary procedures, as summarized in 
Table 1.

The first step in selecting a patient to undergo cardiac catheterization is a comprehen-
sive clinical and noninvasive evaluation in order to define the presence of an acute or 
chronic condition, which helps to identify the appropriate timing for intervention.

2.1  Indications for Coronary Angiography in Acute 
Coronary Syndromes

In the setting of acute coronary syndromes, the goal of cardiac catheterization is to identify 
the lesion responsible for the current event (culprit) and then to restore vessel patency, 
mainly with percutaneous coronary interventions (PCI).

In the setting of ST-elevation myocardial infarction (STEMI), the culprit lesion is in most 
cases evident on coronary angiography. However, it is usually not as simple in the case of 
non-ST-elevation myocardial infarction (NSTEMI): a significant portion of such patients 
have complex multivessel disease and more than 10% of them may not present a clear culprit 
lesion on angiography [12]; therefore, complementary invasive imaging is implemented in 
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Table 1 Summary of the main appropriate indications for diagnostic cardiac catheterization, in 
accordance with Appropriate Use Criteria. A detailed description of appropriate, uncertain, and 
inappropriate indications is reported in the consensus document by Patel et al. [11]

Diagnostic Catheterization Appropriate Use Criteria—Appropriate Indications
   • Suspected acute coronary syndrome
   • Suspected CAD (no prior PCI, CABG, or angiogram showing > 50% stenosis):
      – No prior noninvasive stress imaging, but high pretest probability and symptomatic
      – Prior noninvasive testing
        High-risk finding on ECG stress testing
         Stress test with imaging: intermediate-risk findings in a symptomatic patient; 

high-risk findings; discordant or equivocal findings in a symptomatic patient; 
baseline resting LV dysfunction and evidence of myocardial viability in 
dysfunctional segment

         Echocardiography: newly recognized LV systolic dysfunction with unknown 
etiology; new regional wall motion abnormality with unknown etiology and normal 
LV systolic function; suspected significant ischemic complication related to CAD 
(e.g., ischemic mitral regurgitation or VSD)

         Coronary CTA: stenosis ≥50% or of unclear severity in a symptomatic patient; 
lesion of unclear severity, possibly obstructive in the left main, even in 
asymptomatic patients

      –  Adjunctive invasive diagnostic testing in patients undergoing appropriate diagnostic 
coronary angiography:

        FFR for lesion severity
        IVUS for lesion severity and examination of lesion or artery morphology
   • Patients with known obstructive CAD
      –  Intermediate-risk noninvasive findings and worsening or limiting symptoms; high-risk 

noninvasive findings
   • Arrhythmias
      – Resuscitated cardiac arrest with return of spontaneous circulation
      – VF or sustained VT
   • Valvular disease
      – Preoperative assessment before valvular surgery
      – Pulmonary hypertension out of proportion to the severity of valvular disease
      – LV dysfunction out of proportion to the severity of valvular disease
      –  Chronic valvular disease but with noninvasive imaging conflicting with clinical 

impression of severity
   • Pericardial diseases:
      – Suspected pericardial tamponade
      – Suspected or clinical uncertainty between constrictive and restrictive physiology
   • Cardiomyopathies
      – Known or suspected cardiomyopathy with or without heart failure
      – Re-evaluation of known cardiomyopathy
   • Pulmonary hypertension and intracardiac shunt evaluation

ACS acute coronary syndrome; CABG coronary bypass grafting surgery; CAD coronary artery dis-
ease; CTA computed tomography angiography; ECG electrocardiogram; FFR fractional flow 
reserve; IVUS intravascular ultrasound; LV left ventricular; LVEF left ventricular ejection fraction; 
MI myocardial infarction; PCI percutaneous coronary intervention; VF ventricular fibrillation;  
VSD ventricular septal defect; VT ventricular tachycardia
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the acute setting to enhance the diagnostic accuracy of culprit lesion detection, assessing for 
the presence of plaque erosion, rupture, ulceration, or thrombus apposition.

Based upon the current indications for reperfusion therapy in ACS [13–16], immediate 
coronary angiography (within 2 h) and subsequent revascularization are recommended in 
the following cases:

• All patients with symptoms of ischemia of less than 12-h duration and persistent ST- 
segment elevation.

• In the setting of NSTEMI, the results of several RCTs and their meta-analyses highlight 
the role of risk stratification in the decision process and support a routine invasive 
strategy in very-high-risk patients, with suspected ongoing ischemic symptoms sugges-
tive of MI and at least one high-risk feature, including hemodynamic instability or 
cardiogenic shock, recurrent or ongoing chest pain refractory to medical treatment, 
life-threatening arrhythmias or cardiac arrest, mechanical complications of MI, acute 
heart failure, and recurrent dynamic ST-segment or T wave changes, particularly with 
intermittent ST-segment elevation. An early invasive approach with angiography per-
formed in the first 24 h is recommended in high-risk patients with NSTEMI.

• In selected STEMI patients with time from symptom onset of more than 12 h, in the 
presence of ongoing symptoms suggestive of ischemia, hemodynamic instability, or 
life-threatening arrhythmias. In asymptomatic patients, routine PCI of an occluded 
infarct-related artery more than 48 h after the onset of STEMI is not indicated.

2.2  Indications to Coronary Angiography in Acute 
Coronary Syndromes

Regarding chronic coronary syndromes (CCS) or suspected stable CAD, myocardial 
revascularization in stable CAD is performed to improve either prognosis in a subset of 
patients with high-risk characteristics or quality of life and symptoms in cases of refrac-
tory to medical therapy [17].

Two key aspects should be taken into account in this context: the improved sensibility and 
specificity of noninvasive diagnostic tests for the detection of myocardial ischemia and CAD 
and the results of several trials which placed renewed emphasis on intensive medical therapy 
for stable patients. From the results of the COURAGE [18] (Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug Evaluation) trial published in 2007 to the recently 
released ORBITA [19] (Objective Randomized Blinded Investigation With Optimal Medical 
Therapy of Angioplasty in Stable Angina) and ISCHEMIA [20] (International Study of 
Comparative Health Effectiveness with Medical and Invasive Approaches) trials, data have 
tempered the expected benefits of PCI in elective cases, confirming the need of careful 
patient selection for myocardial revascularization in CCS, especially in the presence of mild 
symptoms and preserved left ventricle ejection fraction and once left main stenosis, proximal 
CAD, or severe multivessel CAD have been ruled out. Therefore, guidelines suggest the use 
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of invasive coronary angiography (ICA) only in patients with suspected CAD in cases when 
noninvasive testing has proven inconclusive, in patients from particular professions, due to 
regulatory issues, or if noninvasive assessment suggests a high risk of events, in order to 
determine the options for revascularization.

ICA should not be performed in patients with angina who either refuse invasive proce-
dures or prefer to avoid revascularization, or in whom revascularization is not expected to 
improve functional status or quality of life.

Furthermore, cardiac catheterization should be performed in:

• Patients considered for heart surgery, with the possibility of noninvasive assessment 
only in selected young subjects with no coronary risk factors, no history of CAD, and 
no evidence of ischemia or in urgent settings.

• Pulmonary hypertension, to confirm the diagnosis and to assess potential responsive-
ness to pharmacologic agents.

• Advanced congestive heart failure, including screening for replacement therapies.
• Symptomatic patients with suspected cardiomyopathy, to exclude concomitant isch-

emic disease.

Finally, cardiac catheterization may be performed for research investigations, in order 
to compare or test different therapeutic devices or strategies, after the prior approval of the 
Food and Drug Administration (FDA) in the form of an Investigational Device Exemption, 
of the local Committee on Human Research at the institution (Institutional Review Board, 
or IRB), and attainment of informed consent after the details of the risks and potential 
benefits of the procedure and its alternatives have been thoroughly explained.

3  Contraindications to Cardiac Catheterization

At present, the only absolute contraindication to cardiac catheterization is the refusal of a 
compos mentis patient to consent to the procedure. Nevertheless, several relative contrain-
dications must be evaluated, including concomitant conditions which correcting would 
improve the safety of the procedure.

The possibility of hemodynamic stabilization prior to the catheterization reduces the 
risk of complications: for instance, hypertension, but also hypotension, predisposes to 
myocardial ischemia, acute decompensation, hemorrhagic stroke following anticoagula-
tion, and bleeding and should be controlled before and during the procedure.

Especially in an elective setting, postponing catheterization should always be consid-
ered in patients with:

• Febrile illnesses or suspected infection.
• Congestive heart failure, due to the higher risk of pulmonary edema following contrast 

media and fluid administration during the procedure and patient’s inability to lay flat 
during the procedure.
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• Suspected active bleeding, which exposes patients to major bleeding complications 
after the administration of antithrombotic drugs during the procedure.

• Drug toxicity and electrolyte imbalance (e.g., hyperkalemia, hypokalemia, digitalis 
toxicity), since they increase the risk of arrhythmias.

Regarding vitamin K antagonists (VKA, e.g., warfarin), the general approach is to post-
pone elective procedures until the international normalized ratio (INR) of prothrombin 
time reaches values less than 2 (and in many labs less than 1.5).

Given that direct oral anticoagulants (DOACs) have become the foundation for preven-
tion of thromboembolic complications in patients with non-valvular (NV) atrial fibrilla-
tion (AF), several protocols for their management in the periprocedural period have been 
developed [21, 22]. The American College of Cardiology classifies PCI via the femoral 
artery as a moderate-risk bleeding procedure, instructing to discontinue factor Xa inhibi-
tors for 48 h prior to the procedure [21]; this conflicts with the American Heart Association 
consensus, which categorizes catheterization via the femoral artery as a high-risk proce-
dure, but suggests a shorter hold time of at least 24 h [22].

In order to reduce bleeding risk, patients should be screened for the presence of throm-
bocytopenia before the procedure: a severe reduction in platelet count should be consid-
ered a relative contraindication to cardiac catheterization; the general consensus is that a 
platelet count of at least 40,000–50,000/mm3 is sufficient to perform major invasive pro-
cedures with safety, in the absence of associated coagulation abnormalities [23].

Finally, allergy to radiographic contrast agent is another relative contraindication. Up 
to 8% of patients receiving a contrast media will develop some form of reaction; even 
though most of them are mild and resolve without treatment, moderate and severe life- 
threatening reactions are seen in 1% and 0.1% of people receiving contrast media, respec-
tively [24]. Protocols of premedication and use of low osmolar contrast agents have both 
effectively reduced the risks of a major adverse reaction.

4  Cardiac Catheterization Laboratory: A Modern Setup

Contemporary cardiac catheterization laboratories must have sufficient space to house the 
fluoroscope, an increasing array of ancillary equipment (e.g., IVUS, IABP), work, and 
storage areas [25]. The angiographic room requires structural and movable radiation 
shielding, designed by an expert qualified medical physicist, to assure optimal protection. 
The centerpiece of the cardiac catheterization laboratory is the gantry that holds the X-ray 
tube and the image receptor in correct alignment. Its role is to provide a full range of two- 
dimensional rotation (left-to-right anterior oblique) and skew (cranial to caudal) in the 
direction with which the X-ray beam passes through the patient. The two axes of rotation 
meet at a single point called the isocenter. An object, such as the patient’s heart, placed at 
isocenter will remain centered on the screen as the beam direction is changed. The patient 
is supported on an adjustable-height flat-top table. The tabletop can be panned in the left- 
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right or head-foot direction to move the patient relative to the X-ray beam. Some tables 
feature a tilt capability to put the patient into Trendelenburg or reverse Trendelenburg 
positions. Robotic base systems provide further extension and integration of gantry and 
table motions. A second complete imaging chain is provided in some laboratories to pro-
vide simultaneous viewing from two angles. Biplane imaging can be indispensable for 
certain patients and procedures but is usually not required for most invasive cardiology 
procedures. Physiological monitors (invasive blood pressure, heart rate, ECG) and their 
displays are vital. These are increasingly integrated into the laboratory’s clinical informa-
tion system such that physiological data, event logs, and other information are time- 
stamped and recorded while the procedure is in progress. Such systems offer structured 
reporting, generating a complete report as soon as the procedure is completed. Each piece 
of equipment in the laboratory must meet specific patient electrical safety requirements if 
there is any possibility that it could come in contact with the patient under either normal 
or emergency circumstances. These include non-X-ray imaging devices (e.g., ultrasound), 
emergency equipment (e.g., defibrillator), interventional devices (e.g., rotablator), physi-
ological monitors, etc.

5  Radiation Exposure During Cardiac Catheterization

Radiation exposure during coronary angiography in the cardiac catheterization laboratory 
tends to be higher than other radiologic examinations, the level of which can be potentially 
harmful to the patient and operator, mainly in cases of prolonged procedures [26]. 
Necessary images need to be obtained while protecting both patients and staff from unnec-
essary radiation. Clinical radiation dose measurements in the interventional fluoroscopic 
laboratory are used as practical indicators of patient risk. In the laboratory, dose exposure 
is usually described in terms of the following parameters:

 1. Fluoroscopic Time (min): The time during a procedure in which fluoroscopy is used 
but does not include cine acquisition imaging. Therefore, considered alone, it tends to 
underestimate the total radiation dose received.

 2. Cumulative Air Kerma (Gy): The cumulative air kerma is a measure of X-ray energy 
delivered to air at the interventional reference point (15 cm from the isocenter in the 
direction of the focal spot). This measurement has been closely associated with deter-
ministic skin effects.

 3. Dose-Area Product (Gy cm2): This is the cumulative sum of the instantaneous air 
kerma and the X-ray field area. This monitors the patient dose burden and is a good 
indicator of stochastic effects.

Radiation injuries are induced by one of the two mechanisms, stochastic and determin-
istic. The stochastic mechanism is a non-threshold biologic effect that occurs by chance to 
a population whose probability is proportional to the dose and whose severity is indepen-
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dent of the dose. It is induced by unrepaired injury to the DNA of a single viable cell. 
Radiogenic cancer is the principal stochastic risk in the interventional laboratory. As clini-
cal disease requires cellular proliferation, radiogenic cancer will take years to decades 
before it becomes clinically apparent. The deterministic effect is a dose-dependent dam-
age of radiation of which a threshold is believed to exist. It occurs when the radiation dose 
is sufficient to result in cell death and creates organ dysfunction [27, 28]. It most com-
monly results in skin injury, but also bone marrow, gonadal suppression, and cataracts. 
Operators should make every effort to reduce radiation dose to a level that is “as low as 
reasonably achievable” (ALARA principle) that provides sufficient diagnostic informa-
tion [29]. Therefore, it is advisable and good practice to limit radiation exposure to patients 
and interventional operators as much as possible, by appropriate use of angiographic sys-
tems without compromising the effectiveness of the procedures. In addition to the multiple 
factors affecting radiation exposure such as procedure complexity, type of radiation pro-
tection employed, patient anatomy, physician experience, and vascular access site, the 
type of angiography equipment and dose protocol can affect the amount of emitted radia-
tion [30]. However, there are no specific safety guidelines that address limiting the radia-
tion dose and there are currently no dose reduction strategies in the cardiac catheterization 
laboratory. A low-dose protocol (LDP) may be obtained with an inferior entrance dose rate 
limit value as compared to standard dose protocol (SDP), and a reduced frame rate for the 
cine acquisition. Recommended strategies to minimize radiation exposure are the use of 
radiation only when imaging is necessary with minimization of the use of cine angiogra-
phy, steep angles of X-ray beam (e.g., avoiding the left anterior oblique cranial angulation, 
which has the highest degree of scatter exposure to the operator), magnification mode 
without additional radiation, and reduction of frame rate from 15 frames/second to 7.5 
frames/second. Keeping the image detector close to the patient and monitoring radiation 
dose in real time are also useful methods to reduce radiation exposure. It is also important 
for the operator to have the necessary equipment (glasses, vest, safety cap) to allow protec-
tion from the radiation beams (Fig. 1).

Keep detector close 
to patient.

Collimate.

 Radiation safety cap

Position shield in 
between patient 
and operator.

Movable lead skirt. Disposable shielding. 

Radiation safety 
glasses (with side 
panels). 

Lead skirt and 
vest with thyroid 
collar. 

Patient Operator

Increase table height.

Vary beam angle.

Limit radiation 
usage. 

Protective garments.

Increase distance from
source.

Optimize shielding.

Keep body parts out of
beam.

Robotic cath lab.

Decrease cine use. 
Minimize steep angles. 

Keep detector close to 
patient.

Decrease frame rate.
 Use software 
magnification.

Real time dose 
monitoring.

Keep extremities out 
of beam. 

Collimate

Fig. 1 Strategies to reduce patients and operator radiation exposure
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6  Vascular Accesses

Thanks to the development of new catheters and advancement in vascular access tech-
niques, nowadays coronary angiography is performed using a percutaneous approach with 
progressive use of radial access instead of other access sites, which carry a higher rate of 
complications.

7  Transfemoral Approach

Transfemoral approach was considered as the main route of arterial access for cardiac 
catheterization for a long time. The reason for its widespread adoption included the ability 
to puncture an unlimited number of times, easy access, less radiation time, and less con-
trast use compared to other access sites. Nowadays, femoral access is still utilized in cases 
of complex PCI (such as chronic total occlusions, severe calcification and tortuosity, chal-
lenging bifurcations). However, the femoral route has been abandoned over time due to the 
associated higher bleeding rate and vascular complications. Relative contraindications of 
femoral vascular access include peripheral vascular disease, marked iliac tortuosity, prior 
femoral arterial graft surgery, or gross obesity; however, catheter insertion and manipula-
tion may present technical challenges even for experienced operators. Recognition of 
these features may favor the use of the percutaneous radial, brachial, axillary, or even 
translumbar aortic approaches.

Nowadays, femoral puncture should always be guided by ultrasound minimizing the 
risk of complications by offering a clear visualization of the vascular structure. If 
ultrasound- guided puncture is not possible, femoral artery puncture can be achieved under 
fluoroscopy, placing a radiopaque marker (generally a vascular clamp) at the site where 
the pulse is most palpable and adjusted until the tip of the marker is located at the inferior 
border of the femoral head.

7.1  Femoral Access Hemostasis

After catheterization, femoral access hemostasis can be achieved using different approaches:

 – Manual compression: A compressive force, sufficient to obliterate pedal pulses, is 
applied with the fingers at the level of femoral artery. The duration of compression 
should be approximately 2–3 min multiplied by the sheath size. For example, for a 
6-French sheath, the duration of compression should be about 12–18 min. The patient 
should be monitored (blood pressure, telemetry), and fluids and/or atropine need to 
be administered; if the patient has vasovagal reactions, they should be treated 
accordingly.
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 – Mechanical pressure: Devices like FemoStop-Abbott Vascular can replace manual 
pressure, but they are generally uncomfortable for the patients and supervision of a 
trained expert is required to ensure that peripheral perfusion is not compromised.

 – Percutaneous vascular closure devices: Vascular closure devices achieve a better con-
trol of hemostasis while being more comfortable for the patient, speeding up ambula-
tion, and reducing access-site complications. They allow sheath removal in the cardiac 
catheterization laboratory even in fully anticoagulated patients. Vascular closure 
devices can be divided into two groups according to their mechanism of action: passive 
and active. The passive closure devices are an aid to manual compression and enhance 
hemostasis by delivering material that facilitates clot formation during mechanical 
compression. In small randomized controlled trials (RCTs), they did not show any 
improvement in early ambulation or control of hemostasis at the puncture site. Active 
vascular closure devices have different mechanisms but usually promote hemostasis by 
delivering a plug or a suture, which closes the disruption in the vessel structure. Vascular 
closure devices can be used even when the ACT is high, although it is not recom-
mended to use them if the ACT is >300 s. Successful hemostasis of vascular closure 
devices mainly depends on the precision of arterial puncture, the conditions of vascular 
access, as well as the training of the operator.

7.2  Radial Approach

Since 1989, when Lucien Campeau published his successful series of 100 coronary angi-
ographies performed with minimal occurrence of complications, transradial approach 
(TRA) gained popularity all over the world and became the technique of choice. According 
to 2018 ESC Guidelines on myocardial revascularization, radial access is preferred for 
PCI irrespective of clinical presentation, unless there are overriding procedural consider-
ations [11]. TRA is associated with significantly fewer access-site complications and 
greater patient satisfaction compared with femoral access [31] despite providing a more 
challenging engagement of the coronary arteries and a suboptimal support of the guide 
catheter. As it carries a reduction in bleeding and hematoma formation, radial access has 
been associated with lower mortality in STEMI patients. Radial access is also preferred in 
patients who receive oral anticoagulants or are at high risk of bleeding [32]. Disadvantages 
of TRA include a relatively steep learning curve, increased radiation exposure, incompat-
ibility of the radial artery with sheaths larger than 6F, and higher access failure rates.

Allen’s test had been routinely performed in the past to assess the patency of collateral 
circulation of the hand, the ulnar artery. The RADAR trial (Predictive Value of Allen’s Test 
Result in Elective Patients Undergoing Coronary Catheterization Through Radial 
Approach) showed that radial access was safe and feasible independently of Allen’s test 
results. For this reason, Allen’s test is no longer recommended prior to obtaining radial 
access [33].
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TRA can be performed via the left or right radial artery. Due to ergonomic consider-
ations, most operators prefer using the right TRA. Left TRA should be preferred in patients 
with previous coronary artery bypass grafting (CABG) with a left internal mammary 
artery (LIMA). In the TALENT trial, left TRA was associated with a significantly shorter 
learning curve and progressive reductions in cannulation and fluoroscopy times as the 
operator volume increased, compared to right TRA [34].

Radial artery spasm is the most common TRA complication and is a frequent reason for 
failure and crossover to transfemoral access [35]. Prevention of spasm should be per-
formed using a hydrophilic coated sheath with the injection of a vasodilator (verapamil, 
nitroglycerin—either alone or in combination—nicardipine, lidocaine, and papaverine) 
after obtaining access [36].

One of the consequences of the TRA is radial artery occlusion (RAO), which occurs in 
approximately 5–10% of transradial procedures, and in most cases, it occurs due to vessel 
injury and thrombosis. The clinical signs include painless loss of radial pulse. Risk factors 
associated with RAO are a lack of anticoagulation during the procedure, larger diameter 
sheaths, multiple procedures through the same radial artery, and prolonged occlusive com-
pression for hemostasis. Spontaneous recanalization of RA is reported to be around 
25–50% at 30 days [37, 38].

7.3  Distal Radial Approach

The distal transradial approach (dTRA) has been recently introduced in clinical practice to 
overcome the possible limitations of the TRA and involves puncturing the artery at the 
level of the snuffbox. As the radial artery has reached the anatomic snuffbox, it has already 
given rise to some branches that, in case of vessel occlusion, could avoid flow interruption. 
In the most recent registries and trials, success rate of dTRA has been reported to be 
approximately 90%. Potential advantages of this technique include a more comfortable 
arm position for the patient, a lower rate of distal radial artery obstruction due to mainte-
nance of antegrade flow through the superficial palmar arch, early hemostasis, low risk for 
hematoma formation and compartment syndrome, low level of pain, and possibility of 
saving the radial artery for possible future coronary artery bypass graft. The disadvantages 
of dTRA are that they are technically more demanding and time consuming, especially in 
access time [39].

7.4  Radial Access Hemostasis

One of the advantages of TRA and dTRA is that the vascular sheath is always removed at 
the end of the procedure regardless of the antithrombotic therapy. Currently, a radial 
 compression device is used for achieving hemostasis after radial catheterization. The most 
used compression device is the TR Band (Terumo Medical, Somerset, NJ), which allows 
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fine adjustments of the hemostatic pressure and direct visualization of the arteriotomy site 
through the transparent balloon material. Dedicated closure devices are available to 
achieve safe hemostasis of the distal radial access.

8  Angiographic Coronary Artery Anatomy and Projections

8.1  Angiograph Views

Contrast injections in multiple views are necessary to ensure a clear visualization of all 
coronary segments without foreshortening or overlap. The angulation of each view is 
defined using two terms, with the first one denoting the degree of rotation over the anterior 
chest wall and the second one describing skewness, which means the degree of angulation 
towards the patient’s head (cranial) or foot (caudal). Coronary anatomy in an angiographic 
view can be represented considering two orthogonal planes, the first one representing the 
interventricular septum and the second one representing the atrioventricular valves. To 
execute an adequate coronary angiography, it is not necessary to study all potential views, 
but a series of screening views should be performed, extending the exam with one or more 
additional views to complete the study according to the clinical case (Figs. 1 and 2).

 – Right Anterior Oblique (RAO) Projections: Straight RAO projections are generally 
avoided due to overlapping and foreshortening of the left anterior descending (LAD) 
and circumflex (Cx) arteries.

 – RAO Cranial (10–30° RAO, 25–40° Cranial): The RAO-cranial (10–30° RAO; 
25–40° cranial) projection should be performed after the first view. In this projection, the 
mid- and distal portion of the LAD and the origin of septal and diagonal branches can be 
visualized. The distal right coronary artery (RCA) can also be viewed in this projection, 
or the Cx (in case of left dominance) at the point where these vessels give rise to the 
posterior descending (PDA) and posterolateral (PL) branches. This view rarely provides 
information about LMCA and Cx due to overlapping and foreshortening (Fig. 3).

 – LAO Straight (60° LAO): The straight 60° LAO projection provides a good view of 
proximal and mid-RCA, but is very limited in evaluating the left coronary artery.

 – LAO Cranial (LAO 60°, Cranial 15-30°): By adding a 15–30° cranial angulation, the 
LAO-cranial view is obtained. In this projection, ostial and distal LMCA is clearly 
shown together with middle and distal portion of LAD with the origin of septal and 
diagonal branches. Sometimes, when present, the ramus intermedius can be clearly 
shown. Finally, proximal Cx and obtuse marginal branch (OMB) can be seen on the 
extreme right of the screen. With about 25 degrees of cranial angulation, the LAO cra-
nial projection shows the midportion of RCA and, in the case of right dominance, the 
origin and course of PDA. Reducing LAO angulation to 30–40° allows a better visual-
ization of LAD between the right hemidiaphragm and the spine. With maximal inspira-
tion, diaphragm is pulled down and X-rays better penetrate.
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Fig. 2 Projections for the right coronary artery: (a) LAO 10° CRA 20° projection to better visualize 
the distal portion of the right coronary artery. (b) AP caudal offers a good evaluation of the mid-part 
of the right coronary artery with clear visualization of septal coming from the posterior descending 
artery. (c) RAO projection is useful to clarify the anatomy of the posterior descending artery. (d) 
LAO view is utilized as standard projection for right coronary artery cannulation and visualization 
of the proximal part of the vessel

 – LAO Caudal—Spider (60° LAO, 10–20° Caudal): In LAO-caudal view—the so- 
called spider (60° LAO; 10–20° caudal)—LMCA is seen in a spiderlike appearance, 
giving origin to the proximal segments of LAD and Cx. Also, the distal RCA and its 
bifurcation in PDA and PL with their respective course are well explored in this view. 
With maximal expiration, the horizontal cardiac position is accentuated with a better 
view from below the heart and coronary branches.
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Fig. 3 Projections for the left coronary artery: (a) LAO 0° CRA 25° (AP cranial) is the projection 
to better visualize the proximal-mid-segment of the left descending artery, diagonals, and septal. (b) 
Spider view (LAO 15°, CAU 20°) caudal offers a good evaluation of the distal left main bifurcation 
with clear visualization of the proximal segments of the circumflex and of the left descending artery. 
(c) LAO 15° CRA 25° is useful for a clear view of the proximal left descending artery, (d) RAO 20 °,  
CAU 20° is the standard projection that should be firstly performed during the left coronary catheter-
ization. It gives a clear visualization of the circumflex and a good vision of the mid-distal segments 
of the left descending artery. Abbreviations: OM obtuse marginal; LM left main; LAD left anterior 
descending; LCx left circumflex artery

 – Posteroanterior and Left Lateral Projections: These projections are underused but 
can still provide some additional information to the exam. PA projection, for example, 
frequently provides the best view of the left main ostium. On the other hand, the distal 
LM can be better seen with RAO-caudal view.
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 – Lateral Projections: Left lateral projection, especially if combined with 10–15° cra-
nial angulation, is useful to exam proximal Cx and proximal and distal LAD.  This 
projection also offers an excellent look at the mid-RCA with the possibility of limiting 
motion comparing to the sight in straight RAO.

 – RAO Caudal (10–30° RAO, 15–20° Caudal): The RAO-caudal projection (10–30° 
RAO and 15–20° caudal) should be the first view of choice as it gives an optimal view 
of the left main coronary artery (LMCA) bifurcation, the proximal LAD, and also the 
proximal and midportion of Cx.

8.2  Catheters

Catheters have multiple roles during coronary angiography, which include reaching and 
engaging coronary arteries for contrast injection and angiographic visualization; monitor-
ing artery pressure during the procedure; and delivering the necessary equipment into the 
coronary artery. They can be divided, according to their function, into two main groups: 
guide and diagnostic catheters.

A guide catheter has thinner walls and a larger lumen allowing the delivery of neces-
sary equipment during cardiac catheterization. The guide walls are made thinner through 
the use of a layer of metal mesh that prevents the guide catheter walls from collapsing. 
Guide catheters have also softer tips compared with diagnostic catheters. This allows lon-
ger coronary engagement and deep seating and also limits the risk of coronary dissection.

Diagnostic catheters have thicker walls which allow them to be more torquable. The 
catheter outer diameter is measured using French (1 French = 0.33 mm) and varies from 
4F to 8F. Most PCIs can be performed through 6-French (2 mm) guide catheters, but guide 
catheters with larger diameter (7- or 8-French) provide better support and improve vessel 
visualization and may be required for delivery of some equipment or in cases where mul-
tiple simultaneous equipment may be necessary. The average length of most catheters is 
about 100 cm. Shorter guide catheters (usually 90 cm) can be utilized to deliver equipment 
in distal target lesions or for retrograde chronic total occlusion PCI [40]. Longer guide 
catheters (125 cm long) may be needed in case of tortuosity or dilation of aorta or tall 
patients to reach the coronary arteries.

Guiding catheters can have side holes that prevent pressure dampening in the presence 
of ostial plaques. Dedicated guiding catheters designed for radial access are available and 
allow cannulation of both coronary ostia.

8.3  Guiding Catheter Shapes

Most guide catheter shapes are specific for the right or left coronary artery or for bypass 
grafts, although some guide catheters can be used to engage various vessels. Guide catheters 
are described by the shape name and the length of their distal segment. Selecting diagnostic 
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Diagnostic catheters

Guiding catheters

JR JL AL AR IM MP Tiger Jacky

JR JL AL AR EBU/XB MP Kimny

Fig. 4 Examples of diagnostic and guiding catheters most commonly utilized in the clinical practice

and guide catheter size depends on the size of the aortic root, with larger catheters needed for 
larger aortic root sizes. The mostly utilized diagnostic catheters are the Judkins left and right 
for selective cannulation of the coronary ostia. Similarly, left and right Amplatz catheters are 
dedicated for selective cannulation of the coronaries. Universally, Amplatz left catheter is 
utilized for cannulation also of the RCA providing more support.

Other specific catheters are designed to cannulate anomalous origin of the coronaries, 
bypass grafts, and peripheral vessels. A detailed list of the mostly available catheters is 
provided in Fig. 4. Some catheters (TIG and Jacky catheters) are available for cannulation 
of both coronary ostia through the radial access.

9  Periprocedural Drugs

9.1  Heparin

The rationale for the use of anticoagulation is 1) to mitigate the sequelae of iatrogenic 
plaque rupture from balloon angioplasty or stenting; 2) to prevent thrombotic occlusion of 
vascular access, in particular when the radial access is utilized; and 3) to reduce the risk of 
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thrombus formation on intravascular PCI equipment. Conversely, anticoagulation can 
increase the risk of bleeding during cardiac catheterization, so a balance between bleeding 
and thrombotic complications should be evaluated.

Unfractionated heparin (UFH) remains the cornerstone of anticoagulation treatment in 
patients undergoing cardiac catheterization. It produces its major anticoagulant effect by 
inactivating thrombin and activated factor X (factor Xa) through an antithrombin (AT)-
dependent mechanism. By inactivating thrombin, heparin not only prevents fibrin forma-
tion but also inhibits thrombin-induced activation of platelets and of factors V and VIII [41].

High-intensity anticoagulation should be considered in transradial diagnostic proce-
dures for the prevention of forearm occlusion (high [100 IU/kg] versus standard [50 IU/
kg] heparin dose) [42]. The intensity of anticoagulation with heparin is evaluated measur-
ing the activated clotting time (ACT) and should be between 250 and 350 s.

Anticoagulation with UFH alone does not seem to be sufficient for protection from 
ischemic sequelae, such as periprocedural MI. One cause of these events is embolization 
of platelet aggregates that form as a result of platelet activation induced by UFH.

Another limitation of UFH is the potential risk of developing heparin-induced throm-
bocytopenia with or without thrombosis syndrome [HIT(TS)]. The development of 
HIT(TS) is associated with prolonged use of UFH and is a rare occurrence during cardiac 
catheterization. The development of thrombocytopenia during PCI is associated with 
increased mortality [43].

Despite the aforementioned limitations, several other drugs have been compared with 
heparin, but none of them have been proven superior.

9.2  Bivalirudin

Bivalirudin is a synthetic 20-residue peptide, which reversibly inhibits thrombin. Once 
bound to the active site, thrombin cannot activate fibrinogen into fibrin, the crucial step in the 
formation of thrombus. Bivalirudin mediates an inhibitory action on thrombin by specifically 
binding to both the catalytic site and anion-binding exosite of circulating and clot-bound 
thrombin. The action of bivalirudin is reversible because unbound thrombin cleaves the 
thrombin-bivalirudin complex, thus inactivating it. Due to its pharmacokinetic properties, 
the half-life of bivalirudin is short (25 min) and is largely dependent on the proteolysis (80%) 
of the thrombin-bivalirudin complex while the remaining 20% is excreted by kidneys.

Bivalirudin has been studied only in patients receiving concomitant aspirin. The recom-
mended dose of bivalirudin is an intravenous bolus dose of 0.75 mg/kg, followed immedi-
ately by an infusion of 1.75 mg/kg/h for the duration of the procedure. Five minutes after 
the bolus dose has been administered, an ACT should be performed and an additional 
bolus of 0.3 mg/kg should be given if needed.

Bivalirudin is actually indicated as intravenous anticoagulation in patients with acute 
myocardial infarction, unstable angina, percutaneous coronary intervention, and thrombo-
sis in patients with a history of HIT [44].
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9.3  Enoxaparin

Low-molecular-weight heparin (LMWH) is derived from heparin by chemical or enzy-
matic depolymerization to yield fragments approximately one-third of the size of heparin. 
Compared with UFH, LMWHs have reduced ability to inactivate thrombin because the 
smaller fragments cannot bind simultaneously to AT and thrombin. In contrast, LMWH 
can easily bind AT and factor Xa, thus inhibiting its action.

Reduced binding to plasma proteins and cells is responsible for the more predictable 
dose-response relationship of LMWH, longer plasma half-life (compared with UFH), and 
lower risk of heparin-induced thrombocytopenia and osteopenia. LMWHs are principally 
renally cleared, so its dosage should be adjusted in patients with impaired kidney function. 
One of the clearest benefits of enoxaparin over heparin is that it does not require point-of- 
care monitoring in the cardiac catheterization laboratory. The anticoagulant effect of 
enoxaparin can be monitored via monitoring of anti-factor Xa levels, although this is not 
the standard of care and there is little clinical evidence to establish any clinical utility in 
measuring anti-factor Xa. LMWHs do not have an antidote, but protamine administration 
may be useful in an emergency; however, this does not result in the complete reversal of 
the anticoagulant effect. Dalteparin, another LMWH agent, has also been evaluated in 
ACS in several small studies, though its use is not recommended in current guidelines.

9.4  Fondaparinux

Fondaparinux is an inhibitor of the factor X. Studies have demonstrated that its use during 
coronary angiography is associated with a higher incidence of catheter thrombosis; its 
mechanism of action does not inhibit catheter-induced clotting as it does not inhibit 
upstream coagulation via the contact pathway nor does it inhibit downstream clotting 
mediated by thrombin. For this reason, the use of fondaparinux in the setting of coronary 
angiographies is contraindicated.

9.5  Limitations of Cardiac Catheterization for the Detection 
of Coronary Artery Disease Severity

Despite being the first-line diagnostic test to assess the presence and extent of coronary 
atherosclerosis, coronary angiography has several intrinsic limitations, which have led to 
the development of adjunctive intra-procedural tools in order to increase overall accuracy.

As first, evaluation of the degree of coronary stenosis during angiography is primarily 
based on the physician’s visual assessment, which is subject to consistent inter-operator 
and intra-operator variability [45]. Secondly, coronary angiography provides an anatomi-
cal evaluation of CAD and does not predict the probability of a lesion to induce myocar-
dial ischemia. Third, by means of intracoronary contrast injection, it only allows the 
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visualization of vascular contour. While this approach might be useful to estimate the 
degree by which obstructive atherosclerotic plaques reduce arterial lumen, it does not 
allow plaque catheterization and underestimates the severity of eccentric or diffuse athero-
sclerotic lesions [46]. Fourth, the spatial resolution of angiography is limited to 300 um 
approximately, and coronary microvascular dysfunction cannot be detected [47].

9.5.1  Fractional Flow Reserve (FFR)
Coronary pressure flow measurements can be used to define the functional significance of 
coronary stenosis, which is the ability of a stenosis to induce myocardial ischemia. This 
assessment is generally required in cases of angiographically intermediate coronary 
lesions or in cases of diffuse CAD in order to guide revascularization. Pressure wires are 
sensory-tipped angioplasty guidewires, which measure the pressure and/or flow drop 
across a stenosis.

The simplest pressure wire-based index is the resting distal coronary artery pressure/
aortic pressure (Pd/Pa), which indicates the ratio of distal coronary artery pressure to aor-
tic pressure at rest. Since coronary flow reserve reduction associated with stable coronary 
artery disease becomes overt in exercise, Pd/Pa alone is not accurate for the detection of 
functional significance.

Fractional flow reserve (FFR) evaluates the discrepancy between the maximum blood 
flow in the coronary artery in the presence of a stenosis and the maximum flow in the same 
vessel in the theoretical absence of any stenosis. Maximum blood flow (hyperemia) is 
usually obtained through intravenous or intracoronary adenosine injection (at a dose of at 
least 40 ug IC bolus in the right coronary artery and 40–80 ug in the left coronary artery). 
Assuming linear relationship between perfusion pressure and coronary blood flow during 
hyperemia and venous pressure to be equal to zero, the ratio between distal coronary artery 
pressure and aortic pressure equals to the ratio of maximum flows. Therefore, FFR can be 
indirectly measured through Pd/Pa after hyperemic stimulus.

The theoretically normal FFR value in the absence of any coronary lesions is 1; the 
lower the FFR, the higher the ability of a stenosis to limit coronary blood flow. The first 
FFR cutoff to be validated using noninvasive stress imaging as the reference standard was 
0.75 [48]. In a subsequent series of large randomized clinical trials, FFR cutoff of 0.8 has 
been proven to improve long-term outcomes when used to guide or defer coronary revas-
cularization [49, 50]. Based on this evidence, angiographically intermediate (40–90%) 
coronary lesions with FFR ≤0.80 should be considered for revascularization according to 
2019 ESC Guidelines [51].

While outperforming coronary angiography alone, FFR assessment in angiographically 
intermediate lesions presents some inherent limitations. Firstly, adenosine-related side 
effects such as hypotension, bradyarrhythmias, and respiratory distress are not uncommon 
[52]. Secondly, the key assumption behind FFR calculation is a linear relationship between 
flow and pressure under conditions of constant intracoronary resistance. However, even 
after adenosine administration, coronary resistance changes throughout the cardiac cycle 
and final FFR value is time averaged. In order to overcome these two limitations, a non- 
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hyperemic pressure-derived index, the instantaneous wave-free ratio (iFR), has recently 
been developed [53]. The rationale of iFR is the presence of a phase in the cardiac cycle in 
which coronary resistance is naturally stable and coronary pressure is proportional to the 
flow. The so-called wave-free period, in which the ratio of trans-stenotic pressures is mea-
sured, corresponds to the end-diastolic phase. Two large randomized clinical trials have 
recently compared FFR with iFR to guide coronary revascularization, showing similar 
long-term outcomes and higher rates of periprocedural complications associated with 
FFR, mainly related to adenosine administration [54, 55]. iFR values below 0.89 indicate 
the presence of a flow-limiting stenosis.

9.5.2  Intravascular Imaging (OCT and IVUS)
Intravascular imaging techniques—intravascular ultrasound (IVUS) and optical coherence 
tomography (OCT)—have been developed in order to provide more detailed information 
of the vascular wall, as coronary angiography only indirectly provides vessel contour. 
Both OCT and IVUS are particularly useful in optimizing PCI in the following ways [56]:

• They guide optimal stent size and length selection, by detecting the final stent area and 
exploring the extent of residual atherosclerosis at the proximal and distal landing zones.

• They identify acute PCI complications, including edge dissection.
• They distinguish culprit and non-culprit coronary lesions in acute coronary syndromes.
• They are pivotal in determining the underlying etiology of revascularization failure 

(i.e., stent thrombosis, in-stent restenosis, neoatherosclerosis).

IVUS is performed through a catheter with a miniaturized ultrasound probe mounted at 
its tip. High-ultrasound frequencies are used in order to guarantee an appropriate wave-
length and adequate image resolution [57].

The normal appearance of a coronary artery at IVUS examination is the so-called three- 
layer appearance [58] (Fig. 5a). In fact, there are two interfaces at which the ultrasounds 
are reflected, the first between blood and intima and the second between media and adven-
titia. The intima is mainly composed of endothelial cells and collagen and appears as a thin 
and poorly defined layer in the normal vessel. The media is composed of smooth muscle 
cells, which do not reflect the ultrasound and therefore result as a distinct dark layer at 
IVUS image. Finally, the adventitia with its high density of collagen fibers is highly reflec-
tive and appears as a very bright outer layer.

In the presence of atherosclerotic disease, IVUS allows to accurately define both the 
extension and the composition of coronary plaques. With regard to extension, the tomo-
graphic cross-sectional view of the artery is superior to the conventional angiographic 
projections in identifying those plaques with prevalent eccentric distribution [46]. 
Moreover, different plaques present different echogenicity patterns depending on their 
composition. Conversely, completely calcified lesions are bright and are associated with 
an acoustic shadow, as all the ultrasounds are reflected.
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Fig. 5 Comparison between OCT and IVUS imaging. (a) Visualization of a normal vessel using the 
IVUS probe. (b and b’) Evidence of intimal proliferation at IVUS. (c) Normal coronary artery at the 
OCT evaluation

In the last decade, several trials and real-world registries have shown that IVUS guid-
ance has improved prognosis of patients with complex coronary disease (i.e., unprotected 
left main disease, long LAD lesions, bifurcation lesions, chronic total occlusions), when 
compared with coronary angiography alone [59–61]. Current research is mainly focusing 
on the outcomes of IVUS-guided PCI among all-comers, and even in this setting, the 
results associated with this technology seem promising [62].

Being based on ultrasound, the IVUS technique has some intrinsic limitations. As first, 
it does not accurately distinguish tissue histology. Secondly, it is subject to several arti-
facts, such as the “blooming” artifact and the “ring-down” artifacts, occurring due to 
acoustic oscillations in the piezoelectric transducer and consisting of several layers around 
the catheter that compromise vessel lumen definition.

OCT uses infrared light waves, with a wavelength of approximately 1300 nm (while 
ultrasound provides an ~40 um wavelength at 40 MHz). This implies that OCT has a much 
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higher spatial resolution compared to IVUS, at the cost of reduced tissue penetration. Another 
key difference between the two imaging techniques is that OCT requires blood clearance, 
while IVUS does not. In fact, OCT wavelength is even shorter than blood cell diameter, so 
that backscattering from blood would occur in the absence of blood clearance. Blood clear-
ance is obtained through contrast injection for the whole duration of the pullback. As a 
consequence, OCT provides better determination of tissue characteristics (i.e., difference 
between calcium, thrombus, and neointimal tissue) and more accurate assessment of stent 
positioning, while IVUS is better suited for large vessels and bifurcation lesions.

A normal coronary artery has a bright-dark-bright (three-layer) appearance on OCT. In 
fact, light signal is highly reflected by the intima and the adventitia (Fig. 5b).

Given its excellent resolution, OCT is the most accurate technique to discriminate 
plaque morphology. Here are some examples of how atherosclerotic lesions should be 
interpreted at OCT images [56, 63]:

• Fibrous plaques, composed of collagen fibers and muscular cells, provide a homoge-
neous and bright signal.

• Calcific plaques are heterogeneous, signal-poor, and with well-delineated borders.
• Lipid-rich plaques are signal-poor and with undefined borders. The media beyond the 

plaque is usually not visible because of high signal attenuation and, in some cases, an 
external signal-rich band might be present, corresponding to the fibrous cap.

• Thrombus usually appears as masses floating into the vessel lumen. White thrombus 
(mainly composed of platelets and white blood cells) provides a very low signal attenu-
ation, while red thrombus (with high density of red blood cells) is closer to the vessel 
wall and provides high signal attenuation.

9.6  Complications of Cardiac Catheterization

The risk of major complications related to diagnostic cardiac catheterization has progres-
sively decreased over time owing to more advanced technical equipment, increased opera-
tors’ experience, and improved patient’s periprocedural management. However, a variety 
of adverse events might occur after coronary angiography, mainly including access-site 
complications, peripheral vascular or ostial coronary dissections, contrast-induced 
nephropathy, and arrythmias.

9.6.1  Ostial Coronary Dissections
Catheter-induced coronary dissections following a diagnostic coronary angiography are 
currently very rare but associated with potentially catastrophic outcomes. They occur 
when the tip of the guiding catheter disrupts the endothelial cells of the intima and causes 
blood extravasation into the subintimal space, thereby creating a false lumen. Their entry 
site is usually located at the ostium of major epicardial vessels, mainly left main and left 
anterior descending. In such cases, the mechanical compression exerted by the false lumen 
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on the true vessel lumen can limit coronary perfusion and lead to extensive periprocedural 
acute myocardial infarctions. Furthermore, if the mechanical injury involves the whole 
vessel wall, a dissection can rapidly evolve into a perforation, presenting with pericardial 
effusion and cardiac tamponade.

The management of catheter-induced coronary dissections therefore requires an imme-
diate evaluation of hemodynamic compromise, eventually considering mechanical circu-
latory support or inotropes. Another cornerstone of their treatment is avoiding further 
anterograde contrast injection, which might increase pressure inside the false lumen and 
cause the dissection to extend both proximally towards the aorta and distally. IVUS might 
be useful to confirm the entry point and to evaluate whether the guidewire is in the true or 
in the false lumen. Several treatment strategies might be considered, with covered stents 
being usually preferred [64].

9.6.2  Vascular Complications
Vascular complications at the site of catheter insertion are among the most common 
adverse events occurring in the peri- and immediate post-procedural phase of a cardiac 
catheterization. Most of them (i.e., hematomas, small pseudoaneurysm) are self-limiting 
and can be conservatively managed, while a surgical intervention must be considered in 
other cases.

The rate of local vascular complications following coronary angiography has substan-
tially decreased in the last years owing to the progressively higher use of radial over femo-
ral arterial access [31].

The most common vascular complications of coronary angiography are the following:

• Hematomas, which are due to blood swelling and extravasation in the surrounding soft 
tissues. Predisposing factors for hematoma occurrence include multiple puncture 
attempts, tortuous arterial anatomy, and inadequate compression (i.e., misplacement of 
a compression device). Most hematomas developing both at the radial and at the femo-
ral access site resolve within a few days and can be treated conservatively. More severe 
complications of hematomas might include compartment syndromes and nerve com-
pression with paresthesia.

• Pseudoaneurysms are a collection of blood between the two outer layers of the artery, 
the media and the adventitia. The pseudoaneurysm presents as a tender and most times 
painful pulsatile mass, and final diagnosis is made with Doppler ultrasound showing an 
arterial flow directed from the artery to the hematoma. Key risk factors for its formation 
include anticoagulation, inadequate manual compression, and large-bore sheaths. 
Treatment options might include:
 – Manual or ultrasound-guided compression, indicated in cases of small 

pseudoaneurysms.
 – Ultrasound-guided thrombin injection, which is highly effective but limited by a not 

negligible risk of distal ischemia.
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 – Surgical repair, which should be considered in cases of large and painful pseudoan-
eurysms for which conservative management is not effective.

• Arteriovenous (AV) fistula is extremely rare, especially after transradial access [65], 
while it might complicate transfemoral access when arterial puncture is performed 
below the common femoral artery. AV fistula does in fact develop if venous side 
branches are punctured during access positioning due to erroneous needle deviation. If 
AV fistula is recognized early during angiography, it can be immediately treated by 
sealing the connection between the artery and vein. If this is not the case, surgical treat-
ment is usually required.

• Radial artery spasm is currently the most common complication of radial access. It 
should be suspected when a resistance suddenly develops as the catheters pass up the 
arm. Predisposing factors are related both to the patient, including anxiety and lower 
BMI, and to the procedure, especially if large sheaths are used or multiple catheters 
are exchanged. In case of radial spasm, a crossover to femoral access may be required. 
Patient sedation during the procedure is probably the most effective strategy to pre-
vent radial spasm; other therapeutic options such as intra-arterial nitrate or calcium 
channel blocker (verapamil or diltiazem) injection can be useful to reduce the rate 
of spasm.

• Radial artery occlusion after cardiac catheterization has an estimated prevalence rang-
ing from 1 to 10% [66] and is usually asymptomatic and unrecognized owing to the 
several collaterals arising from the ulnar artery and perfusing the whole hand. When 
symptomatic, it can present with pain, discoloration, and paresthesia of the hand and 
the fingers, and the radial pulse is not palpable. A common risk factor for radial arterial 
occlusion is prolonged manual compression at the access site. Other causes include 
large sheaths and multiple catheter exchange, as well as non-ultrasound-guided punc-
ture. Of note, distal radial access at the level of the anatomical snuffbox or of the dor-
sum of the hand has recently been proved to reduce the rate of radial occlusion [67].

9.6.3  Stroke
Cerebrovascular accidents during diagnostic coronary angiography might occur due to 
several mechanisms, even though the overall incidence is low.

Ischemic stroke is a direct complication of catheterization, which involves catheter 
advancement towards large arteries and contrast injection. Wire manipulation in the aorta 
might cause debris, thrombi, or cholesterol dislocation over the aortic arch and the carotid 
arteries; indeed, patients with a history of CAD have a higher risk of periprocedural stroke 
compared to those with no history. Another source of embolization is represented by con-
trast injection which mostly leads to air bubble embolization [68]. The latter mechanism 
seems to be more frequently associated with asymptomatic cerebral embolism rather than 
overt ischemic stroke.

Hemorrhagic strokes, on the other hand, are mainly associated with periprocedural anti-
coagulation and antiplatelet therapies, potentially contributing to hemostasis dysregulation.
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9.7  Arrythmias

Ventricular arrythmias, such as ventricular tachycardia (VT) and ventricular fibrillation 
(VF), have been described, being caused by the guiding catheter irritating the myocardium 
especially when the right coronary artery is cannulated. The prevalence of this complica-
tion was much higher when high osmolar ionic contrast was used [69]. When a run of VT/
VF is observed on the EKG monitor, the guiding catheter should be immediately removed 
and, based on the hemodynamic compromise, intravenous antiarrhythmic drug adminis-
tration (amiodarone or lidocaine) or electric cardioversion should be considered.

Atrial arrythmias are more frequently associated with left- or right-heart catheterization 
rather than with coronary angiography alone.

Conversely, bradycardia is not an uncommon complication of coronary angiography 
that may occur after contrast injection in the right coronary artery. Also, it may be related 
to a vasovagal reaction, potentially starting even before local anesthesia. Sustained brady-
cardias are treated with fluid administration and eventual intravenous atropine infusion, 
depending on their severity.

9.8  Contrast-Induced Nephropathy

Contrast-induced nephropathy (CIN) is a type of acute kidney injury (AKI), defined by a 
25% relative increase or a 0.5 mg/dL (44 umol/L) absolute increase in serum creatinine 
occurring within the first 2–3  days following intravenous contrast administration [70]. 
Since no diagnostic test can confirm the causal relation between contrast injection and 
subsequent AKI, the exclusion of any other causes of kidney impairment through a com-
prehensive clinical evaluation is pivotal for CIN diagnosis.

The pathogenic substrate of CIN is represented by acute tubular necrosis, even though 
the exact mechanisms underlying this damage are unclear. A combination of vasoconstric-
tion, hypoxia, ischemia, and direct damage on tubular cells is probably at the core of its 
pathogenesis.

The most common risk factor for CIN is preexistent chronic kidney disease (CKD), 
with lower glomerular filtration rate at baseline being associated with higher risk of devel-
oping this complication [71]. Other predisposing factors include comorbidities, such as 
diabetes mellitus and congestive heart failure, and procedural characteristics, such as con-
trast volume. Indeed, a clinical score (the Roxana Mehran score) has been developed to 
predict the pretest probability to develop CIN [72].

Differently than other types of AKI, CIN does not lead to oligo-anuria and is detected 
only through an increase in serum creatinine in the majority of cases. However, it repre-
sents the third cause of iatrogenic kidney injury after cardiac intervention, with an esti-
mated prevalence of up to 15% [73]. Serum creatinine usually goes back to baseline values 
after one or two weeks after contrast injection. A minority of patients, especially those 
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with preexisting comorbidities and chronic kidney disease, require renal replacement 
therapy and present worse prognosis.

The differential diagnosis of a creatinine rise following cardiac catheterization should 
at first include prerenal injury due to hypoperfusion, especially in those patients who are 
predisposed to volume depletion. Blood urea nitrogen/creatinine ratio > 15 and a frac-
tional excretion of sodium >2% should raise the suspicion of CIN.

The management of CIN is basically supportive and includes hydration, avoidance of 
any potential kidney insult and serial urinary output, and electrolyte monitoring. 
Nonetheless, CIN should be prevented in patients with high baseline risk through peri- and 
post-procedural hydration with saline solution. Acetylcysteine and bicarbonate have been 
suggested to be effective for the prevention of CIN, but clinical trials did not show a supe-
riority over standard intravenous hydration [74].

9.9  Infections

Catheter-related bacteremia and sepsis are extremely rare since catheterization has to be per-
formed under sterile conditions. The most common source of infection is usually represented 
by the vascular access, especially in case of hematomas or other vascular complications.

Endocarditis prophylaxis is therefore not recommended, while coronary angiography 
should preferably not be performed in patients with fever and/or ongoing infections.
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1  Introduction

The execution and interpretation of CCT by highly experienced specialists allow to under-
stand in depth the normal and pathological cardiac anatomy: the normal coronary tree 
(Fig. 1) and CAD; the morphological and functional characteristics of the cardiac cham-
bers and valves; congenital anomalies; and the characteristic appearance of the heart 
linked to aging or pathogens.

Particular attention must be paid to the knowledge of the technical and technological 
part, which is an indispensable requirement in order to obtain sophisticated diagnoses. The 
planning of the acquisition phases without and with contrast medium, the use of three- 
dimensional cardiac-specific interpretation software, and the ability to identify and over-
come image artifacts in the available image dataset [1, 2] provide the basis of the training 
process currently recommended to achieve the appropriate proficiency [3].

a b c

Fig. 1 Coronary CT angiography curved multiplanar reconstruction of the left anterior descending 
artery (LAD) showing a critical >70% luminal narrowing at the proximal segment due to a mixed 
plaque with spotty calcium (a). CT angiography dual-energy iodine color map in short-axis view 
showing the myocardial perfusion defect at the anteroseptal and anterior wall. Note the reduction of 
iodine content (iodine density: −0.9 mg/mL, −26%) with respect to the remote myocardium (b), 
Complete view on the heart (c)
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2  Coronary Anatomy Segmentation

The AHA recommended a schematic coronary tree segmentation classification that can be 
used to create a schematic CCT scoring system similarly to that used in conventional coro-
nary angiography [4]. The coronary tree should be initially examined for the course and 
branching of the main coronary vessels and secondary branches following the 15- or 
16-segment pattern.

The SCCT guidelines recommend an axial model of coronary segmentation, adapted 
for CCT [3]. This pattern varies from standard AHA segmentation in the following ways: 
an intermediate branch has been added as segment 17, and a left posterolateral branch is 
identified as segment 18.

Attention should initially be focused on the axial plane on the aortic root to confirm the 
normal origin of the coronaries. Any anomalies of origin and course and the relationship 
with surrounding structures such as the heart chambers, the aorta, the pulmonary artery, 
the cardiac veins, and the interventricular septum may require the use of evaluation plans 
other than the axial plane up to the need for unusual planes generated by the stretched 
centerline of the vessels.

3  Congenital Coronary Artery Anomalies

Coronary CT is considered an important and appropriate imaging modality for the evalu-
ation of adult congenital heart disease, particularly of the coronary arteries. Congenital 
coronary anomalies are of great importance in clinical cardiology and cardiac surgery due 
to their association with myocardial ischemia and sudden death. These anomalies are 
detectable noninvasively by CCT and, according to various definitions, their prevalence 
ranges from 0.21% to 5.79%. The most commonly used classification is based solely on 
anatomical considerations [5, 6]. The working group of Anatomy and Pathology of the 
European Society of Cardiology has published a position statement (2016) in order to 
provide a classification linked to the mechanisms of coronary embryonic development and 
to congenital coronary anomalies [7].

The high spatial resolution of CCT allows us to evaluate the intrinsic mechanisms of 
the coronary artery anomalies generating dysfunction (stenosis) and clinical or prognostic 
relevance.
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The correct knowledge of the normal coronary origin and course and the coronary 
anomalies related to ischemia represents a key role in the operative planning, and highly 
detailed anatomical images are crucial to define the surgical indication. Consequently, 
CCT allows us to verify the surgical result by highlighting all anatomical details of the 
surgical techniques employed [8].

Angelini P. (2019) pointed out that among all coronary anomalies, the intramural course 
of an anomalous coronary artery from the opposite sinus of Valsalva (ACAOS-IM) can 
cause coronary insufficiency (i.e., myocardial ischemia) in young adults involved in stren-
uous exertion [9].

The main cause of ischemia in these patients is generally the narrowing of the initial 
segment of the coronary artery as it enters or exits the aortic wall, at an intramural course 
by compression in between the inner and outer layers of the aortic tunica media [10, 11]. 
This morphologic variation during the cardiac cycle of the coronary morphology at the 
level of the intramural course is usually seen by IVUS, but nowadays a retrospective CCT 
acquisition permits a noninvasive evaluation of systolic to diastolic variations in terms of 
both morphology and degree of stenosis (Fig. 2).

In recent years, CCT has also acquired a role of increasing importance in the diagnosis 
and preoperative planning of congenital heart defects [12], allowing the study of the coro-
nary tree together with structural abnormalities. In adult GUCH undergoing multiple surgi-
cal procedures during their life, the role of CCT becomes crucial in defining the relationship 
between cardiac structures, the coronary distribution, and the anterior chest wall in order to 
plan the surgical approach and avoid complications. In this scenario, the development of 
tenacious cardio-sternal adhesions represents an element of considerable bleeding risk dur-
ing the chest reopening phase. Therefore, CCT imaging becomes a fundamental aid in guid-
ing the reopening procedure allowing the adoption of the strategy with less surgical risk [13].

a c e f

b d

Fig. 2 Anomalous origin of the right coronary artery (RCA) from the left sinus of Valsalva with 
interarterial course and “slit-like ostium” (a) showing oval shape during diastole (b) and compres-
sion during systole (d). Hybrid SPECT/CCT volume rendering (e) and bull’s eye (c) showing the 
segmental ischemia and its relationship with the anomalous coronary origin. The conventional angi-
ography (f) confirms the “slit-like ostium”
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Another field of application is represented by the group of congenital anomalies concern-
ing systemic and pulmonary venous returns. In particular, for the correct preoperative diag-
nostic definition of partial and total anomalous pulmonary venous connections, 
echocardiography is often insufficient to guide surgical planning, and a second-level imag-
ing examination such as CCT becomes essential. Especially in the total and mixed forms of 
anomalous pulmonary venous connection, the questions that CCT must answer are the 
anatomy of the vein confluence and the course and draining site of the venous collector [14].

The choice of the best surgical technique is the consequence of a perfect and exhaustive 
preoperative anatomical definition.

4  Coronary Atherosclerosis

The SCCT recommends performing preliminary non-contrast CT examination for coro-
nary artery and other cardiac structural calcifications [3, 15].

Calcified lesions are usually quantified using the “Agatston score” [16, 17].
The SCCT and the STR have produced a consensus document regarding the prognostic 

value of CACS [18] because the coronary calcium quantification has been shown to be the 
best predictor of future cardiovascular events in the general population, in the elderly, and 
in the diabetics.

After intravenous injection of contrast agent, CCT can visualize the coronary artery 
lumen and the lesions involved in the stenosis [19, 20].

Atherosclerotic lesions should be considered in relationship to their segmental position 
to determine the overall myocardium risk [21, 22]. The impact of luminal plaque should 
be evaluated in terms of resultant maximal diameter stenosis [3]. CCT can visualize the 
coronary wall alterations related to CAD and plaque remodeling, and it can differentiate 
the calcified and noncalcified components of the plaque (mixed) [18].

Maurovich-Horvat et  al. [23] proposed a qualitative assessment of plaque features 
related to histopathologic findings. Plaque attenuation pattern-based classification has 
been proposed distinguishing noncalcified plaque with or without “napkin-ring” sign.

SCOT-Heart Study [22] assessed the association between coronary plaque features and 
clinical outcome defining four types of adverse plaque: positive remodeling, low- attenuation 
plaque, spotty calcification, and “napkin-ring” sign. These specific plaque features are 
detectable and should be annotated because of their prognostic significance [24, 25].

The qualitative and quantitative grading of the coronary stenosis severity and the plaque 
features along the vessel are the main information to be reported [26, 27]. The SCOT- 
Heart study modified SCCT Guidelines stenosis grading defining as normal coronary seg-
ment with or without nonobstructive plaque; moreover, obstructive disease was defined as 
>70% stenosis in one or more epicardial vessels or 50% stenosis in the LM.

On the basis of clinical trials [21, 22], the SCCT, the ACR, and the NASCI have evaluated 
the clinical utility and the relevance of CCT findings in the context of suspected stable CAD 
and in patients with acute chest pain. In order to describe a standardized reporting system for 
patients undergoing CCT, CAD-RADS (Coronary Artery Disease Reporting and Data 
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System) was proposed with the aim to improve the communication between interpreting and 
referring physicians, facilitate research, and offer mechanisms to contribute to peer review 
and quality assurance, ultimately resulting in improvements to the quality of care [28].

The current European Guidelines advocate the use of CCT in patients with suspected CAD 
with a Class I recommendation (Level of Evidence B) due to its diagnostic and prognostic 
performance [29]. CCT is considered a first-line tool for all patients presenting with chest pain 
of suspected cardiac origin and the most cost-effective imaging-based strategy [30].

From the 64-slice CCT systems which have a temporal resolution of 175 ms, nowadays 
the temporal resolution has increased up to 66 ms; the spatial resolution reaches isotropic 
dimensions of ~0.2–0.3 mm, which allow a good assessment of significant coronary artery 
stenosis and plaque characterization [31].

The last-generation CCT scanners allow a spatial resolution of up to 0.1 mm combined 
with photon counting technology [32].

A strength of CCT is the exclusion of the presence of CAD or the identification of 
patients with nonobstructive CAD, in order to restratify the clinical risk stratification (an 
intermediate risk of hard events and may represent the target population) [33, 34].

The prognosis related to CAD is related to the presence, extent, and severity of the 
lesions. The anatomical coronary evaluation can nowadays be supported by myocardial 
CT perfusion, FFR-CT, and high-risk plaque feature quantification in order to refine and 
improve risk assessment for future cardiac events [35–38].

5  CCT Prognostic Value

Several longitudinal studies demonstrated that CCT holds important prognostic value in 
both patients with known and suspected CAD [39–44].

In a meta-analysis including 29,243 patients (median follow-up of 25 months), adverse 
cardiovascular events among patients with normal findings on CCT were demonstrated to 
be rare (annual MACE rate of 0.21%) [45].

Nonobstructive (<50% stenosis) or obstructive (≥50% stenosis) CAD was demon-
strated to predict increasing future MACE (annualized event rates of 1.24–6.21%, respec-
tively, p < 0.05) [45]. Most of the key answers on the prognostic utility of CCT are derived 
from the CONFIRM registry that includes more than 32,000 consecutive adults with sus-
pected CAD who underwent ≥64-slice CCT at 12 centers in 6 countries between 2005 and 
2009, investigating the link between cardiovascular risk factors, symptoms, coronary ath-
erosclerotic plaque burden, and outcome. Some studies from this registry have demon-
strated that the presence, extent, and severity of CAD on CCT result in increased future 
risk to the patient, across age, gender, and other several clinical sub-analyses [46–48].

A very low annual event rate for those with normal CCT findings has been consistently 
demonstrated, which is comparable to the background event rate among healthy low-risk 
individuals (<1%). In risk-adjusted analysis, both per-patient nonobstructive (hazard ratio 
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[HR]: 1.60; 95% confidence interval [CI]: 1.18–2.16; p = 0.002) and obstructive (>50% ste-
nosis) (HR: 2.60; 95% CI: 1.94–3.49; p < 0.0001) CAD conferred increased risk of mortality 
compared with patients without evidence of CAD [46]. The clinical importance of nonob-
structive CAD and its strong relationship with all-cause mortality were evidenced. Moreover, 
the total coronary plaque burden has emerged as an important predictor of outcomes (Fig. 3).

The CT screening can be used cost effectively to reduce morbidity and mortality from 
CHD in symptomatic patients [47].

Moreover, as the definition of clinically significant atherosclerosis includes asymptom-
atic disease, the identification of individuals at risk requires a screening strategy and CCT 
seems to express adequate characteristics to be used for this purpose in this area also in 
order to evaluate the drug therapy efficacy (Fig. 4) [48].

Fig. 3 Example of 
semiautomatic coronary 
plaque burden 
quantification

a b

Fig. 4 Proximal right coronary artery mixed heterogeneous plaque with positive remodeling at 
baseline (a) and calcification after 7 years of statin and acetylic salicylic acid (ASA) treatment (b). 
(☆: coronary lumen)
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6  CCT Plaque Characterization

Some features of the coronary plaque seen at CCT have been demonstrated to be corre-
lated with the risk of rupture and subsequent risk of ACS [35]. These high-risk features 
include the low-attenuation plaque, positive remodeling, spotty calcification, “napkin- 
ring” sign, and dishomogeneity of the plaque components [35–51].

Low-attenuation plaque features (<60 HU) and “napkin-ring” sign were the most pow-
erful MACE predictors (HR 4.96; 95% CI: 2.0–12.2 and HR 3.85; 95% CI: 1.7–8.6; 
p < 0.0001) in a study by Feuchtner et al. (mean follow-up of 7.8 years) [52].

Adverse features such as positive remodeling, low-attenuation plaque, or “napkin ring” 
were demonstrated to be associated with increased risk of death, MI, or hospitalization for 
unstable angina at 2 years (HR 2.73, 95% CI 1.89–3.93) [53].

Accordingly, the low-attenuation plaque burden (i.e., % plaque to vessel volume) was 
demonstrated to be the strongest predictor of fatal or nonfatal MI irrespective of cardiovas-
cular risk score, CACS, or coronary artery area stenosis (HR 1.60, 95% CI: 1.10–2.34 per 
doubling; p = 0.014) [54].

7  Myocardial CT Perfusion and FFR-CT

The new-generation CT scanners permit both the static (single-phase) and the dynamic 
(multiphase) myocardial CTP acquisition. The qualitative and quantitative evaluation with 
the assessment of perfusion parameters of ischemia, such as the myocardial blood flow 
and volume [55], is evaluable together with coronary anatomy evaluation. CFD algorithms 
could enable prediction of changes in coronary flow and pressure for the noninvasive 
estimation of FFR (FFR-CT) [55, 56].

The inability of the traditional ICA to assess the functional significance of coronary 
stenosis and determine the need of revascularization [52] has led to the development of 
techniques that are able to assess the functional severity of coronary stenoses. FFR was 
introduced to the clinical setting in the mid-1990s and was established as a crucial enhance-
ment to ICA for clinical decision-making in CAD [53] based on a linear relationship 
between flow and pressure. The FFR was initially presented as a pressure-derived assess-
ment index of the impairment of coronary flow due to the presence of arterial stenoses. 
When the FFR value is close to 1, a normal coronary physiology is assumed with no need 
for revascularization. The well-accepted FFR cutoff value has been set to 0.75, under 
which myocardial ischemia occurs with an overall accuracy that reaches 97% [57]. 
However, there is a so-called gray zone which ranges from 0.75 to 0.80, at which the clini-
cian has to assess every parameter in order to decide on a possible revascularization pro-
cedure. Due to the noninvasive nature of CCT, the application of CFD algorithms on 
CCT-derived 3D arterial models has received wide clinical interest regarding the noninva-
sive FFR assessment. According to this approach, hemodynamic factors such as flow and 
pressure are not known a priori, so lumped parameter models regarding the cardiac output, 
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the resistance of the coronary microcirculation, and the pressure of the systemic circula-
tion are coupled with the flow domain of the aortic root and the epicardial arteries, where 
the governing equations of flow dynamics are solved and can consequently provide FFR 
calculations. DISCOVER-FLOW, DeFACTO, and HeartFlow NXT studies compared 
their computational FFR results to the measured FFR values, producing promising results 
and making the method a valuable tool in the clinical settings [58–60].

The DISCOVER-FLOW study exhibited a good correlation between FFR-CT and FFR 
(r = 0.68) with the respective diagnostic accuracy, sensitivity, specificity, positive predic-
tive value, and negative predictive value for predicting hemodynamically significant ste-
noses (FFR ≤0.8) being 84, 88, 82, 74, and 92% [60]. Furthermore, when compared to 
cases of ≥50% stenosis detected solely by CCT, FFR-CT showed superior discrimination 
(AUC: 0.90 vs. 0.75, p = 0.001). In the DeFACTO study, stable CAD patients underwent 
CCT, FFR-CT, and invasive coronary angiography with FFR measurement [58]. The per 
patient diagnostic accuracy, sensitivity, specificity, positive predictive value, and negative 
predictive value for predicting an FFR ≤0.8 were 73, 90, 54, 67, and 84%, respectively. 
Good correlation was also found between the two methods (r = 0.68). The most recent 
HeartFlow NXT further validated FFR-CT, by making use of updated proprietary software 
which included refined mathematical models and further increased automation, image 
quality assessment, and better image segmentation [59]. Diagnostic accuracy, sensitivity, 
specificity, positive predictive value, and negative predictive value for predicting an FFR 
≤0.8 were 81, 86, 79, 65, and 93%, respectively, on a per-patient basis and 86, 84, 86, 61, 
and 95%, respectively, on a per-vessel basis. Finally, good correlation was found between 
FFR-CT and FFR (r = 0.82). The PLATFORM study focused on the clinical outcomes of 
FFR by CCT-guided diagnostic strategies compared to the common care in CAD-suspected 
patients, providing insight on the clinical utilization of FFR-CT [61]. Following the find-
ings of the PLATFORM trial, the PROMISE study concluded that if ICA is performed 
only in patients with FFR-CT ≤0.8, then selected ICA with obstructive stenosis could 
decrease by 44% and the total number of patients with ICA requiring appropriate revascu-
larization would increase by 24% [57]. Sensitivity and specificity have been shown to vary 
through different cohorts (DISCOVER-FLOW, DeFACTO, NXT [58–60], Kim et al. [62], 
Renker et al. [63], Coenen et al. [64], Kruk et al. [65], Ko et al. [66]) due to differences in 
sample sizes and study population characteristics [67]. Nowadays, there are four 
approaches in noninvasive, in silico CCT-derived FFR estimation: full-order model com-
putations, reduced-order/steady-state modeling, hybrid models, and deep machine learn-
ing algorithms, including commercially available solutions and technologies still in 
progress [68]. These techniques are applied to a patient-specific anatomic coronary artery 
3D model, obtained via a preliminary segmentation and contouring of the vessels. The 
full-order approaches require a complete model of the entire coronary tree, and an addi-
tional physiology model of the coronary microcirculation fluid dynamics (derived from 
patient-specific boundary conditions), from which a coronary blood flow model is com-
puted. This process is computationally demanding, requiring off-site supercomputers in 
core laboratories. In order to simplify the processes, lean models have been introduced, 
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which are either segment specific and/or rely on a generalized (nonpatient-specific) hemo-
dynamic model. For these reasons, CCT together with CTP or FFR-CT potentially should 
be the method to combinedly evaluate CAD phenotype and ischemic functional signifi-
cance of the stenosis. Initial evidence on the prognostic value and improvement in risk 
stratification of CTP has been shown in the CORE-320 trial demonstrating that a com-
bined approach with coronary CCT and CTP enables similar prediction of 2-year major 
adverse cardiac events and event-free survival, when compared to invasive coronary angi-
ography and SPECT combined [55]. Moreover, stress dynamic CTP has incremental pre-
dictive value for future major adverse cardiac events over clinical risk factors and detection 
of coronary stenosis at CCT [56, 69–71]. On the other side, FFR-CT, besides an improved 
accuracy for the detection of hemodynamically relevant lesions, may have favorable clini-
cal outcomes, similar quality of life, and lower costs and radiation exposure, when com-
pared with usual care over 1-year follow-up [69, 72, 73]. However, despite efforts to create 
an artificial score similar to the useful value of FFR but through noninvasive imaging of 
the CCT to decide which stenosis should be revascularized, the inherent limitation of this 
method remains its inability to discriminate whether a stenosis is severe, that is, if it is flow 
limiting, around the value 0.8, which is exactly in the gray zone around the value of 0.8, 
which corresponds to the uncertainty value of the CCT (i.e., stenosis between 50 and 
70%). So, these models may have a clinical role as their performance improves along with 
technology. On the other hand, motion or beam hardening artifacts that may occur during 
CTP acquisition can create erroneous signals of ischemia; therefore, in the near future, the 
technology will improve its performance in this regard.

8  Dual-Energy CT and Multi-Energy CT

Rapid advances in CT hardware and software technology have occurred and have been 
applied to last-generation scanners DECT and multi-energy CT imaging [74–76].

Four different technical approaches have been used to develop DECT technology: 1) 
two X-ray tubes operating at two different energy levels (70–80–90/140–150 kVp); 2) fast 
switching of kVp between low- and high-energy spectra; 3) two temporally sequential 
scans (not applied in cardiac imaging); and 4) multilayer detector for spectral separa-
tion [74].

DECT systems allow the signal differentiation of different materials by evaluating the 
attenuation characteristics at two different energy levels of the photons.

DECT can improve the diagnostic performance of CT in myocardial perfusion and scar 
imaging by improving iodine contrast-to-noise ratio (CNR) (Fig. 5) [76].

DECT allows the quantification of iodine distribution within the myocardium 
through the direct correlation with myocardial blood flow, thus being useful for dif-
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a b

Fig. 5 Coronary CT angiography curved multiplanar reconstruction of the left anterior descending 
artery (LAD) showing a critical >70% luminal narrowing at the proximal segment due to a mixed 
plaque with spotty calcium (a). CT angiography dual-energy iodine color map in short-axis view 
showing the myocardial perfusion defect at the anteroseptal and anterior wall. Note the reduction of 
iodine content (iodine density: −0.9 mg/mL, −26%) with respect to the remote myocardium (b)

ferentiating between normal, ischemic, and necrotic myocardium providing color-
coded iodine images. In this way, a measurement of myocardial per-voxel iodine 
concentration expressed in mg/mL is provided, improving accuracy over the standard 
visual analysis.

Furthermore, DECT acquisition can reduce artifacts such as beam hardening and 
blooming artifacts usually present in single-energy CT acquisitions, without increasing 
the radiation dose [75, 76].

More recently, new energy-sensitive PCD has been developed allowing to directly 
count the number of incident photons and measure their photon energies separately. 
Multi- energy CT with PCD can provide more spectral information than DECT systems, 
but they are the subject of ongoing research and their commercialization is only now 
starting. A recent preclinical experimental model demonstrated the feasibility and accu-
racy of PCDs with respect to MRI and histology as the gold standard for quantitative 
separation of blood pool, scar, and remote myocardium using a simultaneous protocol of 
multi-contrast agents [77].
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9  Conclusions

CCT has been shown to provide diagnostic and prognostic information regarding CAD 
and ischemia. CCT, if used with the most advanced technology by expert operators, is able 
to offer at the same time the accurate anatomical evaluation of the heart and coronaries and 
the phenotype of the coronary plaque, quantify the atherosclerotic plaque burden, simulate 
the coronary flow alterations, and guide revascularization. CCT is therefore a useful tool 
to stratify the risk of CAD in the population as suggested by international guidelines and 
to study the pathophysiology of human atherosclerosis with a noninvasive method that is 
well accepted by patients. The certain exclusion of CAD, the main prerogative of CCT, 
and the characterization of the nonobstructive disease are certainly a necessary aid to 
guide preventive therapy and modify the risk of events. The evaluation of CAD using 
advanced imaging and with the help of radiomics, machine learning, and deep learning 
features [78] is being proposed as an integrated system that generates new knowledge to 
be used in the near future.
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Magnetic Resonance Imaging 
of the Myocardium, Coronary Arteries, 
and Anomalous Origin of Coronary Arteries

Andrea Barison and Francesco Bianco

Abbreviations

CMR Cardiovascular magnetic resonance
SSFP Steady-state free precession
LGE Late Gd accumulation
ECV Extracellular volume
CT Computed tomography
AVB Atrioventricular block
MACE Major adverse cardiovascular events
LM Left main

1  Introduction

CMR has become a versatile noninvasive imaging tool in various forms of ischemic heart 
disease [1]. Biventricular morphology, volumes, and systolic function are assessed with 
SSFP cine sequences, acquired in two-, three-, and four-chamber long-axis views and in a 
short-axis cine stack. Myocardial tissue characterization is then performed using T1- and 
T2-weighted pre-contrast sequences (to assess fatty infiltration and edema, respectively); 
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in particular, T2-weighted short-tau inversion recovery (T2-STIR) sequences are able to 
detect myocardial edema occurring during an acute ischemic event. Novel T1 and T2 map-
ping techniques allow to directly measure the absolute values of T1 and T2 of tissues 
(quantitative imaging) and not simply the signal intensity (qualitative imaging): myocar-
dial edema lengthens both T1 and T2, while myocardial scars lengthen T1 only. After 
gadolinium (Gd)-based contrast agent injection, first-pass perfusion (FPP, acquired during 
Gd injection to assess myocardial perfusion) and late gadolinium enhancement sequences 
(LGE, acquired 10–20 min after Gd injection to assess myocardial necrosis and scars) 
complete a standard exam. The acquisition of T1 maps after Gd administration allows to 
calculate the myocardial ECV, i.e., the noncellular component of the myocardium corre-
sponding to the extracellular matrix: it represents a finer analysis than simple LGE, allow-
ing to quantify necrosis/fibrosis compared to the simple dichotomous distinction between 
areas with and without LGE.

In patients referred for stable angina, similarly to other imaging modalities, a stress 
CMR scan can be run by acquiring perfusion and/or cine sequences during infusion of a 
vasodilator or an inotropic agent, to assess myocardial changes under ischemic conditions. 
Besides conventional perfusion sequences, novel quantitative sequences have been 
recently developed to calculate absolute myocardial perfusion.

Finally, tridimensional sequences have been developed to assess the coronary artery 
tree. Despite a lower spatial resolution than CT, CMR represents a radiation-free imaging 
technique to study the origin and proximal course of major coronary arteries, particularly 
useful for young patients to rule out congenital anomalies and as a screening tool for coro-
nary artery abnormalities in this population [2].

2  CMR in Acute Coronary Syndrome

2.1  Imaging Myocardial Edema, Necrosis, and Fibrosis

Cardiovascular imaging is of crucial importance in the diagnosis and risk stratification of 
patients with suspected acute coronary syndrome. In general, myocardial edema corre-
sponds to the area at risk, i.e., the area of myocardium suffering an ischemic insult (both 
reversible and irreversible), characterized by intracellular and extracellular water content 
increase; it appears hyperintense in T2-STIR sequences [3, 4] (Fig.  1a) and presents 
increased native (pre-contrast) T1 and T2 values in mapping sequences [5, 6]. Myocardial 
necrosis, i.e., the area of myocardium suffering an irreversible ischemic damage, is char-
acterized by sarcoplasmic membrane rupture, allowing Gd entry (expansion of the extra-
cellular volume); it presents a variable hypointensity in first-pass perfusion images 
(Fig. 1b) and a typical hyperintensity in LGE sequences compared to the healthy (viable) 
myocardium (Fig.  1C). During myocardial healing, necrotic cells are progressively 
replaced by collagen scar: similarly to necrosis, myocardial scars cause expansion of the 
extracellular volume and Gd accumulation and appear hyperintense in LGE sequences. 
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a b c

Fig. 1 (a) T2-weighted short-tau inversion recovery (T2-STIR) midventricular short-axis slice in a 
49-year-old man with acute myocardial infarction, showing transmural hyperintensity (edema) in 
the inferolateral wall involving the posterior papillary muscle. (b) First-pass perfusion imaging, 
showing hypointensity (delayed contrast wash-in) in the same inferolateral wall. (c) Late- 
enhancement imaging, showing transmural hyperintensity (necrosis) in the same inferolateral wall. 
Please note that myocardial edema (panel A) is slightly larger than necrosis (panel B); this difference 
corresponds to the myocardial salvage area of the border zone (i.e., the reversibly ischemic myocar-
dium, not subject to irreversible necrosis)

CMR has a greater sensitivity than SPECT [7] and PET [8] in detecting myocardial 
 necrosis, especially if confined to the subendocardium, thanks to its higher spatial resolu-
tion and higher contrast difference between necrotic tissue and healthy myocardium. In 
experimental studies, the areas of LGE correspond to the areas of necrosis, with a spatial 
resolution so high that they can identify necrosis <1 g [7, 9]. Moreover, LGE extension 
presents a close correlation with myocardial necrosis at histology [10], with biohumoral 
markers of myocyte necrosis [11], and with post-infarct remodeling [12]. By subtracting 
the necrotic area (hyperintense in the LGE images) from the area at risk (hyperintense in 
T2-STIR images), the myocardial salvage index can be calculated, which presents an 
inverse correlation with myocardial reperfusion time in patients with acute myocardial 
infarction [13]. Although of limited clinical applicability, CMR might be useful in patients 
with acute chest pain assessed in emergency departments: in a study on patients with 
persistent chest pain without ischemic electrocardiographic changes, CMR with cine and 
LGE sequences yielded a 100% sensitivity and a 79% specificity in the diagnosis of myo-
cardial infarction [14]; adding T2-STIR sequences, which are able to detect reversible 
ischemic changes, CMR yielded an overall 85% sensitivity and 96% specificity in the 
diagnosis of unstable angina [15].

2.2  Complications of Acute Myocardial Infarction

CMR allows to accurately diagnose possible postinfarction complications such as intra-
myocardial thrombosis, microvascular obstruction, and intramural hemorrhage. 
Intracardiac thrombosis appears hypointense in early (2–3  min) and late (8–15  min) 
images after Gd, as thrombotic formations typically do not take contrast (Fig. 2); while 
transesophageal echocardiography is the reference modality to detect intra-atrial thrombi, 
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Fig. 2 (a) T2-weighted short-tau inversion recovery (T2-STIR) four-chamber view in a 60-year-old 
man with acute myocardial infarction, showing transmural hyperintensity (edema) in the anterosep-
tal and apical segments, with a large hypointense intramural hemorrhage (white arrow) and a 
hypointense intracardiac thrombus (black arrow). (b) Early post-contrast imaging (early enhance-
ment), showing anteroseptal and apical hyperintensity with a large intramural hypointensity (micro-
vascular obstruction, white arrow) and a hypointense intracardiac thrombus (black arrow). (c) 
Late-enhancement imaging, confirming the hyperintensity (necrosis) in the anteroseptal and apical 
wall, with a large hypointense microvascular obstruction (white arrow) and a hypointense intracar-
diac thrombus (black arrow)

a b c

Fig. 3 (a) T2-weighted short-tau inversion recovery (T2-STIR) midventricular short-axis slice in a 
56-year-old man with acute myocardial infarction, showing transmural hyperintensity (edema) in 
the anteroseptal wall (arrow), with a hypointense subendocardial core (intramural hemorrhage). (b) 
Post-contrast steady-state free precession (SSFP) cine imaging, showing hyperintensity (early 
enhancement) in the anteroseptal wall, with a hypointense subendocardial core (microvascular 
obstruction). (c) Late-enhancement imaging, confirming the hyperintensity (necrosis) in the antero-
septal wall, with a hypointense subendocardial core (microvascular obstruction)

CMR has superior diagnostic accuracy in detecting intraventricular thrombi [16]. 
Intramural hemorrhage appears as a hypointense core in T2-STIR sequences within the 
hyperintense ischemic (i.e., edematous) area [17]; this signal loss is due to paramagnetic 
properties of hemoglobin breakdown products, which act as a natural “negative” contrast 
reducing T2 and T2* (a parameter derived from T2) relaxation times (Figs. 2a and 3a). 
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Postinfarction hemorrhage is an independent predictor of adverse left ventricular remodel-
ing and worse prognosis [18]. Intramural hemorrhage is often associated with  microvascular 
obstruction, which is typically a hypoperfused (hypointense) core within the hyperintense 
infarcted myocardium in LGE images (Figs. 2b,c and 3b,c), because of the ischemic dis-
ruption of the coronary microcirculation; it represents an independent predictor of adverse 
ventricular remodeling and worse prognosis [19]. Other complications easily detectable 
with CMR include postinfarction pericarditis, pericardial effusion, right ventricular infarc-
tion, myocardial wall rupture, myocardial aneurysms, or pseudoaneurysms.

2.3  Differential Diagnosis of MINOCAs

CMR is currently the gold standard imaging technique for a differential and etiological 
diagnosis in patients with suspected acute coronary syndrome and unobstructed coronary 
arteries (MINOCAs) [20–22]: this is the case not only of myocarditis, pericarditis, vaso-
spastic angina, takotsubo, nonischemic cardiomyopathies, and amyloidosis, but also of 
acute and subacute aortic syndromes like aneurysms, pseudoaneurysms, dissections, intra-
mural hematomas, penetrating ulcers, and vasculitis affecting the main thoracic vessels. In 
patients with chest pain, negative electrocardiographic, imaging, and biohumoral findings, 
and low or intermediate risk of acute coronary syndrome, stress CMR is a valuable tech-
nique to stratify patients to early discharge [23].

2.4  Postinfarction Myocardial Remodeling

Following an acute coronary syndrome, echocardiography is the first-line recommended 
tool to track myocardial volume and function changes during follow-up. In particular, in 
patients with initial LV systolic dysfunction, four trajectories may be observed: a deterio-
ration of LV geometry and function (adverse remodeling), a substantial stability over time, 
a trend toward recovery (reverse remodeling), or even a substantial normalization (remis-
sion). These processes correlate with prognosis, with adverse remodeling predicting wors-
ening clinical status including hospitalization, pump failure or death, and reverse 
remodeling or remission predicting better prognosis. Clinical trials have considered differ-
ent definitions for adverse/reverse remodeling, including changes in LV end-systolic vol-
ume, end-diastolic diameter or volume, or ejection fraction (either alone or in combination), 
over different times with different cutoffs [24]. Besides volumetric changes, cardiac 
remodeling may manifest as an increased LV mass (hypertrophy): in the adult heart, car-
diomyocytes are terminally differentiated cells and, even if they do not increase in number, 
they may increase in size to reduce ventricular wall stress in response to an increased 
workload.
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Fig. 4 Late-enhancement patterns in nonischemic cardiomyopathies. (a) Subepicardial pattern, 
involving the left ventricular lateral wall (white arrow) in a patient with previous myocarditis; (b) 
midwall pattern, involving the interventricular septum (black arrow) in a patient with primary dilated 
cardiomyopathy; (c) diffuse pattern, in a patient with cardiac amyloidosis

Compared to echocardiography, CMR allows a more accurate assessment of biven-
tricular volumes, mass, and systolic function, but also superior tissue characterization with 
LGE sequences. Thanks to their peculiar subendocardial or transmural pattern, postinfarc-
tion scars can be distinguished from nonischemic scars, such as those occurring in 
 nonischemic cardiomyopathies, myocarditis, and amyloidosis (Fig.  4) [25]. Moreover, 
LGE location, extent, and transmurality can be easily characterized with CMR and have 
clinical implications. For example, the higher is the degree of LGE transmurality, the 
lower is the likelihood of function recovery after myocardial revascularization [12], mak-
ing LGE a unique tool to assess myocardial viability and to predict functional recovery 
after an acute coronary syndrome. Similarly, the presence, extent, heterogeneity, and 
qualitative distribution of myocardial scar have been demonstrated to predict major ven-
tricular arrhythmias and sudden cardiac death in postinfarction cardiomyopathy [26, 27].

A postnecrotic myocardial scar can sometimes undergo fatty metaplasia, a phenome-
non likely related to the transdifferentiation of multipotential interstitial cells to adipo-
cytes. Fatty infiltration can be seen in CMR as a dark banding artifact (also named “India 
ink” sign) in SSFP images or as a hyperintense area in T1- or PD-weighted fast spin echo 
sequences [28] (Fig. 5). On the one hand, it is unclear whether different stimuli may pro-
mote cell transdifferentiation into an adipocyte phenotype, compared to a fibroblast phe-
notype. On the other hand, it is unclear whether fatty metaplasia plays a role in postinfarction 
arrhythmogenesis, because the presence of fat within the myocardium may alter the propa-
gation of the electrical impulse and/or cause reentry circuits.
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Fig. 5 Three-chamber view in a patient with previous anterior myocardial infarction and fibro-fatty 
metaplasia. (a) In cine steady-state free-precession imaging, the anteroseptal wall (black arrow) 
appears hyperintense with a peripheral banding (India ink) artifact, indicating fatty metaplasia. (b) 
In late-enhancement imaging, the anteroseptal wall (black arrow) appears hyperintense, indicating a 
subendocardial scar in the same region

3  CMR in Stable Coronary Syndromes

3.1  Imaging Myocardial Ischemia

Stress CMR is one of the currently recommended imaging methods for the diagnosis and 
prognostic stratification of patients with chronic stable angina. Similarly to other imaging 
methods, ischemia can be studied by evaluating myocardial perfusion and kinetics under 
maximal pharmacological vasodilation (adenosine, dipyridamole, or regadenoson) or an 
inotropic/chronotropic stress (dobutamine). The stress acquisitions are then complemented 
with rest acquisitions: rest perfusion imaging is commonly used as a reference to detect 
“fixed” perfusion defects (either due to a previous scar or due to an artifact); rest cine 
imaging as a reference for assessing wall motion abnormalities; and LGE for assessing 
myocardial viability.

Common contraindications to both vasodilator and inotropic stressors include unstable 
angina, acute myocardial infarction, severe systemic arterial hypertension (>220/120 mmHg), 
and other serious acute clinical conditions. Even though most adverse effects are self-limiting, 
i.v. aminophylline can act as an antidote for vasodilator stress testing, while i.v. beta-blockers 
are used for reversing the effects of dobutamine. Due to the possibility to observe clinically 
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relevant side effects or to induce severe myocardial ischemia during a stress test, all MR staff 
should continuously monitor heart rhythm, blood pressure, and symptoms and should be 
regularly trained in the recognition and management of acute cardiovascular emergencies 
[29], according to the international guidelines on basic and advanced life support [30].

3.2  Stress CMR with Vasodilators

Vasodilator drugs share a common capability to bind the adenosine receptors, but differ by 
receptor selectivity, half-life, and duration of action [29]. Adenosine is administered intra-
venously (i.v.) at a dose of 140–210 μg/Kg min for 4–6 min and has a half-life of <10 s and 
short duration of action (few seconds); while the selective activation of A2A receptors leads 
to coronary vasodilation, additional activity on A1 and A2B receptors can induce side effects 
such as AVB and bronchospasm, respectively. Dipyridamole is administered at a dose of 
0.56–0.84 mg/Kg i.v. for 6 min and has longer half-life (11 h) and duration of action (about 
30  min) when compared to adenosine, with similar selectivity issues and side effects 
(AVBs, breathlessness, bronchospasm, hypotension, headache, and flushing). Accordingly, 
adenosine and dipyridamole should not be used in patients with severe sinus bradycardia 
(<40 bpm), advanced AVB, asthma, or severe reactive pulmonary disease requiring chronic 
treatment with inhalers. Regadenoson is administered at a fixed dose of 400 μg, as a single 
10-s bolus followed by a 10-s saline push, and has a relatively short half-life (30 min) and 
duration of action (2.3 min); its A2A receptor selectivity warrants effective coronary vaso-
dilation while limiting side effects with significantly improved patient tolerability; in par-
ticular, regadenoson can be administered in patients with asthma/reactive airway disease 
and is associated with lower incidence of AVB.

During intense vasodilation, myocardial regions supplied by stenotic coronary arteries 
show relative hypoperfusion (hypointensity during first-pass perfusion), while wall motion 
abnormalities appear only when the coronary stenosis is so severe to cause ischemia (an 
absolute blood flow reduction due to the “coronary steal” phenomenon) [31]. To preserve 
the diagnostic sensitivity of the test, patients should refrain from assuming coffee, tea, or 
other caffeine-containing beverages (including some “decaffeinated” drinks that might 
still contain some caffein) for at least 24 h prior to CMR, as they can block the effects of 
this class of vasodilators. Besides qualitative analysis, a semiquantitative method to calcu-
late myocardial perfusion reserve is based on the ratio between myocardial signal intensity 
maximal upslope at peak stress and at rest, both normalized for the blood pool signal 
intensity. A quantitative estimation of myocardial perfusion is also feasible with very 
recent sequences, based either on the dual-Gd bolus technique or on the dual-sequence 
(myocardial/arterial input function) technique [32].

The sensitivity and specificity of adenosine stress CMR are 85–91% and 67–94%, 
respectively, using an anatomical gold standard such as coronary angiography [1]. A large 
multicenter trial (MR-IMPACT) on 241 patients reported high sensitivity (86%) and speci-
ficity (67%) and greater diagnostic accuracy compared to myocardial scintigraphy [33]; 
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similar results were confirmed by the MR-IMPACT II study (533 patients) [34] and from 
the CE-MARC study (752 patients) [35]. In the recent GADA-CAD study on 764 patients 
undergoing both stress (adenosine or regadenoson) CMR and either coronary angiography 
or coronary CT as a reference, the sensitivity of CMR was 78.9%, specificity was 86.8%, 
and area under the curve was 0.871 for detection of a ≥70% stenosis. The sensitivity and 
specificity for multivessel CAD were 87.4% and 73.0%. For detection of a 50% stenosis, 
sensitivity was 64.6% and specificity was 86.6% [36].

Several studies have also investigated the prognostic impact of stress CMR.  In the 
recent SPINS trial on 2349 patients with stable angina followed for a median of 5.4 years, 
stress CMR offered an effective cardiac prognostication: patients without ischemia or 
LGE experienced a low incidence of cardiac events, little need for coronary revasculariza-
tion, and low spending on subsequent ischemia testing [37]. Based on the SPINS registry, 
in the USA, stress perfusion CMR is more cost effective than single photon emission 
computed tomography, CT with selective CT-FFR, and invasive FFR-based strategies 
[38]. In another study on 3664 patients referred for stress CMR, inducible ischemia and 
LGE were associated with the occurrence of MACE, defined by cardiovascular mortality 
or recurrent nonfatal myocardial infarction, over a median follow-up of 8.8 (IQR 6.9–9.5) 
years [39]. Stress CMR has a good prognostic value also in patients after coronary artery 
bypass graft, with a higher incidence of cardiovascular death and/or nonfatal myocardial 
infarction in patients with inducible ischemia and/or LGE [40]. In the MR-INFORM 
study, 918 patients with typical angina and either two or more cardiovascular risk factors 
or a positive exercise treadmill test were randomized to either adenosine stress CMR or 
invasive fractional flow reserve (FFR). Stress CMR led to a lower incidence of coronary 
revascularization (35.7%) than FFR (45.0%), but the occurrence of the primary outcome 
(death, nonfatal myocardial infarction, or target-vessel revascularization within 1 year) 
was not different (3.6% in the stress CMR group, 3.7% in the FFR group) [41]. This study 
seems to confirm that many if not most of the “missed” intermediate lesions may indeed 
be “true negative” in their hemodynamic significance rather than “false negative,” a funda-
mental challenge in comparing physiological perfusion significance (stress CMR) versus 
luminal stenosis (coronary angiography or CT).

3.3  Stress CMR with Dobutamine

Functional stress cardiac MR is generally based on the administration of dobutamine, a 
synthetic catecholamine with predominant affinity for β1-adrenergic receptors [29]. 
Demonstration of myocardial ischemia with dobutamine stress test relies on the increase 
in myocardial oxygen demand caused by positive inotropic and chronotropic effects. 
Dobutamine is administered at increasing doses, to a maximum of 40 μg/Kg  min i.v. 
(±atropine) and has a half-life of 1–2 min. Cine images are acquired during each step; 
perfusion imaging can also be acquired at peak stress and compared with rest perfusion. 
Potential side effects include palpitations, shortness of breath, headache, and supraven-
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tricular and ventricular arrhythmias. Dobutamine stress MR should not be performed in 
case of severe aortic stenosis, obstructive hypertrophic cardiomyopathy, and complex 
arrhythmias. Beta-blockers should be withdrawn 48 h prior to dobutamine administration 
because of their competing action.

Dobutamine CMR has been shown to be superior to dobutamine echocardiography 
[42], mainly due to better image quality and greater reproducibility, with 78–89% sensitiv-
ity and 75–86% specificity compared to coronary angiography [1]. Other studies have 
shown a comparable prognostic value for adenosine and dobutamine stress CMR [43]. 
Although technically more complicated than other imaging methods, CMR-compatible 
cycloergometers have been devised for the study of kinetics and myocardial perfusion 
under physiological stress conditions; nevertheless, their clinical use is currently limited to 
experimental settings.

3.4  Ischemia with Nonobstructive Coronary Arteries (INOCAs)

Many patients with stable angina do not have obstructive coronary artery disease at inva-
sive angiography, more common in women than in men: INOCA can result from hetero-
geneous mechanisms including coronary vasospasm and microvascular dysfunction and, 
compared to asymptomatic individuals, is associated with increased incidence of cardio-
vascular events, repeated hospital admissions, and impaired quality of life [44]. Diseases 
that affect the myocardial microvasculature (e.g., diabetes mellitus, systemic hyperten-
sion) may lead to a global subendocardial reduction in perfusion under a vasodilatory 
stress, typically associated with intense chest pain [45, 46]. Stress CMR is therefore able 
to detect true myocardial ischemia occurring despite normal coronary arteries, which can 
be missed by a pure anatomic diagnostic approach such as coronary CT. Nevertheless, 
differentiating INOCA from multivessel coronary artery disease can be challenging, 
because even the presence of balanced multivessel disease can result in most or all of the 
imaged segments appearing hypoperfused. The novel perfusion mapping sequences will 
allow a quantitative assessment of absolute myocardial perfusion and will help detect and 
grade myocardial ischemia even in patients with normal coronary arteries but underlying 
microvascular disease.

4  Imaging the Coronary Arteries with CMR

4.1  Sequences for Coronary Imaging

Several CMR sequences have been developed to assess the coronary tree. In particular, 
free-breathing 3D SSFP sequences are ECG gated, respiratory navigator gated, triggered 
to a single cardiac phase, and designed to directly visualize the coronary arteries with 
CMR. However, despite the theoretical advantage of CMR in avoiding the use of ionizing 
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radiations and potentially nephrotoxic contrast agents, coronary imaging with CMR is still 
significantly inferior to CT in the diagnostic accuracy of coronary stenoses. In particular, 
these sequences are still limited by a long acquisition time (4–5 min), breathing/arrhyth-
mia artifacts, and a lower spatial resolution compared to coronary CT.

Multicenter studies have shown good diagnostic accuracy of coronary CMR imaging, 
reporting a negative sensitivity, specificity, and predictive value of 88%, 72%, and 88%, 
respectively, in an analysis per patient [47]. While the assessment of coronary artery ste-
nosis is currently performed with cardiac CT, coronary CMR angiography plays a role in 
the screening and assessment of congenital anomalies of coronary arteries [2, 48]. In par-
ticular, in a single-center prospective blinded study, a cardiac-gated 3D gradient-echo 
sequence with fat suppression demonstrated an accurate identification of the proximal 
coronary arteries, with a specificity of 95% [49], suggesting that respiratory-gated 3D 
CMR angiography is an accurate tool for the identification of proximal coronary arteries’ 
origins and course.

4.2  Anomalies of Coronary Artery Origin

In the normal heart, the right and left coronary arteries arise from the aortic valvar sinuses 
adjacent to the pulmonary trunk. The right coronary artery then directly enters the right 
atrioventricular groove, whereas the main stem of the left coronary artery runs a short 
course before dividing to become the left anterior descending and circumflex arteries [50]. 
These arteries can have an anomalous origin from either the aorta or the pulmonary trunk; 
their branches can have various anomalous origins relative to arterial pedicles. 
Understanding of these variations is key to determining those anomalous patterns associ-
ated with sudden cardiac death [51].

Isolated congenital coronary artery anomalies have been reported in approximately 
1.3% (ranging from 0.2 to 5.6%) of patients undergoing coronary angiography (CMR, CT, 
or invasive angiography) and approximately 0.3% of patients at autopsy [52]. About 80% 
of coronary anomalies are considered benign without significant clinical sequelae, with 
the remaining 20% potentially responsible for significant symptoms such as myocardial 
ischemia and sudden death [53].

Most clinically significant coronary artery anomalies are within the anomalies of origin 
and course. There are three main subcategories within this group including (A) absent LM 
artery, (B) anomalous ostium outside the aortic sinuses, and (C) anomalous ostium at an 
inappropriate sinus of Valsalva (Fig. 6). The latter is often associated with an interarterial 
course, and the most common anatomical variants recognized at the postmortem of SCD 
victims. Abnormalities of the left coronary artery are more commonly associated with 
death during exercise; when the right coronary artery is affected, SCD can occur at rest, 
after efforts [53].
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a b c

Fig. 7 A 7-year-old male referred for syncope during a karate match. The CMR exam revealed a 
coronary artery abnormality: single coronary artery with pre-pulmonary course of the left coronary 
artery (the right and left coronary arteries are indicated by white arrows), associated with an anoma-
lous origin of the left circumflex from the right pulmonary artery (ALCAPA, anomalous left coro-
nary artery from the pulmonary artery; arrowhead). Panels A and B: 3D balanced steady-state 
free-precession sequences. Panel C: T1-double-IR fast spin echo sequence. Left coronary artery 
(LCA), aorta (Ao), pulmonary artery (Plm), right atrium (RA), left atrium (LA), right pulmonary 
artery (Rpa)

a b c

Fig. 6 A 12-year-old soccer player referred for ventricular tachycardia at the treadmill stress test. 
The CMR exam revealed a right coronary artery from the left coronary sinus with intramural and 
interarterial course (the right and left coronary arteries are indicated by white arrows). Panels A and 
C: 3D balanced steady-state free-precession sequences. Panel B: T1-double-IR fast spin echo 
sequence. Right coronary artery (RCA), aorta (Ao), pulmonary artery (Plm), right ventricle (Rv), 
right pulmonary artery (Rpa), left atrial appendage (Lap)

Anomalous origins of coronary arteries from the pulmonary trunk are rare. In a contem-
porary cohort of 5998 outpatients (median age 16 years (Q1–Q3: 11, 36)), referred for 
routine echocardiography, n = 5, anomalous origin from the pulmonary artery was diag-
nosed, both right and left [54]. Their diagnosis strictly depends on clinical presentations, 
physician expertise and suspicion, and diagnostic methods utilized. In fact, they can origi-
nate at literally any level of the pulmonary artery: the valve, the trunk, and the right or left 
pulmonary arteries (Fig. 7).
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4.3  Anomalies of Coronary Artery Course

The course of coronary arteries is of clinical importance especially when dealing with 
anomalous origin from the opposite sinus, which should be further classified, in order of 
frequency, as retroaortic, interarterial, subpulmonic (intraconal or intraseptal), pre- 
pulmonic, or retrocardiac (Fig. 8).

The main cause of ischemia, and potential SCD, is generally sustained by the narrow-
ing of the initial segment of the coronary artery, as it enters or exits the aortic wall, at an 
intramural course by compression in between the inner and outer layers of the aortic tunica 
media [55]. This often happens in the case of anomalous aortic origin from the opposite 
sinus of Valsalva, with an intramural/interaterial course. This narrowing is not present in 
any others: intraseptal or infundibular, retroaortic, wraparound the apex, or retrocardiac 
[55, 56]. Therefore, it is evident that a prompt and accurate evaluation is crucial within a 
CMR scan of the origin and proximal course of the coronary arteries.

In this sense, a recent report by Angelini P. and colleagues documented coronary artery 
abnormalities (6 left and 17 right) from 5169 CMR studies (mean participant age, 
13 ± 2 years), n = 23. The screening program was CMR based and implemented with a 
cardiac-gated MR imaging, without sedation or contrast agents. Multiple-axis images 
were obtained in a steady-state free precession sequence (cine SSFP) evaluating the left 
ventricular structure and function and the coronary artery origins and proximal courses [57].

a b

Fig. 8 Magnetic resonance imaging in a 16-year-old male referred for chest pain/discomfort after 
sports activities, showing duplication of the left circumflex artery (LCA) with pre-pulmonary course 
of one branch (LCA1) and normal course of the other branch (LCA2); the right and left coronary 
arteries are indicated by white arrows. Panel A: 3D balanced steady-state free-precession sequence. 
Panel B: T1-double-IR fast spin echo sequence. Left coronary artery (LCA), aorta (Ao), pulmonary 
artery (Plm), right atrium (RA), left atrium (LA)
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5  Technical Limitations

Nowadays, advanced imaging is essential for a correct evaluation of the patient presenting 
with ischemic heart disease; however, CMR requires a dedicated cardiac scanner and pre-
cise local skills, with higher costs compared with echocardiography. Technical limitations 
including tachyarrhythmias or breathing artifacts can be considered limited and relative 
contraindications together with claustrophobia. Selected patients may undergo a CMR 
scan under general anesthesia. Several metallic devices (including pacemakers and defi-
brillators) represent a limitation for CMR, but patients with newer CMR-conditional 
devices may safely undergo a CMR scan after device reprogramming [58]. Gadolinium- 
based contrast agents are generally contraindicated in individuals with a glomerular filtra-
tion rate <30 mL/min/1.73 m2, even if the risk of nephrogenic systemic fibrosis is extremely 
low with newer cyclic gadolinium-based contrast agents [59].

6  Future Perspectives

Several novel experimental CMR sequences are under investigation, but still not used in 
clinical practice. Oxygenation-sensitive CMR is a technique that allows in vivo noninva-
sive evaluation of tissue oxygenation thanks to the paramagnetic properties of deoxyhe-
moglobin: an increase in hemoglobin saturation causes an analogous increase in the BOLD 
(blood oxygenation level dependent) signal in specific T2 or T2* sequences [60].

Hyperpolarized contrast agents have been used for magnetic resonance spectroscopy 
(to assess cardiac metabolism) and imaging (as an alternative to Gd-based contrast agents). 
In particular, carbon-13 CMR [61] and fluoro-19 CMR [62] are the most promising tech-
niques on the horizon. Instead of exploiting the magnetic properties of hydrogen nuclei 
(present in abundance especially in water and in lipids), these new techniques exploit the 
magnetic properties of some specific carbon or fluorine isotopes, with dedicated coils and 
sequences. In particular, the development of a recent hyperpolarization technique for sig-
nal enhancement, applied to the pyruvate-[1-(13) C] and pyruvate-[2-(13) C] tracers, 
allows to study the myocardial metabolism in  vivo under different pathophysiological 
conditions [63].

Further advancements in CMR imaging techniques have led to the development of vari-
ous 3D whole-heart coronary CMR techniques with further improvements in tissue con-
trast for improved delineation of the coronary arteries. 3D coronary CMR offers several 
advantages over 2D techniques. With 3D techniques, a volumetric acquisition of thin, truly 
contiguous partition images that encompass the complete coronary arterial tree can be 
acquired in one acquisition, minimizing the reliance on slice orientation. Other experi-
mental sequences and coils have been tested in animal models for high-resolution intravas-
cular coronary imaging [64].
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7  Conclusions

CMR is currently one of the cornerstones of cardiac imaging for the evaluation of patients 
with ischemic heart disease. It allows an accurate and reproducible evaluation of morphol-
ogy, function, ischemia, and myocardial viability, with a wide application across different 
clinical scenarios: from the diagnosis of ischemia to the evaluation of patients with chest 
pain and suspected acute coronary syndrome and from the differential diagnosis in patients 
with acute coronary syndrome and normal coronary angiograms to the study of viability 
in subjects with chronic ischemic heart disease and systolic ventricular dysfunction. 
Congenital anomalies of the coronary artery origin and course can be assessed with dedi-
cated tridimensional angiographic sequences. The added value of CMR lies in its unique 
ability to combine morphological and functional assessment together with an extremely 
accurate in vivo myocardial tissue characterization.
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Diagnosis of Acute Myocardial Infarction

Annamaria Mazzone and Monica Baroni

1  Definitions of Acute Myocardial Infarction

The term acute myocardial infarction (MI) should be used in the presence of myocardial 
injury (at least one cardiac troponin (cTn) value above the 99th percentile upper reference 
limit) associated with acute myocardial ischemia [1, 2], while without myocardial isch-
emia, we refer to nonischemic myocardial injury.

For the goal of immediate myocardial reperfusion by primary PCI or if not available, 
by fibrinolytic therapy, it is a usual practice to designate patients with 1) typical (chest 
discomfort) or atypical symptoms, suggestive of ischemia, and 2) ST-segment elevation in 
at least two contiguous leads or new left bundle branch block as ST-segment-elevation 
myocardial infarction (STEMI). Symptomatic patients without persistent ST-segment 
elevation are designated as non-ST-segment elevation myocardial infarction (NSTEMI). 
They do not always need a prompt reperfusion, and treatment follows specific distin-
guished guidelines [3]. STEMI, NSTEMI, and unstable angina account for acute coronary 
syndromes (ACSs).

The diagnosis of MI is reserved to patients with myocardial injury due to myocardial 
ischemia, while in the absence of ischemia, we refer to nonischemic myocardial injury. 

...the scientist is not a person who gives the right answers,
…… he is the one who asks the right questions.
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Optimal evaluation and treatment strategies for these etiologically distinct diagnoses have yet 
to be defined. Myocardial infarction may be classified into various types, based on pathologi-
cal, clinical, and prognostic differences, along with different treatment strategies as reported 
in the “Fourth Universal Definition of Myocardial Infarction,” which provides a taxonomy for 
acute myocardial injury [2] including five subtypes of MI and nonischemic myocardial injury:

Type 1: Spontaneous MI caused by ischemia due to a primary coronary event (e.g., plaque 
rupture, erosion, or fissuring; coronary dissection)

Type 2: Ischemia due to increased oxygen demand (i.e., hypertension), or decreased sup-
ply (e.g., coronary artery spasm or embolism, arrhythmia, hypotension)

Type 3: Related to sudden unexpected cardiac death
Type 4a: Associated with percutaneous coronary intervention (signs and symptoms of 

myocardial infarction with cTn values >5 × 99th percentile URL)
Type 4b: Associated with documented stent thrombosis
Type 5: Associated with coronary artery bypass grafting (signs and symptoms of myocar-

dial infarction with cTn values >10 × 99th percentile URL) [3, 4]

2  Diagnosis

STEMI diagnosis can be very easily based on a good clinical history, physical examina-
tion, and 12-lead ECG.

A quick diagnosis of STEMI facilitates rapid decision-making and treatment and there-
fore improves outcome in patients presenting with symptoms of chest pain [1]. Necrosis 
markers are a pivotal point in the diagnostic workup of chest pain, but routine sampling for 
serum markers should not delay diagnosis and therefore reperfusion treatment in 
STEMI. Biomarkers will subsequently be used for documentation and risk stratification. 
Guidelines recommend the measurement of cardiac troponin levels for NSTEMI diagno-
sis and risk stratification [1], guiding therefore therapeutic strategy.

3  Emergency Care: Strategy Room

3.1  Initial Diagnosis

First medical contact (FMC) is time 0 in the diagnosis and management of ACS. Countdown 
begins at FMC in order to maximize efficiency to obtain regional reperfusion (time delay 
≤120’ PCI or time delay ≥120’ fibrinolysis) in case of STEMI. In the presence of typical 
chest pain and/or less typical symptoms, a rapid diagnostic workup for STEMI can be 
obtained by acquiring and interpreting a 12-lead ECG within the first 10  min from 
FMC. Prehospital ECG reduces time to diagnosis and treatment and can facilitate time to 
reperfusion.

A. Mazzone and M. Baroni
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3.2  Clinical Presentation

Symptoms consistent with acute myocardial ischemia (MI) include tight chest pain, upper 
extremity, mandibular, or epigastric often with radiation to the neck, lower jaw, or left arm. 
Sometimes sweating is present. Chest pain reduction after nitroglycerin administration 
can be misleading and is not recommended as a diagnostic tool [4], while a complete 
normalization of the ST-segment elevation after nitroglycerin administration, along with 
complete relief of symptoms, is suggestive of coronary spasm, with or without associated 
MI and an early coronary angiography (within 24 h).

Less typical symptoms such as shortness of breath, nausea/vomiting, fatigue, palpita-
tions, or syncope can be present alone or in various combinations. Presence and duration 
of symptoms are not specific for myocardial ischemia, and MI may occur with atypical 
symptoms or even without symptoms at all. In a recent review of more than 4 million 
patients with MI, almost 33% did not report typical chest pain on presentation [1].

Atypical symptoms of myocardial ischemia are more common in diabetic patients, the 
elderly, and women [5, 6]. Prevalence of chest pain ranges significantly from 49% to 93% 
STEMI, 9% to 62% NSTEMI, 0% to 27% for nonischemic myocardial injury, and 13% for 
patients with multifactorial or indeterminate causes of elevated cTn [4].

Dyspnea is more prevalent in NSTEMI (12–46%) and nonischemic myocardial injury 
(33%) than in STEMI (4–10%) [4]. However, signs and symptoms can vary according to 
the kind of myocardial injury and none of them is diagnostic of acute ischemia, and there-
fore they cannot reliably differentiate types of myocardial injury/infarction.

Relief of pain, breathlessness, and anxiety: Relief of pain is of paramount impor-
tance, not only for comfort reasons but also because the pain is associated with sympa-
thetic activation, which causes vasoconstriction and increases the workload of the heart. 
Titrated intravenous (i.v.) opioids (e.g., morphine) are the analgesics most commonly used 
in this context. Oxygen is indicated in hypoxic patients with arterial oxygen saturation 
(SaO2) <90%. Anxiety is a natural response to the pain and the circumstances surrounding 
an MI. A mild tranquillizer (benzodiazepine) should be considered in anxious patients [1].

3.3  12-Lead Electrocardiogram (ECG)

A 12-lead ECG should be obtained within the first (10) minutes from FMC. For the sake 
of immediate reperfusion treatment strategies, new ST-segment elevations in two con-
tiguous leads or new bundle branch block with ischemic repolarization patterns define 
ST-segment-elevation MI (STEMI). In contrast, symptomatic patients without 
ST-segment elevation at presentation are usually designated non-ST-segment-elevation 
MI (NSTEMI). In cases of symptom relief after nitroglycerin administration, another 
12-lead ECG should be obtained. A complete normalization of the ST-segment elevation 
after nitroglycerin administration, along with complete relief of symptoms, is sugges-
tive of coronary spasm, with or without associated MI. In these cases, an early coronary 
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angiography (within 24 h) is recommended. In cases of recurrent episodes of ST-segment 
elevation or chest pain, immediate angiography is required. All patients with suspected 
ACS should be provided with ECG monitoring, as soon as possible, in order to detect 
life-threatening arrhythmias and allow prompt defibrillation if indicated. Acute myocar-
dial ischemia is often associated with dynamic changes in ECG waveform and serial 
ECG acquisition can provide critical information, particularly if the ECG at presentation 
is nondiagnostic.

Dynamic ST-segment changes are indicative of significant ongoing, acute myocardial 
ischemia and can identify patients who may benefit from urgent invasive evaluation. 
However, dynamic ST-segment changes are found in only a minority of patients with MI.

Other ECG signs associated with acute myocardial ischemia include cardiac arrhyth-
mias and several degrees of conduction delays and blocks. The ECG itself is often insuf-
ficient to diagnose acute myocardial ischemia or infarction since ST deviation may be 
observed in other conditions such as acute pericarditis, LVH, and LBBB. A prior ECG is 
often helpful in distinguishing a new from a chronic finding, but it should never delay 
treatment decision in the clinical suspicion of MI.

When is STEMI suspected: A prolonged new convex ST-segment elevation at the J 
point in two contiguous leads, particularly when associated with reciprocal ST-segment 
depression, usually reflects a coronary occlusion which needs a prompt reperfusion. 
Reciprocal changes of repolarization can help to differentiate STEMI from pericarditis or 
early repolarization changes.

ECG must be acquired and interpreted as soon as possible at the time of FMC to facili-
tate early STEMI diagnosis and triage [1, 7], in order to achieve early reperfusion and 
therefore to save myocytes and ventricular function [8]. If the ECG is equivocal or does 
not show evidence to support the clinical suspicion of MI, ECG should be repeated and, 
when possible, compared with previous recordings. If interpretation of prehospital ECG is 
not possible on-site, field transmission of the ECG is recommended [8].

ECG diagnostic criteria for STEMI: ECG must be recorded with standard calibra-
tion of the ECG as 10 mm/mV. Therefore, 0.1 mV equals to 1 mm square on the vertical 
axis. In the clinical context of suspicious ACS, ST-segment elevation (measured at the J 
point) is considered suggestive of STEM and therefore ongoing coronary artery acute 
occlusion, in the following cases: (1) at least two contiguous leads with ST-segment 
elevation 1 mm in all leads other than V2–V3 where the following cut points apply: 
≥2 mm in men ≥40 years, ≥2.5 mm in men <40 years, and ≥−1.5 mm in women regard-
less of age, and (2) in patients with inferior MI, it is recommended to record right pre-
cordial leads (V3R and V4R) seeking ST-segment elevation, to identify concomitant 
right ventricular (RV) infarction [1]. Likewise, ST-segment depression in leads V1–V3 
suggests myocardial ischemia, especially when the terminal T-wave is positive 
(ST-segment elevation equivalent), and confirmation by concomitant ST-segment eleva-
tion 0.5 mm recorded in leads V7–V9 should be considered as a means to identify pos-
terior MI.  The presence of a Q-wave on the ECG should not necessarily change the 
reperfusion strategy decision.
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3.4  ECG Special Situations

Diagnosis of MI by means of ECG may be more difficult in some cases, which neverthe-
less deserve prompt management and triage.

 1. In the presence of left bundle branch block (LBBB), the ECG diagnosis of AMI is 
difficult but often possible if marked ST-segment abnormalities are present. Somewhat 
complex algorithms have been offered to assist the diagnosis, but they do not provide 
diagnostic certainty; the presence of concordant ST-segment elevation (i.e., in leads 
with positive QRS deflections) appears to be one of the best indicators of ongoing MI 
with an occluded infarct artery. Patients with a clinical suspicion of ongoing myocar-
dial ischemia and LBBB should be managed in a way similar to STEMI patients: it is 
important to remark that the presence of a (presumed) new LBBB does not predict an 
MI per se [1, 9].

 2. Right bundle branch block (RBBB) in the setting of MI means poor prognosis. It 
may be difficult to detect transmural ischemia in patients with chest pain and 
RBBB. Therefore, a primary PCI strategy (emergent coronary angiography and PCI if 
indicated) should be considered when persistent ischemic symptoms occur in the pres-
ence of RBBB.

 3. Ventricular pacing: Pacemaker rhythm often prevents ST-T interpretation, and an 
urgent angiography may be needed to confirm diagnosis. Reprogramming the pace-
maker—allowing an evaluation of ECG changes during intrinsic heart rhythm—may 
be considered in patients who are not dependent on ventricular pacing, without delay-
ing invasive investigation [10].

 4. Atrial arrhythmias, as well as new-onset atrial fibrillation, associated or not with 
chest pain, may be an ischemic equivalent sign of AMI.

4  Nondiagnostic ECG

Some patients with MI may have an initial ECG without ST-segment elevation. In the very 
early phase, hyper-acute T-waves preceding ST-segment elevation may be detected. It is 
important to repeat ECG or monitor for dynamic ST-segment changes, because in particu-
lar situations (i.e., acute occlusion of a vein graft, or left main disease), ST-segment eleva-
tion may be absent, delaying prompt reperfusion with subsequent larger infarct size and 
worse outcomes. Extending the standard 12-lead ECG with V7–V9 leads may help in MI 
identification. Any clinical presentation suspicious of ongoing myocardial ischemia is an 
indication for a primary PCI strategy even in patients without diagnostic ST-segment ele-
vation [11].

- Isolated posterior MI: When ischemia affects inferior and basal portion of the heart, 
often corresponding to the left circumflex territory, isolated ST-segment depression of 
0.5 mm in leads V1–V3 may represent the dominant finding. These patients should be 
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managed as STEMI patients. The use of additional posterior chest wall leads [elevation 
V7–V9 0.5 mm (1 mm in men, 40 years old)] is recommended to detect ST-segment eleva-
tion consistent with inferior and basal MI [1].

- Left main coronary obstruction: The presence of ST depression (≥1 mm) on sur-
face leads (inferior lateral ST depression), coupled with ST-segment elevation in aVR and/
or V1, suggests multivessel ischemia or left main coronary artery obstruction, particularly 
if patients have signs or symptoms of cardiogenic shock [12]. Blood sampling for serum 
markers is routinely carried out in the acute phase but should never delay the reperfusion 
strategy/treatment. Emergency imaging aids the provision of timely reperfusion therapy to 
these patients.

5  Echocardiography in Emergency for Initial Diagnosis

Noninvasive imaging in management and risk stratification of LV dysfunction is a key 
prognostic factor. Therefore, it is recommended that the LVEF is determined before hos-
pital discharge in all STEMI patients. Emergency echocardiography at presentation is 
indicated in patients with cardiac arrest, cardiogenic shock, hemodynamic instability, or 
suspected mechanical complications, and if the diagnosis of STEMI is uncertain. Cardiac 
magnetic resonance (CMR) may be a good alternative. If echocardiography is not avail-
able or if doubts persist after echo, a primary PCI strategy is indicated (including immedi-
ate transfer to a PCI center if the patient is being treated in a non-PCI center). In the 
STEMI emergency setting, the use of cardiac tomography (CT) should be confined to 
selected cases where acute aortic dissection or pulmonary embolism is suspected, but CT 
is not recommended if STEMI diagnosis is likely.

6  Cardiac Arrest

Many deaths occur very early after STEMI onset due to ventricular fibrillation (VF) [13]. 
As this arrhythmia frequently occurs at an early stage, these deaths usually happen out of 
hospital (out-of-hospital cardiac arrest: OHCA). This means that all personnel caring for 
patients with suspected MI should be trained in CPR and defibrillation and that ECG 
monitoring should be applied in all patients in the suspicion of MI. In OHCA survivors 
with ECG showing potential STEMI, primary PCI is the strategy of choice. Given the high 
prevalence of coronary occlusions and the potential difficulties in interpreting ECG in 
patients after cardiac arrest, urgent angiography (within 2 h) should be considered in sur-
vivors of cardiac arrest, including unresponsive survivors, when there is a high index of 
suspicion of ongoing MI. In patients without ST-segment elevation, a quick evaluation at 
the emergency department or intensive cardiac care unit to exclude noncoronary causes is 
reasonable. The decision to perform urgent coronary angiography and PCI if indicated 
should also consider factors associated with poor neurological outcome. Unfavorable pre-
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hospital settings indicating a remote likelihood for neurological recovery [i.e., unwit-
nessed cardiac arrest, late arrival of a prehospital team without any basic life support 
(>10 min), presence of an initial non-shockable rhythm, or more than 20 min of advanced 
life support without return to spontaneous circulation] should be taken strongly into con-
sideration to argue against an invasive coronary strategy. Unconscious patients admitted to 
critical care units after OHCA are at high risk for death, and neurologic deficits are com-
mon among those who survive. Targeted temperature management (also called therapeutic 
hypothermia), aiming for a constant temperature between 32 and 36 °C for at least 24 h, is 
indicated in patients who remain unconscious after resuscitation from cardiac arrest (of 
presumed cardiac cause) [14].

7  Cardiogenic Shock

Cardiogenic shock (CS) is one of the possible clinical presentations of acute MI and 
accounts for 81% of patients in cardiogenic shock.

This challenging and severe clinical condition must be promptly recognized in associa-
tion to MI, because it complicates 5–10% of cases of acute MI and is the leading cause of 
death after ACS. ST-segment-elevation myocardial infarction (STEMI) is associated with 
a twofold increased risk for development of CS compared with non-ST-segment-elevation 
myocardial infarction (NSTEMI), but patients with NSTEMI-associated CS are less likely 
to undergo early cardiac catheterization, delaying coronary reperfusion, which is an essen-
tial therapeutic intervention, therefore increasing the risk of mortality compared with 
patients with STEMI-associated CS. Key elements for optimal treatment are rapid diagno-
sis, including other shock etiologies, differential integration of hemodynamic and meta-
bolic data for diagnosis and risk stratification, and early evaluation and appropriate 
initiation of acute mechanical circulatory support devices with an organized algorithmic 
approach to decision-making together with well-defined hub and spoke strategies.

8  Cardiac Biomarkers

8.1  Serial Troponin Values

Although significant differences in the distribution of baseline or peak cTn levels are evi-
dent in several studies, overlapping ranges limit the use of cTn levels to accurately dif-
ferentiate between etiologies of myocardial injury.

Nestelberger et al. found a statistically significant difference in the median baseline and 
1-h change between patients with type 2 MI with or without the presence of CAD, patients 
with type 1 MI, and those with nonischemic myocardial injury; significant overlap in the 
interquartile ranges for both measures was evident [15]. Furthermore, although peak cTn 
values were higher in type 1 versus type 2 MI [1], both the absolute cTn level and the 
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change over time provided poor discrimination for type 1 from type 2 MI (area under the 
receiver-operator characteristic curve, 0.51–0.62) [16]. Serial cTn testing to determine 
whether there is a rise or fall in cTn concentrations is required to differentiate between 
acute and chronic cTn elevation: a nonischemic ECG and stable pattern of cTn elevation 
are most consistent with chronic myocardial injury [4]. Dynamic cTn elevation is consis-
tent with acute myocardial injury. The UDMI suggests using a 20% change in cTn4 to 
differentiate a stable versus a dynamic cTn pattern, but also recognizes that the optimal 
change criteria require individualization based on the timing of presentation, absolute cTn 
concentration, results of prior testing if available, cTn assay characteristics, and pretest 
probability of an acute versus chronic insult [17]. A relative change of 20% in an individ-
ual with low cTn concentrations shows poor specificity and positive predictive value for 
acute MI versus a similar change at higher concentrations. Thus, some experts have pro-
posed using a 50% change near the 99th percentile and a 20% change when the baseline 
value is more substantially elevated to define a significant cTn change [18]. Furthermore, 
it may be more efficacious to use absolute changes as opposed to relative changes in cTn 
to delineate acute from chronic myocardial injury, in particular, with high-sensitivity cTn 
assays and when absolute cTn values are low [19].

9  Invasive Imaging

Coronary angiography is considered the gold standard for defining coronary anatomy 
and is widely used to identify patients with evidence of plaque rupture and coronary 
thrombosis among patients with suspected type 1 MI.

Although the last Universal Definition of Myocardial Infarction acknowledges that 
coronary angiography may aid in the distinction between type 1 MI, type 2 MI, and acute 
nonischemic myocardial injury, it is emphasized that coronary angiography is not always 
clinically indicated or required [4]. Rigorous diagnostic studies for differentiating throm-
bus from stable fibrotic plaque are few and reveal low sensitivity for identifying coronary 
thrombosis. As such, there are limited quantitative data on the efficacy of coronary angi-
ography for the differentiation of type 1 from type 2 MI. Specificity for identifying highly 
probable thrombotic lesions was 99–100% for spherical, ovoid, or irregular filling defects 
and intraluminal staining, but sensitivity was very low for all tested angiographic charac-
teristics (17–60%) [20]. Using postmortem angiography, Levin and Fallon [21] showed 
that 79% of lesions with complex morphology were associated with plaque rupture, plaque 
hemorrhage, superimposed partially occluding thrombus, or recanalized thrombus. 
However, postmortem, angiography on a non-beating heart is of questionable relevance to 
clinical angiography. Advanced invasive coronary imaging techniques, such as intravascu-
lar ultrasound and optical coherence topography (OCT), have also been used to define 
plaque disruption and intracoronary thrombus. Among patients with acute MI and a culprit 
lesion identified by conventional angiography, imaging consistent with plaque disruption 
was found in 73% by OCT, 47% by angioscopy, and 40% by intravascular ultrasound [22]. 
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Therefore, plaque disruption alone does not provide unequivocal evidence of type 1 MI, 
and thrombus formation and resolution as a consequence of endogenous fibrinolysis may 
add to diagnostic uncertainty. Although OCT and angioscopy have moderate sensitivity 
and excellent specificity for the identification of plaque disruption and coronary thrombo-
sis, the expense, invasiveness required, and high level of expertise needed to perform these 
techniques currently preclude routine use [4].

10  Noninvasive Imaging

Noninvasive imaging may be helpful for differentiating type 1 MI from other causes of 
myocardial injury by 1. directly assessing the coronary arterial anatomy for evidence of 
atherosclerotic disease and thrombus; 2. evaluating the presence and pattern of myocardial 
edema, inflammation, or scar; and 3. identifying noncoronary cardiac pathologies associ-
ated with myocardial injury.

10.1  Computed Tomography Coronary Angiography

Because of its superior spatial resolution over other modalities such as magnetic resonance 
imaging (MRI), coronary computed tomography angiography (CTA) currently is best 
suited to noninvasively assess the coronary anatomy. CTA can detect small atherosclerotic 
plaques, and its assessment of the coronary anatomy correlates well with intravascular 
ultrasound. However, thrombus is difficult to differentiate from noncalcified atheroscle-
rotic plaque by CTA. Plaque ruptures may be seen by CTA; however, sensitivity is modest 
in comparison with intravascular ultrasound [23]. Because atherosclerotic disease is a 
 requisite for type 1 MI, absence of coronary atherosclerotic disease by CTA largely 
excludes this possibility and suggests type 2 MI or nonischemic myocardial injury in the 
setting of cTn elevation. Spontaneous coronary dissection is an increasingly recognized 
entity that is suspected to be the cause of acute MI in more than one-third of women 
<50 years of age. CTA may be useful to identify patients with spontaneous coronary dis-
section and thus differentiate type 1 versus type 2 MI attributable to spontaneous coronary 
dissection [24].

11  Structural and Functional Imaging

Echocardiography is widely available and relatively inexpensive. It can detect abnor-
malities in myocardial thickening and motion within minutes of the onset of ischemia, and 
its sensitivity is limited in individuals with small myocardial insults [25]. Detection of 
specific patterns of myocardial contractile abnormalities (i.e., regional wall motion abnor-
malities in a coronary territory or characteristics of stress cardiomyopathy) may support 
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specific types of myocardial injury. Furthermore, type 2 MI (i.e., attributable to dissection, 
spasm, embolization, or supply/demand mismatch in the setting of fixed obstructive CAD) 
may result in regional wall motion abnormalities similar to type 1 MI, limiting the use of 
echocardiography to differentiate between some type 2 MIs and type 1 MIs. 
Echocardiography may be useful for detecting noncoronary pathologies of myocardial 
injury, such as severe aortic stenosis or cardiomyopathy. Regional perfusion abnormali-
ties, in particular, within specific vascular distributions, increase the probability of type 1 
MI or no atherothrombotic coronary abnormalities (i.e., coronary dissection, supply/
demand mismatch in the setting of fixed obstructive CAD) resulting in type 2 MI, whereas 
diffuse myocardial perfusion abnormalities or normal perfusion may suggest more sys-
temic insults from ischemic or nonischemic myocardial injury [4]. Myocardial perfusion 
imaging may be performed with contrast echocardiography, single photon emission 
computerized tomography, positron-emission tomography, computed tomography, or MRI.

Cardiac magnetic resonance (CMR) is a noninvasive imaging modality for assessing 
myocardial dysfunction and, in conjunction with delayed contrast enhancement, can dif-
ferentiate between acute and chronic myocardial injury via the presence of tissue edema 
[26]. Ischemia-induced myocardial injury typically extends from the subendocardium to 
the epicardium, whereas nonischemic myocardial injury can be seen at the epicardium, 
mid-wall, or insertion points of the right ventricle. CMR is not well suited to assess the 
coronary arterial anatomy because of its limited spatial resolution with standard protocols. 
CMR is useful to identify condition associated with myocardial injury not related to 
MI. Among patients presenting with suspected acute MI in whom obstructive CAD was 
excluded, MRI found evidence of acute myocarditis with high accuracy. Cardiomyopathies 
and stress cardiomyopathy are well characterized by MRI [27].

11.1  Diagnostic Doubts

Clear diagnosis among type 1 MI, type 2 MI, or myocardial injury is not always easy. In 
the presence of signs and symptoms consistent with ischemia (e.g., typical chest pain) first 
diagnosis should be type 1 MI in order not to delay prompt reperfusion.

When subsequent evaluation fails to confirm coronary atherothrombosis, further con-
sideration of alternative causes of acute ischemic (MINOCA; takotsubo syndrome (TTS)) 
or nonischemic myocardial injury (e.g., myocarditis, pulmonary embolism) is necessary.

Many patients with signs and symptoms of ACS present tachycardia, hypertension, and 
anemia, which lead to overdiagnosis or underdiagnosis of type 1 MI and therefore delay 
or withholding of appropriate treatments.

In the absence of clear evidence of ischemia and supply/demand mismatch, diagnosis 
of acute nonischemic myocardial injury should be the first diagnostic hypothesis.
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11.2  Risk Assessment

Shortly after AMI diagnosis, all AMI patients should have an early assessment of evalua-
tion of the extent of myocardial damage, evidence of successful reperfusion, and risk of 
further events.

Risk assessment should include several risk scores that have been developed. The 
Global Registry of Acute Coronary Events (GRACE) risk score [3] is recommended for 
risk assessment and adjustment. Besides information on CAD severity, quality of reperfu-
sion, residual ischemia, occurrence of complications during hospitalization, and LV func-
tion (LVEF) should be carefully assessed before discharge because of its strong potential 
for risk stratification. Routine echocardiography after primary PCI is recommended to 
assess resting LV function as well as RV and valve function, to exclude postinfarction 
mechanical complications and LV thrombi. Left ventriculography should be considered 
during catheterization if echocardiography has not been performed yet. In limited cases in 
which echocardiography may be suboptimal or inconclusive, CMR can be a good alterna-
tive. In patients with multivessel disease, in which only the IRA lesion has been treated, 
assessment for residual ischemia is important for risk stratification. Timing and best imag-
ing technique (echocardiography, SPECT, CMR, PET) to detect residual ischemia and 
myocardial viability have to be determined, and it also depends on local expertise and 
available.

12  Special New Conditions

12.1  Acute Myocardial Infarction in COVID-19 Pandemic Outbreak

COVID-19 has comparable cardiac manifestations to previous outbreaks of other corona-
viruses, which are associated with worse outcomes of COVID-19. CVD comorbidity in 
COVID-19 may be either primary or secondary due to acute lung injury, leading to 
increased cardiac workload. Myocardial injury is often present during COVID-19 infec-
tion, especially if preexisting CVD risk factors are present [28, 29]. The potential mecha-
nism underlying myocardial injury could be related to a type 1 and/or type 2 MI occurrence. 
Myocardial injury complicating COVID-19 infection is very often due to a mismatch 
between oxygen supply and oxygen needs due to hypoxia, tachycardia, and septic state 
(type 2 MI). In some cases, a typical type 1 MI may be linked to plaque disruption, epicar-
dial coronary arteries, or microvessel thrombosis and occlusion. COVID-19-related abnor-
mal platelet function and/or endothelial function have been postulated as the cause of 
increased thrombotic burden [30].
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13  STEMI (STE-ACS)

The COVID-19 pandemic should not compromise timely reperfusion of ST-segment- 
elevation STEMI [31, 32]. Current guidelines recommend reperfusion therapy in patients 
with symptoms of ischemia of <12-h duration and persistent ST-segment elevation in at 
least two contiguous ECG leads [33].

In the absence of previous SARS-CoV-2 testing, all STEMI patients should be man-
aged as they are COVID-19 positive. STEMI management in COVID-19 outbreak maxi-
mum delay between FMC/STEMI diagnosis and reperfusion should be <120  min 
(door-to-balloon time). Primary PCI within 120 min is treatment of choice in order to 
obtain adequate reperfusion safely also from the point of view of infection prevention.

Primary PCI pathways may be delayed due to implementation of protective measures.
STEMI patients should be considered potentially infected as long as SARS-CoV-2 test 

results are available and should undergo, as soon as possible, testing for SARS-CoV-2 
following FMC, irrespective of reperfusion strategy, taking all precautionary measures. If 
optimal door-to-balloon time cannot be guaranteed and it is not contraindicated, fibrinoly-
sis can be performed as an alternative to primary PCI [1].

In the presence of multiple-vessel disease, complete revascularization can be consid-
ered, if indicated, to avoid staged procedures and reduce hospital stay.

14  NSTEMI (NSTE-ACS)

In patients with NSTEMI-ACS, a careful risk stratification and proper management should 
be obtained, together with testing for SARS-CoV-2 as soon as possible [34]. In high-risk 
patients, the aim is clinical stabilization and early (<24 h) reperfusion. Time to invasive 
strategy may be longer than 24 h, according to testing results.

Patients at intermediate risk should be carefully evaluated considering alternative diag-
noses, such a type 2 MI, myocarditis, myocardial injury due to respiratory distress, or 
takotsubo. In the event of any of plausible differential diagnosis, a noninvasive strategy 
should be considered and coronary computed tomography angiography (CCTA) should be 
favored. Patients with troponin rise and no acute clinical signs of instability (ECG changes, 
recurrence of chest pain) might be managed with a primarily conservative approach, 
speeding up risk stratification using CCTA if available [35–38].

14.1  Clinical Manifestations and Initial Diagnosis

- Profound hypoxemia, always present in moderate-to-severe COVID-19, together with 
tachycardia may result in chest pain, dyspnea, and electrocardiographic changes sugges-
tive of myocardial ischemia. Chest pain or tightness is common in patients with active 
COVID-19. Chest pain on admission can be misdiagnosed due to the coexistence of other 
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severe symptoms (i.e., acute dyspnea), making differential diagnosis more difficult. Real 
prevalence and characteristics of chest pain among COVID-19 patients are unknown. 
Biomarker elevation in conjunction with ECG changes suggests MI. The same ECG diag-
nostic criteria for ACS apply in patients with COVID-19. During COVID-19 outbreak, 
diagnostic workup of patients admitted to emergency department (ED) for dyspnea may 
often include computed tomography (CT) scan and therefore diagnosis of acute myocar-
dial infarction may be occasional. As for patients with ACS with no COVID-19, echocar-
diography should not be performed routinely to rule out STEMI, in order not to delay time 
to reperfusion. Echocardiography can be used lately to stratify prognosis and confirm the 
efficacy of reperfusion as well as presence of possible mechanical complications. Left 
ventriculography can be performed if echocardiography was not yet performed.

Sometimes, initial presentation of MI in COVID-19 patients can be a clinical picture of 
acute heart failure, cardiogenic shock (CS), or out-of-hospital cardiac arrest (OHCA). 
Incidence of OHCA increased during first months of pandemic with an important reduc-
tion of people admitted alive at ED. In the first phase of outbreak, physicians reported a 
significant reduction of ACS patients’ admission to ED due to fear of exposure to patients 
with COVID-19. These patients suffered unnecessary morbidity and mortality without 
proper ACS diagnosis and management.

15  Myocardial Infarction with Nonobstructive Coronary 
Arteries (MINOCA)

Myocardial infarction (MI) in the absence of obstructive coronary artery disease 
(MINOCA) can be found in 5–6% of MI, accounting for 5–25% of patients in large regis-
tries [3]. All traditional CV risk factors are less frequent in MINOCA with patients being 
younger and frequently female.

MINOCA is a heterogeneous entity comprising multiple causes and represents a 
conundrum for clinicians. The underlying pathogenesis ranges from functional alterations 
of epicardial coronary arteries (atherosclerosis, coronary thromboembolism, vasospasm, 
spontaneous dissection) to microvascular dysfunction, which accounts for about 70% of 
coronary resistance in the absence of obstructive CAD [3]. MINOCA patients suffer from 
a not benign condition despite not having epicardial coronary artery stenosis and are at 
higher risk of mortality, rehospitalization, disability, and angina burden at follow-up as 
compared to the general population without cardiovascular disease.

16  MINOCA Diagnostic Workup

MINOCA is a type 2 AMI that is myocardial cell necrosis due to supply/demand mis-
match, with elevated cardiac biomarkers in addition to at least one of the other criteria for 
AMI in the presence of potential cardiac ischemic causes.
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Noncardiac causes for troponin rise should be ruled out as sepsis, pulmonary embo-
lism, cardiac contusion, and aortic dissection. Myocardial disorders, including myocardi-
tis, takotsubo cardiomyopathy (TTS), and other cardiomyopathies, are excluded from 
MINOCA definition [39].

A systematic global approach is needed, including invasive and noninvasive techniques, 
in order to tailor the perfect management to the specific pathophysiological mechanism. 
Assessment of the clinical contest is the first step evaluation when MINOCA is suspected.

A suspicion of myocardial injury due to pulmonary embolism needs D-dimer testing, 
N-type natriuretic peptide (BNP), and or/or CT pulmonary angiography. Other causes of 
supply/demand mismatch of myocardial injury may be hypertensive crisis, sepsis, tachyar-
rhythmias, severe anemia, as well as noncardiac causes for troponin elevation. A history of 
atrial fibrillation, dilated cardiomyopathy, prothrombotic risk factors, recent deep vein 
thrombosis or pulmonary embolism, prosthetic heart valves, infective endocarditis, atrial 
myxoma, and patent foramen oval may suggest for a coronary embolism as the cause 
of MINOCA.

Coronary Angiography: Working diagnosis should exclude a significant coronary 
obstruction as well as small-vessel occlusions due to plaque rupture or distal 
embolization.

Echocardiography: Regional wall motion abnormalities corresponding to a clear 
coronary flow distribution suggest an ischemic mechanism of MINOCA.

Cardiac Magnetic Resonance: This can be helpful to elucidate underlying causes 
leading to MINOCA, being a powerful tool in differentiating other causes of myocardial 
injury. Transient wall motion abnormalities, typical myocardial edema, and absence of late 
gadolinium enhancement (LGE) indicate TTS, while nonischemic LGE together with 
myocardial edema suggests myocarditis.

Intravascular Imaging: Both IVUS and OCT may be helpful for identifying MINOCA 
mechanisms such as plaque disruption or coronary dissection, even if their diagnostic 
value depends strongly on time from FMC.  Intracoronary acetylcholine or ergonovine 
testing may be associated when microvascular spasm is suspected.
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Indications for Myocardial Revascularization

Francesca Chiaramonti

Abbreviations

BMS Bare-metal stents
CABG Coronary artery bypass grafting
CAD Coronary artery disease
DES Drug-eluting stents
LAD Left anterior descending
LM Left main
MACE Major adverse cardiovascular event
NSTE-ACS Non-ST-segment-elevation-acute coronary syndrome
PCI Percutaneous coronary intervention
RCTs Randomized clinical trials
STEMI ST-segment-elevation myocardial infarction
SYNTAX Synergy between PCI with Taxus and Cardiac Surgery

1  Introduction

In 1964, the first coronary artery bypass graft (CABG) procedure was performed [1], 
while the first percutaneous coronary revascularization procedure was performed only 13 
years thereafter, in 1977 [2]. Since their first introduction, surgical revascularization tech-
niques gained expertise and clinical relevance worldwide, becoming one of the most com-
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monly performed interventions in modern medicine. Sigwart et al. [3] introduced the first 
bare-metal stent (BMS) in 1986. In 2002, the first DES came to the markets in Europe [4] 
starting a new era in PCR. While both interventions have witnessed significant technologi-
cal advances, their role in the treatment of patients presenting with stable CAD is being 
challenged by advances in medical treatment, referred to as optimal medical therapy 
(OMT), which include intensive lifestyle and pharmacological management. Furthermore, 
the differences between the two revascularization strategies should be recognized.

Since its introduction, PCI has been subjected to more randomized clinical trials 
(RCTs) than any other interventional procedure. Several trials have been made in order to 
compare treatments available and to choose the best revascularization modality for each 
single patient. The best known and probably the most important of these studies is the 
Synergy between PCI with Taxus and Cardiac Surgery (SYNTAX) trial. This was a non- 
inferiority trial that compared percutaneous coronary intervention (PCI) using first- 
generation paclitaxel-eluting stents with coronary artery bypass grafting (CABG) in 
patients with de novo three-vessel and left main coronary artery disease. Further informa-
tion has been gained from its extension on 10-year follow-up. A great number of clinical 
practice guidelines have been issued in recent years both by the ESC and by other societies 
and organizations. Because of the impact on clinical practice, quality criteria for the devel-
opment of guidelines have been established in order to make all decisions transparent to 
the user. Guidelines summarize and evaluate all available evidence, at the time of the 
writing process, on a particular issue with the aim of assisting health professionals in 
selecting the best management strategies for an individual patient with a given condition, 
taking into account the impact on outcome, as well as the risk–benefit ratio of particular 
diagnostic or therapeutic means. Latest ESC/EACTS Guidelines on myocardial revascu-
larization [5] date back to 2018, while latest ACC/AHA Clinical Practice Guidelines were 
published in January 2022.

2  European Guidelines

At the European Society for Cardiology annual meeting in Stockholm on August 2010, the 
new joint European Society of Cardiology (ESC) and European Association for Cardio- 
Thoracic Surgery (EACTS) guidelines on myocardial revascularization were presented 
[6]. This is a completely new set of guidelines in which was recognized the need for 
cooperation between cardiologists and cardiac surgeons on the management of the entire 
spectrum of coronary artery disease.

These guidelines consisted of 14 sections dealing with all aspects of coronary artery 
disease starting from diagnosis, through treatment with lifestyle changes and medication 
and intervention by stents or surgery where appropriate, to secondary prevention. There 
were details of and recommendations for risk stratification, diagnosis, and imaging, and 
revascularization strategies in stable and unstable disease as well as in the setting of 
ST-segment-elevation myocardial infarction (STEMI). Specific chapters described the 
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implications of coronary artery disease in the settings of diabetes, chronic renal disease, 
valvular heart disease, and chronic heart failure.

Evidences on which these guidelines are based showed how CABG still offers a sur-
vival benefit in the most severe and complex coronary artery disease; CABG and stents 
appear to offer similar survival outcome, at least over the short to medium term, in patients 
with lower tertile SYNTAX score severity coronary artery disease. It has been supposed 
that differences in cardiac outcome can be attributed in part to the different pathophysio-
logical consequences of the two interventions, while in CABG, bypass grafts are placed to 
the mid-coronary vessel beyond the “culprit” lesion(s), providing extra sources of nutrient 
blood flow to the myocardium and offering protection against the consequences of further 
proximal obstructive disease. In PCI, coronary stents aim to restore the normal conduc-
tance of the native coronary vasculature without offering protection against new disease 
proximal to the stent [7].

The 2014 ESC/EACTS guidelines update and extend the effort started in 2010. 
Importantly, this latest edition provided a systematic review of all randomized clinical 
trials performed since 1980, comparing different strategies of myocardial revasculariza-
tion, including CABG, balloon angioplasty, PCI with bare-metal stents (BMS), and first- 
and second-generation drug-eluting stents (DES), and retrieved 100 RCTs involving 
93,553 patients with 262,090 patient-years of follow-up.

These guidelines further extended the importance of the heart team discussion, intro-
duced in the 2010 edition, by inciting the development of shared institutional protocols, in 
order to better select the patients that deserve a multidisciplinary evaluation, saving time, 
resources, and delays of urgent procedures, especially in centers without on-site surgery. 
In the same setting, the 2014 ESC/EACTS revascularization guidelines deepened the risk 
score section. The Society of Thoracic Surgeons (STS) score has been recognized as the 
appropriate recommended tool to stratify surgical risk during CABG, whereas the role of 
the EuroSCORE has been reconsidered and its use is no longer indicated, based on the 
concern that it overestimates the surgical risk. However, the newly introduced EuroSCORE 
II overcomes this limitation, and its use should be preferred over the first iteration of this 
surgical risk score. The Synergy Between Percutaneous Coronary Intervention with Taxus 
and Cardiac Surgery (SYNTAX) score, introduced in the previous edition, was now rec-
ommended for the risk stratification of patients who undergo revascularization (CABG 
vs. PCI).

Another difference from the previous guidelines consisted of the indication on myocar-
dial revascularization modality in patients with left main coronary artery stenosis (LMD). 
The results borrowed from the SYNTAX trial that evaluated a subgroup of patients with 
predominant distal left main disease showed that CABG and PCI had a comparable rate of 
the primary endpoint (a composite of death, myocardial infarction, stroke, and repeat 
revascularization) in the low and intermediate SYNTAX tertile (SYNTAX score ≤22 and 
SYNTAX score 23–32). In contrast, it observed a numerical increase of deaths and a sig-
nificant increase of repeat revascularizations in the PCI group with the highest SYNTAX 
tertile (SYNTAX >32). Based on these data, the indication for PCI of LMD with low 
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anatomical complexity (SYNTAX score ≤22) has been upgraded and now equated to 
CABG, whereas in anatomies with intermediate (SYNTAX score 23–32) complexity, PCI 
should be considered, but CABG remains the preferred revascularization modality. Similar 
to the 2010 edition, these guidelines reiterated the contraindication to the elective treat-
ment of LMS with PCI, in case of high anatomical complexity (SYNTAX >32) in patients 
who have an acceptable surgical risk. Firstly, the indications for revascularization were 
simplified in patients with stable angina or silent ischemia.

An upgrade was performed also on the indications of revascularization of the proximal 
left anterior descending artery (LAD), where accordingly with the results of studies com-
paring PCI with DES and CABG in patients with isolated proximal LAD disease and 
two-vessel disease including proximal LAD, which demonstrated similar outcomes, PCI 
was equally recommended as CABG for the treatment of proximal LAD alone as well as 
in the context of a two-vessel disease.

Based on the results of 5-year follow-up of SYNTAX trial, at variance with previous 
guidelines, PCI was now equally recommended as CABG for the treatment of three-vessel 
disease with a low anatomical complexity (SYNTAX score ≤22).

Based on the results of FREEDOM trial [8], CABG was strongly recommended, with 
preference toward off-pump CABG over the on-pump approach, if possible, over PCI for 
patients with diabetes and multivessel disease, when surgical risk is acceptable. In cases 
where a percutaneous treatment is indicated, new-generation DES must be preferred over 
bare-metal stents.

In 2018, the latest ESC/EACTS Guidelines on myocardial revascularization were pub-
lished. These Guidelines represent the third revision of preexisting guidelines made by the 
Task Force on myocardial revascularization of the European Society of Cardiology (ESC) 
and the European Association for Cardio-Thoracic Surgery (EACTS).

There is considerable overlap of this current document with other guidelines, specifi-
cally those on stable coronary artery disease, non-ST-elevation myocardial infarction, 
ST-elevation myocardial infarction, heart failure, and valvular heart disease, and the 
Focused Update on Dual Antiplatelet Therapy. Unless supported by new evidence, the 
recommendations of these guidelines were followed. Both percutaneous coronary inter-
vention (PCI) and coronary artery bypass grafting (CABG) are demonstrated to be highly 
efficient in alleviating symptoms of myocardial ischemia, and both are capable of improv-
ing prognosis. There remains a gap between PCI and CABG, with PCI being associated 
with faster recovery and lower risk of early events, including stroke, and CABG being 
associated with improved survival and reduced risk of spontaneous myocardial infarction 
and repeat intervention in the long run. The difference in the risk of recurrent ischemic 
events, favoring CABG, mainly depends on the complexity of coronary artery disease and 
the presence of diabetes mellitus. Thus, the difference in long-term outcomes between 
CABG and PCI is negligible with low-complexity coronary artery disease, but substantial 
with high complexity, especially when combined with diabetes. To establish indications 
for myocardial revascularization by percutaneous coronary intervention (PCI) or coronary 
artery bypass grafting (CABG), it is highlighted how the evidence of the functional 
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 relevance of coronary artery stenoses is needed either by noninvasive imaging function 
tests or by intravascular hemodynamic measurements. The prognostic and symptomatic 
benefits of myocardial revascularization depend on whether complete revascularization 
can be achieved. This needs to be considered when choosing the most appropriate revas-
cularization strategy.

The concept of heart team is further highlighted, and the choice of the revascularization 
method is a shared decision, involving the patient being informed by the heart team of the 
early and long-term benefits and risks of the recommended revascularization strategy and 
its alternative. These guidelines suggest evidence-based criteria that inform individual 
treatment decisions and facilitate a reasonable selection of the optimal revascularization 
strategy to be offered to the patient. Below are the tables with the updated indications for 
the treatment of possible scenarios of coronary artery disease.

At the end of the chapter are reported the key messages which we can extrapolate and 
keep in mind from these guidelines:

• Myocardial revascularization is performed for the relief of symptoms of myocardial 
ischemia and the improvement of prognosis. In SCAD, the prognostic benefit is depen-
dent on the extent of myocardium subject to ischemia.

• The prognostic and symptomatic benefits of myocardial revascularization critically 
depend on the completeness of revascularization. Therefore, the ability to achieve com-
plete revascularization is a key issue when choosing the appropriate treatment strategy.

• Apart from the issues of individual operative risk and technical feasibility, diabetes 
mellitus and anatomical complexity of CAD determine the relative benefits of PCI 
and CABG.

• The SYNTAX score is the recommended tool to gauge the anatomical complexity of 
coronary disease.

• In some instances, both PCI and CABG are equally reasonable, or sometimes even 
equally problematic, options. This calls for the heart team to be consulted to develop 
individualized treatment concepts, with respect for the preferences of the patient who 
has been informed about early and late outcomes.

• Timely PCI of the culprit lesion remains the mainstay of treatment of ACS.
• After PCI of the culprit lesion in ACS, the choice of further revascularization modality 

should follow the criteria applied to patients with SCAD.
• Radial access is preferred for any PCI irrespective of clinical presentation, unless there 

are overriding procedural considerations.
• DES is recommended for any PCI irrespective of clinical presentation, lesion type, 

anticipated duration of DAPT, or concomitant anticoagulant therapy.
• Even though 6 months of DAPT is generally recommended after PCI in SCAD and 12 

months of DAPT after ACS, the type and duration of DAPT should be individualized 
according to the ischemic and bleeding risks and appropriately adapted during follow-
 up. Based on this judgement, treatment durations for DAPT after DES that are as short 
as 1 month or even as long as lifelong may be reasonable.
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• Off-pump surgery with no-touch aorta for high-risk patients should be considered when 
expertise exists.

• Multiple arterial grafting should be considered using the radial artery for high-grade 
stenosis and/or BIMA grafting for patients who do not have an increased risk of sternal 
wound infection.

3  AHA/ACC Guidelines

In January 2022, the 2021 ACC/AHA/SCAI Guideline for Coronary Artery 
Revascularization was published. This guideline replaces the 2011 coronary artery bypass 
graft surgery and the 2011 and 2015 percutaneous coronary intervention guidelines, pro-
viding a patient-centric approach to guide clinicians in the treatment of patients with sig-
nificant coronary artery disease undergoing coronary revascularization as well as the 
supporting documentation to encourage their use. The paper that reported these guidelines 
highlighted the “TOP 10 TAKE-HOME MESSAGES” from these.

 1. Treatment decisions regarding coronary revascularization in patients with coronary 
artery disease should be based on clinical indications, regardless of sex, race, or ethnic-
ity, because there is no evidence that some patients benefit less than others, and efforts 
to reduce disparities of care are warranted.

 2. In patients being considered for coronary revascularization for whom the optimal treat-
ment strategy is unclear, a multidisciplinary heart team approach is recommended. 
Treatment decisions should be patient centered, incorporate patient preferences and 
goals, and include shared decision-making.

For patients with significant left main disease, surgical revascularization is indicated to 
improve survival relative to that likely to be achieved with medical therapy. Percutaneous 
revascularization is a reasonable option to improve survival, compared with medical ther-
apy, in selected patients with low to medium anatomic complexity of coronary artery dis-
ease and left main disease that is equally suitable for surgical or percutaneous 
revascularization.

 1. Updated evidence from contemporary trials supplements older evidence with regard to 
mortality benefit of revascularization in patients with stable ischemic heart disease, 
normal left ventricular ejection fraction, and triple-vessel coronary artery disease. 
Surgical revascularization may be reasonable to improve survival. A survival benefit 
with percutaneous revascularization is uncertain. Revascularization decisions are based 
on the consideration of disease complexity, technical feasibility of treatment, and a 
heart team discussion.

 2. The use of a radial artery as a surgical revascularization conduit is preferred versus the 
use of a saphenous vein conduit to bypass the second most important target vessel with 
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significant stenosis after the left anterior descending coronary artery. Benefits include 
superior patency, reduced adverse cardiac events, and improved survival.

 3. Radial artery access is recommended in patients undergoing percutaneous intervention 
who have acute coronary syndromes or stable ischemic heart disease, to reduce bleed-
ing and vascular complications compared with a femoral approach. Patients with acute 
coronary syndromes also benefit from a reduction in mortality rate with this approach.

 4. A short duration of dual-antiplatelet therapy after percutaneous revascularization in 
patients with stable ischemic heart disease is reasonable to reduce the risk of bleeding 
events. After consideration of recurrent ischemia and bleeding risks, select patients 
may safely transition to P2Y12 inhibitor monotherapy and stop aspirin after 1–3 
months of dual-antiplatelet therapy.

 5. Staged percutaneous intervention (while in hospital or after discharge) of a signifi-
cantly stenosed nonculprit artery in patients presenting with an ST-segment-elevation 
myocardial infarction is recommended in select patients to improve outcomes. 
Percutaneous intervention of the nonculprit artery at the time of primary percutaneous 
coronary intervention is less clear and may be considered in stable patients with 
uncomplicated revascularization of the culprit artery, low-complexity nonculprit artery 
disease, and normal renal function. In contrast, percutaneous intervention of the non-
culprit artery can be harmful in patients in cardiogenic shock.

 6. Revascularization decisions in patients with diabetes and multivessel coronary artery 
disease are optimized by the use of a heart team approach. Patients with diabetes who 
have triple-vessel disease should undergo surgical revascularization; percutaneous 
coronary intervention may be considered if they are poor candidates for surgery.

 7. Treatment decisions for patients undergoing surgical revascularization of coronary 
artery disease should include the calculation of a patient’s surgical risk with the Society 
of Thoracic Surgeons score. The usefulness of the SYNTAX score calculation in treat-
ment decisions is less clear because of the interobserver variability in its calculation 
and its absence of clinical variables.

4  SYNTAX Trial and Its Extension

Discussing the indications to myocardial revascularization, it is mandatory to spend a 
paragraph on the Synergy between PCI with Taxus and Cardiac Surgery (SYNTAX) trial. 
To date, there are more than 20 randomized controlled trials testing the efficacy and safety 
of CABG versus PCI in approximately 15,000 patients. Nevertheless, the optimal revascu-
larization strategy for individual patients with complex coronary artery disease is still 
debated. By contrast with previous randomized controlled trials, which enrolled highly 
selected populations, the Synergy between PCI with Taxus and Cardiac Surgery (SYNTAX) 
trial was a landmark study comparing CABG with PCI (using first-generation drug-eluting 
stents) in all-comer patients with de novo three-vessel disease or left main coronary artery 
disease, or both [9–11].
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One thousand eight hundred patients with three-vessel or LMD were randomly assigned 
to undergo CABG or PCI (in a 1:1 ratio). For all these patients, the local cardiac surgeon 
and interventional cardiologist determined that equivalent anatomical revascularization 
could be achieved with either treatment. A non-inferiority comparison of the two groups 
was performed for the primary endpoint—a major adverse cardiac or cerebrovascular 
event (i.e., death from any cause, stroke, myocardial infarction, or repeat revasculariza-
tion) during the 12-month period after randomization.

After the 12-month follow-up period, the non-inferiority of PCI as compared with CABG 
was not demonstrated; CABG proved to be superior. Rates of death and myocardial infarc-
tion at 1 year were similar between patients who underwent CABG and those who under-
went PCI with DES, whereas the rate of stroke was increased in the CABG group and the 
rate of repeat revascularization was increased in the PCI group. The increase in the rate of 
repeat revascularization with PCI as compared with CABG did not appear to translate into a 
significant overall increase in the rate of death or myocardial infarction. The risk of repeat 
revascularization after PCI needs to be balanced against the invasiveness of CABG and the 
risk of stroke, as previously reported without a concomitant decrease in survival.

Following the publication of the primary results of the SYNTAX trial and subgroup 
analyses in 2009, the 2010 European Society of Cardiology and European Association for 
Cardio-Thoracic Surgery guidelines on myocardial revascularization introduced an algo-
rithm based on the type (three-vessel disease or left main coronary artery disease), extent, 
and severity of coronary artery disease, as assessed by the anatomical SYNTAX score 
[12–14]. This stratification has been maintained in the 2018 version of the guidelines. 
Higher SYNTAX scores, indicative of more complex disease, are hypothesized to repre-
sent a bigger therapeutic challenge and to have potentially worse prognosis. To calculate 
the SYNTAX score, the arterial tree was divided into 16 segments and was made into an 
algorithm. Anatomical risk factors, including the number of lesions, lesion location, pres-
ence of bi/trifurcations, aorto-ostial stenosis, tortuosity, lesion length >20 mm, calcifica-
tion, thrombus, and small-vessel/diffuse disease, are considered in the SYNTAX score. 
The SYNTAX score algorithm takes into account the location of a lesion (coronary tree 
segments are weighted depending on their location), if a lesion is occlusive or nonocclu-
sive (multiplication factor of 5 or 2, respectively), and all other adverse lesion characteris-
tics (assigned additive values). Importantly, it does not include other patient-related 
clinical risk factors. A computer program calculates the SYNTAX score after answering a 
set of interactive, self-guided questions. The online SYNTAX score calculator consists of 
11 questions. They can be divided into two groups: The first three determine the domi-
nance, the total number of lesions, and the vessel segments involved per lesion. The maxi-
mum number of lesions allowed is 12, and each lesion is characterized by a number, 1–12. 
Each lesion can involve one or more segments. In this case, each vessel segment involved 
contributes to the lesion scoring. There is no limit in the number of segments involved per 
lesion. The last nine questions refer to detailed adverse lesion characteristics and will be 
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repeated for each lesion separately. The SYNTAX score calculates a point value for each 
lesion, which will be summed to generate the patient’s overall SYNTAX score. A dedi-
cated Web site (www.syntaxscore.com) was developed, allowing clinicians to calculate 
patients’ SYNTAX scores anytime.

However, the SYNTAX score merely provides the heart team with an anatomical stratifi-
cation of treatment recommendations and does not consider major clinical characteristics 
and comorbidities. When the SYNTAX randomized cohort was stratified by tertiles of the 
SYNTAX score, there were similar or nonsignificantly different MACE rates in those with 
low or intermediate scores; however, in the top tertile, the MACE rate was greater in those 
receiving PCI compared to CABG. The ultimate goal was to create an angiographic tool 
grading the complexity of coronary artery disease and obtain evidence-based guidelines for 
selecting the optimal technique of revascularization (CABG or PCI). In addition, it will 
allow comparison of coronary artery disease complexity in individual patients and entire 
patient cohorts, as well as assessment of adequacy and completeness of revascularization.

In 2019, the SYNTAX Extended Survival (SYNTAXES) study reported 10-year all- 
cause death in patients included in the original SYNTAX trial [15]. The SYNTAX 
Extended Survival (SYNTAXES) study [16] was an investigator-driven extension follow-
 up of a multicenter, randomized controlled trial done between March 2005 and April 2007. 
Using data from the SYNTAX trial and the extended follow-up SYNTAXES study, the 
SYNTAX score II (termed SYNTAX score II 2020) was redeveloped, with two prespeci-
fied effect modifiers selected on the basis of previous evidence for predicting the 10-year 
death risk and 5-year risk of having MACE. The SYNTAX score II 2020 provides indi-
viduals with a predicted treatment benefit of CABG over PCI, in terms of the 10-year 
death risk and 5-year risk of having a major adverse cardiovascular event, based on key 
angiographic and clinical variables obtained at the time of decision-making. An online 
calculator is available.

Takahashi [J] then assessed the ability of the models available to predict the risk of 
death or a major adverse cardiovascular event and their differences (i.e., the estimated 
benefit of CABG versus PCI by calculating the absolute risk difference between the two 
strategies) by cross-validation with the SYNTAX trial (n=1800 participants) and external 
validation in the pooled population (n=3380 participants) of the FREEDOM [16], BEST 
[17], and PRECOMBAT [18] trials. At cross-validation, the newly developed SYNTAX 
score II showed a helpful discriminative ability in both treatment groups for predicting 
10-year all-cause deaths and 5-year major adverse cardiovascular events. At external vali-
dation, the SYNTAX score II 2020 showed helpful discrimination and good calibration for 
predicting 5-year major adverse cardiovascular events. Further adequately powered, ran-
domized trials of PCI versus CABG, with 5–10-year follow-up, which employ contempo-
rary revascularization techniques, devices, and adjunctive medical therapy, should be done 
to prospectively validate the SYNTAX score II 2020 model.

Indications for Myocardial Revascularization
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Multidisciplinary Approach to Treatment 
of Ischaemic Heart Disease: The Role 
of the Heart Team

Giovanni Concistrè

1  Introduction

With an increasing number of therapeutic options, MDM has become increasingly impor-
tant for the evaluation of options in medicine, especially in patients with complex diseases. 
MDM has proven value in disciplines such as cancer treatment, where comprehensive 
decision-making in so-called tumour boards resulted in a change of diagnostic or thera-
peutic strategies and improved outcomes [1, 2].

Heart teams, as multidisciplinary teams in cardiovascular disease are usually named, 
have played a crucial role in decision-making. The European Society of Cardiology rec-
ommends the consultation of a heart team in the management of valvular heart disease [3], 
heart failure [4] and myocardial revascularization [5]. A heart team usually consists of 
cardiologists, cardiac surgeons, interventionists, imaging specialists, anaesthetists and 
midlevel providers. In some cases, the expert opinion of a general practitioner, geriatrician 
or intensive care specialist can be of additional value.

The evolution of the heart team concept started with a focus on CAD.  Initially, the 
options for treatment of CAD were optimal medical therapy and CABG. The introduction 
of PCI revolutionized the treatment of CAD and became an alternative treatment option to 
CABG. Some studies showed, however, that patients who would benefit most of CABG 
actually received PCI treatment due to the less invasive nature of PCI [6]. This resulted in 
a call for standardized preoperative assessment of patients [7].
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The purpose of this chapter is to discuss the rationale for involvement of a heart team in 
decision-making. Furthermore, patient categories to be discussed with MDM, use of preopera-
tive surgical risk scores, professionals to be involved in decision-making and limitations and 
other advantages of shared decision-making in ischaemic heart disease are discussed.

2  Advantages of a Multidisciplinary Approach

On the face of it, decision-making in a multidisciplinary team like a heart team has impor-
tant advantages over solitary decision-making. Figure 1 represents the conceptual strengths 
and weaknesses of the heart team model. First, medicine is becoming increasingly com-
plex with various therapeutic options to be considered in older patients with more comor-

•   Combining knowledge of multiple

     disciplines

•   Adjustment of risk score

•   Optimal selection of access route

•   Choose the best of ‘good options’

•   Adjustment of operator / hospital

•   Patient satisfaction

•   ‘Shared’ liability

•   Patient enrollment in RCTs

•   Integrating new modalities

•   Patient centered care

•   Opportunity to save money

•   Enrich creativity

•   Protocol: which patients to discuss

•   Costs

•   Manager culture in hospitals

    (favoring cost-effectiveness over

    clinical effectiveness)

•   Procedure executed by one operator

    (no interdisciplinary discussion)

•   Salary of the operator depends on numbers

•   Time-consuming

•   Difficult to organize

•   Majority of patients choice is clear

•   Delay in decision

•   Number of experts required

•   Reinforcement of prior biases

Strengths

Opportunities

Heart Team

Weaknesses

Threats

Fig. 1 The heart team illustrated according to the strengths, weaknesses, opportunities, and threats 
model (SWOT)
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bidities. The combined expertise of a heart team provides the basis for a more balanced 
appraisal of a specific case. This is specifically important if the availability of clear sup-
portive evidence (e.g. risk scores) is limited.

Secondly, use of expensive therapeutic options is likely to be restricted in patients 
where the benefits of treatment are questionable. Additionally, if an invasive treatment is 
deemed not to be beneficial for patients, extensive and detailed non-invasive care can be 
organized immediately. At the same time, underutilization of therapeutic options can be 
avoided. Furthermore, an open-minded, multidisciplinary approach minimizes disagree-
ments between individual clinicians.

Another advantage of the heart team is that the preoperative diagnostic workup will 
become more standardized, since a protocolized and complete preoperative assessment is 
a requirement to have a successful multidisciplinary meeting. Finally, an open discussion 
about therapeutic options in complex patients creates an environment for clinicians to 
discuss and expand their knowledge (‘Every day is a school day’).

Moreover, complex cases sometimes require creative solutions which are not always 
supported by protocols and guidelines. The heart team offers a platform for ‘creative solu-
tions’, and an opportunity to share responsibility for these treatments. Finally, these dis-
cussions can deliver an important contribution to the education of medical students and 
clinical residents in one of the most difficult and rapidly evolving subjects of medicine.

Although evidence of the benefit of heart teams is limited, one report has shown that 
in-hospital mortality and 1-year mortality in patients admitted to the hospital for heart 
failure were significantly lower if they were discussed in a heart team, compared to patients 
not discussed in a heart team [4].

3  Patient and Carer Involvement

The heart team should provide a consensus view as to which treatment strategy is superior 
based on the available evidence as well as the collective experience of individual special-
ists and their unit generally. By necessity, the meeting is a technical one, involving explicit 
discussions about risk and prognosis. Most would agree that it would be impracticable for 
the patient or their carer to be present during those discussions. Nevertheless, patients’ 
wishes need to be accommodated in any decision-making process. Thus, mechanisms 
should be in place for the patient to be informed of the MDM recommendation in a manner 
that allows their wishes to be taken into account. It is, therefore, recommended that a clini-
cian who is familiar with the patient and their wishes, and who can thereby act on their 
behalf, should present their case to be discussed in the MDM. Once the MDM decision has 
been reached, it should be that clinician’s responsibility to ensure that the patient is 
informed. While a letter or telephone call might accomplish this, it is probably more expe-
dient to make arrangements for the clinician to see the patient and their carer or family in 
an outpatient setting. That would not only allow the MDM decision to be summarized in a 
way that can be understood by all parties, but would also provide the fundamentals of the 
consenting process that will be required to precede any revascularization procedure.
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Patients referred for CABG are usually seen in an outpatient clinic by the consultant 
surgeon who will perform the operation. Likewise, those referred for PCI should see the 
interventional cardiologist in a similar setting. There will inevitably be cases in which the 
MDM discussion condenses into a position of equipoise. In such situations, it is advised 
that the options be put to the patient and for the patient to choose his/her preferred 
 management plan. Either the cardiac surgeon or the cardiologist could present these 
options to the patient. The paramount issue is that any perception of indecision should be 
avoided. Indeed, such a position should be—and expressed as—advantageous in that more 
than one treatment option is available. The use of patient information leaflets based on the 
locally available expertise and outcomes as well as lay description of the various treatment 
options may prove beneficial.

4  Clinical Composition, Attendance and Frequency

The overarching principles of an MDM meeting are that (1) it is quorate and (2) the fre-
quency is sufficient to meet the demands of—but not so as to impede—the efficient run-
ning of a service. A robust MDM that seeks to discuss all the issues relevant to patients’ 
management should comprise a minimum core group of individuals with the necessary 
range of expertise. Thus, in addition to cardiac surgeons and interventional cardiologists, 
there should also be a non-interventional cardiologist. The subspecialty interest of such 
individuals need not be specified, acknowledging that expertise in imaging, heart failure, 
device therapy or electrophysiology may all add value to discussion around individual 
patients. This varied expertise in attendance is in keeping with the results of a UK survey 
that indicated that the majority of current MDM meetings are attended predominantly by 
consultants in these disciplines. Although there may be some benefit in having members 
of other medical specialties (e.g. cardiac anaesthetists, geriatricians, diabetologists) and 
allied healthcare professionals (e.g. nurses) to be present at all the MDM meetings, it is 
recognized that this may not be practical. However, should the Chair identify such a need, 
then, in order to aid discussion of patients with complex disease, significant comorbidity 
or other medical conditions, a cardiac anaesthetist or a geriatrician may be asked to attend. 
Junior doctors should be encouraged to attend in order to become familiar with the process 
and derive benefit from its educational value. Other disciplines allied to medicine, e.g. 
nursing, pharmacy and audit staff, as well as research nurses, should be encouraged to 
attend given the multidisciplinary scope of the meeting and its potential educational value. 
Attendance by such colleagues would also enhance data collection for any proposed audit 
projects as well as recruitment into trials.

The meeting should be chaired by a consultant. The speciality of the Chair should be 
rotated between surgeons and interventional/non-interventional cardiologists. The func-
tion of the Chair is to ensure that sufficient time is allocated to discuss all cases presented, 
that all necessary data are available for each case and that discussion is directed towards 
producing a consensus view. The Chair should also ensure that the recommendations of 
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the MDM are documented and that particular issues relevant to that decision are also 
recorded accurately (see below). It is not the function of the Chair to provide any form of 
‘casting vote’ in situations of equipoise.

The frequency and duration of meetings will vary according to local needs and the 
number and type of cases discussed. Our survey and NCBC data suggest that, in most 
centres, this is one or two times per week and in each case lasting 1–2 h.

5  Facilities and Technical Considerations

A room dedicated to the MDM should be provided with adequate seating for all attendees 
and be sufficiently private in order to allow confidential discussion to take place. Seating 
should be such as to allow all members to be able to see clearly any data presented on a 
display screen. Facilities should be available to display and view all cardiac imaging 
modalities such as coronary angiograms, CT scan, MRI and nuclear scan results and echo-
cardiograms in high quality and sufficient to meet diagnostic medical standards. In addi-
tion to the results of current investigations, easy and rapid access to archived images will 
also be required.

Acknowledging that patients from remote centres may also be discussed, the ability to 
transfer and display their images will also be required and access to any electronic reports 
should also be available. These requirements will depend greatly on existing local infor-
mation technology facilities and support. Information technology and audiovisual support 
should be readily available during MDM meetings in order to address particular issues as 
they occur and thereby avoid delaying or postponing meetings.

6  Administration and Managerial Support

A dedicated MDM coordinator forms an essential component of these meetings and should 
be present to document the personnel attending, together with the outcome and recom-
mendations reached after discussion for each patient. Issues resulting from detailed or 
complex discussion may require specific recording and more exact documentation, as 
directed by the Chair [8]. In order to cover periods of absence, leave or sickness, two dedi-
cated coordinators will be required. The MDM coordinator should be notified prior to the 
meeting as to which patients are to be discussed. The coordinator will then ensure that all 
relevant investigations are available prior to the start of the meeting. Patient’s information, 
including clinical details and results of relevant investigations and other data such as risk 
scores, should be documented on a dedicated MDM proforma made available to the MDM 
coordinator prior to the meeting. Once the proforma is completed to include the meeting’s 
recommendation, it should then be signed by the Chair and incorporated into the patient’s 
case notes. A copy should also be retained by the coordinator in order to enable later audit-
ing of the MDM process. Documentation would be facilitated by the use of a computer 
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database that would allow easier analysis of attendance, frequency, duration and outcome 
of meetings that would assist in audit, research and production of annual reports. An elec-
tronic version of the MDM proforma will also facilitate the subsequent circulation of the 
MDM discussion and its outcome to all relevant stakeholders such as the patient, the refer-
ring cardiologist, the patient’s general practitioner and the cardiac surgeon.

7  The Type and Range of Cases to Be Discussed

Defining which cases should come to a formal MDM meeting is notoriously difficult. An 
ideal might be that all cases in which the possibility of any form of revascularization is 
considered should be discussed in an MDM forum. This policy might be seen as impracti-
cal and in some circumstances might even delay or jeopardize ideal patient care. Some 
centres are currently working with systems that routinely incorporate ad hoc or follow-on 
PCI in elective cases undergoing diagnostic angiography. Such an approach has both 
advantages (e.g. a single patient admission, one arterial puncture and one invasive radio-
graphic procedure) and disadvantages (e.g. issues with the validity of the consenting pro-
cess prior to the procedure when the exact nature of any intervention is unknown).

The ESC/EACTS guidelines for myocardial revascularization refer to cases that should 
undergo heart team discussion and provide a basis for any recommendations. When 
reviewing these criteria, it is clear that they highlight particularly the presence of obstruc-
tion of LMS or the proximal segment of its LAD branch, particularly if this is a component 
of triple-vessel disease.

Some patients undergoing investigation with coronary angiography may proceed 
directly to PCI without formal discussion, so-called ad hoc or follow-on cases. This applies 
particularly to urgent or emergency situations and is therefore recommended in haemody-
namically unstable patients. Examples include addressing the culprit lesion in patients 
presenting with acute ST-segment-elevation myocardial infarction. An ad hoc approach 
may also be applied to elective cases with single- or double-vessel disease acknowledging 
the guidance above. A decision to proceed to PCI in such cases should take into account 
the validity of the consenting process and consideration as to whether CABG in such cir-
cumstances might confer prognostic—as well as symptomatic—advantage. An explana-
tion for proceeding in such a situation should be documented in the case notes.

8  Minimum Data Discussed and Method of Presentation

In addition to basic patient demographics, other data should comprise the clinical presen-
tation and severity of symptoms, together with the source of referral. The results of any 
stress investigations, the coronary anatomy and an assessment of left ventricular perfor-
mance are also essential elements [9]. Associated medical conditions, particularly if they 
are known to confer additional risk for either PCI or CABG, should be itemized in order 
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to calculate a formal score for either approach. While a number of risk scores are available, 
individual centres should decide upon which ones they feel should be used for both 
 revascularization modalities and document them during the MDT meeting. The most com-
monly used system for CABG in Europe is EuroSCORE II [10].

The SYNTAX score is also being increasingly incorporated into MDM discussion [11]. 
While this does not quantify procedural risk for PCI, it nevertheless represents an indi-
vidual’s burden of disease and therefore a surrogate for the procedural time, contrast vol-
ume and number of stents that might be anticipated if PCI were to be recommended. 
Indeed, high SYNTAX scores are seen as a valuable discriminator in cases in which PCI 
and CABG are both feasible and may then sway the consensus view in favour of sur-
gery [12].

9  Multidisciplinary Team Considerations and Functioning 
in Non-surgical Cardiology Centres

Multidisciplinary meetings should occur regularly in both the surgical centre and in 
each non-surgical cardiology centre within any region. The demand for a regular forum 
in a non-surgical cardiology centre not only requires a surgeon to travel to that unit, 
which is time consuming, but also has the disadvantage of involving and, therefore, rely-
ing upon a single surgeon. These constraints can be overcome by teleconferencing 
facilities, provided that the technology is robust, reliable and of high quality. In this way, 
the MDM can incorporate several members of the surgical centre team. It also allows for 
the heart team meeting to be ‘attended’ by high-volume PCI operators from other units, 
who will have experience in complex PCI cases, and thus make additional contributions 
to any case discussion.

Any teleconferencing facilities should support the viewing of multimodality imaging 
such as angiography, echocardiography and CT/MRI/nuclear scans, and it is preferable if 
those involved can have ‘face-to-face’ contact.

Documentation of the decisions made by the heart team should be consistent with those 
made in the surgical centre and be available electronically both locally and in the surgical 
centre. An effective Chair is important at each end to ensure open and democratic engage-
ment. Core membership should be agreed upon, and attendance should be recorded. There 
should be a written policy of which cases should be discussed, and this could be guided by 
the guidelines.

10  Timing and Integration into Job Planning

The MDM forum is a pivotal requirement in the management pathway and is therefore a 
component of the planned activity that reflects direct patient care. Nevertheless, data from 
a UK survey and from NCBC comparisons suggested that although MDM meetings were 
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held within ‘office hours’ in the majority of units sampled, they were only incorporated 
into consultant job plans in 60% of respondents. Dedicated time should be committed and 
agreed upon by managers and clinical directors in order for consultant staff to attend a 
sufficient proportion of MDT meetings and thereby ensure consistency of decision- 
making. It is not inconceivable that in the near future the reimbursement bodies (special-
ized commissioners, clinical commissioning groups or even private health insurers) for 
cardiac procedures would demand that the management plan for patients with CAD to 
have been discussed and validated by a heart team before payment is issued.

It is recognized that some cases may present urgently or as an emergency and require a 
more rapid discussion that may involve both interventional and surgical input. Most cen-
tres can work flexibly and be responsive enough to allow this important process to occur, 
the nature and results of which should be documented into the case notes.

11  Documentation, Feedback and Audit of Outcomes

It is a fundamental requirement that the recommendations reached by consensus are docu-
mented and signed off by the Chair. This ensures transparency. This record should be filed 
into the case notes. There will be cases in which the decision-making is not straightfor-
ward and in such circumstances the MDM documentation should attempt to capture the 
essential elements of that discussion in order to further justify any decision reached. The 
role of the Chair is also important here in guiding the MDM coordinator in documenting 
the outcome as accurately as is necessary.

In addition to making recommendations regarding the requirement and mode of revas-
cularization, the MDM should also provide a view as to whether this should take place 
during the current hospital admission (if the patient has presented with an acute coronary 
syndrome), at an early juncture after discharge or as an elective case on a routine wait-
ing list.

Feedback is important in order to demonstrate that the process is robust. Units should 
therefore ensure that a system is in place that follows up the cases discussed and correlates 
their eventual management with original MDM recommendation. Any aberration from the 
original outcome should be brought back to the MDM for discussion [13]. In addition, 
there should be a system in place that reviews those patients undergoing either PCI or 
CABG without MDM discussion in order to ensure that this was appropriate. Such pro-
cesses can provide educational value as well as inform any future decisions in similar 
patients.

Some units have tested the reproducibility of the MDM using the representation of 
cases already discussed to examine whether the heart team outcome then differs from the 
original recommendations [9]. While this is an area of research interest, there are data to 
suggest that a proportion of outcomes are indeed different. This is to be expected given the 
dynamics of group discussion and the variability in attendance. This is usually in cases in 
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which there is genuine equipoise and in which more than one management plan would be 
acceptable.

It is acknowledged that there may be instances where the clinician delivering the final 
decision of the MDM (e.g. PCI or CABG) may not have been part of the MDM discussion 
and does not share the MDM decision. In such instances, this should be documented in the 
patient’s medical records and the patient rediscussed at the earliest convenient MDM 
meeting to avoid delays in treatment. Likewise, it may be that a patient may not wish to 
proceed with the MDM recommendation. In such cases, the reasons for aberration should 
be documented. Ideally, the MDM should be updated at the earliest appropriate opportu-
nity of this change in decision.

It is acceptable that the MDM documentation processes (referral, MDM discussion, 
MDM decision and decision enactment) are done electronically if available at local 
Trust level.
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Pharmacological Treatment of Ischemic 
Heart Disease

Alberto Giannoni, Francesco Gentile, and Chiara Borrelli

Few things are more distressing to a physician than to stand beside a suffering patient who is 
anxiously looking to him for that relief from pain which he feels himself utterly unable to 
afford. His sympathy for the sufferer, and the regret he feels for the impotence of his art, 
engrave the picture indelibly on his mind, and serve as a constant and urgent stimulus in his 
search after the causes of the pain, and the means by which it may be alleviated.

—T. Lauder Brunton, July 27, 1867.

1  Introduction

Chronic myocardial ischemia may be a consequence of obstructive coronary artery disease 
(CAD), secondary to luminal stenosis and reduced coronary flow reserve, and/or of other 
conditions, such as vasospasm, microvascular dysfunction, and energetic mismatch [1–3]. 
According to the latest European guidelines, whenever a macro- or microvascular  coronary 
disorder is documented, the clinical condition could be denoted as chronic coronary syn-
drome (CCS) [1].
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Of note, myocardial ischemia is often but not always accompanied by chest pain or 
angina. Indeed, angina is only the final clinical manifestation of a series of pathophysio-
logical changes induced by myocardial energetic unbalance and named the “ischemic cas-
cade,” including diminished left ventricular compliance, decreased contractility, increased 
left ventricular end-diastolic pressure, and electrocardiographic changes [4]. The thresh-
old of ischemia associated with symptoms may vary among patients and within the same 
patient, or may also be absent in conditions of neuropathic functional denervation (i.e., 
diabetes) [5, 6]: therefore, episodes of silent ischemia may occur.

Although observational studies suggested that silent myocardial ischemia could com-
promise contractile function and electrical stability, with negative hemodynamic conse-
quences [7], and life-threatening arrhythmias [8–11], there is currently no evidence 
showing a prognostic benefit of anti-ischemic therapies in this context. Therefore, current 
guidelines discourage functional testing in asymptomatic individuals [1] and highlight that 
the main aim of medical therapy in CCS is to target angina rather than ischemia [1].

As for symptomatic patients, while meta-analyses show that all antianginal drugs are 
similarly efficacious in alleviating angina and increasing exercise tolerance, evidence for 
improvement in event-free survival is generally missing, apart from beta-blockers (BBs) 
in patients with heart failure and reduced ejection fraction, and nicorandil for angina- 
related hospitalization [12, 13].

Nonetheless, treating ischemia may prove value in specific subsets (e.g., in the presence 
of an extensive ischemic burden and/or of left ventricular systolic dysfunction) [1], and 
this topic still remains a matter of debate [14, 15].

2  Pathophysiological Mechanisms of Ischemia 
and Potential Targets

As detailed in the chapter “Pathophysiology of Ischemic Syndromes in Coronary Artery 
Disease”, in the last century, a plethora of elegant physiological and pharmacological stud-
ies have outlined the heterogenous pathophysiological determinants of myocardial isch-
emia [16]. Whereas an impaired oxygen/nutrients’ supply due to either coronary (e.g., 
epicardial artery stenosis, vasospasm, microvascular dysfunction) or noncoronary causes 
(e.g., anemia, hypoxia, toxic and metabolic disorders) and an unbalanced increase in ener-
getic demand (secondary to increased myocardial contractility, wall stress, or heart rate) 
are key determinants of myocardial ischemia, more subtle abnormalities in cardiomyocyte 
metabolism have been observed as well [16–19]. Importantly, these mechanisms are not 
exclusive but could be variously intertwined and declined in the single patient, fostering 
the research for a tailored and integrated therapeutic approach (Fig. 1) [20, 21].

Beyond its conduit function, coronary circulation is responsible for modulating myo-
cardial blood flow to match energetic demand across a wide spectrum of physiological 
conditions, through the mechanisms of autoregulation and autonomic control [22, 23]. 
Accordingly, in conditions of increased myocardial requests (e.g., physical exercise, emo-
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Fig. 1 Pathophysiology-driven pharmacological management of myocardial ischemia. ACE-i 
angiotensin-converting enzyme inhibitors; CCBs calcium channel blockers; DHP dihydropyridines

tional stress), coronary flow increases proportionally [24]. On the other hand, in the pres-
ence of a significant luminal obstruction in an epicardial artery, the downstream flow is 
usually maintained at rest at the price of exhausting the vasodilatory reserve, so that myo-
cardial ischemia may emerge when a further increase in energetic demand is not ade-
quately counterbalanced [25]. Nevertheless, a certain degree of vasodilation may be 
obtained through some drugs (e.g., nitric oxide (NO) donors, nicorandil, and calcium 
channel blockers (CCBs)), which are therefore effective anti-ischemic agents in this  
setting [26–28].

Although such a hydraulic mechanism has long been considered the fundament of 
chronic myocardial ischemia and angina, it is nowadays established that this may occur 
also in the absence of obstructive CAD and persist also after successful revascularization 
[29–31]. In this regard, vasospasm has been identified as a potential contributor. Although 
the so-called resting vasospastic or Prinzmetal angina, as originally described [32], repre-
sents a rare condition, macro- and/or microvascular spasm may be frequently observed 
independently of the concomitant atherosclerotic burden [33, 34]. A paradoxical vasocon-
strictive response to acetylcholine, which is normally associated with a NO-mediated 
vasodilation, characterizes coronary vasospasm, implying a pivotal role of endothelial 
dysfunction [35, 36]. In this context, CCBs (both dihydropyridines—DHP and non-DHP) 
are a well-established first-line therapy [37, 38], while other vasodilators such as nitrates 
and nicorandil represent possible alternatives or add-on therapies in refractory cases [39, 
40]. On the contrary, BBs are usually not recommended since vasospasm could be exacer-
bated by the blockage of the “vasodilative” β2-adrenergic receptors and a paradoxical 
overstimulation of the “vasoconstrictive” α1-adrenergic receptors on coronaries’ walls [41].

Microvascular disease may underlie myocardial ischemia and angina, also in the 
absence of detectable epicardial coronary stenosis and vasospasm or other cardiac condi-
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tions, due to endothelial and autonomic dysfunction, exaggerated vasoconstrictive and 
nociceptive responses, and pro-inflammatory signals [3, 42, 43]. Although NO-mediated 
pathways and Ca2+ inflow modulate microvascular tone, too [44], both nitrates and CCBs 
are poorly effective on microvascular angina [45, 46], particularly when no vasospasm 
could be detected [47]. Conversely, more promising findings have been obtained for 
angiotensin-converting enzyme inhibitors, since angiotensin II is a direct modulator of 
microvascular tone [48] and for xanthines, which may favor flow redistribution toward 
ischemic areas (by inhibiting the arteriolar vasodilator effects of adenosine) and antago-
nize adenosine-mediated pain afferents, relieving angina [49].

As anticipated, also the reduction of myocardial energetic demand is an effective strat-
egy to alleviate ischemia and angina and may be achieved by lowering blood pressure and, 
most importantly, heart rate [50]. Beyond reducing oxygen consumption, a lower heart 
rate prolongs coronary diastolic perfusion, so that the net effect of negative chronotropic 
drugs may be an improved contractility of ischemic regions, despite their possible negative 
inotropic action [51]. Therefore, BBs and non-DHP CCBs play a central role among anti-
anginal therapies [52], while their anti-ischemic efficacy in asymptomatic patients is still 
controversial [50, 53]. Alternatively, a lower heart rate may be achieved by inhibiting the 
If current with ivabradine, considered a second-line antianginal drug, with no negative 
inotropic or lusitropic effect [52, 54].

Finally, further targets for anti-ischemic therapies have been identified by shifting the 
focus on the cardiomyocyte. Indeed, whereas its energetic metabolism is primarily based on 
mitochondrial oxidation of fatty acids and other substrates (e.g., glucose, ketones) are less 
utilized in physiological condition [55], in the presence of ischemia, such pathways may be 
corrupted and anaerobic glycolysis favored, resulting in acidosis, Na+ and Ca2+ overload, and 
decreased cardiac function [19, 55]. Promoting the shift toward a more efficient energetic 
asset has therefore emerged as an intriguing strategy and may be achieved by favoring glu-
cose instead of fatty acid utilization. As detailed below in this chapter, two anti-ischemic 
drugs, i.e., trimetazidine and ranolazine, act in modulating these pathways [56, 57].

3  Medical Therapy of Ischemic Heart Disease

Historically, the first class of drugs that have been used as antianginal were nitrates, fol-
lowed almost a century after by BBs, then CCBs, trimetazidine, nicorandil, ivabradine, 
and, finally, ranolazine [58–64] (Fig. 2).

Considering the number of antianginal drugs now available for clinical use, it may be 
difficult to identify the optimal treatment. Ideally, the best option should control symp-
toms, improve quality of life, maximize patient’s adherence, and minimize drug-related 
side effects. Furthermore, as suggested by the current guidelines, the therapeutic choice 
should also be adapted to the patient’s characteristics, such as cardiac and noncardiac 
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Fig. 2 Antianginal medications through the decades

comorbidities, to improve (soft) outcomes and avoid undesirable side effects [1, 18, 19]. 
Furthermore, targeting the pathophysiological substrate of myocardial ischemia may fur-
ther improve therapeutic efficacy [65].

Antianginal drugs are classified as being first-line (BBs, CCBs, and short-acting nitrates 
on request) or second-line (long-acting nitrates, nicorandil, ivabradine, trimetazidine, and 
ranolazine) [1]. Second-line medications are usually destinated to patients who have con-
traindications, do not tolerate, or remain symptomatic despite first-line agents. However, 
no randomized clinical trial (RCT) has shown superiority of first-line over second-line 
treatments [1, 21]. A recent systematic review and meta-analysis has also showed that no 
one antianginal drug is superior to another and that equivalence has only been demon-
strated for the use of BBs (atenolol), DHP CCBs (amlodipine, nifedipine), and If current 
inhibitors (ivabradine) [21].

Another meta-analysis supports the combination of DHP CCBs with BBs over mono-
therapy and to ranolazine added to either BBs or CCBs [66]. According to the same meta- 
analysis, adding long-acting nitrates and trimetazidine may be effective as well, although 
the evidence seems more scattered [66]. Similarly, ivabradine was shown to increase exer-
cise time, angina attacks, and use on nitrates when added to BBs in the ASSOCIATE [67] 
and ADDITIONS [68] trials. There are no significant data for nicorandil as far as combina-
tion therapy is concerned [69].

Some authors have also highlighted that each drug/combination may have beneficial or 
detrimental effects on patients’ specific characteristics, and thus a “diamond” approach 
similar to that employed in hypertension (i.e., leaving physician free to choose the most 
appropriate drug/combination according to patient-specific needs) has been proposed [18]. 
Considering the mechanisms of action, association of BBs or ivabradine with non-DHP 
CCBs is not recommended, whereas other combinations (i.e., nitrates/nicorandil with 
CCBs or ranolazine with trimetazidine) might be partially redundant, unless specific 
pathophysiology is considered (e.g., vasospastic angina) [18].
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3.1  Vasodilators

3.1.1  Nitrates
Short- and long-acting nitrates represent an established class of antianginal drugs, whose 
effects depend on the release of NO through an enzymatic process (i.e., denitrification) 
taking place in the vessel walls [70]. By stimulating the soluble guanylyl cyclase of smooth 
muscle cells, NO promotes the production of cyclic guanosine monophosphate, leading to 
membrane hyperpolarization and reduction of Ca2+ inflow, with consequent vasodilation 
[70]. Whereas at low doses nitrates act mostly on the venous system (hence reducing pre- 
load), arterial vasodilation occurs at higher doses, favoring epicardial coronaries and col-
lateral blood flow perfusion (even in the presence of luminal obstruction) and reducing 
post-load [71]. Although the potential reduction of myocardial oxygen consumption sec-
ondary to reduced pre- and post-load may be partially counterbalanced by an autonomic 
mediated increase in heart rate, the concomitant use of negative chronotropic drugs (e.g., 
BBs) may result in synergetic anti-ischemic effect [72]. Furthermore, thanks to their 
NO-dependent action, nitrates are also effective in relieving vasospastic [73] but not 
microvascular angina, probably because of the lower sensitivity of resistance arterioles to 
such signals at clinically used dosages [74].

As recommended by the current guidelines, short-acting nitrates are the first-line ther-
apy to relieve effort angina (class of recommendation (CoR) I, level of evidence (LoE) B), 
while long-acting nitrates are second-line choices in the long term compared to BBs and 
non-DHP CCBs (CoR IIa, LoE B) [52]. Indeed, several RCTs have examined the efficacy 
of nitrates, and in a meta-analysis of 51 studies including a total of 3595 patients with 
stable angina, their long-term administration was found to be beneficial in preventing 
angina and improving exercise tolerance but not the overall quality of life [75]. On the 
other hand, only a few studies have evaluated the survival benefits of chronic nitrate 
administration in different subsets, yielding substantially neutral results [76–78].

Finally, because of their intense systemic vasodilator action, the use of nitrates may exac-
erbate various adverse effects, including headache, flushing, and hypotension, while they are 
not indicated in patients with intraventricular obstruction, severe aortic or mitral stenosis, 
and constrictive pericarditis, and they should be used with caution in concomitance with 
other vasodilators [71]. Another limitation for the use of nitrates is the risk of tolerance, with 
a reduction in their anti-ischemic efficacy [79], so that nitrate-free or low- nitrate intervals are 
suggested in patients on chronic therapy (CoR IIa, LoE B) [52]. Although the underlying 
mechanisms are still to be completely clarified, oxidative stress may contribute [79], while 
the use of alternative molecules may overcome such problem [80].

3.1.2  Nicorandil
Nicorandil is a nicotinamide-nitrate ester holding anti-ischemic properties related to its 
NO-donor capacity and to a direct stimulation of adenosine triphosphate-sensitive K+ 
channels on arterial walls, together leading to vasodilatation, but also to possible  metabolic 
effects [81–83]. Moreover, nicorandil may be effective in alleviating vasospasm [84], and 
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growing evidence sustains a possible role also in the context of microvascular dysfunction, 
even though further research seems necessary to confirm such assumption and to clarify 
the biological mechanisms involved [85, 86].

The use of nicorandil in patients with stable angina has been evaluated in various RCTs, 
demonstrating good efficacy [20, 52]. Most notably, among 5126 patients with stable 
angina, nicorandil, compared to placebo, significantly reduced a composite endpoint of 
cardiovascular events, but not cardiac death or nonfatal myocardial infarction [87]. 
Therefore, it is considered a second-line treatment to reduce angina frequency and improve 
exercise tolerance (CoR IIa, LoE B) [52].

Despite the similar mechanisms of action, the use of nicorandil is associated with a 
lower risk of tolerance than nitrates, whereas nausea, vomiting, mucosal ulcerations, and, 
most importantly, headache are potential adverse effects, which could affect therapeutic 
adherence [52, 87].

3.1.3  Dihydropyridine Calcium Channel Blockers
CCBs are a heterogenous class of drugs, characterized by the inhibition of high-voltage- 
activated L-type Ca2+ channels on vascular smooth muscle cells and cardiomyocytes [88]. 
DHP CCBs (e.g., amlodipine, nicardipine, nifedipine) act more specifically on vascular 
channels, causing an intense coronary and systemic vasodilation, while they do not act on 
cardiomyocytes [89].

Beyond vasodilatation, DHP CCBs reduce myocardial oxygen demand by lowering 
systemic blood pressure (i.e., cardiac post-load) [88, 90] and are effective also in the case 
of vasospastic [91] and microvascular angina [92, 93], whereas the reflex increase in heart 
rate could be blunted by the use of BBs, further improving their anti-ischemic efficacy 
(CoR IIa, LoE B) [52, 94, 95]. In patients with stable angina, the use of nifedipine was 
associated with a reduced need for coronary angiography and intervention, despite no dif-
ference in cardiac death or myocardial infarction [96], while the use of amlodipine reduced 
the risk of adverse cardiovascular events and of atherosclerosis progression [97].

Although headache, ankle swelling, and hypotension represent possible side effects 
[89], DHP CCBs are usually well tolerated and represent first-line antianginal therapies 
(CoR I, LoE A) [52].

3.2  Drugs Reducing Myocardial Oxygen Consumption

3.2.1  Non-dihydropyridine Calcium Channel Blockers
Differently from DHP CCB, diltiazem and verapamil (i.e., non-DHP CCB) show a higher 
selectivity for myocardial than for vascular Ca2+ channels, and their anti-ischemic efficacy 
mostly relies upon the reduction of myocardial oxygen demand secondary to a negative 
inotropic and heart rate-dependent chronotropic effects [88, 89, 98]. The use of these 
drugs is therefore recommended to control heart rate and symptoms in patients with stable 
effort angina (CoR I, LoE A) [1], while they are routinely used also in patients with vaso-
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spastic angina [99] and may be effective in the case of microvascular dysfunction [100], 
where ongoing studies (e.g., NCT04777045) are expected to confirm such findings.

Although generally safe, RCTs failed to show any survival benefit with the use of diltia-
zem [101], while verapamil was shown to reduce adverse events only in patients after 
myocardial infarction and without heart failure [102]. Moreover, they share similar side 
effects with DHP CCBs, and they should be used with caution in patients at risk of sinus 
bradycardia or atrioventricular blocks and in those with systolic dysfunction [52, 88, 89].

3.2.2  Beta-Blockers
BBs are very effective antianginal therapies, as demonstrated by the high rate of patients 
free from anginal events after optimization of medical therapy in both the COURAGE 
(87% receiving BBs) [103] and the ORBITA (77% receiving BBs) [104] trials, and thus 
represent a first-line treatment to control heart rate and symptoms in patients with stable 
effort angina (CoR I, LoE A) [1].

Similarly to non-DHP CCBs, BBs’ antianginal action mainly relies on the reduction of 
myocardial oxygen demand [19]. Their primary action is to decrease heart rate and thus to 
increase diastolic duration and coronary perfusion, in particular blood flow per heartbeat 
[105]. Although BBs have negative inotropic effects (less than non-DHP CCBs), by 
decreasing oxygen consumption in the healthy myocardium, they may increase perfusion 
to the post-stenotic myocardium and also its regional contractility [106, 107], but only if 
heart rate reduction is achieved [51]. However, they may also favor coronary vasoconstric-
tion by blocking β2-adrenergic receptors, so β1-selective compounds, or BBs with vasodi-
latation capability, such as carvedilol—an α-β-blocker [108] [109]—or nebivolol, through 
NO release [110], are usually preferred in the treatment of CCS, unless a vasospastic 
component is hypothesized. In that case, BBs should be used with caution (i.e., low dose 
or adding a vasodilator) or avoided, similarly to other conditions such as asthma, baseline 
bradycardia, or evidence of atrioventricular conduction abnormalities.

Although several studies have investigated the prognostic effects of BBs, according to 
the main RCTs and meta-analyses [111], this seems limited to patients receiving BBs early 
after myocardial infarction [112] or with left ventricular systolic dysfunction [113].

3.2.3  Ivabradine
As non-DHP CCBs and BBs, also ivabradine’s antianginal capacity derives from a reduc-
tion of heart rate. This is obtained through a selective inhibition of the If (or “funny,” 
inward Na+-K+) current of the sinoatrial node [114, 115], which has a key role in the gen-
eration of spontaneous depolarization of pacemaker cells and in mediating the autonomic 
control of heart rate [116]. By inhibiting If current, ivabradine causes a decrease in the 
slope of depolarization, lowering heart rate [105] and promoting a proportionate improve-
ment in ischemic regional blood flow and contractile function [117].

The risk of bradycardia with ivabradine is low, since its effect is heart rate dependent by 
acting on open channels [118]. Furthermore, ivabradine does not affect myocardial work or 
vascular tone, favoring its use when such effects would be undesirable (i.e., patients with 
hypotension) [119].
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Despite those premises, the increased risk of cardiovascular death and nonfatal myocar-
dial infarction observed in patients with CCS treated with ivabradine in the SIGNIFY trial 
[120] raised some concerns, which could have been at least partially explained by the 
concomitant use of non-DHP CCBs (which may inhibit the ivabradine-metabolizing cyto-
chrome p450, i.e., CYP3A4) causing bradycardia in a relevant proportion of patients. 
Hence, this association should be avoided. On the contrary, no safety concerns were 
observed when administering ivabradine with BBs, in the BEAUTIFUL trial, in which 
ivabradine was however shown not to improve outcome in patients with CCS and left 
ventricular systolic dysfunction [121], apart from decreasing the risk of hospitalization for 
myocardial infarction or coronary revascularization in patients with a heart rate ≥70 bpm.

Of note, ivabradine may also be useful in improving symptoms in patients with micro-
vascular dysfunction [122], even though future studies should confirm such findings. 
Finally, outside the CCS scenario, ivabradine was found to decrease the combined out-
come of cardiovascular mortality and hospitalization (mainly driven by reduced hospital-
izations for worsening heart failure) in patients with heart failure and reduced ejection 
fraction (89% on BBs) [123].

3.3  Myocyte Metabolism Modulators

3.3.1  Trimetazidine
Trimetazidine increases cellular tolerance to ischemia by decreasing fatty acid metabolism 
through the inhibition of 3-ketoacyl CoA thiolase, shifting myocardial metabolism toward 
pyruvate oxidation [56, 61]. Trimetazidine also stimulates glucose metabolism and insulin 
sensitivity [124].

The antianginal/anti-ischemic effects of trimetazidine are similar to those obtained 
with BBs or CCBs [125]. Of note, the absence of relevant hemodynamic consequences 
[126] prompts the use of this molecule as a second-line treatment in patients that do not 
tolerate, have contraindications to, or whose symptoms are not adequately controlled by 
BBs, CCBs, and long-acting nitrates (CoR IIa, LoE B) [1]. When used in combination 
with metoprolol, trimetazidine was shown to decrease angina and increase exercise dura-
tion and time to ST-segment depression compared to metoprolol alone in 426 patients with 
stable, effort-induced angina and documented CAD (TRIMPOL II trial) [127]. Similar 
findings were obtained adding trimetazidine to atenolol in the VASCO trial [128] or to 
diltiazem [129]. The overall beneficial effect of trimetazidine on anginal attacks, daily use 
of nitrates, exercise duration, and time to ST-segment depression has been confirmed also 
in three meta-analyses [130–132]. Trimetazidine prolonged exercise time and time to ST 
depression also in patients with microvascular angina in a small placebo-controlled RCT 
[133]. On the contrary, ranolazine seems ineffective on major cardiovascular adverse 
events or angina recurrence in patients who have undergone successful percutaneous 
 coronary intervention from the ATPCI trial (n = 6007) [134]. Trimetazidine remains con-
traindicated in Parkinson’s disease and motion disorders, such as tremor (shaking), muscle 
rigidity, walking disorders, and restless leg syndrome [1].

Pharmacological Treatment of Ischemic Heart Disease



354

3.3.2  Ranolazine
Ranolazine, similarly to trimetazidine, is a metabolic antianginal agent, which inhibits 
fatty acid oxidation in the mitochondria and favors glucose metabolism [135]. Its main 
mechanism of action is however to increase myocardial relaxation by reducing Ca2+ over-
load caused by inhibition of late Na+ currents [136]. Like trimetazidine, also ranolazine 
does not affect heart rate or blood pressure and therefore may be used in patients with 
hypotension or bradycardia [137, 138].

The antianginal properties of ranolazine have been evaluated in several RCTs. In 
patients with CCS, the use of ranolazine was associated with fewer angina episodes and 
longer exercise duration compared to placebo [138], in both patients without other anti-
anginal therapies or already on standard treatment [139–141]. Ranolazine was shown to 
improve angina and use of nitrate in patients with diabetes compared to placebo [142], but 
did not reduce angina, need for repeated revascularization, or angina-related hospitaliza-
tions in patients with incomplete revascularization: a high nonadherence to the drug may 
partly explain such findings [143]. Likewise, ranolazine seems ineffective in patients with 
microvascular disease [144]. An exception seems to be represented by women with micro-
vascular angina, in whom ranolazine was shown to improve angina and myocardial isch-
emia, albeit only in those with reduced coronary flow reserve [145]. Ranolazine seems to 
be also not beneficial in patients with acute coronary syndrome as shown in the MERLIN- 
TIMI trial [146], even though a possible antiarrhythmic effect has been observed in this 
scenario [147].

In 2017, a Cochrane systematic review and meta-analysis on the use of ranolazine in 
patients with CCS has been published, highlighting the positive effect of ranolazine on 
angina (moderate quality of data), some evidence of increased risk of nonserious side 
effects (low quality of data), and an uncertain effect on both overall and cardiovascular 
mortality (low quality of data) [148].

Side effects of ranolazine, such as dizziness, nausea, and constipation, are dose depen-
dent [149]. The inhibition of late sodium currents, together with its effect on delayed recti-
fier potassium currents, also causes prolongation of QT interval [149], and thus ranolazine 
should be avoided in patients with long QT interval or already taking QT-prolonging 
drugs. However, no significant increase in life-threatening arrythmias has been noticed in 
multiple safety studies [150].

4  Novel Perspectives from Animal Models and Human Studies

Therapeutic efficacy, safety profile, and cost-effectiveness are essential factors to be con-
sidered when designing a novel drug [151]. Standing this premise, several anti-ischemic 
compounds are on the pipeline. Novel vasodilators, metabolic modulators, as well as 
angiogenetic factors and cell therapies represent possible opportunities, especially for 
patients with refractory angina (Fig. 3).
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Fig. 3 Novel antianginal targets and drugs. CPT1i inhibitor of carnitine palmitoyltransferase I; 
FGF fibroblast growth factor; MCDi inhibitor of malonyl-CoA decarboxylase; PDE3i inhibitor of 
phosphodiesterase 3; RANKL-i inhibitor of the receptor activator of nuclear factor kappa-Β ligand; 
RCTs randomized controlled trials; SGLT2i inhibitor of sodium glucose transporter 2; VEGF vascu-
lar endothelial growth factor

4.1  Novel Compounds with Vasodilatory Effects

The small guanosine triphosphatase RhoA and its downstream effector Rho-kinase are 
involved in the regulation of vascular contractility, leading through inhibition myosin 
light-chain phosphatase to Ca2+ sensitization in response to vasoconstrictor stimuli [152]. 
Fasudil, a Rho-kinase inhibitor approved in Japan for the prevention of cerebral artery 
vasospasm in the setting of subarachnoid hemorrhage [153], has been tested in animal 
studies and in small trials in patients with microvascular spasm [154] and in patients with 
stable angina [155]. While fasudil intracoronary infusion was shown to prevent Ach- 
mediated vasoconstriction [153], fasudil oral administration only increased time to ST 
depression and had no effect on symptoms in humans [155]. To date, no Rho-kinase 
 inhibitor has been approved for the treatment of vasospastic angina, and more clinical 
evidence is needed.

A selective phosphodiesterase-3-inhibitor, cilostazol, has also been shown to be effica-
cious in vasospastic angina in small clinical trials [156, 157], although its mechanism of 
action remains to be elucidated. In 49 patients with vasospastic angina, cilostazol decreased 
weakly angina episodes, proportion of angina-free period of angina severity compared to 
placebo, at the cost of increased rate of headache [157]. Still, its efficacy, dosage, and 
safety should be confirmed in larger RCTs.
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4.2  Novel Modulators of Myocardial Metabolism

Since alterations in myocardial substrate preference contribute to energetic inefficiency, 
contractile dysfunction, and severity of ischemia, novel drugs inhibiting fatty acid oxida-
tion or increasing the coupling of glycolysis to glucose oxidation represent promising 
approaches in CCS [158].

Decreasing myocardial fatty acid uptake may be obtained by acting on CD-36 (a sarco-
lemmal transporter responsible for up to 50% of cardiac fatty acid uptake) [159], and 
sulfo-N-succinimidyl-oleate was shown to inhibit fatty acid uptake in vitro in various cell 
lines including cardiomyocytes [160]. Interestingly, its infusion increased the glycolytic 
rate by 46% and pyruvate-dehydrogenase activity by 53%, while it decreased lactate efflux 
rate by 56% in the hearts of diabetic rats during hypoxia, compared with untreated rats, 
preventing cardiac dysfunction in hypoxic conditions. Although promising, whether this 
compound might be beneficial in CCS is still to be demonstrated.

The rate of cardiac fatty acid oxidation is regulated by the activity of carnitine palmitoyl- 
transferase- I. While the use of direct inhibitors (e.g., etomoxir, perhexiline, oxfenicine, 
teglicar) may be burdened by hepatotoxic and cardiotoxic effects due to unspecific mito-
chondrial effects [161], an indirect inhibition of this pathway by malonyl-CoA may be a 
promising approach. CBM-301106 inhibits malonyl-CoA decarboxylase, which catalyzes 
degradation of malonyl-CoA converting it to acetyl-CoA and thus decreases long-chain 
fatty acid metabolism [161]. This molecule reduced fatty acid oxidation and lactate pro-
duction during demand-induced ischemia in various rat and pig models of ischemic heart 
disease [162–164], but it has to be tested in humans.

The role of ketones in cardiac energetics may be important in the condition of limited 
energy supply, as in the case of the failing heart [165]. Whether ketone metabolism may 
be a “super-fuel,” increasing cardiac efficiency or changing fatty acid oxidation or glucose 
metabolism, is still debated [166, 167]. In this respect, the positive effects of Na+-glucose- 
cotransporter- 2-inhibitors (SGLT2-i) on cardiovascular outcomes in diabetic patients and 
in those with heart failure could be partially ascribed to an increased cardiac consumption 
of ketone bodies [168, 169]. However, the increase in ketone bodies following administra-
tion of SGLT2-i is usually mild and higher during fasting (i.e., at night) [169]. Therefore, 
it is currently unknown whether this may be sufficient to change myocardial metabolism 
(especially during daily activity), so as to have favorable effects on patients with CCS. Of 
note, empagliflozin has been recently shown to decrease contractile dysfunction and 
arrhythmias following ischemia in Langendorff-perfused rabbit heart [170], but the effects 
on ketone bodies were not assessed. This topic should be then addressed by dedicated 
studies.
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4.3  Angiogenetic Factors

Vascular endothelial growth factors (VEGF) and fibroblast growth factors (FGF) have 
been tested in a few studies mainly in the setting of refractory angina [171], starting from 
the pioneering works in rabbit with hindlimb ischemia by Takeshita [172] and in humans 
by the group of Isner [173]. However, in the setting of RCTs, the percutaneous intracoro-
nary administration or epicardial injection of VEGF (during bypass surgery) via naked 
plasmid or adenoviral vectors failed to deliver significant clinical effects, although no 
significant long-term side effect was observed [174].

On the other hand, intracoronary adenoviral mediated FGF-4 delivery improved exer-
cise time in postmenopausal women as shown in a pooled analysis of the AGENT-3 and 
AGENT-4 trials [171]. The results of two similar trials, the Russian ASPIRE trial 
(NCT01550614) [174] based on intracoronary administration of Ad5FGF-4 (open-label 
design, no placebo, completed in 2016) and the AWARE trial [174] based on intracoronary 
administration of AdFGF-4 only in women with stable angina, have never been published.

Finally, intramyocardial adenoviral delivery of VEGF-D showed promising results in 
the KAT301 (phase I–IIa, n = 60) trial [175], where VEGF-D administration was associ-
ated with a significant improvement of myocardial perfusion reserve, reduction of angina, 
and improvement of quality of life, differently from placebo, especially in patients with 
high lipoprotein (a) levels. A larger phase IIb multicentric trial on VEFG-D is currently 
ongoing [171].

4.4  Cell Therapy

Similarly to angiogenetic factors, cell therapy has also been tested in refractory angina 
[171], but also in myocardial infarction and heart failure [176]. Although bone marrow- 
derived progenitors do not transform into myocytes, they may exert paracrine effects. 
Different pro-angiogenic cells were administered in an autologous setting, including 
unfractionated bone marrow-derived mononuclear cells, selected endothelial progenitors 
(i.e., CD34+ and CD133+ cells), or mesenchymal stem [177].

In the ACT34-CMI placebo-controlled trial (n = 167), patients with refractory angina 
receiving intramyocardial injection of CD34+ stem cells showed improved exercise toler-
ance (p = 0.01) and angina frequency (p = 0.02), also after a 2-year follow-up, where a 
trend of reduction in major events was observed as well [178]. Conversely, the RENEW 
trial was prematurely terminated by the sponsor for strategic consideration after enrolling 

Pharmacological Treatment of Ischemic Heart Disease



358

only 112 of the 444 patients originally planned, showing a borderline reduction (p = 0.05) 
in angina frequency and only a trend toward an increase in exercise time at 3 months 
(p = 0.06), lost at 6 and 12 months. In a meta-analysis [179] including 3 phase II trials and 
269 patients, intramyocardial therapy with CD34+ stem cells was superior to placebo in 
improving angina frequency, increasing exercise time, and decreasing mortality, without 
significant adverse events, thus supporting future larger trials in refractory angina patients.

5  Conclusions

Various anti-ischemic medications are currently available and extensively used in the rou-
tine clinical practice. Although their prognostic benefits are poor or scarcely investigated, 
they seem to be equally effective in relieving angina and improving quality of life. 
However, considering the multifactorial pathophysiology of myocardial ischemia and the 
heterogeneity of patients with CCS, a more rational patient-tailored use of anti-ischemic 
drugs may yield further benefits. Finally, various promising molecules are emerging from 
exploratory animal and preliminary clinical studies and may prove their value in the 
next future.
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Percutaneous Myocardial Revascularization
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1  Historical Notes

The first PTCA was performed by Andreas Grüntzig on September 16th, 1977, in Zurich, 
with handmade balloon catheter. Jacques Puel implanted the world’s first human coronary 
artery endoprosthesis, a BMS, in 1986, and over the next decades, balloon-expandable and 
self-expanding stents struggled to overcome various technical and clinical problems, 
including poor crimping of the stent on the balloon, incomplete and inaccurate deploy-
ment of the self-expanding “endoprosthesis,” bulkiness, stiffness, and thrombogenic 
nature of these devices in coronary arteries [1]. The STRESS [2] and BENESTENT [3] 
trials demonstrated the efficacy of this new technique, but in-stent restenosis became the 
emerging problem and dual-antiplatelet therapy became a must [4, 5].

In 2002, the results of RAVEL [6] trial opened the era of DES, which changed the his-
tory of myocardial revascularization.
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2  Vascular Access

The femoral approach was historically the most used vascular access site; it provides the 
advantages of large vessel, which permits to accommodate larger (>6-French) sheath 
sizes, and excellent guide catheter support and manipulability, due to the typically straight 
path from the femoral artery to the ascending aorta. Severe peripheral arterial disease or 
peripheral vascular bypass grafts and requirement for immobilization after the procedure 
limit the use of the femoral approach in some patients. Performing ultrasound-guided 
puncture of femoral artery can reduce vascular complications compared with fluoroscopic 
guided puncture [7].

The brachial approach was used as an alternative to femoral access, but as the brachial 
artery provides the only circulation to the forearm and hand, any compromise of this artery 
can lead to severe ischemic complications.

The radial approach is nowadays the most used since it provides direct access to the 
ascending aorta, allows immediate mobilization following PCI, and reduces bleeding 
compared to the femoral access [8, 9]. Tortuosity of the brachiocephalic trunk may limit 
the use of the radial approach in 2–3% of patients. The small size of the radial artery could 
limit the size of guiding catheters that can be used, but sheathless catheters allow to use 
sheaths large up to 7.5-French using the radial approach. One of the benefits of transradial 
approach is the lower rates of vascular complications [10, 11]. The RIVAL (Radial vs. 
Femoral Access for Coronary Intervention) [12] trial showed no significant difference in 
the primary endpoint of major ischemic events or bleeding in patients undergoing PCI 
through transradial or femoral approach, but the rate of vascular complications was signifi-
cantly lower in patients in whom the radial approach was performed. In the MATRIX [13] 
trial, radial access was associated with lower rates of net adverse clinical events compared 
with femoral access, and no significative difference in major adverse cardiovascular events 
was found at 1 year.

3  Coronary Devices

3.1  Balloon Catheters

Stand-alone balloon angioplasty is nowadays rarely used other than for very small vessels; 
it remains part of the PCI procedure for predilating and preparing the lesion before stent 
placement and optimizing stent expansion after its deployment.

Along with other coronary devices, balloon catheters developed over the years achiev-
ing lower profile and better support, providing more trackability and pushability.

There are several types of balloons used during PCIs: semi-compliant balloons, non-
compliant balloons, and specialty balloons as OPN NC super high-pressure balloon (SIS 
Medical AG, Winterthur, Switzerland), AngioSculpt (Philips, Amsterdam, Netherlands), 
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Wolverine (Boston Scientific Corporation, MA, USA), and Chocolate balloon (Teleflex, 
PA, USA).

Lesion preparation with balloon dilatation is not always necessary before stenting, but 
it allows to expand the coronary lumen by stretching the atherosclerotic plaque and vessel 
wall and redistributing atherosclerotic plaque along its longitudinal axis. Vessel wall elas-
tic recoil generally leaves a residual stenosis, and vessel dilatation can lead to coronary 
dissections, requiring stent implantation to achieve a better result.

Together with DES, DCB evolved during last decades, from passive vessel wall trans-
mission of biophilic cytotoxic drugs to active penetration with electrostatic attachment and 
long-term residency of microspheres or even nanospheres containing hydrophilic cyto-
static drugs. Initially used for small-vessel PCIs and in-stent restenosis with very good 
results [14], DCBs are being compared with DES in several ongoing studies including 
patients with large de novo coronary arteries.

3.2  Coronary Stents

First-generation DES showed less late luminal loss and major cardiac events than 
BMS. Sirolimus-eluting stent Cypher (Cordis, Warren, USA) and paclitaxel-eluting stent 
Taxus (Boston Scientific, MA, USA) were the most frequently used DES in the first decade 
of the new century and significantly reduced the rate of target-vessel revascularization 
[15, 16].

Second- and third-generation DESs were designed to overcome the issues of late and 
very late thrombosis, using different scaffolds, polymers, and cytostatic drugs. Various 
trials confirmed that a step forward was made in terms of DES manufacturing [17–22].

Nowadays, the stents have thinner struts made from different alloys that are less bulky 
than the initial stainless steel, with sophisticated platform designs and biocompatible, bio-
resorbable, or biostable coatings that reduced restenosis, thrombosis, and need for a long- 
lasting dual-antiplatelet therapy [23–26].

BRSs were designed aiming to avoid leaving “foreign bodies” in the coronary arteries, 
but they did not achieve the target rate of MACE compared with current DES [27–29].

3.3  Intracoronary Imaging

Intracoronary imaging was developed to acquire information about vessel wall and plaque 
morphology that are not showed by conventional coronary angiography (plaque composi-
tion, real lumen diameter, vessel diameter, endothelium injury, intravascular formations, 
etc.) [30].

IVUS devices are characterized by rapid-exchange catheters with a transducer on their 
tip and represent one of the most common tools used in daily interventional practice since 
they clearly provide information about plaque characteristics and composition and pres-
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Fig. 1 Intravascular 
ultrasound (IVUS) 
evaluation showing 
calcific coronary plaque

ence of superficial or deep calcium (Fig. 1) [31, 32]. Moreover, IVUS provides informa-
tion about lumen area and diameters and stent apposition, guiding the physicians during 
complex PCIs [33, 34]. As other coronary devices, IVUS developed over the years, and 
manufacturers developed catheter with smaller traducer dimensions and sharper images 
[35]. The importance of IVUS to obtain better procedural and clinical results has been 
confirmed in several trials and meta-analyses [36–40].

Similarly to IVUS, OCT is an intravascular imaging modality that provides cross- 
sectional images of the coronary artery, but it uses near-infrared light instead of ultra-
sounds, obtaining images of translucent or opaque material at a resolution equivalent to a 
microscope.

The images acquired with OCT have a higher resolution compared to IVUS, at the cost 
of a decrease in the depth of imaging. Performing OCT analysis requires contrast media 
injection to remove blood cells and reduce artifacts [41]; this characteristic potentially 
represents a limitation in its use in some scenarios (i.e., chronic kidney disease). Zero- 
contrast PCIs using dextran-based OCT have been proven to be feasible, overcoming the 
problem of contrast media injection in patients with renal insufficiency [42], but its appli-
cation requires further evidence.

The OCT analysis generates a volumetric lumen profiling and three-dimensional ren-
dering that includes the lesion and its adjacent reference segments. The information 
derived from these assessments can be very useful for the operators, helping them to inter-
pret ambiguous angiographic findings (i.e., dissection, plaque erosion) and to optimize 
PCI result (Fig. 2).
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Fig. 2 Optical coherence 
tomography (OCT) 
analysis showing stent 
apposition (malapposed 
stent struts in red)

4  Calcific Coronary Lesions

Severe calcified coronary lesions represent a challenge for interventional cardiologists due 
to the higher likelihood of suboptimal PCI result with consequent poor clinical outcomes. 
They are found in 6–20% of patients undergoing percutaneous coronary intervention [43].

The presence of severe coronary calcification increases procedural complexity and 
fluoroscopic time, is associated with higher rates of procedural failure, and remains an 
important cause of stent under-expansion, which is a possible trigger for stent thrombosis, 
ISR, and target lesion revascularization [43].

Several devices, ranging from specialty balloon catheters to atherectomy systems, have 
been designed to tackle calcific lesions. These devices include super-high-pressure NC 
balloons, CB, SB, and IVL coronary system [44].

Rotablator (Boston Scientific, MA, USA) was the first atherectomy technology avail-
able on the market. It is based on “the differential cutting principle” provided by a 
diamond- tipped burr advanced over a dedicated guidewire. The differential cutting is the 
ability of selectively removing inelastic tissue (calcific or fibrotic) while not involving and 
maintaining the integrity of the surroundings. Recently, Boston Scientific launched the 
Rotapro system, which, compared with the previous Rotablator technology, represents a 
valuable technical improvement by the side of interventionalists, making the system more 
“user-friendly.” The main scenarios that justify the use of RA are the preparation of severe 
calcified or fibrotic de novo lesions that cannot be adequately prepared by conventional 
balloon inflation, uncrossable de novo lesions, and ostial lesions. Complications associ-
ated with the use of RA include burr entrapment, slow/no-flow phenomenon, vessel dis-
section, or perforation [45, 46].

Diamondback 360 Coronary system (Cardiovascular Systems Inc., MN, USA) performs 
OA and consists of an eccentric diamond-coated crown mounted on the end of a drive shaft 
powered by a pneumatic drive console and advanced over a dedicated guidewire. OA system 
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uses a 1.25 mm crown that ablates the calcium with an orbital and bidirectional movement, 
which should reduce the risk of distal embolization and burr entrapment as compared to 
Rotablator. Since the crown is in contact with only one side of the vessel wall, continuous 
blood flow during ablation is maintained and debulking particle size is constantly flushed 
away reducing thermal injury, temporary heart block, and slow/no-flow phenomenon. OA 
use is recommended in case of heavily calcified de novo lesion preparation [45]. The safety 
and the effectiveness of this technology have been proved by single-arm studies, showing 
adequate plaque modification and infrequent complication [47, 48].

RA and OA have not yet been compared in randomized trials.
Excimer laser atherectomy exerts photochemical, photothermal, and photomechanical 

effects. The CVX-300 (Philips) excimer laser system emits high-power ultraviolet pulses 
(wavelength 308 nm), which penetrate up to 30–50 μm and vaporize thin sections of tissue 
without causing significant surrounding damage. It represents a valid tool in case of ISR 
caused by incomplete stent expansion.

Intravascular lithotripsy creates fracture into calcific plaques with the aim of facilitat-
ing DES expansion and apposition [49]. The lithoplasty technology consists of transform-
ing electric energy in mechanical energy. Electricity creates sparks that vaporize fluid and 
produce powerful pressure mechanical waves, which, travelling at the speed of sound, 
break the calcium leaving the soft tissue unharmed.

The sonic waves emitted from the transducers can penetrate even the deeper vascular 
layers. Therefore, IVL can disrupt both superficial and deeper calcium deposits with no 
significant surrounding damages and leaving calcium fragments in situ, avoiding distal 
embolization and microvascular impairment [49]. Several trials showed that coronary IVL 
safely and effectively facilitated stent implantation in severely calcified lesions [50, 51].

5  PCI of Bifurcations

A bifurcation coronary lesion is a lesion involving a significant division of a major epicar-
dial coronary artery [52]. A “significant” SB is often defined as a SB >2.25 mm that the 
operator does not want to compromise.

Coronary bifurcations account for 15–20% of all percutaneous coronary interventions 
and remain one of the most challenging lesions in interventional cardiology in terms of 
procedural success rate as well as long-term cardiac events.

The most used classification for coronary bifurcations is the Medina one, which evalu-
ates the MV, the MB, and the SB and attributes a 0 or a 1 to each segment if it is healthy 
or diseased, respectively (Fig. 3) [53].

The optimal management of bifurcation lesions is still the subject of considerable 
debate regarding the use of an initial one-stent technique, mainly represented by PS, or 
two-stent techniques, mainly represented by double kissing crush technique (DK crush).

The provisional stenting technique is one of the most used; it is chosen when a one- 
stent technique is preferred, leaving two-stent technique as a bailout option. In this tech-
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classification. MV main 
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nique, the main vessel is stented first and the side branch is stented only in case of severe 
narrowing or flow limitation after MV stenting, ending with T, T and protruding (TAP), or 
culotte stenting technique.

DK crush technique consists of stenting the SB first, with a small protrusion into the 
MV; the protruding stent’s struts are crushed into the lateral wall of MV with balloon 
 inflation, the struts are opened towards the SB with KBI, MV is then stented, and POT, 
KBI, and final POT are performed.

Several trials comparing one-stent technique with two-stent techniques have been per-
formed. Provisional stenting has been proved to be effective and superior to a planned 
two-stent approach in most randomized trials of non-LM bifurcation lesions [54–57]. 
However, the DK crush planned two-stent technique resulted in lower rates of TLR com-
pared with PS in non-left main coronary bifurcation lesions [58], and lower rates of target 
vessel revascularization, ST, and composite major adverse cardiac events compared with 
provisional or culotte stenting in unprotected LM distal bifurcation lesions [59–61]. The 
recent EBC MAIN [62] trial showed nonsignificant difference between stepwise provi-
sional approach and systematic dual-stent approach in terms of primary endpoint rate (a 
composite of death, myocardial infarction, and target lesion revascularization at 12 months) 
in patients undergoing unprotected LM bifurcation PCI. The discordance of the results of 
DK-CRUSH V and EBC MAIN trials may be explained by the difference in lesion com-
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plexity between the two populations and by the fact that systematic dual-stent techniques 
used in these two trials were different; in the DK-CRUSH V trial, the DK crush approach 
was used throughout, while in the EBC MAIN trial, most of the dual-stent procedures 
were culotte (53%) or T/TAP (33%).

6  Left Main PCI

The treatment of patients with left main disease has always been the object of contention 
between surgeons and interventional cardiologists, but recent studies questioned the 
supremacy of the formers.

PCI and CABG in the setting of LM coronary artery disease have been compared in 
several randomized clinical trials, but only two of them were conducted in the era of 
second- generation drug-eluting stents (DES) [63–69].

Capodanno et al. [70] conducted a meta-analysis of trials implementing first-generation 
DES with a total of 1611 patients, 809 assigned to PCI and 802 assigned to CABG.

PCI was associated with a higher 1-year rate of target vessel revascularization (TVR) 
compared to CABG (11.4 vs. 5.4%; OR: 2.25; 95% CI: 1.54–3.29; p = 0.001). Death (3.0 
vs. 4.1%; OR: 0.74; 95% CI: 0.43–1.29; p = 0.29) and myocardial infarction (MI) (2.8 vs. 
2.9%; OR: 0.98; 95% CI: 0.54–1.78; p = 0.95) were similar in the two groups at 1 year. 
CVA at 1 year was significantly less frequent with PCI compared with CABG (0.1 vs. 
1.7%; OR: 0.15; 95% CI: 0.03–0.67; p = 0.013).

The EXCEL [67] trial, in which 1905 patients with LM coronary artery disease under-
went randomization to PCI or CABG, showed non-inferiority of the former at 1 month and 
at 5 years.

In the NOBLE [68, 69] trial, the difference in favor of CABG was statistically signifi-
cant, driven by significantly higher rates of non-procedural MI and repeat revasculariza-
tion in the PCI arm.

The conclusions of the EXCEL and NOBLE trials appear discordant, but these findings 
could be explained by the differences in the type of DES used, MI definitions, and adverse 
events included in the primary endpoint [71].

To summarize, according to randomized controlled trials and meta-analyses, PCI rep-
resents a valuable option for myocardial revascularization in selected patients with unpro-
tected LM coronary artery disease.

According to the European Society of Cardiology (ESC) practice guidelines, PCI is 
indicated (I A) in patients with a low SYNTAX (0–22). In patients with an intermediate 
SYNTAX score (22–32), PCI has a class IIa (level of evidence A) indication. In those with 
a SYNTAX score of ≥32, PCI has a class III recommendation (level of evidence B). In the 
setting of STEMI with the involvement of LM coronary artery, primary PCI is the pre-
ferred reperfusion strategy [72].

With regard to the American Heart Association/American College of Cardiology/
Society for Cardiovascular and Angiographic Interventions (AHA/ACC/SCAI) guide-
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lines, PCI has a class la recommendation (level of evidence B) in patients with a SYNTAX 
score <22 and clinical conditions that present a greater risk of adverse events with 
CABG. In patients presenting with acute coronary syndromes and ST-elevation myocar-
dial infarction, unprotected LM coronary artery PCI has a class Ila (level of evidence B) 
recommendation [73].

7  Chronic Total Occlusions

CTO can be considered the final stage of obstructive CAD. It is defined as a complete 
occlusive lesion of a coronary artery with a Thrombolysis in Myocardial Infarction (TIMI) 
grade “0” flow since at least 3 months. CTOs are observed in approximatively 15–25% of 
patients undergoing coronary angiography.

A CTO is composed of a central body, a proximal and a distal cap that delimitates the 
occlusion, and collateral circulation. Proximal and distal caps are mostly tapered or blunt, 
although sometimes cap shape may not be clearly distinguished at the angiogram. CTO 
tapered caps are often characterized by the presence of luminal microchannels and loose 
connective fibrous tissue, which make these lesions easier to cross if compared to blunt 
stump CTOs.

A meticulous preparation and a detailed procedural planning are pivotal contributors for 
a successful CTO PCI. Pre-procedural planning is crucial to establish the strategy for suc-
cessful CTO crossing and be prepared for any occurring scenarios, including complications. 
For these reasons, ad hoc CTO PCI is not recommended. Dual injection should always be 
performed in order to understand better CTO anatomy and collateral circulation.

Various scoring systems have been made to estimate the likelihood of CTO PCI suc-
cess; the most used is the Japan-CTO score. It was developed to estimate the likelihood of 
successful guidewire crossing within 30 min, and it is based on five criteria (bend over 45 
degrees within the CTO body, length >20 mm, blunt stump, calcification degree, and pre-
viously failed attempt) [74]. While historically CTOs of LCx coronary artery were associ-
ated with lower success rates and more complications [75], the development of CTO 
equipment and techniques during recent years has led to substantial improvement in suc-
cess rates and new studies have showed no difference in success rates of CTO PCI in LCx 
compared to other coronary arteries [76].

Many devices, as dedicated guidewires and microcatheters, have been designed for 
CTO PCIs, and several techniques have been proposed. CTO recanalization can be final-
ized by either antegrade or retrograde approach, using several strategies that can be classi-
fied into TTT wire crossing techniques and DR techniques. Almost a decade ago, the 
North American operators proposed the “Hybrid Algorithm” that is based on the tendency 
of switching from a technique to another in order to increase the likelihood of success and 
proved to be safe and effective [77]. Nowadays, the hybrid approach is globally acknowl-
edged and used. Recently, the Global Chronic Total Occlusion Crossing Algorithm has 
been published, including all the main contemporary techniques [78].
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CTO PCIs’ success rates have been continuously improving due to the continuous 
development of devices and techniques; furthermore, the rate of major complications has 
decreased to less than 2% and appears close to that of PCI of non-occluded coronary  
arteries [79].
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1  Clinical Management

AAOCA is a rare congenital abnormality of the origin or course of a CA that arises from the 
aorta at or above the inappropriate sinus of Valsalva by a separate ostium, by a shared or com-
mon ostium, or as a branch vessel. It can be characterized by different course  subtypes: inter-
arterial, subpulmonic (intraconal or intraseptal), pre-pulmonic, retroaortic, or retrocardiac [1].

Despite its rarity, CA anomalies have important public health implications, particularly 
AOOCA with interarterial course, representing the second leading cause of SCD in young 
athletes: about 14–17% of all cardiovascular deaths identified in this population [2–4].

In this review, we will focus on AOOCA with interarterial course: ALCA arising at or 
above the right sinus of Valsalva, ARCA arising at or above the left sinus of Valsalva, and 
the left main (LM) coronary artery with intraseptal or intraconal course.

The true prevalence of AAOCA in the general population is unknown, estimated to be 
0.06–0.9% for ARCA, 0.02–0.1% for ALCA, and 0.004–0.04% for LMCA with intrasep-
tal course [1, 5–7]. The wide variability in the prevalence data found in literature results 
from differences in age groups and presentation of various cohorts, variable inclusion 
criteria and AAOCA course descriptions, and limitations in the ability of each imaging 
modality used for the diagnosis.

1.1  Clinical Presentation

The clinical presentation of AAOCA is variable, symptoms may not be present in a large 
number of patients, and SCD might be the initial event in a few. About half of the patients 
with AAOCA are asymptomatic and the other half may present with symptoms highly 
suggestive for ischemia, on or following exertion, less frequently at rest: chest pain, palpi-
tations, shortness of breath, dizziness, or syncope on exertion. However, it remains 
unknown why an athlete can participate vigorously in sports/exercise activities for many 
years until a cardiac event occurs [8, 9].

Basso et al. reported that only 10 (36%) of 27 cases presenting with SCD (23 ALCA 
and 4 ARCA) had symptoms prior to the event including syncope, chest pain, and palpita-
tions. All cases had an acute angle takeoff and a slit-like ostium [9]. Eckart et al. reported 
that 11 (52%) of 21 military recruits with AAOCA suffering from SCD had previous 
symptoms of syncope, chest pain, and dyspnea [10]. Molossi et al. reported 163 patients 
with AOOCA (25 ALCA, 116 ARCA, 17 single CA, 5 anomalous circumflex CA), where 
the diagnosis was incidental in half (n = 80, 49%), while others presented with exertional 
symptoms (n = 35, 21%), non-exertional symptoms (n = 32, 20%), family history of car-
diovascular disease (n = 8, 5%), sudden cardiac arrest or shock (n = 5, 3%), and arrhyth-
mia/bradycardia (n = 3, 2%) [11]. Several autopsy studies demonstrated that ALCA and 
ARCA patients are associated with an increased risk of SCD, which is highest in young 
individuals ˂35 years of age and particularly in interarterial ALCA, during or following a 
strenuous exertion [12–14].
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LMCA with intraconal course has been considered a benign entity for many years. 
However, some recent case report and series demonstrated that patients with this anatomy 
can develop symptoms of ischemia, such as exertional chest pain or syncope in association 
with documentable evidence of myocardial ischemia, although they seem to be at low risk 
for sudden death [15–17].

1.2  Anatomy and Mechanisms of Ischemia

ALCA and ARCA arise from the opposite sinus, generally just beyond the commissure 
between the anterior sinuses; have different ostial morphology and position, with often a 
slit-like ostium and high takeoff; and have an interarterial course with or without an intra-
mural segment to reach the normal epicardial course, opposite the sinus [8]. LM coronary 
artery with intraseptal course has a different anatomy: a single coronary ostium from 
which both the right and left CA arise, with their origins being well away from the aorta 
and thus never being intramural; has wide-open ostia and does not have any acute angula-
tion at their takeoff; and has an interarterial course through the conal muscle to reach the 
normal position behind the pulmonary artery. This intraconal course results in the LM 
coronary artery being at the very bottom of the “V” created by the aorta and pulmonary 
artery [18]. As a result of the different anatomies, the mechanisms of ischemia are also 
different. The pathophysiology of myocardial ischemia in ALCA and ARCA is not com-
pletely elucidated; however, the main mechanism is external compression of the abnormal 
coronary artery between the great arteries, as the arteries expand during strenuous exer-
cise. The risk of ischemia is probably exacerbated in these cases by potential associated 
anatomical factors: flap closure of the slit-like deformation of the coronary ostium, acute 
(non-orthogonal) angle of takeoff, and kinking of the coronary artery as it exits from the 
aorta and hypoplasia and/or stenosis of the intramural segment, particularly at the level of 
the vulvar commissure. In addition, cumulative episodes of myocardial ischemia may lead 
to myocardial necrosis and fibrosis that can create the substrate for ventricular arrhythmias 
[19, 20].

The mechanism of ischemia in anomalous LMCA with an intraconal course is differ-
ent, because generally there is a wide-open ostium without angulation or intramural seg-
ment and probably would be related to the long myocardial bridge (MB) or the coronary 
coursing at the bottom of the “V” between the aorta and pulmonary artery, where it is 
pinched between these structures. Therefore, there is a dynamic compression of the intra-
myocardial segment of the CA, which can cause delayed recovery of the luminal dimen-
sion in early diastole impairing diastolic blood flow, especially during exercise [21]. This 
can mediate multiple effects including endothelial dysfunction, venturi effect with increas-
ing velocity and septal steal, impaired coronary flow reserve, and plaque fissure/rupture 
proximal to the MB, which can be potential mechanisms of ischemia [22, 23].
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1.3  Diagnosis

 (A) Anatomy definition

TTE is the first-line imaging modality for diagnosis of anomalous coronary origin, due 
to the low cost and wide availability [24, 25]. Although dependent on body habitus and 
operator technique, it can be helpful in the identification of critical anatomical features 
like interarterial course; however, it has limited accuracy in the assessment of anatomy of 
the coronary ostium, as well as the presence and the length of intramyocardial and intra-
mural course [1]. Moreover, a variable agreement between TTE and surgical findings has 
been found in different reports [24–26].

Advanced noninvasive and invasive imaging modalities, such as CTA or cMRI and 
cardiac catheterization, are recommended for the evaluation of anomalous CA [27–34].

Retrospectively, ECG-gated coronary CTA is generally preferred because it has supe-
rior spatial and temporal resolution and provides an accurate noninvasive assessment of 
the coronary anatomy and detailed research of the anatomical “high-risk factors”: high 
orifice, ostial stenosis, slit-like/fish mouth-shaped orifice, acute-angle takeoff, intramural 
course and its length, or interarterial course and hypoplasia of the proximal coronary 
artery [35–38]. It does not require sedation in younger children because of short scan time, 
but needs ionizing radiation, although the amount has significantly decreased with new- 
generation scanners.

Cardiac MRI provides a coronary artery noninvasive imaging without the use of radia-
tion and iodinated contrast. Compared to cardiac CTA, it has lower spatial resolution and 
higher scan times, usually requiring general anesthesia in infants and small children. 
However, it provides a cardiac morphological and functional imaging, which comple-
ments the anatomic information. In small children, the fast and irregular heart rates, need 
for higher spatial resolution owing to small vessel size, and compensation of respiratory 
motion may limit the quality of the exam, although in experienced centers free-breathing 
cMRI visualizes the coronary takeoff and course in nearly all patients [39, 40], with seda-
tion in the majority of young children (e.g., <7 years of age) [40].

Cardiac catheterization in combination with IVUS is generally a low-risk technique, 
offering high spatial resolution and excellent dynamic imaging to assess the degree of 
coronary stenosis in the intramural and intramyocardial segment, as demonstrated by 
Angelini et al. [41–45]. Although IVUS is low risk, engaging AAOCA vessels may be 
difficult in cases with ostial narrowing, an ostial ridge, or an acute angle takeoff [42]; 
moreover, additional care is needed during IVUS to distinguish vessel spasm from true 
narrowing [46]. Therefore, invasive imaging is not routinary recommended, but it can be 
helpful when there is concern about stenosis in the coronary artery or when concomitant 
delineation of potential mechanisms of flow restriction is needed (class IIa, level of evi-
dence C) [34, 45].
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 (B) Functional assessment of ischemia

Assessment of physical stress-induced ischemia using advanced imaging modalities is 
the key to decision-making, and exercise stress is preferable when considering that a 
majority of SCD cases attributed to AAOCA occur with strenuous exercise [47]. However, 
the validity is yet to be clearly defined given reports of both false-positive and false- 
negative results [47]. As a consequence, the absence of ischemia during stress testing 
cannot completely exclude the risk of SCD, particularly when potentially high-risk ana-
tomic features are present [45, 48].

Current guidelines recommend non-pharmacological functional imaging (e.g., nuclear 
study, echocardiography, or CMR with physical stress) for all symptomatic and asymp-
tomatic patients with AOOCA (class I, level of evidence C) [47].

It is now clearly established from previous reports that ECG and EST have low sensitiv-
ity in identifying those patients at risk for myocardial ischemia and SCD, since a normal 
EST has been reported in patients with AAOCA presenting with concerning symptoms for 
myocardial ischemia and also experiencing sudden cardiac arrest or death [9, 13, 33, 
49, 50].

Some centers use stress echocardiography to study myocardial ischemia by identifica-
tion of wall motion abnormalities; however, techniques which can evaluate both myocar-
dial perfusion and wall motion abnormalities at rest and stress, such as sNPI and stress 
cMRI, are preferred in anomalous CA. Exercise-stress NPI needs exposure to ionizing 
radiations and is often used although both false positive and false negative, decreased 
spatial resolution, and attenuation artifacts related to the body wall and diaphragm move-
ment results question its reliability to identify true myocardial ischemia [11]. Uebleis et al. 
used 3-dimensional CTA and sNPI image fusion in adults with AAOCA showing poor 
correlation between the anomalous CA and the territory of stress-induced perfusion defect 
[50]. Molossi et al. also reported 14 patients (8.6%) with abnormal perfusion defects, 5 of 
those deemed false positive [11].

1.4  Cardiac MR

Cardiac MR (CMR) perfusion at rest and stress is a noninvasive imaging approach, which 
allows assessment of functional significance of CAD [3–8]. Both pharmacologic stress 
(vasodilators and beta-agonists) and physiologic stress testing (treadmill and bicycle 
ergometer) have been used in CMR perfusion [9–14]. Although pharmacologic stress has 
the advantage of providing uniformity in testing and a uniform vasodilator response, it 
cannot provide information regarding the patient’s exercise capacity, hemodynamic 
response to exercise, and extent of physical activity that can reproduce the patient’s symp-
toms during imaging. To address these limitations, the feasibility of CMR imaging after 
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physical exercise using a supine ergometer or treadmill has been demonstrated previously. 
Both pharmacologic stress (vasodilators and beta-agonists) and physiologic stress testing 
(treadmill and bicycle ergometer) have been used in CMR perfusion [9–14]. Although 
pharmacologic stress has the advantage of providing uniformity in testing and a uniform 
vasodilator response, it cannot provide information regarding the patient’s exercise capac-
ity, hemodynamic response to exercise, and extent of physical activity that can reproduce 
the patient’s symptoms during imaging. To address these limitations, the feasibility of 
CMR imaging after physical exercise using a supine ergometer or treadmill has been dem-
onstrated previously [12, 13, 15–19, 51]. However, exercise perfusion in CMR still has 
several notable challenges, which have limited its clinical use. Specifically, imaging after 
physical exercise must be performed as close as possible to the peak heart rate, which 
requires minimal transition time between the end of exercise and imaging. Furthermore, 
subjects are unable to hold their breath immediately after exercise, and imaging must be 
performed under free-breathing conditions. The acquisition of multiple slices using single- 
shot imaging with sufficient spatial and temporal resolution necessitates the use of accel-
erated imaging techniques, especially for stress CMR perfusion.

sCMR imaging has been shown to have better sensitivity and specificity to nuclear 
techniques in assessing myocardial perfusion and wall motion abnormalities in the 
adult population [52, 53]. sCMR perfusion is based on the principle of altered coro-
nary blood- flow derived coronary flow reserve and accounts for the entire coronary 
microvasculature. This technique provides high-quality cardiac imaging with excel-
lent spatial resolution; it is feasible and well tolerated in children and does not utilize 
ionizing radiation [54]. Both pharmacologic and physiologic exercise stress testing 
have been used in CMR perfusion. Pharmacologic stress has the advantage of provid-
ing a uniform vasodilator response, although it cannot provide information regarding 
hemodynamic response to exercise and extent of physical activity that can reproduce 
the patient’s symptoms during imaging [55]. However, exercise perfusion in CMR 
still has several changes, which have limited its clinical use; therefore, generally phar-
macologic perfusion testing is most often used [54] and dobutamine is preferred as a 
provocative agent as it increases cardiac inotropy and chronotropy and simulates 
physiologic exercise condition [21, 54]. Atropine may also be used to achieve the 
desired increase to 85% predicted peak heart rate. Molossi et al. evaluated a total of 
41 patients (25%) with pharmacologic sCMR and found abnormal results with perfu-
sion defects in 9 (21%) patients, all in the high-risk group [11], thus concluding that 
sCMR seems to be a promising technique that may help in the future to identify myo-
cardial perfusion defects in select patients and contribute to risk stratification.

Invasive assessment of coronary flow is performed with measurement of FFR during 
cardiac catheterization upon administration of adenosine and/or dobutamine, representing 
a reference standard given its inability to be affected by heart rate, myocardial contractil-
ity, and blood pressure [56–58]. Measurement of FFR proved to be very useful in risk 
stratification of patients with intramyocardial course or MB; thus, it has been described in 
some specialized centers as an emerging invasive technique to confirm myocardial isch-
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emia in patients with LMNA with intraseptal course with specific clinical concerns such 
as symptoms ascribed to ischemia or myocardial perfusion abnormalities. Although the 
feasibility and safety have been demonstrated, the potential risks involved with coronary 
dissection, especially in children, must always be considered.

1.5  Decision-Making

Management of patients with AOOCA is even more challenging, as there is lack of long- 
term data on outcomes of both repaired and unrepaired populations. Moreover, the assess-
ment of the risk of SCD and of the role of AAOCA in causing ischemia or symptoms is still 
difficult and principally based on data coming from autoptic studies. Autopsy series describe 
the anomalies found in patients who suffered from SCD in contrast to other causes of death 
[9, 10, 59–61]. Surgical case series describe findings before operation, operative anatomy, 
and postoperative course [9, 37, 60–63]. There are imaging studies describing the anatomy 
and potential pathophysiological abnormalities associated with AAOCA [6, 9–11]. There are 
surgical series describing improvement in symptoms after operation [37, 62, 63]. However, 
data proving that any particular management strategy prevents SCD are still lacking. As a 
consequence, decisions regarding whether surgery is necessary or exercise restriction or 
medical therapy might be beneficial are all tailored to an individual patient, on the basis of 
the age and the expected quality of life. Therefore, discussion with the patient and family is 
undertaken upon completing the evaluation and care should always be individualized.

Currently, in ALCA, surgery is recommended in symptomatic patients with typical 
symptoms who present with evidence of stress-induced myocardial ischemia in a match-
ing territory or high-risk anatomy (class I, level of evidence C) and should be considered 
in asymptomatic patients in the presence of either evidence of myocardial ischemia or a 
high-risk anatomy, even without myocardial ischemia (class IIa, level of evidence C) [47].

In ARCA, surgery is recommended in symptomatic patients with typical symptoms 
who present with evidence of stress-induced myocardial ischemia in a matching territory 
or high-risk anatomy (class I, level of evidence C) and should be considered in asymptom-
atic patients with evidence of myocardial ischemia (class IIa, level of evidence C) [47]. 
Management of asymptomatic ARCA patients with high-risk anatomy and no evidence of 
myocardial ischemia is still debated. Due to the emerging accurate data on myocardial 
perfusion and wall motion assessment derived from advanced imaging techniques, such as 
cMRI, some high-specialized centers started to offer surgical intervention to ARCA 
patients with high-risk anatomy in the presence of myocardial perfusion abnormalities 
regardless of symptomatology, upon shared decision-making with the family and the 
patient [64].

Management of LMCA with intraseptal course is also debated, and there are no specific 
indications for surgery in the current guidelines, due to the recent challenging opinion 
regarding its benignity. However, some centers suggest surgery in symptomatic patients 
with myocardial ischemia, documented with noninvasive imaging and confirmed by inva-
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sive imaging with coronary angiography, IVUS, and FFR [64]. As an alternative strategy, 
exercise restriction and b-blocker therapy are recommended, again following extensive 
discussion with the family and shared decision-making [8].

2  Surgical Management

The surgical treatment of AAOCA relies on various techniques that currently find their 
specific indication on the base of the anatomical type of anomaly.

Nowadays, four types of surgical strategy are identifiable, each of which aims at the 
treatment of one or more pathological features of the coronary anomaly.

The four groups of surgical strategies are represented by:

 1. Unroofing technique
 2. Pulmonary translocation
 3. Reimplantation (with or without aortic button)
 4. Neo-ostioplasty (Vouhè technique)

The objectives of the aforementioned strategies, more or less achievable depending on 
the type of technique, are:

 1. Correction of the intramural or intramuscular course
 2. Correction of the slit-like coronary ostium
 3. Correction of the interarterial tract
 4. Restoration of a normal coronary takeoff angle

2.1  Unroofing Technique

Unroofing surgical techniques currently represent the first-choice strategy and undoubt-
edly the most widespread for the treatment of AAOCA.  For the surgical treatment of 
ALCA and ARCA, the unroofing procedure consists of the correction, achievable with 
different techniques, of the entire intramural aortic tract of the anomalous coronary artery. 
In this way, the area of greatest restriction to coronary flow is eliminated and the native 
ostium is enlarged. The wall of intramural tract is therefore resected or electrically fulgu-
rated depending on the technique adopted. The limitation of unroofing procedure consists 
of the fact that neither the interarterial course, susceptible to dynamic compressions by 
pulmonary trunk, nor the acute angle of coronary takeoff is treated.

In 2018, Sachdeva et  al. [65] reported their experience of unroofing procedure per-
formed by sharp excision for AAOCA in 63 patients with a median age of 13 years. The 
majority underwent unroofing for an intramural right coronary artery (79%). There was no 
surgical mortality, and no additional coronary reintervention was performed. The median 
duration of postoperative follow-up was 3.1 years. Despite a good immediate surgical out-
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come, symptoms either persisted or developed in 46% of patients at follow-up. This prob-
ably suggests an incomplete efficacy of unroofing procedure in treating all the 
pathophysiological features of the disease.

Vinnakota et al. [66] in 2019 reported their experience of unroofing procedure, per-
formed by electrical fulguration or traditional sharp excision, in 40 adult patients with a 
mean age of 41 years. The majority of patients were ARCA (35/40). The authors reported 
no 30-day mortality or complications and no reintervention. The two techniques, sharp 
excision and electrical fulguration, were equally safe in the short term.

In 2020, Mostefa Kara et al. [67], from Marie Lannelongue Hospital Paris, reported 
their experience in 39 patients with a median age of 14 years. The patients underwent 
surgical correction of AAOCA (72% ARCA and 28% ALCA) by means of unroofing 
procedure (sharp excision) in the majority of cases. In two cases, direct right coronary 
reimplantation was performed, three had coronary artery bypass grafting and three 
had isolated pulmonary translocation. There were no early or late deaths, and all 
patients were free from symptoms at last follow-up. The authors pointed out the con-
traindications to unroofing procedure: In cases with a short intramural segment and 
juxta-commissural coronary takeoff (in particular in ARCA), unroofing could not be 
ideal to create a wide ostium and to prevent pulmonary compression of the interarte-
rial segment. In these cases, direct reimplantation, although challenging in small chil-
dren, could be preferable.

2.2  Unroofing Procedure for Intraseptal Left Coronary Artery

A particular type of unroofing technique is used for the treatment of the intraseptal subpul-
monic LAD. In this condition, the goal is to release the common “intraconal” trunk of the 
left coronary artery from the muscle fibers of the conal septum, thus preventing it from 
undergoing dynamic compression phenomena. In its classical form, the unroofing opera-
tion for intraseptal LAD is very similar to the first part of Ross procedure: The pulmonary 
infundibulum is completely harvested with the aim of unroofing the intraconal coronary 
tract. Subsequently, the pulmonary infundibulum is reimplanted in the RVOT at a lower 
level than that of the released coronary artery [68].

Recently, variants have been proposed to the aforementioned technique in which 
access to the conal septum is obtained by means of a limited anterior infundibulotomy 
[69]. or by means of an upper retro-pulmonary approach that does not include any 
infundibulotomy [70].

2.3  Pulmonary Trunk Translocation

Pulmonary translocation surgery has the sole objective of preventing the interarterial coro-
nary segment from undergoing dynamic compressions by the pulmonary artery. With this 
technique, neither the intramural segment nor the slit-like ostium and the takeoff angle are 
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corrected. The technique involves transection of the pulmonary trunk and its reconnection 
towards the left branch, effectively moving the pulmonary trunk away from the anomalous 
coronary artery [71]. This technique is nowadays only considered as an additional part of 
an unroofing procedure, and many objections have recently been advanced on the real 
effectiveness of this strategy in preventing compression phenomena.

2.4  Coronary Reimplantation

Coronary reimplantation can be performed by harvesting the aortic button of the anoma-
lous coronary artery or by transecting it at the level of coronary takeoff. Necessary condi-
tion to perform translocation with aortic button is the absence of an intramural tract.

Bonilla-Ramirez et al. [72] recently reported their surgical experience with AAOCA 
repair in 61 patients comparing two groups of patients: unroofing repair in 74% and TAR 
repair (transection and reimplantation without aortic button) in 26%. The two groups of 
patients had similar intramural length of AAOCA (5 mm). At the last follow-up, 94% of 
patients who underwent TAR and 93% of patients who underwent unroofing were released 
to unrestricted exercise activities. The authors consider TAR a valuable alternative to 
unroofing when intramural segment lies below the commissure or when it is too short to 
adequately relocate the ostium into the appropriate sinus.

2.5  Anatomical Correction: The Ostioplasty Technique

In 2014, Vouhè et al. [73], from Necker Hospital, Paris, reported their first experience of 
“anatomical correction” for ALCA and ARCA by creating a neo-ostium at the level of the 
appropriate coronary sinus (the left sinus for the ALCA and the right sinus for the ARCA). 
The technique involves the creation of a neo-ostium using pericardial patch at the level of 
the aortic takeoff point of the anomalous coronary artery. The intramural segment and the 
slit-like ostium are left as they are, thus creating a double source of coronary flow: the 
native source and the neo-ostium. This technique, subsequently called “ostioplasty” by the 
same group, is the only one that allows to correct all the pathological characteristics (intra-
mural and interarterial tract, the slit-like ostium, and the acute takeoff angle) of the ALCA 
and ARCA by virtue of the creation of a new ostium in the appropriate sinus.

Gaillard et al. (Necker Hospital, Paris) recently reported the medium-term outcome of 
61 patients who underwent surgical repair of AAOCA [74]. Anatomical repair by ostio-
plasty [73] was used in 35 patients. Nineteen patients underwent coronary reimplantation 
without an aortic button (TAR) and 5 patients with intraseptal sub-pulmonic course under-
went complete unroofing [68]. There was no early or late postoperative death. All patients 
with anatomical repair (ostioplasty) or septal release were free from ischemic symptoms 
at last follow-up. The authors pointed out the indications and contraindications for ostio-
plasty: The presence of a too short intramural segment, and therefore a juxta-commissural 
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coronary takeoff, makes the creation of a neo-ostium in the appropriate sinus very difficult 
if not sometimes impossible. In these cases, and in particular for ARCA, the authors sug-
gest the use of the traditional unroofing technique or a TAR technique, pointing out how 
the latter could be challenging and emphasizing the high risk of postoperative ischemic 
events it entails in small children.

Surgical repair of AAOCA is mandatory for particular anatomical subtypes and in the 
presence of specific symptoms and/or well-documented inducible ischemia. The superior-
ity of one surgical technique over the other has not yet been demonstrated. However, surgi-
cal strategies avoiding commissural manipulation, as ostioplasty or reimplantation, may 
decrease the risk of developing postoperative complications like aortic insufficiency [75].

The optimal surgical strategy for AAOCA repair must therefore be selected on a case- 
by- case basis, according to the anatomical features of the coronary anomaly identified by 
advanced imaging study.

References

1. Cheezum MK, Liberthson RR, Shah NR, Villines TC, O’Gara PT, Landzberg MJ, Blankstein 
R. Anomalous aortic origin of a coronary artery from the inappropriate sinus of Valsalva. J Am 
Coll Cardiol. 2017;69(12):1592–608.

2. Maron BJ, Doerer JJ, Haas TS, Tierney DM, Mueller FO. Sudden deaths in young competitive ath-
letes: analysis of 1866 deaths in the United States, 1980–2006. Circulation. 2009;119:1085–92.

3. Maron BJ. Sudden death in young athletes. N Engl J Med. 2003;349:1064–75.
4. Harmon KG, Drezner JA, Maleszewski JJ, et al. Pathogeneses of sudden cardiac death in national 

collegiate athletic association athletes. Circ Arrhythm Electrophysiol. 2014;7:198–204.
5. Angelini P, Cheong BY, Lenge De Rosen VV, Lopez A, Uribe C, Masso AH, Ali SW, Davis BR, 

Muthupillai R, Willerson JT. High-risk cardiovascular conditions in sports-related sudden death: 
prevalence in 5,169 schoolchildren screened via cardiac magnetic resonance. Tex Heart Inst J. 

6. Davis JA, Cecchin F, Jones TK, Portman MA. Major coronary artery anomalies in a pediatric 
population: incidence and clinical importance. J Am Coll Cardiol. 2001;37:593–7.

7. Pelliccia A, Spataro A, Maron BJ. Prospective echocardiographic screening for coronary artery 
anomalies in 1,360 elite competitive athletes. Am J Cardiol. 1993;72:978–9.

8. Molossi S, Sachdeva S. Anomalous coronary arteries: what is known and what still remains to 
be learned? Curr Opin Cardiol. 2020;35:42–51.

9. Basso C, Maron BJ, Corrado D, Thiene G. Clinical profile of congenital coronary artery anoma-
lies with origin from the wrong aortic sinus leading to sudden death in young competitive ath-
letes. J Am Coll Cardiol. 2000;35:1493–501.

10. Eckart RE, Scoville SL, Campbell CL, et al. Sudden death in young adults: a 25-year review of 
autopsies in military recruits. Ann Intern Med. 2004;141:829–34.

11. Molossi S, Agrawal H, Mery CM, Krishnamurthy R, Masand P, Tejtel SKS, Noel CV, 
Qureshi AM, Jadhav SP, McKenzie ED, Fraser CD Jr. Outcomes in anomalous aortic origin 
of a coronary artery following a prospective standardized approach. Circ Cardiovasc Interv. 
2020;eb;13(2):e008445.

12. Maron Barry J, Doerer Joseph J, Haas Tammy S, et  al. Sudden deaths in young competitive 
athletes. Circulation. 2009;119:1085–92.

13. Angelini P.  Coronary artery anomalies: an entity in search of an identity. Circulation. 
2007;115:1296–305.

Anomalous Aortic Origin of a Coronary Artery: Clinical and Surgical Perspective



394

14. Molossi S, Martı’nez-Bravo LE, Mery CM.  Anomalous aortic origin of a coronary artery. 
Methodist Debakey Cardiovasc J. 2019;15:111.

15. Johnson JN, Bonnichsen CR, Julsrud PR, Burkhart HM, Hagler DJ. Single coronary artery giv-
ing rise to an intraseptal left coronary artery in a patient presenting with neurocardiogenic syn-
cope. Cardiol Young. 2011;21(5):572–6.

16. Mogensen UM, Grande P, Kober L, Kofoed KF. Anomalous origin of the left main coronary 
artery from the right sinus of Valsalva with a septal course: an explanation to disabling angina? 
Int J Cardiol. 2011;151:e74–6.

17. Glusko T, Seifert R, Brown F, Vigilance D, Irarte B, Teytelboym OM.  Transeptal course of 
anomalous left main coronary artery originating from single right coronary orifice presenting as 
unstable angina. Radiol Case Rep. 2018;13:549–54.

18. Mainwaring RD, Hanley FL. Surgical treatment of anomalous left main coronary artery with an 
intraconal course. Congenit Heart Dis. 2019;00:1–7.

19. Basso C, Maron BJ, Corrado D, et al. Clinical profile of congenital coronary artery anomalies 
with origin from the wrong aortic sinus leading to sudden death in young competitive athletes. J 
Am Coll Cardiol. 2000;35:1493–501.

20. Gaudin R, Raisky O, Vouhé PR. Anomalous aortic origin of coronary arteries: 'anatomical' surgi-
cal repair. Multimed Man Cardiothorac Surg. 2014;

21. Escaned J, Cortés J, Flores A, et al. Importance of diastolic fractional flow reserve and dobu-
tamine challenge in physiologic assessment of myocardial bridging. J Am Coll Cardiol. 
2003;42:226–33.

22. Bourassa MG, Butnaru A, Lespérance J, Tardif J-C. Symptomatic myocardial bridges: overview 
of ischemic mechanisms and current diagnostic and treatment strategies. J Am Coll Cardiol. 
2003;41:351–9.

23. Ishikawa Y, Akasaka Y, Akishima-Fukasawa Y, et  al. Histopathologic profiles of coronary 
atherosclerosis by myocardial bridge underlying myocardial infarction. Atherosclerosis. 
2013;226:118–23.

24. Frommelt PC, Berger S, Pelech AN, et al. Prospective identification of anomalous origin of left 
coronary artery from the right sinus of Valsalva using transthoracic echocardiography: impor-
tance of color doppler flow mapping. Pediatr Cardiol. 2001;22:327–32.

25. Lorber R, Srivastava S, Wilder TJ, et  al. Anomalous aortic origin of coronary arteries in the 
young: echocardiographic evaluation with surgical correlation. JACC Cardiovasc Imaging. 
2015;8:1239–49.

26. de Jonge GJ, van Ooijen PM, Piers LH, et al. Visualization of anomalous coronary arteries on 
dual-source computed tomography. Eur Radiol. 2008;18:2425–32.

27. Kacmaz F, Ozbulbul NI, Alyan O, et al. Imaging of coronary artery anomalies: the role of mul-
tidetector computed tomography. Coron Artery Dis. 2008;19:203–9.

28. Komatsu S, Sato Y, Ichikawa M, et al. Anomalous coronary arteries in adults detected by mul-
tislice computed tomography: presentation of cases from multicenter registry and review of the 
literature. Heart Vessel. 2008;23:26–34.

29. Lee S, Uppu SC, Lytrivi ID, et al. Utility of multimodality imaging in the morphologic charac-
terization of anomalous aortic origin of a coronary artery. World J Pediatr Congenit Heart Surg. 
2016;7:308–17.

30. Su JT, Chung T, Muthupillai R, et al. Usefulness of real-time navigator magnetic resonance imag-
ing for evaluating coronary artery origins in pediatric patients. Am J Cardiol. 2005;95:679–82.

31. Aljaroudi WA, Flamm SD, Saliba W, et al. Role of CMR imaging in risk stratification for sudden 
cardiac death. JACC Cardiovasc Imaging. 2013;6:392–406.

32. Brothers JA, Whitehead KK, Keller MS, et al. Cardiac MRI and CT: differentiation of normal 
ostium and intraseptal course from slitlike ostium and interarterial course in anomalous left 
coronary artery in children. Am J Roentgenol. 2015;204:W104–9.

C. Marrone and D. Federici



395

33. Brothers JA, McBride MG, Seliem MA, et al. Evaluation of myocardial ischemia after surgical 
repair of anomalous aortic origin of a coronary artery in a series of pediatric patients. J Am Coll 
Cardiol. 2007;50:2078–82.

34. Stout KK, Daniels CJ, Aboulhosn JA, Bozkurt B, Broberg CS, Colman JM, Crumb SR, Dearani 
JA, Fuller S, Gurvitz M, Khairy P, Landzberg MJ, Saidi A, Valente AM, Van Hare GF. 2018 
AHA/ACC guidelines for the Management of Adults with Congenital Heart Disease. J Am Coll 
Cardiol. 2019;73(12):e81–e192.

35. Opolski MP, Pregowski J, Kruk M, Witkowski A, Kwiecinska S, Lubienska E, Demkow M, 
Hryniewiecki T, Michalek P, Ruzyllo W, Kepka C. Prevalence and characteristics of coronary 
anomalies originating from the opposite sinus of Valsalva in 8,522 patients referred for coronary 
computed tomography angiography. Am J Cardiol. 2013;111:1361_1367.

36. Mainwaring RD, Reddy VM, Reinhartz O, Petrossian E, MacDonald M, Nasirov T, Miyake CY, 
Hanley FL. Anomalous aortic origin of a coronary artery: medium-term results after surgical 
repair in 50 patients. Ann Thorac Surg. 2011;92:691_697.

37. Frommelt PC, Sheridan DC, Berger S, Frommelt MA, Tweddell JS. Ten-year experience with 
surgical unroofing of anomalous aortic origin of a coronary artery from the opposite sinus with 
an interarterial course. J Thorac Cardiovasc Surg. 2011;142:1046_1051.

38. Jegatheeswaran A, Devlin PJ, McCrindle BW, Williams WG, Jacobs ML, Blackstone EH, 
DeCampli WM, Caldarone CA, Gaynor JW, Kirklin JK, Lorber RO, Mery CM, St Louis JD, 
Molossi S, Brothers JA. Features associated with myocardial ischemia in anomalous aortic ori-
gin of a coronary artery: a congenital heart surgeons’ society study. J Thorac Cardiovasc Surg. 
2019;158:822_834 e823.

39. Angelini P.  Novel imaging of coronary artery anomalies to assess their prevalence, the 
causes of clinical symptoms, and the risk of sudden cardiac death. Circ Cardiovasc Imaging. 
2014;7:747–54.

40. Rajiah P, Setser RM, Desai MY, Flamm SD, Arruda JL. Utility of free-breathing, whole-heart, 
three-dimensional magnetic resonance imaging in the assessment of coronary anatomy for con-
genital heart disease. Pediatr Cardiol. 2011;32:418–25.

41. Angelini P. Is echocardiography adequate to identify the severity of anomalous coronary arter-
ies? JACC Cardiovasc Imaging. 2016;9:898–9.

42. Angelini P, Flamm SD. Newer concepts for imaging anomalous aortic origin of the coronary 
arteries in adults. Catheter Cardiovasc Interv. 2007;69:942–54.

43. Angelini P. Sudden death and coronary anomalies: the importance of a detailed description. Tex 
Heart Inst J. 2011;38:544–6.

44. Angelini P, Uribe C, Monge J, Tobis JM, Elayda MA, Willerson JT. Origin of the right coronary 
artery from the opposite sinus of Valsalva in adults: characterization by intravascular ultraso-
nography at baseline and after stent angioplasty. Catheter Cardiovasc Interv. 2015;86:199–208.

45. Warnes CA, Williams RG, Bashore TM, Child JS, Connolly HM, Dearani JA, Del Nido P, Fasules 
JW, Graham Jr TP, Hijazi ZM, Hunt SA, King ME, Landzberg MJ, Miner PD, Radford MJ, 
Walsh EP, Webb GD. ACC/AHA 2008 guidelines for the Management of Adults with congenital 
heart disease: executive summary: a report of the American College of Cardiology/American 
Heart Association task force on practice guidelines (writing committee to develop guidelines for 
the management of adults with congenital heart disease). Circulation. 2008;118(23):2395–451.

46. Pflederer T, Marwan M, Ropers D, Daniel WG, Achenbach S.  CT angiography unmasking 
catheter-induced spasm as a reason for left main coronary artery stenosis. J Cardiovasc Comput 
Tomogr. 2008;2:406–7.

47. Baumgartner H, De Backer J, Babu-Narayan SV, Budts W, Chessa M, Diller GP, Lung B, Kluin 
J, Lang IM, Meijboom F, Moons P, Mulder BJM, Oechslin E, Roos-Hesselink JW, Schwerzmann 
M, Sondergaard L, Zeppenfeld K, ESC Scientific Document Group. ESC guidelines for the man-
agement of adult congenital heart disease. Eur Heart J. 2021;42(6):563–645.

Anomalous Aortic Origin of a Coronary Artery: Clinical and Surgical Perspective



396

48. Cheezum MK, Ghoshhajra B, Bittencourt MS, et al. Anomalous origin of the coronary artery 
arising from the opposite sinus: prevalence and outcomes in patients undergoing coronary 
CTA. Eur Heart J Cardiovasc Imaging. 2017;18:224–35.

49. Brothers J, Carter C, McBride M, Spray T, Paridon S. Anomalous left coronary artery origin 
from the opposite sinus of Valsalva: evidence of intermittent ischemia. J Thorac Cardiovasc 
Surg. 2010;140:e27–9.

50. Uebleis C, Groebner M, von Ziegler F, Becker A, Rischpler C, Tegtmeyer R, Becker C, Lehner 
S, Haug AR, Cumming P, et al. Combined anatomical and functional imaging using coronary CT 
angiography and myocardial perfusion SPECT in symptomatic adults with abnormal origin of a 
coronary artery. Int J Cardiovasc Imaging. 2012;28:1763–74.

51. Said SM, Cetta F. Pulmonary root mobilization and modified Lecompte Maneuver for trans-
septal course of the left Main coronary artery. World Journal for Pediatric and Congenital Heart 
Surgery. 2020;11(6):792–6.

52. Agrawal H, Mery C, Krishnamurthy R, et al. Stress myocardial perfusion imaging in anomalous 
aortic origin of a coronary artery: results following a standardized approach. J Am Coll Cardiol. 
2017;69(11_S):1616.

53. Greenwood JP, Maredia N, Younger JF, et al. Cardiovascular magnetic resonance and single- 
photon emission computed tomography for diagnosis of coronary heart disease (CE-MARC): a 
prospective trial. Lancet. 2012;379:453–60.

54. Noel Cory V, Krishnamurthy R, Silvana M, et al. Cardiac MR stress perfusion with regadeno-
son or dobutamine in children single center experience in repaired & unrepaired congenital & 
acquired heart disease. Circulation. 2016;134(suppl_1):A19899–A119899.

55. Pflugi S, Roujol S, Akçakaya M, Kawaji K, Foppa M, Heydari B, Goddu B, Kissinger K, Berg 
S, Manning WJ, Kozerke S, Nezafat R. Accelerated cardiac MR stress perfusion with radial 
sampling after physical exercise with an MR-compatible supine bicycle ergometer. Magn Reson 
Med. 2015;74(2):384–95.

56. Agrawal H, Molossi S, Alam M, et al. Anomalous coronary arteries and myocardial bridges: 
risk stratification in children using novel cardiac catheterization techniques. Pediatr Cardiol. 
2017;38:624–30.

57. Tonino PAL, De Bruyne B, Pijls NH, et al. Fractional flow reserve versus angiography for guid-
ing percutaneous coronary intervention. N Engl J Med. 2009;360:213–24.

58. De Bruyne B, Bartunek J, Sys SU, et al. Simultaneous coronary pressure and flow velocity mea-
surements in humans: feasibility, reproducibility, and hemodynamic dependence of coronary 
flow velocity reserve, hyperemic flow versus pressure slope.

59. Eckart RE, Shry EA, Burke AP, et al. Sudden death in young adults: an autopsy-based series of a 
population undergoing active surveillance. J Am Coll Cardiol. 2011;58:1254–61.

60. Krasuski RA, Magyar D, Hart S, et al. Long-term outcome and impact of surgery on adults with 
coronary arteries originating from the opposite coronary cusp. Circulation. 2011;123:154–62.

61. Frescura C, Basso C, Thiene G, et al. Anomalous origin of coronary arteries and risk of sud-
den death: a study based on an autopsy population of congenital heart disease. Hum Pathol. 
1998;29:689–95.

62. Kaushal S, Backer CL, Popescu AR, et al. Intramural coronary length correlates with symptoms in 
patients with anomalous aortic origin of the coronary artery. Ann Thorac Surg. 2011;92:986–91.

63. Sharma V, Burkhart HM, Dearani JA, et al. Surgical unroofing of anomalous aortic origin of a 
coronary artery: a single-center experience. Ann Thorac Surg. 2014;98:941–5.

64. Molossi S, Mery CM, Krishnamurthy R, et al. Standardized approach to patients with anoma-
lous aortic origin of a coronary artery: results from the coronary anomalies program a Texas 
Children’s hospital. J Am Coll Cardiol. 2015;65(10_S):A501.

C. Marrone and D. Federici



397

65. Sachdeva S, Frommelt MA, Mitchell ME, et  al. Surgical unroofing of intramural anomalous 
aortic origin of a coronary artery in the pediatric patients: single-center perspective. J Thorac 
Cardiovasc Surg. 2018;155(4):1760–8.

66. Vinnakota A, Stewart RD, Najm H, et al. Anomalous aortic origin of the coronary arteries: a 
novel unroofing technique in an adult cohort. Ann Thorac Surg. 2019;107(3):823–8.

67. Mostefa Kara M, Fournier E, Cohen S, et al. Anomalous aortic origin of coronary arteries: is the 
unroofing procedure always appropriate? Eur J Cardiothorac Surg. 2021;59(3):705–10.

68. Agati S, Secinaro A, Caldaroni F, et al. Perfusion study helps in the management of the intraseptal 
course of an anomalous coronary artery. World J pediatr Congenit Heart Surg. 2019;10(3):360–3.

69. Najm KH, Ahmad M. Transconal unroofing of anomalous left main coronary artery from right 
sinus with trans-septal course. Ann Thorac Surg. 2019;108(6):e383–6.

70. Mainwaring RD, Hanley FL. Surgical treatment of anomalous left main coronary artery with an 
intraconal course. Congenit Heart Dis. 2019;14(4):504–10.

71. Rodefeld MD, Culbertson CB, Rosenfeld HM, et al. Pulmonary artery translocation: a surgical 
option for complex anomalous coronary artery anatomy. Ann Thorac Surg. 2001;72(6):2150–2.

72. Bonilla-ramirez C, Molossi S, Sachdeva S, et al. Outcomes in anomalous aortic origin of a coronary 
artery after surgical reimplantation. J Thorac Cardiovasc Surg. 2021:S0022-5223/20)33455-3. 
https://doi.org/10.1016/j.jtcvs.2020.12.100.

73. Gaudin R, Raisky O, Vouhè P. Anomalous aortic origin of coronary arteries: “anatomical” sur-
gical repair. Multimed Man Cardiothorac Surg. 2014;2014:mmt022. https://doi.org/10.1093/
mmcts/mmt022.

74. Gaillard M, Pontailler M, Danial P, et al. Anomalous aortic origin of coronary arteries: an alter-
native to the unroofing strategy. Eur J Cardiothorac Surg. 2020;58(5):975–82.

75. Jegatheeswaran A, Devlin PJ, Williams WG, et al. Outcomes after anomalous aortic origin of 
a coronary artery repair: a congenital heart Surgeon’s society study. J Thorac Cardiovasc Surg. 
2020;160(3):757–771.e5.

Anomalous Aortic Origin of a Coronary Artery: Clinical and Surgical Perspective

https://doi.org/10.1016/j.jtcvs.2020.12.100
https://doi.org/10.1093/mmcts/mmt022
https://doi.org/10.1093/mmcts/mmt022


399

Surgical Myocardial Revascularization 
with Cardiopulmonary Bypass

Giovanni Concistrè and Marco Solinas

Abbreviations

CABG Coronary artery bypass grafting
LAD Left anterior descending
CAD Coronary artery disease
LIMA Left internal mammary artery
PCI Percutaneous coronary intervention

1  Introduction

Surgery for revascularization of the myocardium continues to be an effective and lasting 
means of managing patients with multivessel coronary artery disease. However, the recent 
evolution of intracoronary stents has enabled interventional cardiologists to treat coronary 
stenoses percutaneously with early results approaching those of surgical bypass proce-
dures. This has had an impact on the number and types of patients who are referred for 
coronary artery bypass surgery. Therefore, our surgical patients are now generally older 
and have more comorbid conditions and more severe left ventricular dysfunction, and 
many have had previous catheter-based interventions. These patients are at increased sur-
gical risk and may have poor surgical targets. To handle this group of patients, surgeons 
need to incorporate newer procedures into their practice, including off-pump surgery and 
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transmyocardial laser revascularization, and pursue such strategies as angiogenic and cell- 
based technology.

Ultimately, the goal in the operating room is to provide patients with grafts that have 
the best long-term patency. The LIMA has proven to be the gold standard of conduits. Its 
patency is better than 90% at 15 years, and its use has been proven to prolong patient 
survival. The in situ LIMA is the graft of choice to the LAD coronary artery. The in situ 
right internal thoracic artery has slightly lower patency compared with the in situ LIMA. In 
younger patients, this is an excellent choice of graft to the ramus intermedius, proximal 
obtuse marginal coronary artery, or mid- to distal right coronary artery.

2  History

A variety of surgical procedures have been developed over the last 70 years to treat the 
symptoms of obstructive CAD [1]. Myocardial revascularization began in the early 1900s 
with extracardiac operations, such as sympathetic denervation and thyroid ablation. Initial 
attempts by Beck and others abraded the exposed pericardial surface to induce inflamma-
tory adhesions and neovascularization between the epicardium and the parietal pericar-
dium. More than 60 years ago, an operation was developed by Vineberg in which the 
transected internal mammary artery was implanted in the myocardium. In the late 1950s 
and early 1960s, a few attempts at direct coronary endarterectomy were made. The ques-
tion of who performed the first CABG is a subject of great debate, with claims of the first 
such operations reported decades later. Goetz performed the first well-documented CABG 
operation utilizing the right mammary artery and the right coronary artery employing a 
metal tube to connect the two in 1960. CABG began in earnest, however, in the late 1960s, 
along two parallel paths that included bypassing coronary artery obstructions using either 
the mammary artery as the bypass conduit or the reversed saphenous vein grafts from the 
leg. Each approach had early proponents, but the use of saphenous vein grafts became the 
dominant approach by the majority of cardiac surgeons in the 1970s. This preference was 
based on the perceived ease of use with the larger and technically less demanding saphe-
nous vein grafts. Saphenous veins could be used to graft any coronary artery site, includ-
ing arteries on the lateral and inferior wall of the heart. Mammary artery graft, however, 
especially the pedicled graft, was limited to anterior and proximal coronary artery sites. 
Although many of the earliest CABG procedures were limited to one or two distal coro-
nary artery targets, multi-artery grafting was performed increasingly frequently as the 
procedure grew in popularity and effectiveness. By the late 1970s, just 10 years after the 
initiation of direct CABG, most patients were receiving multiple bypass grafts with anas-
tomoses to the distal right and circumflex systems in addition to the LAD and proximal 
right coronary arteries. Some early proponents of the mammary artery graft persisted in 
the use of this conduit as a pedicled graft to the LAD.
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By the mid-1980s, with CABG being carried out increasingly throughout the world 
and with 10- to 15-year follow-up experience available from the early group of bypass 
recipients, two extremely important observations were made. Many of the earliest 
patients to receive bypass grafts were returning 5–10 years after their operation, with 
recurrent angina and symptoms similar or even worse than the original complaints that 
had led to their initial bypass operation. On repeat catheterizations, many were found 
to have marked progression of atherosclerosis in their native coronary arteries and, 
even more alarming, severe obstructive atherosclerosis in the vein grafts that were used 
in the original procedure. A second unexpected observation was that, in patients who 
had mammary artery bypass grafts performed previously, graft atherosclerosis and pre-
mature graft occlusion were rarely encountered. This observation was even true in 
patients whose accompanying saphenous vein grafts were severely diseased and/or 
obstructed. These findings led to changes in the approach that was taken to CABG in 
the mid- to late 1980s, which have resulted in the current standard approach to CAB 
surgery. The majority of patients who undergo CABG surgery today receive a pedicled 
mammary graft to the LAD. Other required bypasses are constructed using reversed 
saphenous vein grafts, with proximal aortic anastomoses. This combination of LIMA 
plus two or more saphenous vein grafts can be described as the traditional, and most 
common, configuration for patients who have multiple coronary bypass grafting still 
today. That paradigm, however, is slowly changing based upon favorable data with the 
use of total arterial revascularization. The use of bilateral internal mammary grafts, 
skeletonized mammary arteries, radial artery grafts, as well as techniques of sequential 
anastomoses allows for complete arterial revascularization. The use of bilateral mam-
mary grafts, however, does increase the risk of sternal wound infection, especially in 
diabetic patients.

The technique of hybrid coronary revascularization involves the use of minimally inva-
sive techniques for the LIMA graft to the LAD and then the use of angioplasty/stenting to 
lesions in the right and circumflex artery distributions. This can be done at the time of 
CABG in a hybrid suite or in a staged fashion. The role of hybrid revascularization is 
discussed in Chapter 27.

A key feature in the current therapeutic approach to patients who undergo coronary 
bypass is the initiation of specific medications postoperatively to reduce progression of 
native artery and especially vein graft atherosclerosis. This secondary preventive approach 
includes the use of aspirin and other antiplatelet agents, lipid-lowering medications, and a 
variety of other drugs that affect baseline coronary artery tone and degree of vasodilation, 
heart rate, blood pressure, and even endothelial inflammatory susceptibility. Other impor-
tant components of secondary prevention for patients who have a coronary bypass grafting 
procedure are weight loss and stress reduction, dietary compliance, exercise programs, 
and smoking cessation, whenever applicable.

Indications for CABG are discussed further in Chapter 17.
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3  Preoperative Evaluation

All patients who are referred to a surgeon for consideration of CABG will have had a coro-
nary angiogram performed. Often, however, the patient who is referred for CABG will 
require one or more additional studies. Assessment of global left ventricular function with 
calculation of the ejection fraction as well as assessment of regional ventricular function, 
using a perfusion study or 2D echocardiogram, may be helpful. Regional wall motion 
assessment may be especially important in situations in which coronary arterial branches 
are completely occluded and not visualized on coronary angiography. The presence of 
retained regional contractile function, as well as other signs of viability, should prompt an 
attempt at coronary artery identification and grafting in these areas. The surgeon should 
assess these studies and discuss his or her plans for bypass grafting with the patient before 
the procedure. Requests by cardiologists for consideration of bypass grafting should be 
seen as actual consultations for assessment of suitability for surgery, not prescriptions to 
perform specific operations according to the judgments made exclusively by the cardiolo-
gists or other physicians.

Another important component of preoperative assessment that requires the input of 
the surgeon is the availability of suitable conduits. Few CABG candidates have such 
severe peripheral vascular disease that the mammary artery is not suitable for use as a 
bypass conduit. A complete occlusion of the proximal left subclavian artery, however, 
such that a subclavian “steal” might occur, can be determined by the absence or marked 
reduction of blood pressure in the left arm. The diagnostic cardiologist should be 
expected to visualize the LIMA during coronary artery studies in patients with severe 
brachiocephalic arterial obstructive disease. A more common problem that causes 
unsuitability of the LIMA for grafting is seen in patients who have had prior anterior 
thoracic irradiation, especially those who have been radiated for mediastinal lymphoma. 
A frequent problem that is overlooked when referring patients for multivessel coronary 
artery grafting, however, is the absence of saphenous veins in those who have had saphe-
nous vein stripping because of severe varicosities. In addition, varicosed saphenous 
veins may pose problems. In either situation, physical examination and ultrasound 
venous mapping should be undertaken preoperatively. The expanded use of arterial con-
duits makes this less of a problem today than in years past. The presence of significant 
peripheral vascular disease can alter the approach to lower extremity vein harvesting. 
Leg testing with calculation of arterial brachial indices is indicated. Evaluation for con-
comitant carotid artery disease by ultrasound is indicated in those with physical exam 
findings of a carotid bruit or a history of transient ischemic attack or stroke. Significant 
chronic obstructive pulmonary disease should be evaluated with preoperative pulmo-
nary function tests, and an attempt at smoking cessation and medical optimization is 
paramount. An Allen’s test and/or ultrasound of the radial artery in the nondominant arm 
can be performed.
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4  Surgical Intervention

4.1  Incision

The incision is made from the midpoint of the sternal notch and sternal angle down to the 
tip of the xyphoid. Retraction in the sternal notch allows careful division of the clavicular–
clavicular ligament. Careful attention is paid to the position of the innominate artery, 
which is typically superior and deep to this. After division and retraction, the edges of the 
sternum are carefully cauterized for hemostasis. A minimal amount of bone wax is used to 
stop bleeding in the marrow. The thymic tissues, subcutaneous tissue, and any muscle are 
divided up to the inferior edge of the brachiocephalic vein.

The graft materials, harvesting methods, and treatment of grafts are discussed in 
Chapter 24.

4.2  Establishment of Cardiopulmonary Bypass

The pericardium is divided into a T-shape. The remnant of thymic tissue and pericardial fat 
is divided in the midline until the inferior aspect of the left innominate vein is identified. 
Placement of pericardial retraction sutures to create a pericardial cradle improves expo-
sure. The distal ascending aorta is inspected and manually palpated for soft nonatheroscle-
rotic areas suitable for cannulation and cross-clamping. Systemic anticoagulation is 
achieved prior to arterial cannulation with intravenous administration of heparin. Two 
partial-thickness concentric diamond-shaped purse-string sutures using 3-0 Tevdek or 
polypropylene suture are placed in the distal ascending aorta. The aortic cannula is inserted 
and properly positioned, and the purse strings are tightened. The rubber tourniquet is 
secured to the aortic cannula with a heavy silk tie, and then the cannula is secured to the 
skin. The aortic cannula is then de-aired and connected to the arterial end of the pump 
tubing. The purse-string suture is tightened, and the tourniquet is secured to the venous 
cannula with a heavy silk tie. The venous line is then connected to the pump tubing. After 
ensuring that the appropriate activated clotting time target has been reached, cardiopulmo-
nary bypass is initiated. An aortic root cannula for administration of cardioplegia and 
venting is placed in the ascending aorta. Retrograde cardioplegia may be used, particularly 
if there is aortic regurgitation, left main disease, severe proximal multivessel disease, or 
poor left ventricular function. Patients with aortic insufficiency that is not to be surgically 
addressed may benefit from the placement of a left ventricular vent catheter via the right 
superior pulmonary vein to avoid left ventricular distention.

Target vessels may be easier to identify before cardioplegic arrest while they are fully 
distended in their native state. Target locations are usually confirmed by visual inspection 
and epicardial examination with the location of planned distal anastomoses. Systemic 
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cooling to between 28 and 34 °C is preferred by many surgeons, although it is our practice 
to perfuse patients normothermically. Cardioplegia may be administered warm, tepid 
(25 °C), or cold via antegrade or retrograde routes. Some surgeons even administer car-
dioplegia simultaneously both antegrade and retrograde. A sub-study of the CABG Patch 
Trial investigated the effect of cardioplegia type, temperature, and delivery route in 885 
CAD patients with low ejection fraction (EF) (36%). Patients receiving crystalloid car-
dioplegia versus those receiving blood cardioplegia were found to have significantly more 
operative deaths (2% versus 0.3%), postoperative myocardial infarction (10% versus 2%), 
shock (13% versus 7%), and postoperative conduction defects (21.6% versus 12.4%). 
Despite a higher operative morbidity, no significant difference was demonstrated in early 
or late mortality between crystalloid and blood cardioplegia. Furthermore, patients receiv-
ing normothermic blood cardioplegia had less postoperative right ventricular dysfunction 
(10%) than those receiving cold blood (25%), or cold blood with warm reperfusion (30%). 
There was also no significant difference in early or late mortality with regard to tempera-
ture of blood cardioplegia. Finally, combined antegrade and retrograde cardioplegia deliv-
ery was associated with significantly less inotrope use (71% versus 84%), right ventricular 
dysfunction (23% versus 41%), and postoperative balloon pump use (12% versus 19%) 
than antegrade cardioplegia delivery alone [2].

4.3  Distal Anastomoses

Exposure of the coronary arteries for the distal anastomosis of the saphenous vein to the 
coronary arteries can be accomplished by a number of techniques. In our experience, static 
exposure of the distal right coronary artery and its posterior descending branch can be 
obtained by placing one traction stitch on the acute margin of the heart and one traction 
stitch under the proximal right coronary artery. Exposure of the left coronary branches is 
accomplished by two tapes. One tape is drawn through the transverse sinus and the other 
tape through an opening below the right inferior pulmonary vein behind the inferior vena 
cava. The traction of these tapes allows exposure of left cardiac wall. The technique for 
anastomosis to all the coronary arteries is essentially the same. The arteriotomy is made at 
the selected site. It is enlarged to a length of 5–7 mm with Potts scissors. The distal end of 
the conduit must be tailored to have an oblique, hood-shaped lumen with a circumference 
at least 25% larger than that of the arteriotomy. The distal anastomosis is started with 7-0 
or 8-0 Prolene sutures, double armed with tapered needles. Traditionally, the vein or the 
thoracic artery is held by the assistant surgeon with two atraumatic forceps.

4.4  Proximal Anastomosis

Once an appropriate site for aortotomy is identified, the fatty tissue overlying the aorta is 
removed. An arteriotomy is created, and a 4–5 mm punch is used to create a circular aor-
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totomy. The size of the punch will vary depending on the size of the conduit graft. The 
proximal aspect of the conduit is beveled and then notched at the heel. A running 6-0 
polypropylene suture is used in our experience. The long axis of the graft is aligned at an 
appropriate angle to the ascending aorta. Symmetry in the spacing of sutures is paramount 
to obtain a hemostatic anastomosis.

5  Outcome

5.1  Evidence for Outcomes in CABG: Observational Studies

CABG is perhaps unique in medicine with the volume of short-term and long-term out-
come data accumulated over the years. In 1988, the Society of Thoracic Surgeons database 
was started to assess short-term (30-day) mortality outcomes for CABG in response to 
non-risk-adjusted mortality being reported in  local papers by Medicare. This database 
effort has become the flagship clinical database program in medicine; currently, >95% of 
all hospitals in which open-heart surgery is performed currently participate in this data-
base. Over 150 observational analysis manuscripts have been published from this database 
program. At a national level, these studies have documented the remarkable decline in 
30-day mortality and, to a lesser extent, morbidity in the face of a relentless increase in the 
preoperative risk status of the patients coming to CABG. These studies have also docu-
mented, through a series of quality improvement studies funded by the Agency for 
Healthcare Research and Quality, the importance of preoperative beta-blocker use and 
internal mammary artery use on acute mortality, as well as the opportunity and importance 
of secondary prevention medications following isolated CABG.  Over the past several 
years, these national data have also documented that mortality for CABG has reached an 
asymptote of 1.8–2.0% nationally by the Society of Thoracic Surgeons National Database 
data. Not surprisingly, at this level of infrequency of outcomes, additional improvements 
will be more difficult to achieve, perhaps requiring developments that change CABG in a 
paradigm-shifting manner. Other critically important information has been generated from 
regional database activities, beginning with the Northern New England Cardiac Surgery 
studies, and including the New  York State database analyses. Other studies from the 
Virginia Cardiac Surgery Quality Improvement project, the Michigan Society of Thoracic 
and Cardiovascular Surgery, and the Washington State COAP program have generated 
additional considerable observational evidence about the processes and outcomes of 
CABG. Importantly, these national/regional observational analyses were limited in that 
most did not capture long-term outcome data. The NY State databases for PCI and CABG 
allowed for long-term follow-up analysis of the comparison of these two procedures, 
which suggested a long-term survival benefit with CABG vs. PCI. Two reports from the 
Duke University Clinical Cardiology database over 25 years both suggested improved 
survival with CABG vs. PCI or medical therapy in patients with more severe anatomic 
disease [3].
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5.2  Evidence for Outcomes in CABG: Randomized Trials

The limitations of observational dataset analyses are inherent site and selection confound-
ing bias that cannot be addressed without the rigor of a randomized design. As PCI 
emerged as an alternative therapy to CABG for ischemic heart disease, a number of 
inferiority- design trials in low-risk surgical patients documented equivalent short-term 
outcomes. Several of these trials, such as the ARTS trial, had longer term outcomes 
reported as well [4]. Overall, however, these trials mostly excluded patients with more 
severe disease by anatomic classification, while including patients with lower predicted 
surgical risk. To address these trial design issues, the Synergy between Percutaneous 
Coronary Intervention with Taxus and Cardiac Surgery (SYNTAX) and Future 
Revascularization Evaluation in Patients with Diabetes (FREEDOM) trials were designed 
and executed over the past 5–7 years [5, 6]. In SYNTAX, the anatomic construct for revas-
cularization reached its apogee with the development and use of the SYNTAX score to 
classify patient’s SIHD based on anatomic severity. In FREEDOM, 83% of patients had at 
least moderately severe three-vessel disease in both arms of the trial. Both trials have 
recently reported 5-year results, with important and perhaps surprisingly consistent results 
regarding late outcomes from CABG vs. PCI in “real world” and diabetic patients. There 
was a demonstrated long-term survival benefit seen in both SYNTAX and FREEDOM, 
statistically favoring CABG.  In SYNTAX, this freedom from mortality was seen in 
patients with more severe anatomic disease, as indicated in the intermediate and high 
SYNTAX tertiles. In FREEDOM, the mortality benefit was seen across all three SYNTAX 
tertiles, probably because of the underlying severity of anatomic disease present in these 
patients. In both SYNTAX and FREEDOM, at 5 years, there was a decreased incidence of 
myocardial infarction in the CABG arms, as well.
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Surgical Myocardial Revascularization 
Without Cardiopulmonary Bypass

Paul Sergeant

1  Patient Selection

Nearly all coronary revascularization patients are perfect candidates for this approach. 
They are not unconditional perfect candidates but demand a very strict anaesthesia as 
well as surgical pathway in combination with an appropriate conceptual, simulation, and 
organizational learning process. This selection is not conditional of extensive experi-
ence, but conditional of following a strict proven conceptual pathway. Any deviation 
from such a strict conceptual pathway will reduce this list considerably and maybe even 
exclude nearly all patients.

From a ventricular function perspective, there is no issue in low ejection fraction, 
hypertrophic left ventricle, aortic valve regurgitation, and mitral valve regurgitation. Only 
a functional mitral valve regurgitation, present only during active ischaemia, is very diffi-
cult to manage.

From an anatomical perspective, left main stenosis, an intramural LAD, a diffusely 
diseased LAD, or a calcified aorta create specific expertise and management but are no 
obstacles.

From an approach perspective, a normal repeat CABG procedure is possible in off- 
pump mode but to use a previously constructed arterial graft as inflow will create an addi-
tional ischaemic possibility. A history of deep wound infection will most certainly mandate 
the use of the extracorporeal circulation.
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From a haemodynamic perspective, same-day infarct patients with an index under  
2l/M2 can be operated in off-pump mode, maybe with the support of an IABP. But if the 
index is under 1l/M2 or if there are signs of reduced saturation or runs of ventricular arryth-
mia, then the safety of the extracorporeal circulation is preferable.

2  Criteria for Optimal Exposure

The criteria are described in Table 1.

Table 1 The essential criteria for optimal exposure

Stress No stress for patient, surgeon, or anaesthesiologist
Anatomy All coronary vessels, including intramural and intra-septal pathways
Anastomosis A perfect anastomosis by a resident trained in OSATS-based simulation
Heart rate Physiological heart rates for patient and surgeon
Cardiac output Physiological cardiac outputs for patient
Filling pressures Physiological filling pressures in arterial and venous systems
Mitral incompetence No new or increase of existing incompetence
Aortic incompetence No new or increase of existing incompetence
Inotropic medication Normal physiology without inotropic support
Conversion rates 4 and 5 sigma rates
Outcomes Annihilation of early risk and no loss of late outcome benefit
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3  Conditioning of the Patient Before Exposing the Different 
Sides of the Heart

These patient selection and optimal exposure criteria cannot be reached without condi-
tions. So, the proposed methodologies in the next sections demand a very strict prepara-
tion of the patient, starting with a surgical team approach and a continued team interaction 
with an equal respect for nurse, anaesthesiologist, and surgeon. Although it seems possible 
to perform CABG with locoregional anaesthesia, we select general anaesthesia as the 
preferred method. The basic anaesthesia access is arterial and venous lines; the basic 
monitoring is pulmonary artery monitoring of pressures and curves, multi-lead ST moni-
toring, as well as visual observations of shape, colour, and contractile waves of the heart. 
Ischaemia prevention and monitoring are based on mandatory shunting, a strict under-
standing of the surgical phases with additional ischaemic risk, ST-segment monitoring, as 
well as PA pressure and curve shape monitoring. The body temperature remains within 
normothermic ranges, without drift below 36 °C. This is achieved through strict tempera-
ture management from the hospital bed, during anaesthesia, and until draping. All gasses 
and fluids are heated, and the mattress is heated. The operating-room temperature is sec-
ondary to the patient’s temperature drift. Filling remains within a physiologic range; where 
needed, the legs only are elevated; and all displacements of the heart are very controlled. 
Trendelenburg position is considered outdated since it increases central venous pressures 
outside of a physiological range and decreases the venous cerebral return. Physiologic 
pressures are maintained without the use of inotropy; only selective vasoconstriction can 
compensate the vasodilatation observed in the very warm patient. Anticoagulation is com-
plete with an ACT above 400 and mandatory check every 15 min. PVCs caused by manip-
ulation are inacceptable; all PVCs are therefore considered early warning signals of 
possible ischaemia and treated as such. Potassium is maintained above 4 mmol/L, beta- 
blocking adjusts tachycardia, and pacing is installed when the patient has a documented 
LBBB/RBBB/LAHB/AFib.
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4  The Exposure of the Anterolateral Wall

We normally perform a complete sternotomy. It is possible to reduce skin incision, cer-
tainly in the cranial part and with women. This does not considerably increase the diffi-
culty. The sternal retractor is placed with the transverse bar at the top of the chest (Fig. 1), 
creating thereby an optimal retraction in the lower part of the mediastinum. This  positioning 
will allow a very low positioning of the anastomotic stabilizer over the diaphragm (see 
later) and the stabilization of the hand of the surgeon during the anastomotic phase.

Our approach is driven by the use of both ITA arteries in nearly all procedures. We open 
both pleural cavities (only after harvesting both IMA) to allow maximum length and 
mobility of these grafts. The opening of the right chest is not used for enucleating the 
heart, since this will distort and strangulate the inflow of the two caval veins.

The pericardium is opened after the pre-elevation of both ITA arteries. Five different 
incision lines (Fig. 2) are performed. Line no. 1 is a midline incision. Line nos. 2 and 3 
follow the diaphragm. Line nos. 4 and 5 are created at the level of the pulmonary valve and 
go down to the level of the phrenic nerves, where they follow a short horizontal track.

head
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feet

Fig. 1 The positioning 
of the sternal retractor
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Fig. 2 The incision of 
the pericardium

The LAD, and its septal and diagonal tributaries, is the coronary system with the largest 
outflow area. Therefore, this area is always vascularized first and preferably with an in situ 
arterial graft. If diagonal anastomoses are needed, then they are performed in a sequential 
fashion on that same graft and before the LAD.

At this moment, we see mostly the right ventricle and some sections of the LAD.
To expose the left anterolateral wall, we start by suspending the left pericardium to the 

chest wall. If we plan to do the proximal right coronary, this will be released, and the right 
pericardium only will be suspended. So let us return to the left anterolateral wall. We will 
avoid touching the left ventricle with the hands or instruments, other than the stabilizer, to 
avoid even a single PVC. It is possible to stabilize the LAD now over a large portion, but 
we prefer to improve the visualization even more before attempting the anastomoses of the 
anterolateral wall. To do that, we place a series of silk stitches, parallel and above the 
phrenic nerve, from the top towards the diaphragm, to gradually lift the left ventricle and 
expose the LAD and its branches. The separate stitches are also fixed to the sternal wall.
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Fig. 3 The stabilization 
of the anastomotic 
region: the anastomotic 
stabilizer

At this moment, we bring in the anastomotic stabilizer. It is fixed to the sternal retractor 
on the lower part of the right arm and makes a curve (Fig. 3), low above the diaphragm, 
and is then positioned in the anastomotic region. The stabilizer suctions the anterior wall 
and is then slightly lifted, so that absolutely no pressure is exercised on the anastomotic 
region of the ventricle. The hand of the surgeon, holding the needle holder, can rest on 
this arm.

Usually, there is still insufficient stabilization; therefore, a secondary stabilization is 
performed. This is obtained (Fig.  4) by placing everting retracting stitches with a 4-0 
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Lateral
stabilization

Lateral
stabilization

Longitudinal stabilization

Fig. 4 The secondary 
stabilization

suture on both sides if the residual instability is laterolateral, and proximal or distal if the 
instability is longitudinal.

Now, optimal visualization and stabilization are obtained to place the shunt and per-
form the sequential or unique anastomosis. The appropriate shunting and anastomotic 
techniques are not part of this manuscript.

The anastomotic stabilizer should not be placed on top of a coronary vessel; even 
touching or bending a coronary artery can induce ischaemia. Where needed, one or both 
branches can be spread to adapt to the local situation. This will decrease the stabilization, 
but this can be recuperated by the secondary stabilization. In addition, some wax can 
occlude a suction hole, where it crosses an artery or a cavity (Fig. 5).
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Fig. 5 Spreading one or 
both branches of the 
stabilizer

Table 2 Different enucleating methods (+++ very good, ++ good, + average, −−− totally  
inacceptable, −− inacceptable, − not good)

Method Leverage Haemodynamics Visibility
Retrocardiac sponge/prosthesis + + −
Cross-your-heart tapes +++ −−− ++
Anastomotic stabilizer as enucleator + + +
Apical positioner (suction cap) ++ + ++
Apical positioner (suction surface) ++ ++ ++
Deep stitch in lateral posterior pericardium + −− +
Deep tape under the left atrium (ULA) +++ +++ ++
Deep tape ULA with apical positioner (surface) +++

Preferred
+++
Preferred

+++
Preferred

5  The Exposure of the Posterolateral Wall

Several methods (Table 2) have been proposed to enucleate the heart out of the pericar-
dium; each of these methods delivers a leverage, induces hemodynamic consequences, 
and proposes a visibility on the posterolateral area of the heart. In this manuscript, we will 
not describe each method, but focus on the method with the best leverage, the least haemo-
dynamic consequence, and the best visibility.
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Table 3 The components of Newton’s second law

The centre of the mass to be elevated and rotated G
The distance of the middle of the front wheel to the centre of the mass b
The distance between the centre of the mass and the hands lifting the wheelbarrow c

The exposure of the posterolateral wall demands two movements of the left ventricle, 
namely a rotational movement out of the cavity and an elevation movement. In fact, this is 
exactly what a wheelbarrow does with a load. Newton in his second law studies this effect 
(Table 3).

Newton describes that if the distance b is 0, there will be no lift, only rotation. The 
longer the distance b, the higher the lift. This has considerable consequences. So, the 
closer we will bring the anchoring stitch to the bottom of the heart on the left pericardium, 
the better the lift. But it is possible to move even further, namely under the left atrium 
closer to the right superior pulmonary vein. There are some issues in placement, but we 
will discuss this later. In addition, we have documented that nearly all anchor placements 
outside of the left atrial quadrangle induce mitral valve incompetence by breaking the 
atrioventricular axis. One needs to measure the pulmonary artery pressures to observe this.

To lift the heart, we can use three possible structures.
The first one is the posterior pericardial wall. This wall is fixed to the posterior side of 

the pericardium and will only lift minimally.
The second possibility is to use sutures and have the heart lay on the sutures. This will 

be much better, but a suture has only a small contact zone with the cardiac surface and is 
at risk of creating abrasion.

The third possibility and our preferred one is a wide, wet tape that is anchored under the 
left atrium. The larger and wet contact zone annihilates the risk of abrasion and spreads the 
leverage movement during rotation and lifting. Some units even use warm fluids to wet 
the tapes.

Step 1:
Interface with anaesthesia and request permission to start the process. The conditioning 

of the patient should be perfect, as the filling of the patient, no ischaemia, and physiologi-
cal values for the ions. See the applications “CABG OPCAB training” and “MyCVsurgery” 
for videos and graphical depictions of every step involved.

Step 2:
Have a small sponge in the right hand. Place the left hand in the chest and take the 

ventricle out of its pocket, in a gentle move and without compressing the ventricle, so that 
it can continue to fill and empty. Pass the ventricle from the left hand to the right hand and 
keep the small sponge between the heart and the right hand. Scoop with the fingers of the 
left hand under the left atrium and between the two inferior pulmonary veins: with one 
finger if it is a small older lady, and with up to three fingers where possible. Lift the 
scooped left atrium upwards.
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This movement separates the left atrial wall from the posterior mediastinum under that 
left atrium. That posterior mediastinal wall becomes visible. Make sure not to squeeze the 
heart under the left forearm. Indeed, if you do not allow the heart to fill, it will not eject. 
Practise this manoeuvre having the aorta cannulated.

Step 3:
Place a 1 Prolene 100 cm long polypropylene suture in the pulmonary quadrant, under 

the left atrium, as high up as possible and as close as possible to the right superior pulmo-
nary vein. Beware of the route of oesophagus. Do not anchor into the pulmonary inflow 
veins; their structure is not solid enough.

Bring the needle out of the chest and return the heart gently to its physiologic position. 
These complete steps 2 and 3; together, it should only need 5–7 s. Allow the haemody-
namic situation to return to normal. After some experience, this can be done without 
reduction of filling and ejection.

Step 4:
Place a long and stiff tourniquet around the previously inserted 1 Prolene suture, place 

a long and wet sponge through the open eye of the tourniquet, and divide it into two equal 
lengths of sponge, creating a two-pronged or two-armed structure.

Step 5:
Interface again with anaesthesia, and request permission for the second manoeuvre. 

Use the left hand to displace the left ventricle, and use a solid forceps in the right hand to 
push the sponge down in the open space, all the way down to the anchor point. The first 
assistant or scrub nurse follows downwards with the tourniquet and affixes it with a 
solid clamp.

Place one prong of the sponge more upwards and one more downwards, so that the 
mass of the ventricle is centred in the middle between both, as in a cradle. The surgeon 
returns the heart to its physiologic position. This manoeuvre should take less than 3–4 s. 
Allow the haemodynamic situation to return to normal.

Step 6:
Interface again for the third time with anaesthesia and agree on starting the actual enu-

cleation process. The anaesthesiologist monitors the monitoring systems as well as the 
surgical field. The surgeon monitors only the surgical field. In the past, a Google Glass- 
type monitoring system was used by the surgeon. It was conceptually incorrect; each 
medical profession should monitor its own domain. The two prongs should be separated 
around 4 cm from one another and the mass of the left ventricle around halfway in between. 
If the distance between the two sponge prongs is too close, the ventricle will slide one way 
or the other; if it is too wide, the ventricle will not enucleate.

Step 7:
Very slowly elevate and pull the two prongs towards the left side of the chest, with the 

intention of giving as much space as possible to the left ventricle to enucleate. The heart is 
slowly elevated, and the prongs are repeatedly adjusted in function of the pathway fol-
lowed by the left ventricle to maintain optimal control. Not a single premature ventricular 
contraction should be observed.
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The anaesthesiologist is given time to respond to changes in filling, by elevating the 
legs. Trendelenburg is considered outdated to avoid cerebral venous congestion. If needed, 
additional volume or selective vasoconstrictors are given. The whole process should take 
a few minutes and should result in a full erectile left ventricle.

Step 8:
If the ventricular shape is rather oblong, it is possible to observe an axial instability of 

the erectile left ventricle. This creates PVCs and even minor haemodynamic 
consequences.

If the ventricular shape is round, the airspace between the left ventricular wall and the 
sternal retractor is minimal and sometimes even absent. Both issues are solved by placing 
a tri-appendage apical positioner.

In fact, we use an apical positioner in nearly all cases to facilitate the procedure for the 
surgeon with lesser experience. The negative suction, needed to control the movement of 
the heart, can be reduced from the proposed −400 mm Hg to −200 mmHg, because the 
ventricle is completely supported from the bottom-up. If too much elevation tension is 
applied, it is preferable for the positioner to disconnect from the ventricle.

The positioner is placed in the zone left lateral to the LAD with two appendages point-
ing towards and the third away from the LAD. The LAD is avoided as is the diaphragmatic 
surface of the right ventricle because the suction will disconnect at the first manipulation 
of the positioner.

The movement of the positioner will be longitudinal to optimize longitudinal axis. The 
exact reference is the diaphragmatic surface of the right ventricle. This surface must be 
physiologically flat. The rectilinear ventricular axis will be maintained, and all bending of 
the ventricular axis is avoided.

The movement of the positioner will be lateral to optimize the exposure of the different 
vessels, avoiding an unnecessary simultaneous exposure of all the lateral, posterior, and 
inferior vessels.

Step 9:
The position on the retractor depends on the anastomotic targets. For all targets from 

the intermediary (angularis) coronary vessel to the second lateral branch, the positioner is 
fixed at the most inferior part of the right arm of the retractor and the anastomotic stabi-
lizer, just above. Make sure that the ventricular shape is not touching and is not deformed 
by the anastomotic stabilizer (Fig. 6).

For all targets beyond the second lateral up to the posterior descending coronary vessel, 
it is preferable to fix the positioner on the superior part of the right or left arm of the sternal 
retractor. Otherwise, the arm of the positioner comes in the airspace needed for visioning 
the anastomotic area.

The branches of the stabilizer will always point downwards towards the posterior medi-
astinum. Please observe that the curvatures of the heart are respected in all directions. This 
will preserve the haemodynamic stability.
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Fig. 6 The positioning 
of the apical positioner 
for all anastomoses to the 
deeper anterolateral  
vessels

Step 10:
In the presence of severe left ventricular hypertrophy, the airspace is often very reduced. 

It is possible to increase this airspace by transforming the two arms of the stabilizer into a 
spoon shape, creating a linear inwards curvature.

This 10-step enucleation method was developed in the research lab, studying the con-
tractility and relaxation of a sheep heart during different alternatives.

6  The Exposure of the Proximal Right Coronary Artery

Moderate lesions of the proximal right have very good results after being treated by stent-
ing, but severe stenosis or proximal occlusion mandates specific surgical steps. Indeed, the 
right proximal coronary is often a very diffusely disease vessel, with an internal diameter 
up to and sometimes larger than 3 mm. It also perfuses a large part of the right and some-
times left ventricular mass.
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Temporary occlusion of the right coronary vessel can lead to total atrioventricular 
block. The conduction safety is improved by the mandatory placement, before the start of 
the anastomosis, of atrioventricular pacing wires and their testing. The ischaemic safety is 
improved by completing the RCA anastomosis at the end of the grafting sequence when 
all other grafts are opened. Shunting is mandatory, and the largest possible shunts need to 
be available in the operating theatre.

The left-sided pericardial suspension is brought down, and the right pericardial section 
is retracted. It might also be easier for the surgeon to perform the anastomosis from the left 
side of the table.

7  Conclusion

It is perfectly possible to visualize and stabilize all sections of the coronary system that are 
normally revascularized. It is essential to follow strict conditioning of the patient and to 
monitor every possible haemodynamic and ischaemic variation using real-time methods. 
Finally, the very reduced airspace, as observed in off-pump CABG, forces the surgeon to 
move from parachuted to non-parachuted anastomotic techniques. This is outside of the 
scope of this manuscript.
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Graft Materials, Harvesting Methods, 
and Treatment of Grafts in Surgical 
Myocardial Revascularization

Rahk Margaryan

Abbreviations

CABG Coronary artery bypass grafting
CAD Coronary artery disease
ePTFE Extended polytetrafluoroethylene
EVH Endoscopic vein harvesting
EC Endothelial cells
GVS Great saphenous vein
OVH Open vein harvesting
OM Obtuse margin branch

Coronary artery bypass grafting (CABG) remains the “holy grail” of revascularization for 
stable multivessel coronary artery disease (CAD) [1, 2]. The most widely used conduits 
are autologous internal thoracic arteries, radial arteries, and saphenous veins, which pro-
vide excellent mechanical stability and natural antithrombogenicity [3]. Only simple 
search on PubMed Central gives us an idea on how many articles had been published on a 
single argument of this chapter since 60s of the last century (see Fig. 1).

In this chapter, we first describe the conduit, then harvesting techniques, conduit treat-
ment after harvest, and best target for a given graft.
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1  Graft Materials

Graft material are classified into three main groups:

1.1  Arterial Grafts

• Left/right internal thoracic/mammary artery (LIMA/RIMA)
• Radial artery (RA)
• Right gastroepiploic artery (GAS)
• Inferior epigastric artery
• Other rare arterial grafts

1.2  Venous Grafts

• Greater saphenous vein (GVS)
• Short saphenous vein (SSV)
• Cephalic vein (CEV)

1.3  Alternative Conduits for CABG

• ePTFE
• Dacron
• Biological prosthesis
• Other types of materials
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1.4  Left Internal Mammary Artery (LIMA)/Left Internal  
Thoracic Artery (LITA)

Vineberg et al. were the first to recognize the properties of internal mammary artery (IMA) 
and used it for myocardial revascularization in 1945 [4]. It was documented that it is usu-
ally spared from atherosclerosis and reasoned that its branches could form collaterals with 
myocardial arterioles. They injected contrast medium in postmortem specimens demon-
strating connections between the implant and the coronary arteries. ITAs have unique 
molecular mechanisms to combat atherosclerosis formation, and that is why it is consid-
ered superior to other grafts for revascularization purposes [5]. LIMA originates from 
subclavian artery just above and behind the sternal end of the clavicle. The artery descends 
vertically 1 cm lateral to the sternal border, behind the first six costal cartilages. LIMA is 
widely used these days, especially for the anastomosis with LAD. After dividing the ster-
num, a retractor is placed to lift the left sternal edge. The operating table can be elevated 
and rotated to expose LIMA properly and harvest it. LIMA can be harvested as pedicle 
graft (along with internal thoracic veins, fat, muscles, and pleura) or skeletonized vessel. 
Skeletonized LIMA is supposed to preserve the venous drainage of the sternum, and it is 
often preferred when there is suspicion of sternal healing and wound infection. All small 
branches of LIMA are clipped. The proximal end of the LIMA is kept attached to the 
subclavian artery, and then after giving heparin, the distal end is ligated and divided. In the 
same way as LIMA is harvested, RIMA can also be harvested if it is needed for grafting. 
Harvesting of the internal mammary artery during CABG surgery using a skeletonized 
technique was associated with a higher rate of graft occlusion and worse clinical outcomes 
than the traditional pedicled technique [6]. While the long-term survival of patients was 
not different between groups, the rate of adverse cardiovascular events was consistently 
higher in the skeletonized group and the difference was associated with surgeon-related 
factors. Further evidence on the outcome of skeletonized ITA is needed [7]. After internal 
mammary takedown, it is usually treated with hot papaverine solution 50 mg in 100 ml 
physiological solution. The use of intraluminal papaverine entails a high frequency of ves-
sel wall injury. Intraluminal papaverine solution administered once or twice in addition to 
external papaverine exposure is a predictor of high flow compared with only external 
papaverine exposure and provides a more effective distal dilation [8]. Lately, minimally 
invasive harvesting of LIMA/RIMA is becoming widespread [9]. Coronary surgeons can 
rapidly become proficient in robotic assisted endoscopic LIMA harvest, with significant 
improvement in operative times evident within the first 20 cases completed. These data 
may be useful in designing appropriate training programs for newer surgeons seeking to 
gain experience in robotic assisted coronary surgery [10]. Valdis et al. have demonstrated 
that a virtual robotic simulation curriculum can significantly improve the efficiency and 
quality of learning in robotic cardiac surgery. Further evaluation of this curriculum is 
required for its widespread implementation in surgical training [11].
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1.5  Right Internal Mammary Artery

Right internal mammary artery (RIMA) inherits all the same abovementioned features and is 
usually considered as a second conduit. Some surgeons prefer RIMA on DA when LIMA is not 
available, or it is used for other important left-sided vessels. When bypassing with RIMA, 
preference should be given to grafting arteries with a high-grade stenosis or occlusion, to graft-
ing left rather than right coronary arteries, and to using in situ rather than free ITA grafts [12]. 
Passing the RITA to the left, either anterior to the aorta or through the transverse sinus, does not 
influence the graft patency [13]. Its length can be predicted as shown in our latest research [14].

1.6  Bilateral Internal Mammary Artery

BIMA grafting is associated with enhanced overall long-term outcomes compared with 
LIMA grafting. While the BIMA patients demonstrate an increased incidence of DSWI 
(rather slight increase), the survival benefits and other morbidity advantages outweigh this 
short-term risk [15]. Target importance has a major role as defined by Bakaeen and colleges 
[16]. In BIMA grafting, bypassing multiple important targets (>75% of heart length) to maxi-
mize myocardium supplied by ITAs improved long-term survival. In patients with a nondomi-
nant LAD, selecting an important target for the second ITA lowered operative mortality [16]. 
Bilateral internal thoracic artery grafting produces improved survival compared with single 
internal thoracic artery grafting during the second postoperative decade, and the magnitude of 
that benefit increases through 20 postoperative years [17]. Both internal mammary arteries 
can be harvested in direct vision in sternotomy and thoracotomy, and endoscopic and robotic 
harvesting is becoming more popular due to increase of minimally invasive revascularization 
interventions [18]. Step-by-step harvesting techniques could be found in multimedial manual 
of cardiothoracic surgery by Mateo Marín- Cuartas et al.

2  Radial Artery

Second most commonly used artery is the radial artery (RA). It is usually harvested from 
nondominant hand. The RA arises from the bifurcation of the brachial artery in the cubital 
fossa and terminates by forming the deep palmar arch in the hand. The main concern using 
RA is blood supply to the wrist and hand. Before using the radial artery, we should assess 
the patency and collateral blood circulation from the ulnar artery. It can be assessed clini-
cally by Allen’s and modified Allen’s tests. This can also be assessed by preoperative 
arterial ultrasound. The radial artery can be harvested by open conventional method or 
endoscopically. The radial artery should be flushed and kept in a solution prepared with 
Ringer’s lactate (500 ml), sodium nitroprusside (50 mg), and heparinized blood (30 ml). 
Conventionally, radial artery is harvested openly, but in record years, more groups are 
adopting endoscopic harvesting [19] and reporting its noninferiority.
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3  Right Gastroepiploic Artery

It is very rarely used as an arterial graft when other conduits are not available or intended 
complete arterial revascularization in the absence of other conduits. To harvest this artery, 
the midline incision over the sternum is extended to the upper abdomen, and the abdomi-
nal cavity is opened. There are two gastroepiploic arteries: left and right. Both arteries 
participate in the stomach vascularization and are collateral blood circulation with other 
blood vessels of the stomach. Harvesting right gastroepiploic artery as conduit does not 
compromise stomach blood supply. Branches of this artery to the stomach and omentum 
are ligated and divided. This artery is positioned either anteriorly or posteriorly to the 
duodenum and stomach, depending on the tension on graft. A circular opening is made in 
the diaphragm, medial to the inferior vena cava, and the gastroepiploic artery is passed 
through this opening to anastomose it with RCA or PDA coronary arteries.

4  Venous Grafts

4.1  Greater Saphenous Vein

The greater saphenous vein (GVS) is the most commonly used conduit for CABG. The 
greater saphenous vein of the lower extremity is the best choice of this type of graft based 
on the following:

• There are two independent types of low-extremity vein system, and removal of super-
ficial one does not jeopardize the venous flow from the leg.

• Position, diameter, and length of the GSV are in constant pattern, which simplifies its 
harvest.

Usually, a single long segment is harvested. About 12–15 cm segment may be needed 
for diagonal branch, about 20–24 cm length for OM branches, and 18–22 cm length for 
RCA and PDA coronary arteries. Poor quality and veins with varicosities should be 
avoided.

GSV is harvested in two different ways:

• Directly by single full incision or through multiple incisions
• Endoscopic vein harvest

Conventional saphenous vein graft preparation with low-pressure distension and har-
vesting the vein with a surrounding pedicle yielded similar graft wall thickness after 
12 months, but low pressure was associated with fewer adverse events [20]. This means that 
even after perfect harvesting, one needs to be careful not to damage the graft with extensive 
distension. No-touch SVG grafts have excellent patency similar to that of RA grafts after 8 
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years, over 80%. In addition, no-touch grafts can be used in situations that are not ideal for 
RA grafts due to the absence of reaction on competitive flow [21]. In the endoscopic vein 
harvest (EVH) patients, harvesting time increased, and incision closure time decreased in 
comparison with open vein harvesting (OVH). The hospital stay was declared as 5.5 ± 2.4 
days in the EVH group versus 9.5 ± 2.7 days in the OVH group. Leg wound complications 
were significantly reduced in the EVH group in comparison with the OVH group [22]. 
Zenati et al. did not find a significant difference between open vein graft harvesting and 
endoscopic vein graft harvesting in the risk of major adverse cardiac events [23].

4.2  Short Saphenous Vein

In rare cases, when not enough conduits are available, some surgeons have to use short 
saphenous vein. It can be harvested by positioning the patient in prone or supine position.

4.3  Cephalic Vein

Even though we have not used the vein as an alternative graft, this can be used in case 
when other grafts need it. The cephalic vein can be harvested from the wrist up to the 
shoulder. The walls of the vein are thinner than the saphenous veins, and long-term patency 
is also lesser than saphenous veins [24].

5  Alternative Conduits for CABG

5.1  ePTFE

PTFE is an inert fluorocarbon polymer and subsequently made more microporous by 
extrusion and sintering to form expanded PTFE (ePTFE). This polymer is nonbiodegrad-
able with an electronegative luminal surface that is antithrombotic and is now widely used 
for lower limb bypass grafts (7–9 mm) with excellent results. Cardiac surgeons have used 
ePTFE grafts, though reluctantly, in many centers. These grafts are rigid compared with 
the elastic host artery [25]. The poor mechanical characteristics (compliance) and the lack 
of endothelial cells (ECs) lining the lumen of such graft materials are the significant fac-
tors contributing to their poor patency [26].

R. Margaryan



429

5.2  Dacron

Dacron is a type of polyester in the form of multiple filaments either woven or knitted into 
vascular grafts [27]. Dacron has been used as an alternative to autologous grafts, but it has 
shown poor patency rates when used in small diameter sizes or in low-flow locations [28]. 
In 1976, Sauvage reported a successful adult case with a knitted Dacron vascular graft 
(4 cm long and 3.5 mm in diameter) between the aorta and right coronary artery [29]. The 
graft was angiographically patent up to 16 months after surgery. At that time, the literature 
showed only two other successful uses of aortocoronary Dacron prostheses, both of which 
were placed in children with coronary anomalies [30, 31]. These three successful prosthe-
ses were short and used as interposition grafts between the ascending aorta and the proxi-
mal end of the coronary artery with high flow.

5.3  Biologic Prosthesis

Some biologic vascular grafts have been applied in the coronary artery position; however, 
most of them have failed because of thrombogenicity and degenerative changes. Like 
some other artificial small-diameter vascular grafts showing excellent antithrombogenic-
ity in in vitro studies, no long-term results or patencies have been reported so far for their 
use in CABG. A human umbilical vein (HUV) graft (Biograft, Meadox Medicals, Oakland, 
NJ, USA; 4 mm internal diameter) demonstrated angiographic graft patency rate of 46% 
(6/13) at 3–13 months [32]. In another report, treated bovine IMA graft (Biocor BIMA 
Biograft, Biocor laboratory, 4 and 5 mm of internal diameter) was implanted in the coro-
nary artery position of 20 patients [33]. Graft patency was confirmed in only two patients 
at 6 months. However, no long-term results or other patient information has been reported 
so far. Perloff et al. implanted two glutaraldehyde-tanned polyester mesh-supported sheep 
connective tissue tubes (6 mm diameter) for left and right main coronary artery bypasses 
in one patient [34]. They confirmed patency angiographically at 19 months. Dialdehyde 
starch-treated bovine artery grafts (Bioflow, BioVascular Inc., St. Paul, MN, USA) were 
used over the past few years outside of the USA and Japan [35]. Only one long-term fol-
low- up clinical report was available, and it revealed graft patency rates of 16% (3/19) at 
3–23 months [36]. This is much lower than the reported patency rates for PTFE grafts. 
Furthermore, the graft has a tendency for dilatation due to degenerative changes, as has 
been reported in a coronary artery position in a canine study [37].
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5.4  Harvesting Methods

5.4.1  Graft Management in Surgical Myocardial Revascularization 
(Table 1)
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Total Arterial Revascularization,  
Techniques, and Results

Massimo Lemma

1  Arteries vs. Veins

The long history of CABG started just over 100 years ago, since Alexis Carrel in 1910 first 
described the concept of operating on the coronary circulation [5]. With his pioneering 
work, CABG entered an evolutionary journey that led it to be the standard of care for treat-
ing stable patients with multivessel coronary artery disease.

After Carrel, many other visionary surgeons developed techniques aimed at myocardial 
revascularization. The first graft used in humans was the LITA, as early as 1945 by Arthur 
Vineberg, who implanted it directly in the left ventricular myocardium, a technique later 
called “Vineberg procedure” [3]. Also, the first successful suture technique, CABG opera-
tion, was performed with a LITA graft. In 1964, Kolesov, with specially designed magni-
fying glasses and scissors, grafted the LITA to the left circumflex artery in a patient who 
remained free of angina during 3 years of follow-up [6].

However, the era of CABG with the prevalent use of the SV was just round the corner. 
In 1967, while working at the Cleveland Clinic, Rene’ Favaloro reported the use of SV 
graft in direct coronary surgery in 180 patients [7], establishing an important landmark 
that brought to the birth of modern surgical myocardial revascularization. Paradoxically, 
although at its origin coronary surgery began with arterial grafts, the SV with its technical 
ease of harvest, its robust handling characteristics, and its versatility as an aortocoronary 
graft simplified the conduct of the operation and allowed for widespread reproducibility, 
establishing the current primacy of mixed venous and arterial grafting achieved by blend-
ing the use of LITA for LAD coronary artery and the SV for the targets on the circumflex 
and right coronary artery.
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LITA started to be frequently used by surgeons as early as the 1970s, but it was not until the 
mid-1980s that its importance to favorably influence the clinical outcome was recognized. 
Loop and colleagues from the Cleveland Clinic [8] were the first to report better outcomes over 
10 years with the use of the LITA when compared to SV grafting alone. Following the obvious 
benefits of single LITA grafting to LAD, many groups postulated that BITA harvesting would 
further improve outcomes. The use of BITA was first described by Suzuki in 1973 [9], and in 
1999, Bruce Lytle from the Cleveland Clinic confirmed that it was associated with greater 
survival and reduced need for repeat revascularization when compared to SITA grafting [10]. 
In his historical paper, he stated that “it has been the position of some coronary artery surgeons 
that the consideration of multiple arterial grafting could be ignored because no clear evidence 
existed that outcomes were improved for any patient subsets. That position is no longer tena-
ble.” However, after more than 20  years, the proportion of BITA currently used in North 
America is less than 5% [4] with a trend constant over time, based on the assumption that:

 1. BITA is not supported by a level of evidence A, namely data derived from multiple 
randomized clinical trials or meta-analyses, making its use not scientifically supported 
“sensu stricto.”

 2. BITA is more technically demanding and time consuming, requiring for an in situ 
RITA to cross the mediastinum midline to reach the LAD or circumflex systems.

 3. BITA is associated with a greater incidence of sternal wound complications particu-
larly in patients with severe airway disease, obesity, and diabetes [11].

To overcome the problems related to BITA but at the same time recognizing the supe-
riority of arteries over the SV, other arterial grafts were subsequently proposed. In 1971, 
Alain Carpentier used first the RA for CABG, reporting early graft failure rates and sig-
nificant intimal hyperplasia, evidences that led to its abandoning for many years to follow 
[12]. It was nearly 20 years later that Christophe Acar, from the same Carpentier’s group, 
reported excellent RA patency results on early postoperative angiography, using a differ-
ent harvesting technique (pedicled vs. skeletonized) and preventing treatment to address 
RA spasm (pharmacological vs. mechanical vasodilation). It is worth to note that the 
renewed interest in the RA by the Carpentier’s group was a consequence of serendipity, 
the accidental angiographic finding of a patent RA graft carried out 15 years before and 
found occluded at postoperative control [13]. Further multiple reports of positive RA out-
comes coupled with its several favorable anatomical features (length, size, wall quality, 
constant uniform caliper) and easiness of harvesting led to RA widespread adoption, put-
ting it in competition with the RITA as the second arterial graft of choice [14].

Also, the RGEA, the inferior epigastric artery, and the ulnar artery have been tested as 
coronary grafts. Of these, only the RGEA still has a few enthusiast supporters, particularly 
in Japan, who advocate multiple arterial grafting with only in situ grafts [15]. The need to 
open the abdominal cavity for harvesting, the complexity linked to the transdiaphragmatic 
route, the additional procedural length, and its nearly exclusive use on the distal branches 
of the right coronary artery have limited its widespread adoption.
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2  Should We Pursue TAR?

As previously mentioned, the majority of cardiac surgical procedures performed world-
wide are isolated CABG. Data extrapolated from the STS Adult Cardiac Surgery Database, 
2019, show that by adding the number of isolated CABG to combined CABG procedures 
(CABG plus mitral valve and aortic valve), CABG makes up 63% of all typologies 
recorded [16]. Regrettably, TAR accounts for approximately only 2% of all multivessel 
CABG [17], while the use of more than one arterial graft ranges, according to the main 
series of Europe and North America, between 3.9% and 34.2% [18]. All the remaining 
CABG are performed by much the same technique that was developed more than 30 years 
ago, namely bypass LITA-LAD plus SV grafts to all non-LAD targets.

After the Cleveland Clinic report on BITA in 1999, other papers suggested that a sec-
ond arterial conduit is associated with improved survival, graft patency, freedom from 
reoperation, and less incidence of major adverse cardiovascular events [19, 20], but this 
favorable data have not been confirmed by randomized studies [21–23] and also the recent 
intention-to-treat analysis of the ART found no difference in survival between patients 
receiving SITA or BITA at 10-year follow-up [24]. The available data suggest an improve-
ment in clinical outcome for the use of more than one arterial graft, but there is little evi-
dence to support a further benefit for TAR, considering the favorable differences seen in 
observational series probably due to treatment allocation biases [25].

The lack of a strong scientific evidence supporting the compelling use of arterial grafts 
was cited by almost one-third of UK surgeons when asked what issues limited the use of 
BITA in clinical practice [26], while for those surgeons convinced by the available evi-
dence base, the factor limiting the use of arterial grafts seems related to the increased 
complexity of the procedure and its potential complications. Regrettably, the quality met-
rics which both surgeons and hospitals are usually held accountable are based on 30-day 
outcomes, and the very good results achievable 1 month after surgery by the traditional 
LITA-LAD plus SV graft strategy distract attention from the benefits of the more techni-
cally challenging TAR procedure that will not become evident until much later follow-up. 
Under these circumstances, TAR is considered only in patients with reasonable life expec-
tancy [27] and in patients with poor vein quality independently of age.

3  Which Strategy for TAR?

The aim of TAR is to bypass all patient’s graftable coronary arteries with significant lumen 
stenosis using only arterial grafts. It is a complex surgical procedure, more demanding if 
compared to single LITA + SV CABG, whose correct execution is influenced by technical, 
patient, and logistic factors, all of which are decisive for obtaining good results. As a 
consequence, both a good clinical and surgical sense is of paramount importance to choose 
the strategy that allows to give patients the maximum of expected benefits while running 
the minimum of risks.
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3.1  Surgeon’s Technical Skill and Team Readiness for TAR

Knowing that the evidence supporting better clinical outcomes with TAR is slim and that 
TAR is more technically demanding if compared to standard CABG, surgeons should 
remember that only making a procedure more complex does not automatically make it better 
and that deciding to increase the surgical complexity in the name of possible future benefits, 
they will be directly accountable for the potential short-term side effects of this choice. It 
follows that surgeons must have a realistic idea of both their technical skills and the readiness 
of the entire team regarding TAR patients’ management. An alive patient with ITA and SV 
is a very good result, but a catastrophe after a complex TAR is not and has no excuses when 
it is due to blatant lack of team experience and/or surgical bravado. In other words, both the 
surgeon and the team must be specifically trained before establishing a TAR program.

3.2  Patient’s Clinical Presentation

Patients who are most likely to benefit from a TAR are relatively young, with little or no 
comorbidity, good left ventricular function, and clinical stability. Based on the experience 
of both the surgeon and the team, it is possible in specific cases to derogate from one or 
more of these indications but is seldom a good idea to perform TAR in emergency or 
highly unstable patients, when prognosis is mainly related to revascularization quickness 
than to its durability. The same is true also for patients with significantly reduced left 
ventricular systolic function who could need high doses of vasoactive drugs in the postop-
erative period, increasing the risk of potential generalized arterial graft vasospasm, a cata-
strophic complication that must be carefully prevented.

3.3  Coronary Artery Anatomy

Coronary artery anatomy seems to represent a key factor for proper patient selection, being 
generally accepted that the cutoff stenosis for arterial graft is higher than that for the SV. It 
has been reported that RGEA and RA are much less tolerant than ITA to the detrimental 
effect of chronic competitive coronary flow [28], and it is usually recommended to use the 
RA only if the native coronary artery stenosis is sub-occlusive (>70–90%) [29]. This pos-
tulation has been recently weakened by Royse et al. who reported angiographic results of 
76 symptomatic patients (belonging to a larger group of 464 patients) who underwent TAR 
with composite LITA-RA-Y graft between 1996 and 1999, showing that grafting any coro-
nary artery with a greater than 50% stenosis with LITA-RA-Y graft had acceptable rates of 
graft patency at a mean of 5.8 years postoperatively (LAD 94%, circumflex 90%, right 
coronary artery 74%) [30]. The same report gives also the opportunity to subject to revalu-
ation of a second generally accepted assumption, namely that ITA grafts and LITA-Y grafts 
have higher vulnerability to competitive flow from native coronary arteries [31].
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3.4  Second Arterial Graft Selection: RITA vs. RA

With LITA being the ideal graft for LAD, RITA has consequently been the second arterial 
graft of choice after LITA for many surgeons and for many years, even in the absence of 
robust data supporting its use. The only large RCT on the use of single ITA vs. bilateral 
ITA grafting is ART, which compared single and bilateral ITA grafting in 3102 patients. In 
ART, there was no statistically significant difference in survival (HR, 0.96 [95% CI, 
0.82–1.12]) or event-free survival (HR, 0.90 [95% CI, 0.79–1.03]) at 10 years. However, 
BITA harvesting was linked to a significant higher rate of sternal wound complications, 
particularly in patients with morbid obesity, diabetes mellitus, and chronic obstructive 
pulmonary disease [24]. Several authors have reported a correlation between BITA har-
vesting and increased incidence of sternal wound complications, finding in the pedicled 
technique the main responsible for the greater sternal devascularization. Benedetto et al. 
have reported fewer sternal wound infections if ITA skeletonization is used [32], and other 
authors have reported reduced pain, dysesthesia, and improved sternal blood flow with the 
same technique [33].

The bad news is that ITA skeletonization seems to be associated with a greater risk of 
major adverse cardiac events and repeat revascularization compared with the pedicle tech-
nique after a mean follow-up of 2 years from surgery, as reported by Lamy et al. in a post 
hoc analysis of the Cardiovascular Outcomes for People Using Anticoagulation Strategies 
(COMPASS) clinical trial [34]. Similar results are found in the retrospective analysis of 
the ART trial at 10 years done by Gaudino, who reports a significant higher incidence of 
MACE in the skeletonized group compared with the pedicled group (HR, 1.25; 95% CI, 
1.06–1.47; P = .01) and a numerically greater number of deaths in the skeletonized cohort 
[35]. The difference in outcomes could be explained with the diversity of surgical harvest-
ing technique between pedicled ITA and skeletonized ITA, the latter requiring direct 
manipulation of the artery that results to be more traumatic for the vessel wall causing 
intramural hematoma, dissection, and early thrombosis.

RA as the second arterial graft could be the ideal solution to overcome the decision- 
making stall generated by BITA harvesting, namely to use pedicled ITA grafts with good 
patency but increased risk of sternal wound complications or skeletonize the ITAs with 
higher risk of late graft occlusion but lower risk of sternal wound complications.

Contemporary myocardial revascularization guidelines consider RITA as class II and 
RA as class I indication [36], with the latter having a higher level and amount of evidence 
supporting improved patency rate and clinical outcomes compared to SV. It is overall rec-
ognized that the RA may improve CABG outcomes. A recent systematic review and meta- 
analysis has compared the clinical outcomes of patients undergoing isolated CABG with 
RA versus SV at a median follow-up of 10 years finding that RA was associated with a 
statistically significant reduction of the incidence of a composite outcome of death, myo-
cardial infarction, or repeat revascularization (220 vs. 237 total events; 41 vs. 47 events per 
1000 patient-years; hazard ratio, 0.73 [95% CI, 0.61–0.88]; P < .001) [37]. A further net-
work meta-analysis from the same author has then analyzed 149,902 patients comparing 
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the clinical results of RA, RITA, and SV, finding that the use of SV was associated with 
higher long-term mortality compared with the RA (incidence rate ratio, 1.23; 95% CI, 
1.12–1.34) and RITA (incidence rate ratio, 1.26; 95% CI, 1.17–1.35) while there were no 
differences for any outcome between RA and RITA [38]. Eventually, the RA has been 
compared with the free RITA in addition to LITA-LAD in the Radial Artery Patency and 
Clinical Outcomes (RAPCO) trial. A total of 394 patients <70 years of age were assigned 
to receiving a RA or free RITA to compare the long-term patency, finding that the 10-year 
patency rate of the RA was significantly higher than that of the free RITA (89% vs. 80%, 
HR 0.45 [95% CI, 0.23–0.88]) [39]. These data support the use of the RA as free conduit 
of choice to complement the LITA in CABG surgery.

From the technical point of view, the RA is more surgeon friendly compared to the 
RITA and it has been shown that surgeon’s experience plays a key role for BITA but not 
for RA [4]. RA harvesting can be done simultaneously to LITA and has thicker wall and 
larger diameter than RITA, features that make it more accessible during the operation 
rendering coronary anastomosis easier and faster to perform, reducing operative time. 
Moreover, the average harvested length is longer for RA allowing anastomosis to any of 
the coronary arteries when used as composite graft on LITA [40].

3.5  Arterial Graft Optimization

Patients with three-vessel disease rarely receive TAR with only in situ grafts, namely har-
vesting BITA and right GEA. This strategy is generally 1) time consuming (three grafts’ 
harvesting time); 2) technically demanding (need to cross the mediastinal midline with the 
RITA to reach LAD or the territory of distribution of the circumflex coronary artery and 
need to open the abdominal cavity for GEA harvesting and its routing through the dia-
phragm on the distal branches of the right coronary artery); and 3) at increased risk of 
complications (sternal dehiscence and/or infection after BITA harvesting or RITA or RGEA 
damage in case of sternum reopening or upper abdominal surgery in the follow-up period 
after CABG). Following all this, the exclusive use of in situ grafts has always had adoption 
by only a niche of enthusiast surgeons [41] and cannot be considered the approach of choice.

Alternative techniques to make TAR less time consuming, technically demanding, and 
prone to potential complications are needed, and the creation of composite Y/T graft 
between LITA and a second arterial graft, usually RITA or RA, represents the possible 
answer. Historically, the concept of anastomosing another bypass graft to in situ LITA was 
introduced by Mills to overcome the stroke risk in the presence of a severely atheroscle-
rotic ascending aorta [42]. Later, this technique gained more popularity, and in 1994, 
Tector reported the first series of patients who received BITA using the T-graft technique 
[43]. A few years later, the RA was used with the left ITA as a composite Y-graft by Royse 
who has recently reported the 21-year survival comparison of LITA-RA Y-graft versus the 
more conventional LITA plus SV on ascending aorta finding that survival after LITA plus 
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SV was worse than LITA-RA Y-graft both for unmatched (Kaplan-Meier, p < 0.001) and 
propensity score-matched groups (Kaplan-Meier, p = 0.043; Cox hazard ratio: 1.3; 95% 
confidence interval: 1.0–1.6; p = 0.038) [44].

Many cardiac surgeons are skeptical about composite Y/T-grafts because of concerns 
on the adequacy of LITA as single inflow for all the left ventricular mass. It has however 
been shown that LITA is able to adapt its dimension to flow demand in the late postop-
erative period [45] with a vascular remodeling that increases the diameter on follow-up 
angiograms at 3–10 months postoperatively [46]. More recently, it has been shown that 
in composite Y/T-graft, the proximal LITA is able to actively adapt its dimension to the 
flow demand, probably through the release of endothelial vasoactive mediators such as 
nitric oxide (NO), in response to higher values of wall shear stress (WSS) [47]. This 
process of adaptation begins immediately after the Y/T connection for a passive increase 
of blood flow due to the lower vascular resistance in the Y/T-graft system, according to 
the Kirchhoff’s second law 1/Rtot = 1/R1+1/R2, where Rtot is the total system resis-
tance and R1 and R2 are the resistances of each vessel. After a Y/T-graft connection, the 
LITA main stem passively provides more blood flow due to the lower vascular resistance 
of the two branches of the composite graft, causing an increase in WSS values. The 
resulting higher blood flow in turn stimulates the synthetic and secretory functions of 
endothelial cells, modulating the production of NO (vasodilator) and endothelin-1 
(vasoconstrictor), two potent endothelium-derived vasoactive mediators, producing 
active LITA dilation and return of WSS numbers within the normal range. A significant 
increase in LITA diameter can be seen starting from 5 days after surgery and continuing 
up to 10–12 months postoperatively.

Practical advantages resulting from the use of LITA as a composite Y/T-graft are the 
increased efficiency of the second graft in terms of length and the reduced stroke risk 
incidence for less manipulation of the ascending aorta.

The increased efficiency of second graft length is intuitive, with the distance between 
the point of inflow (LITA) and the point of outflow (coronary artery) being shorter if 
compared to a standard graft bridging ascending aorta and coronary arteries. Composite 
grafts either in Y or T shape allow TAR in nearly all patients, with very few exceptions due 
to peculiar anatomical features like a combination of short chest and arms, multiple coro-
nary targets with diffusely diseased coronary arteries, and left ventricular dilation. In this 
regard, it is useful to remember that RA is generally longer than RITA and that under these 
circumstances it should be considered the preferred graft [48].

The reduced incidence of operative cerebral stroke deriving from the reduced ascend-
ing aorta manipulation is particularly evident when Y/T-grafts are combined with off- 
pump CABG in the so-called anaortic CABG (no-touch ascending aorta CABG). A 
propensity-matched analysis reported a trend toward a significant reduction of in-hospital 
all-cause mortality associated with avoiding aortic clamping [49], and a network meta- 
analysis of 13 studies and 37,720 patients supports this result by showing significant 
reduction in mortality, stroke, and renal failure when the anaortic CABG is adopted [50].
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3.6  Graft Spasm Prevention

Coronary artery, arterial, and venous grafts are all prone to spasm. Among grafts, arter-
ies are considered more prone to spams than veins, and among arteries, RA more than 
ITA [51]. Many factors can trigger spasm during CABG like mechanical stimulation 
during graft harvesting, hypothermia, pharmacological stimulation (alpha-adrenoceptor 
agonists), and cardiopulmonary bypass use (increased endothelin concentration). 
Endothelial disfunction seems to play a decisive role in the onset of spasm, and patients 
who require coronary revascularization through CABG usually present multiple risk 
factors, which can interfere with normal endothelial function like obesity, hypertension, 
hypercholesterolemia, diabetes mellitus, and smoking [52]. The incidence of spasm 
after CABG is reported to be 0.43% of all operations, but due to the rapid hemodynamic 
compromise requiring immediate treatment, its angiographic evidence is considered to 
be largely underestimated [53]. Planning for TAR, prevention of graft spasm must be 
part of the routine management, like no-touch graft harvesting techniques (pedicle vs. 
skeletonization), protection and preservation of graft endothelium, and topical pharma-
cological treatment after graft harvesting for spasm prevention, to discard distal ITA 
bifurcation for coronary anastomosis and avoid the use of high-dose alpha-adrenoceptor 
agonists if not counterbalanced by adequate administration of systemic vasodilator 
agents [54].

4  Conclusion

The evolution of CABG surgery provides us with enough evidence as to why veins are 
less desirable than arteries as conduit, suggesting that TAR should be performed every 
day on patients who undergo CABG. This does not mean that SV has not a role anymore 
in CABG surgery but that many more patients who could benefit from TAR are currently 
inappropriately treated. At the same time, it warns us about the fact that when compared 
to a LITA + SV grafts, TAR is more time consuming and more technically demanding. 
It follows that the current low uptake of TAR is more related to a problem of surgical 
training than a lack of scientific evidence, and that it is mainly in this direction that the 
cardiac surgery community should work. The Randomized Comparison of the Clinical 
Outcome of Single vs. Multiple Arterial Grafts (ROMA) [55] trial is in progress and has 
gotten rid of the flaws of the ART trial. If this multicenter RCT will show better clinical 
outcomes with multiple arterial grafts, will the average cardiac surgeon be ready to 
embrace the change overnight?
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Management of Patients with Concomitant 
Coronary and Carotid Artery Disease

Giuseppe Santarpino, Dario Fina, Chiara Simeone, 
Anna Nicoletti, and Giuseppe Nasso

1  Introduction

1.1  Stroke Following Coronary Artery Bypass Grafting

In patients undergoing CABG, there are many factors that may account for the occurrence 
of an ischemic event [1]: (i) embolization caused by aortic manipulation (e.g., aortic ath-
eroma); (ii) cannulation, decannulation, total/partial clamping, and construction of proxi-
mal anastomoses on the aorta; (iii) alterations in blood coagulation during extracorporeal 
circulation or pressure changes (too high or too low) during the perioperative phase; and 
(iv) perioperative rhythm abnormalities, in particular due to the onset of atrial fibrillation. 
Obviously, all these factors are even more critical in patients with characteristics that sug-
gest a higher risk, such as advanced age or a history of previous stroke. In these circum-
stances, diagnostic techniques may be suggested that can help guide the surgical strategy 
(e.g., aortic no-touch technique, Y-grafts [2], computed tomography for imaging of the 
aorta, or direct ultrasound examination of the aorta during the intraoperative phase [3]).
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1.2  Coronary Artery Disease and Carotid Artery Stenosis

Based on the aforementioned reasons, it is easy to understand how the presence of carotid 
artery stenosis is only one of the several factors that may play a role in the occurrence of 
stroke after coronary artery bypass surgery. Carotid artery stenosis is associated with an 
increased risk of stroke, which more often develops if bilateral carotid occlusion is present 
[4]. It is estimated that 14% of postoperative strokes are due to carotid artery stenosis, 
whereas nearly 90% are due to the other causes listed above.

Therefore, to date, no clear indications exist regarding carotid screening before coro-
nary artery bypass surgery, perioperative treatment of carotid artery stenosis, and best 
treatment modality of carotid artery stenosis (carotid endarterectomy vs. stenting) [1].

Preoperative carotid screening can be useful for assessing the overall atherosclerotic 
burden, but in some conditions (young patients, single-vessel coronary artery disease, no 
neurological history, urgent indication for CABG), there is no need/indication for post-
poning cardiac surgery after a carotid Doppler examination is performed as carotid screen-
ing does not protect the patient from the risk of stroke more than not doing it [1].

Furthermore, in the event of a significant stenosis, there is ongoing debate on carotid 
artery revascularization, especially if performed for prophylactic purposes in an asymp-
tomatic patient. It is not clear whether concurrent carotid endarterectomy and CABG can 
reduce the risk of stroke, unless the patient has severe bilateral injuries or a history of prior 
stroke or transient ischemic attack [5].

In the event of coexisting coronary artery disease and carotid stenosis, the guidelines 
recommend that every patient should undergo evaluation by a multidisciplinary team, 
always involving a neurologist, and treatment decisions should be made on an individ-
ual basis.

Given the high prevalence of the association between coronary and carotid artery dis-
ease, this issue becomes extremely relevant [6]. Data from epidemiological studies dem-
onstrate that 5–9% of patients with coronary artery disease show significant associated 
carotid disease, and 39–61% of patients with significant carotid disease show ischemic 
heart disease [7].

1.3  Coronary Artery Bypass Grafting and Carotid Revascularization

When selecting the best treatment option for patients with both coronary and carotid artery 
disease and evaluating also advantages and disadvantages, the following two aspects 
should be considered: (i) timing (if treatment of carotid artery disease should be performed 
before, concomitantly, or after CABG) and (ii) revascularization technique (on-pump vs. 
off-pump CABG, and carotid endarterectomy vs. stenting).

A recent review of the literature compared either strategy, without demonstrating how-
ever a clear advantage of one technique over the others [8]. Notwithstanding this, several 
important data could be derived: (i) a history of previous stroke is the most significant risk 
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factor for stroke after bypass surgery [4, 8–10]; (ii) there is no evidence supporting pro-
phylactic carotid endarterectomy; therefore, this procedure should be restricted to patients 
with severe bilateral lesions or a history of previous stroke [8–11]; (iii) the treatment 
strategy (carotid endarterectomy vs. stenting) should be discussed with a multidisciplinary 
team; and (iv) considering the multiple factors that may contribute to the occurrence of 
stroke, off-pump CABG has been shown to reduce the risk of stroke in patients with coro-
nary artery disease associated with severe carotid stenosis [12].

In summary, each treatment strategy has advantages and disadvantages:

 (i) A staged approach with CABG followed by carotid revascularization results in a 
higher risk of stroke.

 (ii) A staged approach with carotid revascularization followed by CABG results in a 
higher risk of myocardial infarction.

 (iii) A staged approach with carotid artery stenting under dual-antiplatelet therapy fol-
lowed by CABG after ≥1 month results in an even higher risk of myocardial infarc-
tion [13, 14].

 (iv) Synchronous carotid endarterectomy and CABG are associated with a higher risk of 
cardiac and cerebrovascular events than synchronous carotid artery stenting and 
CABG [15]. However, it is also true that CABG performed after carotid artery stent-
ing when the patient is on dual-antiplatelet therapy is associated with a higher risk of 
intraoperative bleeding [16, 17].

 (v) A staged approach with carotid artery stenting followed by CABG on the same day 
seems to confer a low risk of stroke [18, 19].

 (vi) In patients with asymptomatic carotid artery stenosis, a staged approach with CABG 
followed by carotid endarterectomy is the treatment strategy that is associated with 
the highest risk for stroke and death, with an eightfold higher risk than performing 
carotid endarterectomy before or concomitantly with CABG [20].

2  Summary of the Relevant Recommendations 
from the Vascular, Cardiologic, and Cardiac 
Surgery Guidelines

The reference guidelines in the setting of concomitant coronary and carotid artery disease 
are the following:

 – 2017 ESC Guidelines on the diagnosis and treatment of peripheral arterial diseases, in 
collaboration with the European Society for Vascular Surgery (ESVS), with reference 
to the specific section on “Carotid artery disease in patients scheduled for CABG” [7]

 – 2017 ESC Guidelines on the diagnosis and treatment of peripheral arterial diseases, in 
collaboration with the European Society for Vascular Surgery (ESVS)—Web 
Addenda [21]
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 – 2018 ESC/EACTS Guidelines on myocardial revascularization, with reference to the 
specific section on “Prevention of stroke associated with carotid artery disease and 
myocardial revascularization” [22]

Specifically, the points concerning our area of interest can be summarized as follows:

 (1) The main recommendation that was given a Class I indication is the importance of an 
individualized approach after discussion with a multidisciplinary team, including a 
neurologist.

 (2) In patients with symptomatic carotid artery disease, i.e., with recent (<6 months) his-
tory of transient ischemic attack/stroke after bypass surgery, carotid endarterectomy 
should be considered in the presence of a 50–99% carotid stenosis [23, 24], whereas 
carotid revascularization is not recommended in patients with carotid stenosis <50%, 
including those with a previous cerebral ischemic event.

 (3) Patients with asymptomatic carotid artery disease should be evaluated in an even more 
“tailored” way:
 – Routine prophylactic carotid revascularization is not recommended in asymptom-

atic patients with a 70–99% carotid stenosis, and CABG should be performed with 
no other associated carotid procedures.

 – Carotid revascularization combined with CABG may be considered in asymptom-
atic patients with bilateral 70–99% carotid stenosis or 70–99% carotid stenosis and 
contralateral occlusion, in the presence of one or more characteristics of increased 
risk of stroke, i.e., intraplaque hemorrhage, large echolucent plaques on ultrasound 
imaging, spontaneous embolization on transcranial Doppler, internal hypoechoic 
areas, and stenosis progression (>20%). All these features may be an indication for 
carotid revascularization also in asymptomatic patients. Several clinical character-
istics (contralateral stroke) or imaging findings (ipsilateral silent infarction, lipid- 
rich necrotic core on magnetic resonance angiography) are also included among 
those factors that increase the risk of stroke.

 (4) Systematic screening for carotid stenosis in patients with coronary artery disease is 
not recommended. However, it is recommended in patients scheduled for CABG with 
a recent (<6 months) history of transient ischemic attack/stroke. Vice versa, screening 
for carotid artery stenosis is not indicated in patients requiring urgent CABG with no 
recent history of cerebral ischemia. In patients with no recent history of transient 
ischemic attack/stroke, an ultrasound scan of the carotid arteries may be considered in 
those aged ≥70 years or with multivessel coronary artery disease, peripheral vascu-
lopathy, or carotid bruit on clinical auscultation.
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3  What Is New?

In addition to the latest guidelines, a number of studies have provided useful information 
with potential behavioral changes in the care and periprocedural management of this 
patient population.

3.1  Tzoumas et al. Vascular 2020 [25]

Type of study. Meta-analysis.
Aim. To compare synchronous vs. staged carotid artery stenting and CABG.
Summary. The simultaneous approach was associated with an increased risk of 30-day 

stroke compared to the staged strategy. However, the other outcome measures (mortality, 
myocardial infarction, acute kidney injury, postoperative bleeding, and atrial fibrillation) 
did not differ between the two groups.

Take-home message. Only four studies fulfilled the predetermined eligibility criteria, 
the sample size was small, and the results were based mainly on data derived from one 
single study. Little information was provided on the off-pump approach for CABG and 
timing of the synchronous or staged procedure. In summary, staged carotid artery stenting 
followed by CABG does not seem to be associated with a higher risk of bleeding in 
patients on dual-antiplatelet therapy but should be evaluated on an individual basis (e.g., 
are coronary lesions such that the patient can wait? And for how long?).

3.2  Giannopoulos et al. Ann Vasc Surg 2020 [26]

Type of study. Meta-analysis.
Aim. To compare synchronous carotid endarterectomy and CABG versus staged carotid 

artery stenting and CABG.
Summary. There were no significant differences in the rates of perioperative transient 

ischemic attack/stroke and myocardial infarction between groups. However, the simulta-
neous procedure had a significantly higher risk of 30-day mortality.

Take-home message. On the basis of data derived from the aforementioned two meta- 
analyses, at present, coronary artery stenting followed by CABG seems to be the more safe 
strategy in terms of lower risk of stroke and death.
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3.3  Santarpino et al. Eur J Vasc Endovasc Surg 2018 [27]

Type of study. Post hoc analysis of data from a prospective multicenter observational study 
on 2813 patients.

Aim. To evaluate the prognostic impact on untreated asymptomatic carotid artery steno-
sis in patients undergoing isolated CABG.

Summary. In untreated asymptomatic patients, only carotid artery stenoses ≥90% are 
an independent predictor of postoperative stroke but rates of stroke in these patient subsets 
are low (7.0%).

Take-home message. Asymptomatic severe carotid artery stenosis has a low prevalence 
and, if left untreated, is associated with a relatively low risk of stroke. Therefore, preopera-
tive screening for asymptomatic carotid artery stenosis before CABG may not be justified. 
This is largely consistent with current guidelines, but there remain specific asymptomatic 
patient subsets for whom carotid screening is recommended (elderly patients, multivessel 
coronary artery disease, known peripheral vasculopathy).

3.4  Weimar et al. Stroke 2017 [28]

Type of study. Prospective randomized trial.
Aim. To compare the safety and efficacy of synchronous carotid endarterectomy and 

CABG vs. isolated CABG in patients with asymptomatic high-grade carotid artery stenosis.
Summary. The rate of any stroke or death in the intention-to-treat population was 12/65 

(18.5%) in patients receiving synchronous carotid endarterectomy and CABG as com-
pared with 6/62 (9.7%) in patients receiving isolated CABG.

Take-home message. Also, this study confirms the validity of current guidelines show-
ing that in patients with unilateral asymptomatic high-grade carotid artery stenosis, the 
combined approach of carotid endarterectomy and CABG is not superior to isolated CABG.

3.5  Zhang et al. Thorac Cardiovasc Surg 2017 [29]

Type of study. Systematic review.
Aim. To compare synchronous vs. staged carotid artery stenting and CABG.
Summary. The observed overall death/stroke/myocardial infarction rate was 8.5% in 

the staged group and 4.8% in the synchronous group.
Take-home message. This study compared 3 years earlier the same treatment strategy as 

Tzoumas et al. [28], coming to exactly opposite results: in the present study, the synchro-
nous approach was safer than the staged approach, whereas in the Tzoumas experience, 
the staged strategy performed better. Both studies, however, agree on the need for an indi-
vidual patient evaluation and that further studies are warranted to define the best treatment 
for this patient population.
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3.6  Yang et al. ANZ J Surg 2016 [30]

Type of study. Single-center prospective study.
Aim. To compare hybrid or staged revascularization by carotid artery stenting and off- 

pump CABG in patients with concomitant carotid and coronary artery disease.
Summary. The incidence of stroke, myocardial infarction, or death at 30 days was 10% 

in the hybrid group and 5.1% in the staged group, though without reaching statistical sig-
nificance due to the small sample size. The effect of the off-pump technique was not 
apparent.

Take-home message. Although no significant differences were observed between 
groups, this study should be considered in favor of the staged approach as incidence rates 
were twice as high in the hybrid group compared to the staged group.

3.7  Shama et al. Ann Thorac Surg 2014 [31]

Type of study. Meta-analysis.
Aim. To compare synchronous vs. staged carotid endarterectomy and CABG.
Summary. This analysis recorded comparable outcomes with the combined and staged 

approach, suggesting that the two strategies can be used interchangeably in clinical prac-
tice, with each having specific applications according to specific clinical conditions.

Take-home message. In this meta-analysis, which is not mentioned in current guide-
lines, the authors leave the door open to both strategies emphasizing the need for a tailored 
approach to the patient, in line with the conclusions reached later by Zhang and Tzoumas 
who compared synchronous vs. staged carotid artery stenting and CABG.

3.8  Oakes and Eichenbaum. Anesthesiol Clin 2014 [32]

Type of study. Review.
Aim. To provide an overview on the surgical approaches for carotid and coronary 

revascularization.
Summary. The authors underlined how the adoption of “protective” techniques (e.g., 

better diagnostic stratification for atheromatous disease, off-pump surgery) has contrib-
uted to the reduction in overall rates of perioperative stroke over time. They also reported 
that a significant proportion of perioperative strokes after CABG is multifactorial in origin 
(e.g., due to embolic phenomena, hypoperfusion, intracardiac thrombi, hemorrhage, or 
often “unclassified”).

Take-home message. As the general population ages, the prevalence of severe carotid 
atherosclerotic disease is increasing in the patient population scheduled for 
CABG.  Estimates suggest that significant carotid stenosis (>70%) is now present in 
approximately 10% of the CABG population. As a result, the need to manage patients with 
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significant concurrent carotid and coronary artery stenosis is likely to become more com-
mon in the future. Although many questions still remain about the optimal surgical 
approach to this high-risk patient population, it is clear that these patients, when they do 
present in the surgical room, pose important clinical anesthetic challenges.

3.9  Gopaldas et al. Ann Thorac Surg 2011 [33]

Type of study. Analysis of data from the U.S. Nationwide Inpatient Sample database.
Aim. To compare staged vs. synchronous carotid endarterectomy and CABG.
Summary. Among 6153 patients who underwent carotid endarterectomy before or after 

CABG and 16,639 patients who underwent both procedures on the same day, no signifi-
cant differences in mortality or neurologic complications were recorded. Staged proce-
dures were associated with an increased risk of overall complications and higher hospital 
charges than synchronous procedures. On-pump CABG was associated with higher stroke 
rates in the synchronous group.

Take-home message. In this study, off-pump CABG was associated with a reduced risk 
stroke, which could be even better with the aortic “no-touch” technique, though no studies 
have been conducted in combination with carotid endarterectomy. The staged procedure 
was found to be associated with an increased risk of complications. However, since 2011, 
the date of publication of this study, much has changed in antiplatelet/pharmacological 
and anesthetic protocols, so that the potential complications in the interval between the 
two procedures can be significantly reduced, such as also the risk of bleeding during anti-
platelet therapy.

4  Future Perspectives and Conclusions

On the basis of the available evidence, there is no univocal consensus on the strategy to be 
adopted in patients with concomitant coronary and carotid artery disease. Most of the 
studies in this setting are small case series and, except for some more larger registry stud-
ies, most often data are derived from reviews and meta-analyses. Despite the high preva-
lence of stroke in this patient population, it seems that there is no interest in conducting a 
randomized controlled trial dedicated to evaluating the best treatment for these patients, 
likely because of the lack of attention on this matter by the manufacturers of carotid stents 
and vascular prostheses.

In conclusion, the following suggestions and checkpoints are provided:

 – Nowadays, the typical patient scheduled to undergo CABG most often presents with 
polyvascular disease and/or diabetes, or extracoronary vasculopathy. Therefore, carotid 
screening is mandatory except for emergency conditions or in patients with no history 
of previous stroke.
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 – Both in symptomatic and asymptomatic patients, also with unilateral carotid stenosis 
>50%, the indication for carotid revascularization should always be individualized after 
discussion within a multidisciplinary team, including a neurologist.

 – Carotid artery stenting before CABG, even if performed on the same day, seems to be 
the best approach that is associated with a favorable risk/benefit ratio, but the decision 
of the most appropriate treatment option should be made based on the individual patient 
and available resources and skills.

 – Presence of a hybrid room for the combined procedure?
 – Specific expertise in carotid artery surgery? Use of vascular shunts? Procedure per-

formed under locoregional anesthesia?
 – Use of protective systems during carotid artery stenting?
 – CABG performed on-pump or off-pump? Aortic no-touch technique? Preoperative 

screening for aortic plaques?
 – Willingness to change procedural standards (e.g., simultaneous transcarotid artery 

revascularization with flow reversal) [34]?

Several issues remain to be addressed regarding indications, optimal timing, and techni-
cal considerations in patients with combined coronary and carotid artery disease. However, 
no definite answer on the best (and above all safer) treatment approach to be adopted in this 
patient population will be available until a randomized controlled trial comparing the differ-
ent strategies is conducted and all the characteristics of the study patients are well described.
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Minimally Invasive Myocardial 
Revascularization

Giovanni Concistrè and Marco Solinas

Abbreviations

CABG Coronary artery bypass grafting
LAD Left anterior descending coronary artery
MIDCAB Minimally invasive direct coronary artery bypass
OPCABG Off-pump coronary artery bypass grafting
PCI Percutaneous coronary intervention

1  Introduction

After the first description of a beating-heart anastomosis between the mammary artery and 
a coronary artery by Kolesov [1], this concept was not established in clinical reality for 
decades. Since the reintroduction of MIDCAB into the spectrum of surgical revasculariza-
tion in the 1990s by Calafiore [2] and Subramanian [3], this technique has been further 
developed. Today, it is a representative part of the cardiac surgical program in some insti-
tutions. MIDCAB has been mainly used in patients with proximal stenosis of LAD. In 
these patients, often interventional treatment with PCI appears risky or impossible due to 
complex lesions, close relationship to the main stem or other coronary arteries, or total 
occlusion of the target vessel. In other patients, repeated interventions at the LAD remained 
without long-standing success.
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Besides its original intention for revascularization of the LAD, MIDCAB can be a use-
ful part of hybrid procedures in patients with multivessel disease where a major coronary 
surgery procedure would not be well tolerated. Although multivessel disease is a predictor 
of elevated mortality after CABG, the MIDCAB procedure can be performed as a stand- 
alone procedure with acceptable results in midterm morbidity and mortality, even though 
formally incomplete revascularization may remain [4]. Several studies and our own expe-
rience proved that in selected patients with main stem stenosis or multivessel disease, 
MIDCAB can be safely performed [5]. Complete revascularization can be achieved by a 
hybrid approach with accompanying PCI [5, 6].

2  Patient Selection

Patients for the MIDCAB approach should be selected carefully. The ideal candidate 
would have severe stenosis or complete occlusion of the proximal LAD. It is important 
that the distal LAD is visualized either by collateral filling or by computed tomographic 
angiography in cases in which the patient has complete occlusion. Obesity is a relative 
contraindication. Although the LIMA takedown is technically possible in obese patients, 
the pressure placed on the wound edges by the retractor can lead to tissue necrosis and 
wound infections. Similarly, female patients with large breasts are at increased risk of 
wound necrosis. All contraindications are summarized in Table 1.

Table 1 Absolute and relative contraindications to MIDCAB

Absolute contraindications Relative contraindications
Hemodynamic instability Obesity
Emergency cases Significant left ventricular dysfunction
Cardiogenic shock Significant left ventricular dilatation
Ischemic arrythmias Previous sternotomy
Acute myocardial infarction Previous left-chest surgery

Chest wall deformities
Previous left-chest irradiation
Pulmonary hypertension
Intramyocardial coronary artery
Heavily calcified vessel
Small target vessel
Occluded coronaries without good filling via collaterals

G. Concistrè and M. Solinas



461

3  Surgical Technique

Standard monitoring is applied, and temperature management as for OPCABG is applied. 
Since single-lung ventilation is used, a double-lumen tube or bronchus blocker is applied 
to provide selective right-lung ventilation. Two defibrillator pads are accurately placed 
across the chest wall to guarantee effective electric conduction. The patient is placed in a 
supine position with an air sac under the left scapula, elevating the left chest slightly in 
order to achieve optimal exposure of the working field. Prior to the incision, main land-
marks (sternum and intercostal spaces) have to be identified, which can be difficult, espe-
cially in obese patients.

An oblique 5–7 cm long skin incision is made 2 cm laterally from the left sternal border 
to the inferior margin of the left nipple (Fig. 1).

Fig. 1 Incision at left 
fourth intercostal space
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After subcutaneous tissue division, the upper edge of the fifth rib is prepared, dividing 
the intercostal muscles over a length larger than the incision itself, which decreases ten-
sion and rib fracture risk. Preparation of the lower edge of the fourth rib has to be avoided 
because of the underlying intercostal pedicle. The fourth intercostal space is identified and 
opened. A small rib retractor is inserted through the thoracotomy, avoiding wide opening 
to prevent excessive stretching and damaging of the LIMA. A tissue pad is positioned into 
the pleural space to retract the lung. The left internal mammary lateral vein and artery are 
identified in the fatty tissue adjacent to the wall pleura; the vein is interrupted between 
clips and the artery is progressively harvested, under the vein itself, in a skeletonized 
fashion with hemoclips. The retractor is progressively opened wide enough to allow 
4–5 cm of LIMA harvesting proximally and distally. The ribs must be retracted progres-
sively to avoid fractures that would result in excessive postoperative pain and bleeding. We 
usually proceed to LAD search and analysis prior to complete LIMA harvesting in order 
to avoid a useless procedure in the case of an intramural or extremely calcified LAD, 
which would necessitate a conversion to sternotomy. Before pericardium opening, a flap 
of mediastinal fatty tissue is prepared to cover and protect the anastomotic site at the end 
of the operation, as described further on. The pericardium is then opened in a T- or cross- 
shape fashion. Usually, the LAD is immediately visible and, in cases of calcifications, 
digital palpation helps to localize the anastomosis site. Sometimes, the LAD course is very 
medial and close to the sternum or, when the heart is dilated or hypertrophic, the LAD may 
be located more laterally. In all cases, properly placed pericardial stay sutures will help to 
expose the anastomotic site. Be aware that in cases of a very lateral LAD, an extra length 
of LIMA is required, as described further on.

Whenever LAD identification is difficult or uncertain, we suggest checking its correct 
position by lifting the ventricular apex and following the LAD course. The LAD follows 
the interventricular septum, which is easily localized with digital palpation at the edge of 
the right ventricle. After LAD identification, LIMA harvesting is then completed. The 
LIMA is harvested under direct vision with the aid of special retractors. The mammary 
retractor is inserted in the thoracotomy, replacing the rib retractor. The ribs have to be 
retracted progressively to avoid fractures. If the exposure is poor, the incision can be 
slightly lengthened.

Usually, the LIMA is harvested under good vision, from distal to proximal, close to the 
subclavian vein, with the skeletonized technique. We use a long cautery blade, a long or 
endoscopic clip applier, and long fine or endoscopic forceps (20 cm shaft). This is the key 
point of the whole operation, and particular attention is necessary to avoid artery injuries, 
hematomas, or bleeding in the proximal part, which are all difficult to control. The LIMA 
must be harvested as proximal as possible, ideally close to the subclavian vein, but in any 
case, the LIMA should lean without tension on the medial mediastinum (Fig. 2).

Serious complications of too short harvesting can be mammary angulation, kinking, or 
even avulsion, and it can result in fatal outcomes. Sometimes, especially in cases of a 
 lateral LAD or distal anastomotic target, evaluating the proper LIMA length can be diffi-
cult. We suggest a simple trick: before the LIMA distal cut, try to pull the artery gently 
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Fig. 2 Left internal 
mammary artery 
harvesting

toward the LAD. If you are able to reach the LAD, the LIMA is long enough; if the LAD 
is still more lateral, you will probably need more LIMA length. When the LIMA is too 
short, we generally harvest a more distal segment in the fifth intercostal space, through the 
same skin incision, for 3–4 additional centimeters, before making the distal cut. After 
harvesting the LIMA, a small retractor is inserted through the thoracotomy. The internal 
mammary artery is clipped, cut distally, checked for adequate flow, and clipped distally to 
check the adequate length. Then the distal end is secured with a holding stitch and pre-
pared for anastomosis. The LIMA-LAD end-side anastomosis is performed on a beating 
heart using suction or a pressure stabilizer and a CO2 blower. An Octopus Nuvo Suction 
Stabilizer (Medtronic, Minneapolis, MN, USA), inserted in the sixth intercostal space at 
the hemi- clavicular line, has been used. The anastomosis is then performed after proximal 
coronary rubber snaring or intracoronary shunt, familiar from off-pump surgery (para-
chute technique, an 8-0 polypropylene suture) (Fig. 3).

In cases of a large diagonal branch to be grafted, the anastomosis can be done either 
sequentially with the left mammary or with a Y-graft (vein/radial) originating from it. In 
the sequential setting, the diagonal is anastomosed first followed by the LAD.  In the 
Y-graft setting, the Y-anastomosis is performed first, then the LAD, and the diagonal at the 
end. The anastomosis is checked for residual bleeding.

At the end of the procedure, protamine is given. The pericardium is closed with single 
sutures attaching the fatty pad margin to the medial portion of the pericardium to protect 
the anastomosis site from lung rubbing, which can cause malpositioning and/or clip avul-
sion. A chest tube is inserted with care on the upper edge of the sixth or seventh rib to 
avoid injury of the intercostal pedicle. No tube is inserted into the pericardium. The tissue 
pad is removed from the chest, and the anesthesiologist is asked to inflate the left lung. The 
lung inflation must be carefully monitored to avoid any accidental LIMA stretching in this 
phase. Note that the LIMA should be positioned medially, leaning without tension on the 
medial mediastinum, and allowing the lung to inflate above it, without any interference.
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Fig. 3 LIMA-LAD 
anastomosis

The intercostal space is closed with one or two braided suture single stitches through 
the ribs (not around them) to avoid injuring the intercostal pedicle. Any rib fractures should 
be consolidated with more stitches. It is important to re-approximate the intercostal space 
properly to avoid subsequent lung herniation that would lead to a thoracoplasty.

A long-acting anesthetic agent is used for local infiltration of the intercostal space to 
minimize postoperative pain. We leave a towel in the thorax for bleeding control until it is 
closed. The incision is checked for bleeding from the ribs, muscles, and subcutaneous 
tissue. The pectoral muscle is then closed with one line of running suture followed by a 
second and third line for the subcutaneous tissue. The skin is closed with an absorbable 
running suture [7].
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4  Outcomes

The keys to management of these patients are analgesia and early mobilization. Many 
patients are extubated on the table, but if a period of postoperative ventilator support is 
required, the endotracheal tube is changed to a single-lumen tube. Bronchoscopy before 
extubation is not mandated but has become part of our routine to clear secretions from the 
bronchial tree. Nonsteroidal anti-inflammatory medications are used in addition to narcot-
ics. Intravenous fluids are restricted, and patients are usually allowed to get out of bed on 
the same evening. Monitoring lines and chest tubes are removed on the second  postoperative 
day, and patients ambulate aggressively. Once pain is well controlled with oral medica-
tions, patients are discharged home usually on the fourth or fifth postoperative day.

The overall reported results of MIDCAB have been excellent [8–16]. Procedural suc-
cess is high (98%). Operative mortality is 1% in most series. Reoperation rates for bleed-
ing vary from 1 to 3%. Chest wound complications occur in 2–3%, and pulmonary 
complications are seen in 1–3% of patients. Angiographic patency in the early postopera-
tive period and at 6 months has been excellent, and reintervention for ischemic events has 
been unusual [17].

MIDCAB is an attractive option for patients who would like to avoid a sternotomy. It is 
experiencing resurgence with the growth of hybrid revascularization. With careful plan-
ning and teamwork in the operating room, it can be accomplished safely and with excel-
lent patency rates.
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Redo CABG: History, Epidemiology, Surgical 
Treatment, and Outcomes

Armin Darius Peivandi, Andreas Rukosujew, 
and Angelo Maria Dell’Aquila

1  Background, History, and Epidemiology

Since René Favaloro and colleagues first performed CABG, the treatment of coronary 
artery disease has undergone ongoing changes including new revascularization techniques 
and indications [1]. A consequence of this development was the performance of repeated 
revascularization in patients who had previously undergone CABG surgery. After redo 
CABG operations peaked in the early 1990s, their number has more than halved since then 
[2, 3]. While this development is in accordance with an overall decrease in CABG opera-
tions [4], three specific reasons have been identified to contribute to this trend [5]. First, 
medical therapy of coronary artery disease has significantly improved. This includes most 
prominently the introduction of the statin therapy [6, 7] in conjunction with antiplatelet 
regimen [8]. Second, the use of the LITA as a bypass graft for the LAD and a trend towards 
TAR techniques have enhanced long-term outcomes of CABG, making the need for revas-
cularization less common. [9]. Third, an increasing number of PCI as another revascular-
ization technique after previous CABG has become more common [5].

An analysis of the data from the Society of Thoracic Surgeons Adult Cardiac Surgery 
Database showed a decrease of the percentage of redo CABG from 6% in 2000 to 3.4% in 
2009 [10]. This investigation also revealed that patients undergoing redo surgery of the 
coronary arteries were older and sicker than patients undergoing first-time CABG. Advanced 
age, male sex, diabetes, hypercholesterolemia, chronic obstructive pulmonary disease, 
hypertension, peripheral vascular disease, and preoperative arrythmias were found to be 
more common in this group [10].
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Another study, analyzing data from the National Inpatient Sample database, found a 
total decrease in redo CABG with no changes on the proportion of reoperations from 2002 
to 2016. According to this study, recently published in the Journal of the American Heart 
Association, the current rate of redo CABG lays at around 2.2% (2016) [11]. In Europe, 
however, redo rates have been reported even lower as per a recent publication on trends of 
CABG in the UK states. In this study, redo CABG accounted for 0.2% of CABG opera-
tions from 2015 to 2016 [12]. This high variation in the rate of redo CABG reflects the 
high variation in referral to CABG surgery already observed in past guidelines on revas-
cularization [13]. Regarding the risk factors for redo CABG, one retrospective study iden-
tified the following predictors: prior PCI, dyslipidemia, diabetes, and hypertension [3]. 
However, due to this high variation in the indication to redo CABG and scarce literature 
on this specific topic, caution must be advised when interpreting those results.

2  Indications for Redo CABG

While repeated revascularization is less commonly needed after primary CABG in com-
parison to primary PCI (13.7% vs. 25.9% at 5 years) [14], three main indications may 
require repeated revascularization after previous CABG surgery: early graft failure, late 
graft failure, and disease progression. Specific recommendations for choice of treatment 
are given in the current consensus guidelines of the European Society of Cardiology (ESC) 
and the European Association of Cardio-Thoracic Surgery (EACTS) on coronary revascu-
larization [15]: When early graft failure is detected in post-CABG coronary angiography, 
the guideline recommends the choice between emergency reoperation and PCI to be made 
in the heart team (Class I, Level C). According to the guideline, an unsuitable anatomy for 
PCI, multiple graft occlusions, and clear errors at the anastomosis rather require redo 
CABG. Other factors that should be taken into account include area at risk, clinical status, 
and feasibility of revascularization [15]. Only few studies have compared treatment strate-
gies after perioperative myocardial infarction until now. These studies did not show sig-
nificant differences when comparing treatment modalities [16–18]. A comparison of 
treatment strategies is however difficult and associated with confounders, as each treat-
ment modality has its specific indications.

Regarding late graft failure, the guideline states that revascularization in disease pro-
gression and late graft failure should take place when severe symptoms are present despite 
medical therapy and when there is a large area of ischemia (Class I, Level B) [15]. In the 
AWESOME trial [19, 20], a total of 454 patients with medically refractory myocardial 
ischemia and risk factors for adverse outcomes with bypass were randomized to PCI (222) 
or CABG (232) group. Within these groups, only around 30% of patients (32% in CABG 
group, 30% in PCI group) had previously undergone CABG surgery. It was shown that 
survival rates in redo CABG vs. PCI at 3 years were similar (CABG: 73%; PCI: 76%). 
Hence, the guideline recommends PCI as the first choice over CABG if safe and anatomi-
cally feasible (Class IIa, Level C) [15]. However, in the abovementioned AWESOME trial, 
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PCI after initial CABG was associated with significantly more repeated revascularizations 
(survival free of repeated revascularizations: PCI 50%, CABG 60%) and significantly 
more unstable angina pectoris (survival free of unstable angina: PCI 43%, CABG 61%) 
[19, 20].

Therefore, one should consider CABG over PCI in patients with recurrent in-stent 
restenosis (Class IIa, Level C) [15].

In summary, conditions in favor of redo CABG are depicted in the following cases 
(adapted from the 2018 guidelines):

• Multiple graft occlusions
• Extensively diseased or occluded grafts
• Absence of patent arterial grafts
• Anatomy unsuitable for PCI
• Anastomosis error
• Recurrent in-stent stenosis

3  Operative Techniques

The operative technique of redo CABG is largely comparable to primary CABG although 
more challenging due to some technical aspects mainly related to the sternal reentry, graft 
selection, and availability.

According to the current guidelines, the internal thoracic artery remains the first choice 
for redo CABG if not used during primary operation (Class I, Level B) [15]. This recom-
mendation is largely based on a study conducted by Sabik III et al. published in the Journal 
of the American College of Cardiology. This group was able to clearly show benefits of 
LITA grafting compared to saphenous vein grafting in redo CABG when used for LAD 
revascularization. Including a cohort of 3473 patients, they showed that hospital mortality 
was significantly lower, and early and late survival was higher in the LITA group. The 
group detected an absolute mortality risk reduction in the LITA group with a number 
needed to treat (NNT) of 16 [21].

Considering the advantages of arterial grafts, numerous techniques have been devel-
oped in order to “recycle” arterial grafts [22, 23]. In particular, a Y anastomosis can be 
performed on patent internal mammary; if stenosis of distal anastomosis occurs, arterial 
grafts can be re-anastomosed [22, 23]. Finally, arterial grafts can be distally removed and 
used for the revascularization of other vessels. All those techniques, however, must 
undergo a pre- and intraoperative critical evaluation in relation to the feasibility, the time 
required for performing this, and the patients’ comorbidities. In fact, a careful surgical 
planning and enhanced expertise are of utmost importance for successful 
revascularization.

An additional tool for preoperative planning is offered by the use of multidetector com-
puted tomographic angiography CT imaging [24]. To this regard, a study by Kamdar et al. 
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assessed the use of this diagnostic tool in reoperative planning. The study included a total 
of 167 patients. All of them had a history of previous CABG and were scheduled for redo 
CABG. In their study, significant correlation between high-risk findings detected through 
a multidetector computed tomographic angiography and preventive surgical strategies was 
found. High-risk findings included right ventricle/aorta to chest wall or CABG crossing 
midline in close proximity. As a consequence of those findings, change of operative strat-
egy was adopted including non-midline approach, cardiopulmonary bypass initiation 
before incision, peripheral arterial and venous cannulation before sternotomy, deep hypo-
thermic circulatory arrest, or a combination of all those preventive strategies [25]. 
Frequency of severe bleeding, graft injuries, and 1-month mortality as reported by the 
authors lay by 4.4%, 5%, and 2.5%, respectively [25].

As part of a careful surgical approach, a patent LIMA has to be preserved during redo 
CABG. According to a study conducted by Smith et al., a clamping of a patent LIMA graft 
during redo surgery is not associated with a survival benefit but rather with an increased 
risk of LIMA injury (7.9%). In their retrospective analysis, the group investigated 206 
patients with patent LIMA-LAD grafts and found no significant difference in survival 
rates when comparing the clamping vs. the non-clamping group. Noteworthy in the non- 
clamping group, cardioplegia was given in shorter time intervals and the patients were 
cooled down to 28–32 °C [26].

4  Off-Pump vs. On-Pump Redo CABG

Recently, scientific focus has been lying on the question of on-pump vs. off-pump redo 
CABG. Many studies have suggested a benefit of redo off-pump surgery [27–29]. Bruno 
et  al. conducted a propensity score-matched analysis in which they compared 10-year 
survival rates in patients operated on- and off-pump. In their retrospective study, 84 
matched redo CABG patients were included in each group. There was no significant dif-
ference in 10-year survival between on-pump and off-pump CABG in their analysis. 
OPCAB, however, resulted in better outcomes in terms of in-hospital mortality and IABP 
implantation rates and showed a reduction in the composite outcome of their study (con-
sisting of acute kidney injury, stroke, in-hospital mortality, and severe low cardiac output 
in need of IABP) [27]. In line with those results, another study analyzing data from the 
Japan Cardiovascular Surgery Database came to the same result of Bruno et al. In this 
study, 200 OPCAB patients were compared to 200 on-pump using a propensity matching 
to overcome biases deriving from the non-randomization. In addition to that, they were 
able to show a lower 30-day mortality in the OPCAB group. Moreover, composite mortal-
ity or major morbidities, prolonged ventilation, ICU stay, and blood transfusion rates were 
significantly lower in the off-pump group [29]. A recently published meta-analysis by 
Zhang et al. found the off-pump technique to be associated with a significantly reduced 
30-day mortality. In their analysis, 21 redo CABG studies were included. In particular, all 
of them were observational studies, and of them 19 were retrospective and 2 prospective.
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In this meta-analysis, moreover, they also identified other advantages of off-pump in 
comparison with conventional on-pump redo: postoperative new-onset atrial fibrillation, 
myocardial infarction, acute kidney injury, low cardiac output, blood transfusion, duration 
of mechanical ventilation, and ICU and hospital stay were significantly lower if redo was 
conducted off-pump. Although completeness of revascularization was not significantly 
different in both groups, there was a clear trend towards a more complete revascularization 
in on-pump patients (83% on-pump vs. 66.18% off-pump) [30]. In this setting, large pro-
spective randomized controlled studies on this topic are needed in order to tease out the 
real benefit of off-pump surgery over the on-pump. Moreover, issues such as the benefit of 
completeness in revascularization over a more parsimonious approach are to be addressed 
through randomization. In this setting, other factors that in the observational studies are 
not accounted for relate to the individual surgical expertise and to the choice of procedure 
that can once more hardly depend on the technical feasibility and the status of native 
vessels.

5  Risk Factors and Outcomes

As already mentioned in the first paragraph, patients undergoing redo CABG operations 
are generally sicker when baseline characteristics are compared to patients referred to 
first-time CABG [31, 32]. In this setting, identification of risk factors for mortality after 
redo CABG is a crucial step for patient selection and planning of appropriate strategy.

In this regard, Elbadawi et al. found three main predictors of mortality among redo 
CABG: history of heart failure, chronic kidney disease, and electrolyte/fluid imbalances. 
In this analysis, a total of 46,820 redo CABG patients were compared with patients receiv-
ing primary CABG (n = 3,165,948). Data were retrieved from the National Inpatient 
Sample database in the United States. Redo CABG patients showed an increased in- 
hospital mortality (3.2% versus 1.9%). Additionally, they found that the adverse events of 
cardiac arrest, cardiogenic shock, and vascular and respiratory complications were higher 
in the redo group [11].

In another study, Gallo et al. analyzing the outcome of 126 redo CABG showed that 
redo CABG needed significantly more blood products during surgery. After propensity 
matching, redo CABG did not result in a significantly higher mortality when compared 
with first-time CABG (3.1% vs. 2.1%). Interestingly, most redo CABGs were performed 
in a period of 10 years or more after primary CABG [3].

In another report of the Japanese Association of Thoracic Surgery (JATS), operative 
mortality of redo CABG was more than three times higher than that of primary CABG 
(4.7% vs. 1.3% in 2010). Additionally, emergency redo was associated with increased 
30-day mortality in comparison with elective redo (9.7% vs. 3.3%) [5]. Interestingly, data 
were reported as crude rates without performing adjustment.

In this setting, Bianco et al. did not report any significant difference in terms of 30-day 
or 1-year operative mortality between CABG and redo CABG (5.3% vs. 7.5% and 12.1% 
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vs. 14.8%, respectively) [33] after propensity score matching. However, blood product 
transfusion and delayed sternal closure were significantly higher for reoperative CABG 
group. In his study, 7265 of these patients with first-time CABG and 350 patients with 
reoperative CABG were included. The higher mortality rate of first-time CABG is due to 
the selection of patients with high-risk profile for matching with redo CABG that are more 
likely to have more comorbidities. On the other hand, results of redo surgery have substan-
tially improved and the redo condition must not be seen as risk factors per se [32].

In summary, although challenging, redo CABG can be conducted safely with advanced 
operative techniques and a decreasing rate of adverse events and mortality [2, 3]. 
Nonetheless, numbers of redo CABG have decreased over time due to an improved medi-
cal therapy, arterial grafting in primary CABG, and an increase in PCI [5]. While current 
guidelines rather recommend PCI as the first choice after primary CABG [15], decision 
upon indication should be made in the heart team upon careful consideration of all factors. 
Large prospective RCTs on long-term results after redo CABG vs. PCI after primary 
CABG are still missing and desirable aims for the future. While studies indicate a benefit 
of the OPCAB technique in redo, patient safety should not be compromised and choice of 
method should be based on surgical experience. Finally, the use of multidetector computed 
tomographic angiography CT imaging is an important tool for accurate planning of surgi-
cal strategy and therefore its use is advisable.
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STEMI ST-elevation myocardial infarction
ST Sutured repair
SLT Sutureless repair
VA-ECMO Veno-arterial extracorporeal membrane oxygenation
VSD Ventricular septal defect

1  Postischemic Ventricular Septal Defect

1.1  Historical Note

Postischemic ventricular septal defect (VSD) refers to a rupture of the interventricular 
wall that occurs secondary to a transmural myocardial infarction (MI) after complete 
occlusion of a coronary artery.

This concept of interventricular septal rupture was first introduced in 1847 by Latham 
[1] after postmortem examination and upon antemortem evaluation by Brumm in 1923 
[2]; however, the first procedure to repair postischemic VSD was published more than a 
century later by Cooely and Colleagues, in 1957 [3]. Thence, it was quickly realized that 
surgical treatment, despite very high mortality, provided greater probability of survival 
and that it should be offered to as many patients as possible rather than only to those who 
survived the first weeks after a myocardial infarction. Modern concepts in VSD surgery 
were quickly introduced, and many surgical approaches were proposed, including the left 
transventricular (Kay and Dubost, 1969 [4, 5] and Kitamura in 1970 [6]) or the right 
transatrial (Filgueir and colleagues, 1986 [7]). Further, David and colleagues [8] added the 
concept of excluding the infarcted zone during septal repair and, in 1987, described the use 
of three oval patches in the autologous pericardium: the first to close the VSD and the free 
wall infarcted area, the second to close the VSD from the right, and the third to cover the 
epicardial surface of the VS.

1.2  Natural History

A recent report from the JAMA (2020) once again confirmed cardiac diseases to be the 
foremost cause of death in the United States, with a worrying increase by 4.8%. This is the 
largest increase from 2012 [9] and could be associated, to some extent, with the COVID-19 
pandemic, which was the third leading cause of death in 2020. The COVID-19 pandemic 
greatly disrupted health systems and increased fear among patients requiring health care. 
The incidence of VSD, which is a mechanical complication of MI, had reduced from 
1–2% to 0.2% [10] due to the advent of early myocardial reperfusion strategies; however, 
the COVID-19 pandemic has led to its recrudescence because of delayed access to tertiary 
care among patients experiencing angina.
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1.3  Morphology of VSD

VDS typically occurs as a consequence of a transmural acute myocardial infarction (AMI) 
that is limited to a segment of the interventricular septum, secondary to complete occlu-
sion of a coronary artery. Depending on the extent of the MI, VSD can occur between a 
few hours and the first 2 weeks after the MI.

The left anterior descending coronary artery (LAD) and the right coronary artery 
(RCA) are the most common arteries involved; they lead to 42% and 46%, respectively, of 
all postinfarction VSD [11]. Concomitant lesions in collateral circulation are also com-
monly observed. Occlusion of the LAD results in an apical septal defect because it sup-
plies the anterior portion of septum; similarly, the dominant RCA supplies most of the 
inferior portion of the septum; hence, its occlusion leads to an infero-basal VSD.

The morphology of an anterior VSD is significantly different from that of a posterior 
VSD, and this is crucial for determining the setup of the cardiac team for evaluating treat-
ment timing and management. Notably, these differences are well described by the radio-
logical and cardiology group of the Bristol Royal Infirmary [12]. The morphology of both 
anterior and posterior VSDs has been investigated by echocardiography, magnetic reso-
nance [MRI], and electrocardiographically gated computed tomography [CT] imaging to 
identify anatomic features most suitable for percutaneous closure, and the results show (i) 
that VSDs due to occlusion of the LAD (LAD-VSD) are smaller than those due to RCA 
obstruction, (ii) that they are wider in the left side of the septum, and (iii) that they undergo 
a smaller size change between systolic and diastolic phases. Further, the distance from the 
defect to the myocardium, which is 5 mm thick and pragmatically provides an adequate 
seal against percutaneous occlusion, is greater in anterior and apical VDS than in poste-
rior ones.

LAD-VSDs are significantly more likely to be simple or entirely intraseptal; in con-
trast, RCA-VSDs are generally complex with the septum torn from the free wall of the 
heart or associated with an intramyocardial dissection that can progress to free wall rup-
ture. Thus, this chapter deviates from the current consensus in which VSDs are classified 
as simple when there is a direct connection between the two ventricles and complex when 
they have a serpiginous course [13].

1.4  Pathophysiology, Clinical Features, and Diagnosis

Disruption of the ventricular septum results in a left-to-right shunt and a sudden decrease 
in forward left ventricular (LV) stroke volume, apart from right ventricle (RV) volume and 
pressure overload and secondary left-side overload due to greater venous pulmonary 
return. Pulmonary and systemic vascular resistance affects shunt fraction, and the 
pulmonary- to-systemic blood flow ratio (Qp/Qs) is usually ≥2.0.
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RV dysfunction greatly impacts prognosis, and it occurs when the inferior RV basal 
wall is involved due to an inferior infarct or severe ischemia, along with a sudden increase 
in pulmonary blood flow from the left-to-right shunt [14]. The size of the defect and biven-
tricular function affect the degree of the left-to-right shunt, hemodynamic changes, clini-
cal presentation, and prognosis of the patient.

A harsh pansystolic murmur at the lower left sternal border, a thrill (in 50% of the 
cases), and a clinical history of transmural AMI should lead to a suspicion of a post-infarct 
VSD as concomitant secondary mitral regurgitation could worsen clinical presentation. 
Patients with VSD may be relatively hemodynamically stable or present with various 
degrees of hemodynamic instability, including cardiogenic shock that requires mechanical 
ventilation, intra-aortic balloon counterpulsation (IABP), inotropes, diuretics, and nitrates. 
In relatively stable patients, it is very important to detect any early signs of hemodynamic 
deterioration and act before multi-organ failure develops. Once an electrocardiogram 
(ECG) has established a diagnosis of STEMI, two-dimensional echocardiography, either 
transthoracic or transesophageal, is highly sensitive and specific for differentiating 
between VSD and mitral papillary muscle rupture, calculating VSD size, quantifying left- 
to- right shunt, analyzing RV and LV function, and evaluating wall motion abnormalities 
and mitral and tricuspid valves.

A Swan-Ganz catheter, coronary angiogram, and ventriculography are invasive studies, 
and the cardiac team should decide whether the patient can tolerate these tests or if only a 
coronary angiogram with minimal contrast injection should be acquired. Complete coro-
nary revascularization during surgery for postinfarction VSD might improve long-term 
outcomes among patients, but it does not affect early outcomes and, therefore, should not 
be a priority in patients in cardiogenic shock [15]. Cardiac MRI and CT scan can play a 
substantial role in planning interventional percutaneous closure in hemodynamically sta-
ble patients.

1.5  Indications and Timing of Surgery

Postinfarction VSD has a broad range of clinical presentations that can help the cardiac 
team in recommending the best time for surgery. In the early phase after MI (72 h), the 
infarcted myocardium is fragile and the infarcted zone shows inward migration of macro-
phages, monocytes, and neutrophils, metalloproteinase activity, tissue breakdown, and an 
inflammatory response that leads to the expansion of infarcted areas. Notably, prolifera-
tion of connective tissue begins only about three weeks after the infarction [16]. Thus, 
while the best time to operate would be after the necrotic muscle has healed, rapid onset 
of clinical deterioration with acute heart failure or cardiogenic shock in most cases pre-
cludes any delay in surgery.

The European Society of Cardiology recommends early surgery in patients who are 
nonresponsive to aggressive heart failure treatments because of a high mortality rate 
(20–40%) and greater risk of recurrent ventricular rupture; thus, delayed elective surgery 
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should only be considered in very stable patients, with or without pharmacologic help, 
IABP, or mechanical support [17]. In contrast, the 2013 American Heart Association 
guidelines recommend emergency surgery even in stable patients because of the excessive 
risk of hemodynamic collapse in case of VSD enlargement, which has a mortality rate of 
20–87% [18].

Results from several publications indicate that time elapsed between VSD occurrence 
and surgery is a factor that directly affects survival. For example, Arnaoutakis et al. report 
a mortality rate of 54% when surgery was performed within seven days from VSD detec-
tion, while it reduced to 18% if surgery was postponed to after the first week [19]. Similarly, 
Malhotra et al. show that delaying surgery by as little as 3 days can help reduce mortality 
from 76% to 18%. A retrospective study of data from the Japanese National Database also 
confirmed a more favorable outcome if surgery was delayed; specifically, mortality rate 
was 13.2% among patients undergoing elective surgery while it was 56.0% among patients 
requiring emergency surgery and 80.5% in salvage patients [19]. Such a high mortality in 
the cluster of patients undergoing emergency surgery is understandable not only because 
of the technical difficulties in grafting a patch on to an infarcted, friable, and weak area, 
but also due to hemodynamic compromise, cardiogenic shock, and multiple-organ failure 
that necessitated the decision for surgery.

The time interval between VSD and surgical repair is also a good indicator of the sever-
ity of the cardiac damage as a short duration is indicative of severe ischemia, poor coro-
nary collateral circulation, and difficulty of the heart and its adaptive systems to cope with 
hemodynamic changes [20]. In this scenario, the importance of the heart team, composed 
of a cardiac surgeon, cardiac intensivist, cardiologist, and hemodynamist, is strongly 
emphasized, and they, together, must analyze the patient’s history, clinical presentation, 
risk factors, comorbidities, hemodynamic situation, echocardiogram, and hemodynamic 
calculations to recommend an individualized optimal treatment strategy for each patient. 
Patient age and comorbidities can greatly influence the therapeutic approach used and 
timing of surgery; however, in the presence of severe cardiogenic shock with rapid deterio-
ration of the patient, surgical repair remains the only effective treatment. Risk factors 
associated with lower survival are older age, obesity, female gender, no-smoking history, 
no prior angina or MI, COPD, renal failure, FE <30%, preoperative shock, three-vessel 
disease, longer CPB and cross-clamping time, and inferior-basal defects. Emergency/sal-
vage status is a strong risk factor for intra- and perioperative death [21].

1.6  Surgical Techniques

The main treatment goals in a patient with VSD are to reduce the left-to-right shunt by 
limiting afterload, improve coronary perfusion with IABP and nitroglycerin (where pos-
sible), maintain organ perfusion (MAP and SVR), and use opioids to limit stress and 
sympathetic stimulation triggered by pain or invasive procedures.

Surgery is performed to close the communication between the left and right ventricles.
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Concomitant myocardial revascularization should be considered if multiple coronary 
vessel disease is simultaneously present, which is seen in more than 50% of the patients 
with post-MI VSD. The advantage of this strategy lies in bringing oxygenated blood from 
the areas surrounding the transmural infarction to affected areas of the myocardium for 
potential recovery and ensuing reduction in the infarcted area. However, revascularization 
of the occluded coronary artery responsible for the VSD is not useful because the affected 
myocardium is no longer viable and because the vessel often remains trapped in the suture 
line of the ventriculotomy. Further, performing coronary artery bypass graft (CABG) sur-
gery during post-MI VSD repair does not significantly increase short- and long-term sur-
vival, and the risks associated with prolonged cardiopulmonary bypass time must be 
weighed.

The principles of VSD repair surgery are as follows: incise the ventricle in the infarcted 
area, use one or more patches (in polyester or pericardium) to cover the defect, close the 
septal communication by passing the stitches on the septum and away from the infarcted 
friable area, use interrupted sutures with pledgets and/or continuous sutures to reduce ten-
sion on the patch, exclude the infarcted area in the free wall, and ensure minimal tissue 
debridement. Almost all patients who require surgery also have IABP support. Hence, 
cardiopulmonary bypass is established with bicaval cannulation, but some hospitals—
once mitral valve surgery has been ruled out—directly cannulate the right atrium. Once 
extracorporeal circulation is initiated, the patient is subjected to moderate hypothermia 
(28°C) and cardioplegia is administered, initially warm, anterograde, and into the aortic 
root, and then retrograde and into the coronary venous sinus.

Predominantly used techniques in anterior VSD repair are amputation of the apex, 
infarctectomy and closure (Daggett’s technique), modified Daggett’s technique, David 
infarct exclusion technique and its modifications (single or double patch), and sandwich 
technique.

If the VSD is due to a distal occlusion of the anterior descending coronary artery, only 
the apical septum may be affected, and in this case, a simple amputation of the ventricular 
apex can be performed, including the involved portion of the septum and the apical portion 
of the RV. The apex is then reconstructed using two PTFE felt strips on either side of the 
septum and two more strips adjacent to the left and right apical endocardium. Heavy mat-
tress sutures are applied through these four felt layers to approximate the left and right 
apical endocardium and to close the breaches.

The Daggett’s technique of infarctectomy and closure involves a two-patch repair and 
has been applied and modified over time to reduce patch tension and VSD recurrence. 
Anterior exposure is through the infarcted myocardium. Interrupted pledgeted sutures are 
first placed at the base of the septum through the healthy tissue and subsequently through 
the “first” patch, which is cut to length to complete the VSD repair. Depending on the 
quality of the superior septal tissue, sutures are passed on the left or the right ventricular 
free wall, adjacent to the septum. Two patches are used to reconstruct the septum, the 
anterior wall may be separated or connected, and the septum patch can also be brought out 
of the anterior ventriculotomy and later anchored to the sutures placed to secure the sec-
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ond patch; the latter is used to close the anterior infarcted free wall of the VS (patch-to- 
patch junction of the septum and the anterior wall) [22, 23].

The modified Daggett’s technique involves three patches instead of two: specifically, 
one to close the VDS and a double internal and external composite patch to close the left 
ventriculotomy. Fibrin glue is used to seal the two patches and reduce the risk of bleed-
ing [24].

In the infarct-excluding, single-patch David technique, the infarcted septum is exposed 
through an anterior ventriculotomy that runs parallel to the LAD vessel. The infarcted 
septum and myocardium free wall are excluded using a large patch of bovine pericardium 
or a collagen- or gelatin-impregnated polyester patch and deep bites are taken through 
healthy tissue. Both interrupted pledgeted sutures and continuous suture may be used to 
reduce tension on the patch. The ventriculotomy is closed without an infarctectomy, using 
two strips of PTFE felt or buttressed sutures in the pericardium [25, 26]. This technique 
can also be applied to posterior defects, but here, the heart is lifted, and the incision is 
made parallel to the posterior descending coronary artery. Next, a triangle-shaped patch is 
placed such that one vertex is anchored to the fibrous annulus of the mitral valve, its 
medial margin attached to the non-infarcted septum adjacent to the defect, and its lateral 
margin fixed to the free wall of the LV adjacent to the posterior papillary muscle. The 
ventriculotomy is then closed with a double strip of Teflon.

The double patch or “sandwich technique” is another well-described VSD repair pro-
cedure where the defect is corrected using a double patch on both the left and right sides 
of the septum. The ventricle can be approached from either the left or the right side. 
Separate stitches are passed into the first patch, then through the healthy septum around 
the defect, and subsequently into the second patch. Some authors prefer autologous peri-
cardium stabilized in 0.6% glutaraldehyde, while others have used bovine pericardium or 
a composite of Dacron or Teflon patches covered with autologous or heterologous pericar-
dium for the surface in contact with blood. The use of glue, such as gelatin-resorcin- 
formalin (GRF) glue (Cardial, Technopole, Saint-Étienne, France) or BioGlue (CryoLife 
Inc., Kennesaw, Georgia, USA), injected into the space between the two patches, has also 
been described and may help prevent a residual left-to-right shunt.

A modification of this technique involves combining the double patch with the exclu-
sion of the infarcted area of the left ventricular free wall. Here, the second patch is shaped 
such that some tissue is available to both close the left-side defect and exclude the infarcted 
area, according to David’s technique. The LV incision line is double-suture closed using 
the felt sandwich method and 3-0 polypropylene sutures [27–29].

1.7  Percutaneous Closure

In the era of interventional cardiology, any possibility to nonsurgically close a postisch-
emic VSD represents an attractive alternative, especially in those patients who are poor 
candidates for surgery. However, compared to those treated with open surgery, outcomes 
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are not significantly different among these patients because 30-day or in-hospital mortality 
after percutaneous closure is around 32%, despite a procedural success rate of  approximately 
89%. Moreover, mortality after percutaneous closure is strictly correlated with preopera-
tive status—in-hospital or 30-day mortality is 88% in patients in cardiogenic shock com-
pared to 38% in more stable patients. Importantly, these rates reflect surgical mortality of 
a procedure performed in the first 14 days after MI [30, 31]. Thus, the cardiac team has a 
decisive role in selecting the most appropriate treatment strategy for the patient, and the 
percutaneous transcatheter option can be considered as (i) an alternative to surgery, (ii) to 
close a residual postsurgical defect or (iii) as a bridge-to-surgery for reducing the shunt 
and enabling hemodynamic stabilization, and exclusively in centers where appropriate 
expertise exists.

A widely used specific device is the Amplatzer P.I. Muscular VSD Occluder (St. Jude 
Medical, St. Paul, MN, USA), which consists of two discs of nitinol wire that are deployed 
on the sides of the septum and are connected by a 10 mm stem (waist). The length of the 
stem ranges between 18 and 24 mm and provides nominal size to the device. Ideally, the 
discs should match the 5 mm septal thickness to provide adequate seal and the defect size 
should be <25 mm on both sides of the septum (optimally <15 mm). Further, the device 
should be oversized when possible (even up to 150%), there should be adequate septal 
“rim,” and it should not hinder the tricuspid subvalvular apparatus. Unfortunately, these 
optimal features are found in less than one-half of all cases, i.e., the defects are often wider 
and asymmetric, and the septum is too thin to ensure adequate sealing [12]. Additionally, 
VSD Occluder device use requires double-antiplatelet therapy for 6 months, followed by 
only aspirin.

Technically, the procedure uses femoral arterial access to insert a soft wire that is 
passed through the VSD and captured in the pulmonary artery, which is then externalized 
by a snare advanced from the femoral or jugular vein. Through this arteriovenous rail, the 
device delivery sheath is advanced through the defect from the venous side and then 
released at the defect site under transesophageal echocardiographic guidance. Procedural 
complications that predominantly affect survival are arrhythmias (third-degree atrioven-
tricular block, ventricular fibrillation/tachycardia, bradycardia, atrial fibrillation), device 
embolization, ventricular rupture, device-related hemolysis, recurrence of septal defect 
due to ongoing necrosis and tissue instability in early closure, and vascular access-related 
complications. Other methods include percutaneous/surgical hybrid closure via thoracot-
omy, which affords greater direct visualization of the defect and simpler crossing, or direct 
deployment of the device during open surgery [32].

1.8  Role of Mechanical Circulatory Support

The deployment of short-term mechanical circulatory support (MCS) devices is gaining 
ground in the management of postischemic VSD as it allows modification of two of the 
most determining factors of mortality, viz., pre-procedural time and cardiogenic shock. 
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Current European guidelines do not recommend the systematic use of IABP in cardio-
genic shock (class III, level of evidence B), but its use should be considered in 
 hemodynamically unstable patients and in cardiogenic shock related to postinfarction 
mechanical complications (class IIa, level of evidence C) [33, 34].

The use of IABP in postischemic VSD is well established and is indicated for stabiliza-
tion of the VSD patient as it can not only reduce afterload and left-to-right shunt but also 
enable diastolic augmentation and improve coronary perfusion. However, its effects on 
cardiac output are modest and may not be sufficient to ensure good peripheral perfusion in 
the presence of severe left-right or biventricular dysfunction due to the infarction or if a 
large left-right interventricular shunt already exists (Fig. 1a).

Technological progress has delivered advanced MCS devices capable of providing 
hemodynamic support to critically ill patients with postischemic VSD, and these include 
the veno-arterial (VA) extracorporeal membrane oxygenation (ECMO), the Impella 
(Abiomed, Danvers, Massachusetts), the TandemHeart (LivaNova, London, UK), and 
other ventricular assist devices (VADs), including the total artificial heart (TAH). 
Combined with minimally invasive implantation using the percutaneous technique, such 
technological progress allows the potential use of these devices as a bridge-to-surgery or 
bridge-to-decision strategy in patients with advanced hemodynamic instability or even 
in more stable patients who must undergo high-risk procedures like percutaneous clo-
sure of the VSD. In the first group of patients, the heart team has to identify the patho-
physiology underlying cardiogenic shock, i.e., whether it is related to extensive 
myocardial infarction, the presence of a large VSD with a severe left-to-right shunt, or a 
combination of the two. In such situations, treatment choices depend on whether it is 
more appropriate to initiate MCS to gain time as a bridge-to-surgery/decision, which 
allows time for the infarcted tissue to stabilize and the organs to recover, or to perform 
early surgery and use intraoperative MCS as a bridge for postoperative recovery (days 
to weeks) that can then not only reduce tension from sutures and the patch but also 
thereby lower the risk of VSD recurrence. Another aspect to consider when choosing the 
MCS device is the type of ventricular dysfunction, i.e., whether left (Impella CP, 
TandemHeart), right (Impella RP, right configuration TandemHeart, and Protek Duo), or 
biventricular (VA-ECMO, Bipella). In unrepairable VSD or VSD due to end-stage organ 
failure, TAH or HeartMate6 (two HeartMate3 as BiVAD) may be employed as a bridge-
to-transplantation or -destination option.

Choice of an MCS device must consider device-related hemodynamic effects on the 
VSD and possible complications due to their interaction. Even though using two different 
devices can solve some problems, the complexity of subsequent patient management and 
accessibility to resources can become limitations (Fig. 1f,g,h). The VA ECMO certainly 
ensures good perfusion and oxygenation of organs and reduces pulmonary congestion due 
to pulmonary overflow; however, greater afterload and presence of a natural venting port, 
such as the VSD, reduce aortic valve opening and increase thrombotic risk of the coronary 
arteries and at the aortic root, apart from worsening the left-to-right shunt (Fig. 1b, e).
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Fig. 1 Hemodynamic effects of MCSs on postinfarction VSD pathophysiology (Ronco D et al. J 
Am Coll Cardiol Intv. 2021;14(10):1053–66)
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The Impella, if properly installed with a moderate flow that does not invert the shunt 
through the VSD, guarantees good unloading of the LV and, consequently, of the RV. Its 
isolated use is optimal in the presence of good RV function and if the VSD is posterior 
because it facilitates the transcatheter procedure and leads to less manipulation of the 
infarcted area by the pigtail catheter (Fig. 1c).

In large anterior VSDs, the tandem heart may be suitable, again in conjunction with 
IABP, for promoting aortic valve opening [35] (Fig 1d). When defining a patient’s tailored 
treatment strategy, it is important to consider MCS-related complications, including 
hemolysis, major bleeding, thromboembolic events, and ischemic stroke; of these, bleed-
ing is the complication that predominantly affects in-hospital mortality.

In summary, postischemic VSD is a very serious complication that needs immediate 
intervention by highly experienced professionals. Multidisciplinary clinical evaluation of 
the patient by cardiac surgeon, cardiologist, intensive care anesthesiologist, hemodyna-
mist, and radiologist permits the development of an optimal treatment strategy tailored for 
that patient, while also taking into account the skills and expertise of each specialist and 
available resources. The mortality rate of this condition can be modified in the future only 
by an interplay of surgical correction, percutaneous transcatheter closure, and hemody-
namic stabilization using MCS, along with IABP support and optimal medical therapy. 
Thus, it is mandatory that these patients are referred to tertiary hub centers where they 
have a better chance of survival.

2  Free Wall Rupture

2.1  Introduction

Another life-threatening mechanical complication of acute myocardial infarction (AMI) is 
free wall rupture (FWR), and available literature indicates that it is the most common 
cause of death after acute infarction, just behind acute cardiac failure, and that it accounts 
for up to 20% of all early deaths [36]. However, its incidence has decreased over the years, 
probably due to increased availability of emergency revascularization treatments such as 
percutaneous coronary intervention (PCI). Multiple reports show no significant difference 
in outcomes among the various revascularization techniques used [37, 38]. Data from 
contemporary registries shows that FWR incidence stands at around 0.01–0.5% [39, 40], 
but despite its rarity, this complication portends an ominous prognosis as it is associated 
with an extremely high mortality rate (39-92%) [41–43]. Recognized risk factors include 
first transmural AMI in elderly patients, arterial hypertension, long episode of angina with 
delayed hospital assistance, and persistent ST-segment elevation [44].
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2.2  Clinical Presentation

FWR usually occurs in the first 48 hours after the onset of AMI symptoms [45], but late 
rupture can occur up to 7 days later in 30% of the patients [46]. FWR is more often a 
gradual process that begins as small areas of necrosis or an incomplete rupture  characterized 
by epicardial extravasation or slow bleeding that may be temporarily sealed by a clot or 
pericardial adhesion. These areas lead to hematomas that gradually dissect the necrotic 
myocardium into the pericardium, which results in tamponade and cardiogenic shock. 
This phenomenon is the so-called oozing presentation [47]. Less frequently, an abrupted 
rupture, characterized by active bleeding and a macroscopic tear in the infarcted area, may 
quickly result in sudden death from exsanguination [48] or tamponade—this is the so- 
called blowout phenomenon [49]. Clinical variables that appear to be highly significantly, 
but not specifically, associated with FWR include hypotension, recurrent or persistent 
chest pain, and syncope. Further, although transient electromechanical dissociation is very 
specific, it is not sensitive [50].

Two-dimensional (2-D) cardiac ultrasonography is clearly the most sensitive (>90%) 
and expeditious modality for diagnosing FWR [43, 46, 51–53], and typical ultrasono-
graphic findings indicative of rupture are pericardial effusion and echogenic pericardial 
thrombus. A case series described by Lopez-Sendon [50] reported that a pericardial effu-
sion of >5 mm was 100% sensitive for a diagnosis of subacute ventricular wall rupture; in 
contrast, according to the SHOCK Trail Registry, an effusion on echocardiography was 
seen in only 75% of our patients with rupture or tamponade. Further, as invasive tests such 
as ventriculography are very insensitive, they are, therefore, not recommended.

2.3  Preoperative Time and Surgical Techniques

Rupture occurs most commonly on the lateral or the antero-apical wall of the LV and in 
the middle of the ventricle, along the longitudinal axis from the base to the apex [52]. In 
SHOCK Trial Registry, the right coronary artery was less frequently the culprit in patients 
with rupture or tamponade, which more often led to a rupture of the lower ventricular 
septum [54, 55]. Early treatment, beginning with the recognition of signs and symptoms, 
is key to positive outcome. In the series reported by Nappi and colleagues, emergency 
surgery was performed with a time interval of 20 minutes to 3 hours between LV-FWR and 
skin incision (mean, 101.4 min; SD = 61 min) [56]; in contrast, in the cohort described by 
Matteucci et al., this interval was 4.7 ± 6 hours [38]. As some patients may be in cardio-
genic shock at the time of surgery or suffer cardiac arrest at presentation, preoperative 
support with intra-aortic balloon pump (IABP) or extracorporeal membrane oxygenation 
(ECMO) may be needed [38, 39, 44, 57]. As IABP can improve coronary blood flow and 
decrease intracavity pressure in the left ventricle, it can either inhibit infarct extension or 
reduce the incidence of transition from oozing to blowout rupture [58]. Moreover, accord-
ing to Lemura et al., IABP also appears to prevent re-rupture following surgery [59].
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In contrast, the implantation of a veno-arterial (VA) ECMO is still controversial due to 
a lack of large datasets and poor/discouraging results published to date. An interesting 
meta-analysis published by Matteucci and colleagues failed to identify any specific indica-
tions for the use of VA-ECMO in the postoperative period because, first, few patients were 
provided postoperative VA-ECMO support and it was not possible to accurately identify 
factors that determine the need for mechanical support, besides CPB weaning failure, in 
these few patients. Second, none of the studies have focused on indications and manage-
ment strategies such as weaning due to myocardial recovery or bridge-to-heart transplant 
or -long-term left ventricular assist device [60].

Several surgical techniques have been proposed over time, and these can be easily clas-
sified as suture techniques (ST) and suture-less techniques (SLT). One of the first tech-
niques adopted was probably the most intuitive, and its purpose was to close the tear using 
two horizontal mattress sutures bolstered by PTFE felt strips. This approach, known as 
direct closure or linear closure, was first described by Montegut in 1972 [61]. An over- 
and- over suture can be added to approximate the edges of the PTFE felts to achieve satis-
factory hemostasis [54]. However, better results have been reported after covering the 
ventricular tear and surrounding infarct area with a patch secured to the cardiac surface 
with stitches, sutures, or surgical glue [62]. Further, whenever a large necrotic area is 
encountered, a more complex resection and patching technique should be preferred to 
avoid the risk of distortion and alteration of organ anatomy. This is a somewhat less “popu-
lar” technique, probably because of its complexity; yet it remains the procedure of choice 
in cases of acute massive ruptures (blowout type) or if a concomitant interventricular 
defect is present. Procedurally, the first step is to excise the necrotic tissue and particular 
attention should be paid to preserving as much myocardial tissue as possible. Nonetheless, 
the entire infarcted area should be removed because it is highly fragile; this also allows 
adequate anchoring of the sutures. Subsequently, myocardial tissue is replaced by a pros-
thetic patch, tailored to recreate the geometry of the left ventricle, and sutured with pled-
geted interrupted sutures. A continuous polypropylene running suture may be added to 
achieve hemostasis [53].

More recently, the availability of tissue adhesives and surgical glues has allowed wide 
use of SLT, namely the patch covering techniques, whose major advantage lies in avoiding 
transmural stiches. Here, a prosthetic patch (autologous or heterologous pericardium, 
PTFE, or PET) is applied above the ventricular wall to cover the area of hematoma and 
muscle necrosis, and it is crucial that the patch overlaps onto the healthy myocardium. A 
good amount of surgical glue is injected between the ventricular wall and the patch, and a 
slight compression is applied to evenly distribute the glue and promote adequate patch 
adherence until it becomes firmly attached and hemostatic. As stated above, a wide range 
of synthetic and biological glues can be used for this purpose, and this technique should 
be preferably used if the tear is sealed or the lesion is of the oozing type. If a small tear or 
limited bleeding occurs, a polypropylene single suture could be added to graft the patch to 
the epicardium before injecting the glue and special caution should be paid to avoid coro-
nary involvement. Some authors also describe the use of SLT for actively bleeding lesions, 
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provided that patients are on CPB with total decompression of the heart [63, 64]. 
Notwithstanding these advantages, the risk of rupture recurrence and pseudoaneurysm 
formation remains, which, in our opinion, is a real concern. Recent reports describe a trend 
to shift toward the use of patches coated with human fibrinogen and human thrombin such 
as TachoComb® or TachoSil®. Similar to the initial ST patches, an overlap onto 
 surrounding healthy myocardium that is not involved in the necrotic process is needed to 
allow better anchoring and to avoid re-rupture [62]. This surgical approach, particularly 
when reserved for patients with the oozing-type rupture, has shown satisfactory clinical 
results [65, 66]. Thus, SLT is simple and fast and can be accomplished without 
CPB. Advantageously, the avoidance of CPB implies a significant reduction in the poten-
tial for postoperative bleeding.

2.4  Results

As mentioned above, early mortality due to FWR ranges between 39 and 92% and it 
includes every patient who died as a consequence of FWR, independent of whether medi-
cal or surgical treatment was provided. Despite meagre literature, medical management 
appears futile as it results in a mortality of up to 90% [67], but is nonetheless limited to a 
few patients [68]. According to a majority of investigators, surgical repair is considered the 
treatment of choice as it has a survival rate of 17–36% [38, 60, 69]. Extremely critical 
preoperative status is the main factor responsible for such a high mortality rate, given that 
Matteucci and colleagues reported preoperative LVEF, cardiac arrest, and ECMO support 
to be independent predictors of early mortality [38]. A higher operative mortality rate is 
related to blowout-type rupture, rather than the oozing type, because the former has a 
severe and acute course [60] that demands superior surgical techniques for a positive out-
come. In fact, a trend toward a higher operative mortality and postoperative bleeding has 
been reported in patients undergoing ST surgery, but no significant differences in surgical 
outcomes have been shown between ST and SLT in literature.

Concomitant surgical revascularization remains debated, and according to available 
reports, simultaneous CABG could reduce the risk of operative mortality, albeit not sig-
nificantly [70]. Currently, data from a modest number of patients who have undergone 
concomitant CABG is available for statistical analysis because they were stable enough to 
tolerate coronary angiography. However, it is still not clear if reduced mortality risk is a 
consequence of an unavoidable selection bias or if concomitant revascularization is a real 
protective factor. Further analysis is needed.

A topic worthy of further discussion is the use of MCS such as IABP and ECMO. While 
extensively employed in the perioperative period, insertion of IABP failed to demonstrate 
any protective effect in terms of operative mortality [60]. Next, even though ECMO was 
identified as an independent predictor of early mortality, probably due to the extremely 
severe hemodynamic status of the patients receiving ECMO support [38], the “2017 ESC 
Guidelines for the management of acute myocardial infarction in patients presenting with 
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ST-segment elevation” support the use of ECMO only in cases of hemodynamic deteriora-
tion due to mechanical complications post-AMI [71].

In summary, FWR is a rare but life-threatening event that can complicate acute 
AMI.  Prompt diagnosis is the key, and surgical management is the gold standard of 
 treatment. Preoperative clinical conditions and type of presentation (blowout vs. oozing) 
directly affect postoperative outcome.
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Abbreviations

HF Heart failure
LV Left ventricular
SVR Surgical ventricular reconstruction
EF Ejection fraction
CMR Cardiac magnetic resonance
RFP Restrictive filling pattern

1  Introduction

Estimates suggest that about 23 million people are affected by HF. Approximately 50% of 
these cases are heart failure with LV dysfunction and reduced ejection fraction, which 
remains a substantial cause of mortality and morbidity [1, 2]. Coronary heart disease plays 
a pivotal role in the development of LV dysfunction [3, 4]. The improved survival post- 
myocardial infarction is counterbalanced by an increase in the percentage of people at risk 
of developing HF, with greater involvement of women than men: 46% women versus 22% 
men, respectively, develop HF within 6 years of acute MI and for these people the progno-
sis is poor. HF, in turn, is related to adverse LV remodeling, defined as an increase in LV 
volume and a deterioration of LV geometry and function, standing therefore as the main 
target of therapeutic interventions beyond optimal medical therapy [5, 6]. Surgical 
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 treatments include myocardial revascularization, mitral valve repair or replacement, and 
SVR otherwise combined according to specific conditions.

SVR is aimed to reduce the left ventricle through the resection of the scar tissue in 
selected patients predominantly symptomatic for HF, and it must be conducted in centers 
with high level of expertise. This review will outline the rationale to reconstruct the left 
ventricle, the technique, the indications, and the main results to the best of our knowledge 
acquired in more than 20 years of surgical experience and dedicated research.

2  Left Ventricular Remodeling

A change in the ventricular architecture as a result of a myocardial injury is referred to as 
LV adverse remodeling, and it is linked with increased mass and volume as well as changed 
geometry, which in turn affects cardiac function (Fig. 1) [7, 8]. Because of increased wall 
stress, both the infarcted and non-infarcted myocardium are involved [9]. On a histological 
level, the increased mass is due to a combination of myocyte hypertrophy and apoptosis 
and replacement fibrosis. After the myocardial insult, LV dilatation serves as a compensa-
tory mechanism in an attempt to preserve stroke volumes while the EF decreases after loss 
of contractile tissue [9]. Yet, more often, the remodeling process affects the remote, non- 
infarcted regions, primarily guided by eccentric hypertrophy, which is liable for increased 
mass, further chamber enlargement, and geometric distortion. Geometric changes cause 
structural abnormalities of the myocytes and of the myocardium, which aggravate cardiac 

a b

Fig. 1 Anterior LV remodeling after a previous anterior MI in apical four-chamber view (a) and 
two-chamber view (b) showing an extensive involvement of the anterior and posterior septum and of 
the apex
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a b

Fig. 2 Ischemic mitral regurgitation. (a) PLAX view: LV internal diameter is increased; (b) apical 
four-chamber view: the shape of the ventricle is spherical due to the presence of MR

function and increase neurohormonal activation. In turn, this may make the cardiovascular 
system less receptive to normal homeostatic control mechanism [7–9].

In ischemic cardiomyopathy, a series of structural changes are put in action to compen-
sate for the increased load from the akinetic or dyskinetic regions. Anterior myocardial 
infarction mainly involves the LV apex, determining changes at the anterior, inferoseptal, 
and septal components [10]. In order to maintain a stable ratio (i.e., a stable sphericity 
index, or short ration to long axis), the elongation and widening of the ventricle develop 
harmoniously. Yet, when developing secondary mitral regurgitation, as a result of chamber 
dilatation and distortion leading to displacement of the papillary muscles, leaflet tethering, 
and annular dilatation, the sphericity index is anomalous and the ventricle is more spheri-
cal [10]. Therefore, the conicity index is more used to estimate the apex’s conical shape 
and its modification after MI [10].

LV remodeling after an inferior MI, on the other hand, is quite different. The broaden-
ing of the short axis rather than the long one leads to an increase in the sphericity index 
and accounts for the more frequent occurrence and the more severe degree of MR (Fig. 2) 
(50–60% vs. 20–25% of patients with anterior MI). For these patients with MR and isch-
emic HF, the life expectancy is significantly reduced [11, 12].

3  Rationale for Surgical Reshaping of Failing Ventricles

As known, myocardial fibers are arranged in a spiral manner. Fiber orientation is an objec-
tive of transmural location, with fiber being placed mostly longitudinally in the endocar-
dial region, circumferentially in the midwall, and again longitudinally over the epicardial 
surface. This double-layered alignment builds a dual helix [13, 14]. The myofiber sheets 
do not run parallel to one another in the LV wall, but instead diverge, causing angulations 
relative to the plane of the epicardial surface. This angulation helps to preserve geometry 
and maintain tension’s distribution respectively at a longitudinal, radial, and  circumferential 
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level. Because there is such a strong link between form and function, any change in angu-
lation induced by fiber disruption, fibrosis, or scarring will have an impact on the ventri-
cle’s features and functionality. Indeed, for a given fiber contractile status, the ejection 
fraction changes according to the shape of the ventricle, being low in a spherical ventricle 
and high in an elliptical shape [15].

The aim of SVR is to exclude the scar tissue from left ventricle and to reduce ventricle’s 
volume to a physiological one and to an elliptical shape. In accordance with Laplace’s law, 
the reduction in chamber radius lowers myocardial systolic and diastolic wall stresses and 
has the prospect to conduce to reverse remodeling, which in turn enhances cardiac func-
tion [16]. Moreover, since the regions far from the scar tissue—abovementioned remote 
regions—may be ischemic but viable, according to the extension of coronary artery dis-
ease, myocardial revascularization combined with SVR as complete as possible has the 
potential to promote functional recovering.

Lastly, in the presence of secondary MR, SVR per se has the potential of improving 
valve competence by reducing LV volumes and papillary muscle distance or decreasing 
internal diameters (especially in case of posterior remodeling). Alternatively, SVR allows 
the surgeon to repair the mitral valve at the time of the LV opening [17].

4  “One Solution Does Not Fit All!”: How to Select 
the Right Patient

The diagnostic workup aimed to establish if a patient is eligible for SVR has profoundly 
changed over the past 10 years because of the widespread new imaging techniques and 
laboratory test in the daily clinical practice. Furthermore, the center’s experience has 
allowed to optimize the patient selection integrating clinical parameters, imaging, and 
laboratory tests obtained before surgery and at predefined follow-up time points.

The roadmap includes the following:

 – Clinical evaluation: history of previous MI; predominant symptoms of HF and/or 
presence of ventricular arrythmias and/or angina needing surgical revascularization if 
the previous conditions are present [18].

 – Multimodality imaging evaluation: a complete transthoracic 2D echocardiogram 
with color Doppler is the first imaging step, providing accurate information of wall 
thickness, LV geometry, systolic and diastolic chamber dimensions and volumes, 
global cardiac function, and a complete evaluation of mitral valve apparatus [18, 19]. 
Appropriate candidates should have a dilated left ventricle (left ventricular end-systolic 
volume index—LVESVI—greater than 60 ml/m2): small ventricles have a higher likeli-
hood for diastolic function worsening [20]. Regional LV asynergy, either dyskinetic or 
akinetic, should be detectable; when LV asynergy is severe and diffuse, SVR should be 
performed only if regions remote from the scar show detectable contraction. To this 
aim, CMR represents nowadays the gold standard imaging technique for planning the 
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Fig. 3 Contrast-enhanced cardiac magnetic resonance. Late gadolinium enhancement (LGE) 
images show extensive antero-apical ventricular remodeling in four- and two-chamber view sur-
rounded by transmural fibrosis with different degrees of transmurality (%)

surgical procedure when not contraindicated [21]. CMR allows to evaluate the structure 
and function of right and left ventricle of any shape and size and has the ability to 
forecast the prognosis of LV functional recovery when myocardial fibrosis is found also 
in the remote regions [22]. The greatest advantage of CMR is the recognition through 
LGE of the myocardial scar in terms of location, extension, and percentage of transmu-
rality (Fig. 3). Our group have found that the presence of LGE in the proximal anterior 
LV segments is linked to a negative response to SVR in terms of reverse remodeling, 
which in turn has a negative impact on the survival, while LGE extension appears to be 
unrelated to the outcome [22].

 – Laboratory test: Baseline measurements of N-terminal pro-B-type natriuretic peptide 
(NT-proBNP) have been included in the preliminary evaluation for prognostication. We 
have recently reported that the combination of high levels of NT-proBNP and RFP—in 
the meaning of severe diastolic dysfunction—allows a better prognostic stratification of 
this population, being associated with the highest risk of all-cause death or HF hospi-
talizations within 36-month follow-up after SVR [23].

According to our experience, suggested contraindications to the SVR should include 
right ventricular dilatation and dysfunction; a severe diastolic impairment, defined as an 
E/A ratio >2, likely associated with high NYHA class and mitral insufficiency [18]; and a 
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baseline geometric pattern of LV remodeling, indicated by very low relative wall thickness 
(RWT <0.25), which has been resulted to be significantly associated with persistent 
restrictive diastolic pattern after the operation [24].

5  The SVR Technique

Dor and colleagues first described the procedure in 1984 [25]. Over the following years, 
the surgical technique for the reconstruction of the LV ventricle has been refined, but 
essentially there are four variations of the procedure:

• Linear closure by Jatene [26]
• Modified linear closure by Mickleborough [27]
• Circular closure with a patch by Dor and Menicanti [28]
• Double-cerclage closure without a patch by McCarthy [29]

In the recent years, due to an extensive use of percutaneous coronary interventions, and 
improved medical treatment, the phenotype of the LV dyskinetic aneurysm has disap-
peared in favor of a global LV dilatation without a neck and a well-defined transitional 
zone. This, in turn, has led to a change in the above techniques to suit the new anatomy.

Since 2001 in our center, SVR has been performed under total cardiac arrest with ante-
grade crystalloid or cold-blood cardioplegia [18]. First CABG is accomplished, when 
necessary, to ensure a complete myocardial revascularization. After that, the surgical tech-
niques differ according to the site of the previous MI and LV remodeling and presence of 
MR [18].

6  Details of the Technique for Anterior Remodeling

The ventricle is opened incising parallel to the left anterior descending artery, starting 
from the middle of the ventricle proceeding toward the apex. The cavity is examined, and 
thrombi are excised if present. In case of MR, the valve is repaired through the opening 
with a double-armed stich at the posterior annulus, from trigone to trigone, and the mitral 
orifice is undersized with a 26 mm valve sizer [30]. From 2001 to standardize the proce-
dure, we introduced the use of a mannequin (Chase Medical, Richardson, TX, USA). The 
device has different sizes, and the correct one is chosen according to the body surface area 
of the patient. The mannequin has a conical shape and, once inserted in the cavity, is 
inflated with saline; the base is positioned below the mitral annulus and the apex, toward 
the portion of the cavity that should be excluded indicating where the new apex will be 
placed. The device is useful as both a shaper to remodel the apex and as a sizer to ensure 
an elliptical shape. If the scarred tissue involves also the inferior wall, a suture plicating 
the inferior dilatation is conducted from the base of the papillary muscles and works its 
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way up to the point indicated by the sizer’s apex. The ventricle is remodeled using the 
mannequin as a scaffold. A second suture begins proximally, where the dilatation occurs. 
This point can be located rather high up, just a few millimeters from the aortic valve. The 
suture connects the two rims of scar responsible for the dilatation, bringing the lateral wall 
to the septum. In this way, going deep into the septum at the transitional border, a complete 
exclusion of scarred tissue is obtained. When the suture reaches the new apex, the man-
nequin is deflated and removed before closing the cavity. The remaining tissue is closed 
over to ensure hemostasis. As above described, we previously performed SVR with the aid 
of a patch to close the LV cavity; the patch is now being discontinued because it can cause 
an abnormal shortening of the longitudinal diameter, promoting in turn the sphericaliza-
tion of the ventricle.

7  Details of the Technique for Posterior Remodeling

There is a scarcity of data on surgical correction for LV dilatation caused by inferior MI 
[31]. Posterior remodeling can develop as a result of either the classic posterior aneurysm, 
which causes a bulging of the inferior wall, or a more widespread LV dilatation. Usually, 
the surgical treatment for posterior aneurysm involves the use of a patch to close the neck 
of dilatation. We abandoned the use of the patch because while using the mannequin as a 
scaffold, it was evident that there is not a deficiency of tissue and the dilatation is mainly 
determined by an increase of length and extension of the scar; therefore, the use of patch 
is not indicated and it is possible to exclude the diseased tissue connecting directly the two 
rims of scarred tissue. In case of a broader posterior remodeling, the surgical treatment is 
more complex because of the relationship between the scar and the dilatation. We use two 
different techniques to treat such kind of dilatation [18]:

 – If the dilatation is in between the papillary muscles, the wall is opened at the scar level, 
parallel to the posterior descending artery. The two papillary muscles are drawn near by 
a 2-0 Prolene suture excluding the enlarged zone.

 – If the dilatation is in between the papillary muscles and the septum, the wall is opened 
and then the suture is brought past the posteromedial papillary muscles, bringing the 
posterior wall against the septum.

8  Outcomes

The results of SVR have been reported reasonably good and consistent by several groups, 
generally in agreement that SVR improves LV systolic function, NYHA functional class, 
and 5-year survival by a reduction in ventricular volumes and an increase in EF not only 
in patients with classic dyskinetic aneurysm but also in dilated ischemic cardiomyopathy 
and severe LV dysfunction (Fig. 4) [32–36]. Also, the levels of natriuretic peptides signifi-
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a b

Fig. 4 CMR images from a patient with extensive LV remodeling before (a) and after SVR (b) 
showing significant LV volume reduction, improved EF, and an important decrease in circulating 
levels of NT-proBNP

cantly decrease after the operation, likely reflecting the volume reduction and associated 
improving in myocardial wall stress [37]. The most common risk factors for mortality 
across studies include advanced age (>75 years), high NYHA functional class, preopera-
tive high LVESVI, low EF, severity of MR, and restrictive filling pattern [33, 38, 39]. The 
rate of rehospitalization after SVR has also been reported as low among different series, 
although results must be interpreted with caution because of different definition or statisti-
cal methods of analysis (all-causes versus cardiac causes, different length of follow-up, 
first rehospitalization versus total numbers, considering mortality or first hospitalization as 
competing events). Overall, the rate of hospital readmission varies from 15% over just 
1 year [39–41] to 22% after 5 years [33].

Our group recently investigated the correlation between sex and surgical outcomes in 
ischemic HF patients undergoing SVR [42]. We included in the analysis all our 648 
patients, of whom 17% were women and 83% men. All patients underwent SVR, and 90% 
of them received also CABG. Although women were older and more symptomatic and 
with a higher mortality risk, in the long term, the outcomes were equivalent in both sexes. 
The estimated mortality was 19.1% in women and 12.2% in men at 2 years, 23.4% in 
women and 18.8% in men at 4 years, and 41.8% in women and 36.2% in men at 8 years. 
Within 8 years after surgery, the crude cumulative incidence of all-cause hospitalization as 
the first event was 37.8% in women and 35.8% in men. The probability of all-cause and 
hospitalizations was not statistically different between sexes. The large number of female 
patients involved in this study and the long-term follow-up make this analysis one of the 
most representative in the field.
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8.1  CABG Alone Versus CABG Plus SVR

The role of CABG combined or not with SVR in HF patients with LV systolic dysfunction 
has been investigated in the STICH trial [43]. The trial failed to show an additional sur-
vival benefit of the SVR over isolated CABG, although the combined procedure resulted 
in a significant greater reduction in LVESVI, reflecting a more extensive reverse remodel-
ing. The relatively small percentage in LVESVI reduction observed in the combined group 
raised concerns on the extent of the SVR procedure that was applied in this trial, in the 
meaning of selection criteria. Our group hypothesized that the lack of benefit in terms of 
survival in the SVR group observed in the STICH trial might be a result of the inadequate 
volume reduction, which left the patients in the two arms at identical risk [44]. Indeed, a 
further post hoc analysis from the STICH trial showed that a postoperative LVESVI of 
70  ml/m2 or lower resulted in improved survival compared with CABG alone [45]. In 
agreement with these results, the latest ESC/EACTS guidelines on myocardial revascular-
ization recommend SVR at the time of CABG in selected patients operated in centers with 
a high level of surgical expertise (class of recommendation IIb; level of evidence B) [11]. 
The major limitations of the STICH trial have been discussed in previous reports [18, 46]. 
We believe that the main limitation of this trial relates to the heterogeneous population of 
patients enrolled with moderate symptoms of either angina or HF, small volumes, and lack 
of clear evidence of scar tissue (cardiac MRI was not mandatory), along with poor stan-
dardization of the surgical procedure across more than 120 centers all over the world, with 
different degrees of surgical skills.

An ongoing analysis aimed to compare the outcomes of patients with postinfarction LV 
dysfunction and HF treated by SVR in one of the centers with the largest worldwide expe-
rience with the outcomes of patients enrolled in the STICH trial hopefully will do more 
clarity [47].

9  Future Directions

9.1  Biomechanical Insights

Assessment of strain—a measurement of myocardial deformation for quantification of 
regional and global LV function—reflects myocardial systolic function more directly than 
conventional echocardiographic parameters, firstly the EF, and allows to measure mechan-
ical dispersion as a parameter of homogeneous LV contraction. Our group has recently 
investigated the role of real-time 3D transthoracic echocardiography (RT3DTTE) to better 
understand the mechanisms of LV functional recovery after SVR [48]. Applying this 
advanced tool, we showed that LV longitudinal strain improves after SVR mostly in the 
basal region, outlining the likely role of the remote myocardium in enhancing LV function 
volume reduction. Furthermore, mechanical dispersion improvement after LV surgery 
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indicates a more homogeneous myocardial contraction. Of note, both isolated SVR and 
SVR combined with CABG improved LV strain, pointing out the additional advantage of 
extensive surgical reverse remodeling in improving LV performance. Further investiga-
tions, along with multidisciplinary approach and specialized training, are needed to ensure 
that this approach can be effective in monitoring global and local changes in LV function 
in patients undergoing surgery.

10  Conclusions

Beyond criticisms, surgical ventricular reconstruction still represents an important 
advancement in the surgical management of patients suffering from ischemic HF. Although 
many surgeons are reluctant toward the procedure which has been substantially aban-
doned, a renewed interest in this procedure has emerged from recent editorials and reviews. 
Action by the surgical community is needed to standardize the surgical procedure and 
design future studies that will enroll appropriately selected patients in a multidisciplinary 
approach shared with cardiologists, imaging experts, and researchers.
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Mitral Regurgitation from Ischemic Heart 
Disease

Giacomo Bianchi

1  Mitral Valve Functional Anatomy

Mitral valve is a complex structure that separates the left ventricle from the left atrium. It 
is composed (Fig. 1) by two leaflets, the anterior and posterior, which are attached at their 
hinge ends to the mitral annulus, and at their free edge to chordae tendineae which in turn 
attach to papillary muscles. Three orders of chordae tendineae are detectable: the chordae 
tendineae at the free edge and body of the valve leaflets (first order) prevent excessive 
movement of the valve leaflets into the left atrium during left ventricular systole and are 
therefore essential for valve competency; the secondary order chordae attach to the body 
of the valve leaflets from papillary muscles; the tertiary order chordae attach to the body 
of the valve leaflets directly from the mitral annulus and the left ventricle.

The papillary muscles are usually organized into two groups, the posteromedial and 
anterolateral papillary muscles, and are attached to the left ventricle wall approximately 
one-third distance from the apex and two-thirds from the annulus. The anterolateral papil-
lary muscle usually attaches to the left ventricle at the junction between the septum and the 
posterior wall while the posteromedial papillary muscle usually attaches on the lateral wall 
of the left ventricle. The anterior and posterior leaflets approximate and overlap each other 
at their free edges and commissures, forming a surface of coaptation of about 7–9 mm. 
This surface of coaptation between the free edges of the two leaflets is essential for valve 
competency. The normal coaptation line lies parallel to the posterior annulus [1].

An anatomic alteration of one of these elements and which is accompanied by mitral 
insufficiency is termed primary mitral insufficiency. When mitral insufficiency is an 
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 epiphenomenon of heart muscle disease, regardless the etiology, it is called secondary or 
functional mitral insufficiency (FMR).

FMR is the result of incomplete mitral leaflet coaptation in the setting of LV systolic 
dysfunction and dilatation with or without annular dilatation (e.g., dilated cardiomyopathy 
or ischemic cardiomyopathy) [2–4]. Left ventricular systolic dysfunction and dilatation 
also may be associated with longstanding mitral regurgitation caused by severe chronic 
LV volume overload. Most commonly, the etiology of nonischemic cardiomyopathy is 
unknown or idiopathic; the second most common cause is advanced valvular disease. 
FMR occurs in 40% of patients with heart failure caused by dilated cardiomyopathy [5].

Functional Ischemic mitral regurgitation (fIMR), a subset of FMR, is becoming widely 
appreciated as the population ages, and more patients survive acute myocardial infarction. 
In those with acute infarction, IMR occurs in approximately 15% of patients with anterior 
wall involvement and up to 40% of patients with an inferior infarct [6]. Generally, the 
severity of mitral regurgitation is related to the size of the area of LV akinesia or dyskine-
sia. The pathophysiology of IMR can be attributed to changes in global and regional LV 
function or geometry, alterations in mitral annular geometry, abnormal leaflet motion and 
malcoaptation, increased interpapillary distance, and papillary muscle malalignment lead-
ing to apical tethering of the leaflets with restricted systolic leaflet motion (type IIIb) [6–8]. 
Because of the interdependence of the elements constituting the valvular-ventricular com-
plex in IMR, perturbation of any component, such as LV systolic function and geometry, 
annular geometry, leaflet motion and morphology, and papillary and chordal relationship, 
may result in mitral regurgitation.
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2  Pathophysiology of Functional Ischemic Mitral Regurgitation

It is the result of complex ventricular and annular geometric adaptation, due to the close 
relationships between the ventricular myocardium, papillary muscles, and chordae tendin-
eae, which is consequently reflected in the movement and morphology of the mitral leaflets.

Functional ischemic mitral regurgitation has been reported in a variable proportion of 
patients after acute myocardial infarction (AM), depending on the infarct area. The inci-
dence of acute IMR varies according to the culprit lesion; this is due to the location of the 
papillary muscles and their supply by the coronary arteries and their specific branches.

It complicates approximately 15% of anterior infarcts but can reach 40% in inferior 
infarcts. The anteropapillary muscle because the anterolateral papillary muscle often has 
double irrigation (left anterior descending artery, LAD; and branches of circumflex artery, 
Cx), while the posteromedial papillary muscle only from the posterior descending 
artery (PD).

An elegant experimental study illustrated that mitral area does not change in case of 
acute LAD occlusion and varies little in case of distal branch occlusion of Cx, whereas it 
is significantly increased in case of Cx occlusion proximal to the second obtuse mar-
ginal [7].

During acute ischemia, the papillary-annular distances change, which reflects reposition-
ing or dislocation of the papillary muscle tips with respect to the mitral annulus. This process 
can also contribute to apical tenting of the leaflets during systole [9]. With proximal circum-
flex artery occlusion and resulting fIMR in an ovine model, the interpapillary distance and 
LV end-diastolic volume both increase. There is also increased mitral annular area and dis-
placement of both (but predominantly the posteromedial) papillary muscle tips away from 
the septal annulus throughout ejection and at end-systole [10]. Posteromedial papillary 
muscle tip displacement probably results from failure of the ischemic papillary muscle to 
shorten during systole, lengthening of the ischemic papillary muscle over time, and dyskine-
sia of the ischemic LV wall subtending the papillary muscle. Since posterior papillary muscle 
displacement in the apical and posterior directions also occurs in sheep that did not develop 
substantial degrees of fIMR, the additional posteromedial papillary muscle displacement in 
the lateral direction is a dominant factor in the development of fIMR.

Acute fIMR from proximal left circumflex artery occlusion experimentally results in 
delayed valve closure in early systole (termed leaflet loitering) and increased leaflet edge 
separation throughout ejection in three leaflet coaptation sites across the valve, specifically 
near the anterior commissure, the valve center, and near the posterior commissure [11]. In 
addition, there is lateral displacement of the central scallop of the posterior leaflet, sug-
gesting that inter-scallop malcoaptation and septal-lateral annular dilatation, can contrib-
ute to fIMR in certain circumstances.
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Chronic fIMR is also associated with posterior leaflet displacement in the posterior direc-
tion and lateral displacement of both leaflets. When the position of each leaflet edge is 
assessed independently, the anterior leaflet is not displaced apically after inferior infarction, 
although with more time and further remodeling, apical restriction of this leaflet may occur 
[10]. A strong echocardiographic determinant of leaflet tenting height is the distance from 
the tips of the papillary muscles to the saddle horn of the anterior annulus; LV end- diastolic 
volume is only weakly correlated with tenting height [12]. Recent human observations have 
revealed that in some patients with fIMR, there is growth or elongation of the leaflets associ-
ated with leaflet thickening that compensates for the larger orifice area and minimizes the 
amount of mitral regurgitation. In others, however, the leaflets do not become larger and 
cannot coapt normally across the large orifice, which causes more leaks [13].

In the past, the leaflet morphology in patients with fIMR was considered normal, but 
further analyses have shown the leaflets to be biochemically different, with extracellular 
matrix changes associated with altered cardiac dimensions. Mitral leaflets in heart failure 
have altered intrinsic structural properties suggesting that the permanently distended and 
fibrotic tissue is unable to stretch sufficiently to cover the valve orifice and that mitral 
regurgitation in these patients is not purely functional [14, 15].

Although left ventricular dilation and dysfunction are less pronounced in the inferior 
infarct than in the anterior infarct, the incidence and severity of mitral insufficiency are 
greater in inferior infarcts.

Over time, as the left ventricle dilates and changes shape after the ischemic event 
(postinfarction remodeling), the degree of fIMR progresses [16, 17]. Geometric changes 
associated with ventricular remodeling, such as posteromedial papillary muscle disloca-
tion in the lateral axis, may lead to leaflet tenting, as reflected by a larger distance from the 
middle of the anterior annulus (saddle horn on echocardiography) to the posteromedial 
papillary muscle tip, and increased annular diameter [8, 17]. At the ventricular level, myo-
cardial infarction associated with chronic fIMR is associated with greater adverse pertur-
bations in LV systolic torsion and diastolic recoil than myocardial infarction without 
chronic fIMR [10]. These abnormalities may be linked to more LV dilatation, which pos-
sibly reduces the effectiveness of fiber shortening on torsion generation. Altered LV tor-
sion and recoil may contribute to the “ventricular disease” component of chronic fIMR, 
with increased gradients of myocardial oxygen consumption adversely affecting cardiac 
efficiency and impaired early diastolic filling [10]. Additionally, in a subacute model of 
fIMR (less than 7 weeks), there is an equivalent increase in LV end-diastolic volume in 
those with mild mitral regurgitation compared to those with more severe mitral regurgita-
tion, coupled with unchanged end-diastolic and end-systolic remodeling strains, including 
systolic circumferential, longitudinal, and radial strains; these findings in aggregate argue 
against an intracellular (cardiomyocyte) mechanism for the LV dysfunction [18]. Instead, 
differences in subepicardial shear strains suggest a causal role of altered interfiber interac-
tions, and the mechanical impairment may be in extracellular matrix between the fibers 
and the microtubules in the cytoskeleton that couple cardiomyocyte shortening to LV wall 
thickening.
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3  Imaging of Ischemic Functional Mitral Regurgitation

3.1  Echocardiography

Echocardiography is the most important noninvasive imaging technique for evaluating the 
presence and severity of functional ischemic mitral regurgitation. Its spatial resolution is 
sufficient to yield the necessary anatomical and morphological detail and hence accurately 
assess the mechanism of MR, and the temporal resolution combined with various Doppler 
techniques allows for in-depth physiological evaluation and ascertainment of the hemody-
namic significance of the lesion. In the setting of fIMR, the echocardiography is key both 
in the early phase postinfarction and also in chronic ischemic mitral valve assessment 
(Fig. 2). In the early post AMI, fIMR can be silent is highly prognostically significant. One 
study used color Doppler echocardiography to show mild MR in 29% and moderate-severe 
MR in 6% of patients within 48 h of admission with AMI. Any degree of MR was associ-
ated with increased 1 year mortality [19]. In another study of 300 consecutive patients 
after non-ST elevation MI showed that MR was present in 42% within the first week. 
Again, MR was a predictor of outcome over 14 months’ follow-up [20]. The echocardio-
gram has three main focuses: (1) confirm the diagnosis; (2) evaluate the severity of MR by 
qualitative and quantitative methods; and (3) identification of prognostic features.

The approach, due to the complex and dynamic nature of mitral valve, should include 
the 2D evaluation along with 3D imaging and speckle-tracking technique, to provide an 
in-depth morphological assessment of valve anatomy and ventricular geometry, focusing 
on the effects of ischemic remodeling. Table 1 reported the criteria to define severe func-
tional IMR.

a b

Fig. 2 Transthoracic Echocardiogram (TTE). (a) color doppler analysis; (b) measures to predict 
reparability. VCW vena contracts width, CD coaptation depth, Sys TA systolic tenting area
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Table 1 Echo criteria for severe fIMR

Qualitative
Mitral valve morphology Flail leaflet/ruptured papillary muscle
Color flow regurgitant jet Very large central or eccentric jet adhering, swirling and reaching 

the posterior wall of the left atrium
Continuous wave signal of 
regurgitant jet

Dense/triangular

Flow convergence zone Large
Semi-quantitative
Vena contracta width (mm) >7 (>8 for biplane)
Pulmonary vein flow Systolic flow reversal
Inflow E-wave dominant >1.5 m/s
TVI mitral/TVI aortic >1.4
Quantitative
EROA (mm2) >20
Regurgitant volume  
(mL/beat)

>30

Cardiac chamber enlargement Left ventricle, left atrium

Table 2 Echo predictors of surgical annuloplasty failure

Echo predictors of failure after undersizing annuloplasty for severe IMR
Coaptation depth >1 cm
Systolic tenting area >2.5 cm2

Posterior mitral leaflet angle >45°
Distal anterior mitral leaflet angle >25°
LV end-diastolic diameter >65 mm

Echocardiography is also useful in providing prognostic parameters after surgical cor-
rection, in particular predictors of failure, as shown in Table 2.

A particular type of echocardiography, stress echocardiography, is useful in unmasking 
underlying ischemic disease and therefore is related to increased mitral regurgitation from 
baseline. Physical exercise mimics the situations patients find themselves in when they 
experience symptoms and induces ischemia that may exacerbate leaflet tethering by caus-
ing increased LV dilatation or inducing a segmental wall motion abnormality, increasing 
the MR; finally, there is the opportunity to document exercise-induced pulmonary hyper-
tension which has prognostic importance and may influence the timing of intervention 
[21]. Furthermore, demonstration of contractile reserve by exercise stress testing can iden-
tify those more likely to have improved survival and functional capacity after mitral repair 
in patients with asymptomatic severe MR [22].
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3.2  Magnetic Resonance Imaging

Magnetic resonance (CMR) is a complementary tool of multiple use in the setting of 
fIMR.  While echocardiography is considered the gold standard for the diagnosis and 
quantification of MR, the CMR provides insights into the left ventricular size and func-
tion. The mitral valve structure can be assessed in 2-chamber, 3-chamber, and 4-chamber 
view; mitral valve stack images are used to localize the pathology to mitral leaflets scal-
lops. In the LVOT view (3-chambers), useful parameters can be acquired: length of ante-
rior and posterior leaflets; septal thickness; C-sept distance for LVOT obstruction and 
SAM risk after mitral valve repair; and aorto-mitral angle. In the 4-chamber view, the 
tenting area can be calculated as well as the coaptation distance and the posterior leaflet 
angle. As shown, these parameters have quite good overlap with echo-derived measures. 
As been said before, ventricular assessment is one of the strength points of CMR: in 
inferolateral MI, the infero-posterolateral left ventricular wall and the posteromedial pap-
illary muscle (Carpentier type IIIb) are affected. In these patients, the posterior leaflet 
appears tethered to the infarcted wall, and the tenting pattern is asymmetrical. The MR jet 
is eccentric and posteriorly directed; in multivessel disease, the LV remodeling is more 
pronounced and the papillary muscle is displaced and dysfunctional; moreover, a fibrotic 
elongation of an infarcted papillary muscle will lead to prolapse of the corresponding seg-
ment of the mitral leaflet, resulting in various degree of MR at rest that eventually worsen 
during effort.

Furthermore, the CMR can calculate the MR volume subtracting the aortic forward 
stroke volume (AoSV) from LV stroke volume (LVSV); in turn the regurgitant fraction can 
also be calculated as the ratio between the mitral regurgitant volume and the LVSV (Fig. 3).

a b c

Fig. 3 MRI imaging of the heart. (a and b) Anatomical and functional assessment of the mitral 
valve. (c) RV and LV short axis for wall motion assessment, papillary muscle location, sphericity 
index. RV right ventricle, LV left ventricle
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4  Treatment of Functional Ischemic Mitral Regurgitation

4.1  Resynchronization Therapy

Pathogenesis of functional mitral regurgitation (MR) involves multiple factors, including 
increased mitral leaflet tethering due to the outward displacement of the papillary muscles 
caused by global and regional left ventricular (LV) remodeling, decreased LV closing 
forces, and deformation of the whole mitral apparatus including the annulus [3].

The presence of global LV dyssynchrony may decrease the efficiency of LV contraction 
and, thus, decrease the LV closing force acting on the mitral leaflets; furthermore, dys-
synchronous contraction of the papillary muscle insertion sites at the LV free wall may 
induce geometric distortion of the mitral valve apparatus.

Cardiac Resynchronization Therapy (CRT) can reduce the papillary muscle dyssyn-
chrony and increase the rate of LV pressure, leading to an immediate decrease of fIMR 
after initiation of pacing. The effect is pacing-dependent, and recurrence of fIMR occurs 
when the CRT is stopped. Some degree of reverse LV remodeling has been described in 
the mid-long run [23]. The remodeling also correlates to the presence of viable myocar-
dium, since large scar tissue and severe MR at baseline have been associated with lesser or 
no clinical response to CRT [24].

The CRT is indicated in symptomatic HF patients in functional class II–IV despite 
receiving optimal medical treatment, severe left ventricle systolic dysfunction with a left 
ventricular ejection fraction (LVEF) ≤35% and presenting with a wide QRS on the ECG 
(QRS width ≥ 120 ms) preferably with a LBBB pattern. Patients with a baseline tenting 
area of >3.8  cm2 would benefit less from CRT since it is marker of an advance LV 
remodeling.

In responder patients, the reduction in MR severity with CRT typically occurs within 
the first days after starting CRT and can be expected even until the first 3-months follow-
 up. It is very unlikely to happen after that period. The use of CRT not only stratify respond-
ers, but also identify candidates for surgery after 3 months from device implantation when 
severe mitral regurgitation persists.

4.2  Bypass Grafting with or Without Mitral Valve Surgery

Reported hospital mortality in patients with IMR undergoing coronary artery bypass graft-
ing (CABG) varies widely from 1.0% to 12.5%, due to differences in LV size and function 
[25, 26]. While percutaneous coronary intervention (PCI) continues to be offered to some 
patients at high risk for conventional open CABG, this modality often fails to address the 
persistently occluded coronary arteries common in IMR patients; a 28% rate of complete 
revascularization with PCI in this population has been reported, while complete revascu-
larization by CABG offers better outcome [27]. LV contractile reserve may also play a 
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role, in that successful CABG will restore viable LV segments in the region of papillary 
muscle attachment that may relieve tethering of the mitral valve. Recent work examining 
cardiac remodeling has revealed no change in MR grade among patients without improve-
ment in LV function or LV size following isolated CABG for IMR, supporting the thesis 
that maximal restoration of perfusion to viable myocardium is prerequisite for successful 
remodeling [26].

Coronary revascularization alone in the setting of even moderate IMR leaves many 
patients with substantial residual mitral regurgitation and heart failure symptoms [28–30]. 
Immediately post-op, IMR is absent or mild in 73% and severe in 6%; on the other hand, 
by 6 weeks, only 40% of patients have absent or mild mitral regurgitation, and 22% have 
severe mitral regurgitation. Since CABG alone does not universally resolve IMR, valve 
repair has been proposed in these patients because it potentially can reduce cardiac mor-
bidity and may improve long-term survival. In some studies, the combination of CABG 
and mitral valve repair does not emerge as a predictor of long-term survival. In CSTN 
study that compared CABG alone and CABG + mitral valve repair, although the death rate 
was lower in the second group (7.3% vs. 6.7% at 1 year) and also the rate of moderate or 
severe MR (31% vs. 11%), the addition of mitral valve surgery does not translate into a 
greater degree of LV reverse remodeling. In another study, the investigator identified the 
presence of viable myocardium and absence of LV dyssynchrony as factors for reliable 
improvement of moderate IMR [31].

In terms of best type of surgery, the LV status is the most important determinant of 
outcome, whether one undergoes repair or replacement. In the Cleveland Clinic experi-
ence, in the lower risk quintile, the valve repair conferred a survival advantage over 
replacement (58% at 5 years); in the higher risk quintile, the patients had similar poor 
prognosis with replacement actually conferred a small survival advantage [32]. In the 
Italian Study on the Treatment of Ischemic Mitral Regurgitation Trial using propensity 
score matching analysis to evaluate surgical outcomes of patients with chronic IMR and 
LV dysfunction (ejection fraction less than 40%), those who underwent mitral valve repair 
had an 8-year survival rate of 82% compared to 80% for those undergoing mitral valve 
replacement [33]. Further, LV function did not improve in group postoperatively, and 
mitral valve repair was a strong predictor of valve-related reoperation. The recent 
Cardiothoracic Surgical Trials Network multi-institutional randomized trial of 251 patients 
with severe IMR comparing complete rigid or semirigid ring annuloplasty with mitral 
valve replacement demonstrated no difference in LV reverse remodeling or survival at 
12 months. The rate of recurrent or residual moderate or severe IMR 6 months postopera-
tively was 32.6% in the annuloplasty group versus 2.3% in the MVR group. Replacement 
provided a more durable correction of mitral regurgitation with no difference in clinical 
outcomes at this early follow-up period [34]. No significant between-group difference in 
left ventricular reverse remodeling or survival was found at 2 years follow-up; moreover, 
mitral regurgitation recurred more frequently in the repair group, resulting in more heart 
failure-related adverse events and cardiovascular admissions [35].
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A compelling explanation for the generally poor long-term outcome of patients who 
undergo mitral valve repair for IMR is the presence of residual and/or recurrent mitral 
regurgitation postoperatively [36, 37]. Persistence of mitral regurgitation after annulo-
plasty is due predominantly to augmented posterior leaflet apical tethering with no 
improvement in anterior leaflet tethering and no increase in coaptation length; and higher 
preoperative LVED index may also predict recurrent mitral regurgitation [38, 39]. Data 
from the Cardiothoracic Surgical Trials Network severe IMR trial demonstrated a rate of 
recurrence of moderate regurgitation of 26% and of severe regurgitation of 4% at 6 months 
after mitral valve repair [39]. The presence of inferior basal aneurysm/dyskinesis was 
strongly associated with recurrent regurgitation and was a better predictor of recurrence 
than individual measures of leaflet tethering or LV remodeling, since it integrates both 
leaflet tethering and LV remodeling measure. In the Leiden experience with restrictive 
annuloplasty, distal anterior leaflet tethering and posterior leaflet tethering were indepen-
dent predictors of recurrent mitral regurgitation [40].

4.3  Percutaneous Options for fIMR

Percutaneous mitral therapy could theoretically offer improved safety as compared to sur-
gical MV surgery and may be suited for the treatment of higher risk FMR patients. In 
non-randomized trials, MitraClip showed good results with favorable 30-days and 
6-months survival [41–43].

Although the COAPT randomized trial and MITRA-FR generated much expectation 
regarding transcatheter treatment of mitral pathology, these studies led to diametrically 
opposed results. The reason is the different types of patients enrolled, even if candidates 
for the same transcatheter or medical treatment. In MITRA-FR, the underlying cardiomy-
opathy (myocardial or LV disease) was likely the predominant cause of the heart failure 
and thus the main determinant of the poor clinical outcome. And in this context, the MR 
was probably more a bystander than an actor of the heart failure. On the other hand, in 
COAPT, heart failure was, in large part, related to the valvular disease (the MR was more 
severe), while LV disease (smaller size and higher LVEF) was less advanced. Hence in 
COAPT, MR was an important contributor to the heart failure and the clinical outcomes, 
whereas in MITRA-FR, the LV disease (dysfunction) was the main determinant of clinical 
outcomes. It has been proposed that MitraClip should be indicated in patients with at least 
moderate-to-severe (3+) secondary MR defined as EROA ≥30  mm2 and/or regurgitant 
volume >45 mL, having an LVEF between 20% and 50% and LV end-systolic diameter 
<70 mm; furthermore they have to exhibit persistent heart failure symptoms (NYHA ≥ II) 
despite optimal (maximally tolerated) GDMT with cardiac resynchronization and coro-
nary revascularization if appropriate. In these settings of “disproportionate” mitral regur-
gitation, as proposed by Grayburn et al., the transcatheter therapy is mostly effective [44].
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Abbreviations

ECMO Extracorporeal membrane oxygenator
IABP Intra-aortic balloon pump
p-LVAD Percutaneous left ventricular assist devices
ST-MCS Short-term mechanical circulation support

1  Introduction

The main determinant of favorable outcome in the patient suffering from ACS-STEMI 
complicated by cardiogenic shock is the promptness of treatment.

A recent meta-analysis of 12,675 STEMI patients in the context of the FITT-STEMI 
study emphasizes the strong negative impact of time delays on early mortality and short- 
term morbidity, especially in the context of STEMI with shock. In fact, in the ongoing 
shock, every 10 min of delay in treatment between 60 and 180 min from the first medical 
contact leads to an increase of 3.3 additional deaths per 100 patients treated.

Therefore, patients with STEMI complicated by cardiogenic shock constitute a selected 
group that derives the greatest benefits from the acceleration of all phases of the therapeu-
tic process and from an early support and treatment.
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Emergency coronary angiography is indicated in all patients with acute heart failure or 
cardiogenic shock that complicates acute coronary syndrome.

Emergency percutaneous treatment of the culprit lesion has absolute and mandatory 
indication for patients with cardiogenic shock secondary to STEMI, regardless of the tim-
ing of the onset of symptoms. The infarct-related artery should be treated systematically 
during the initial procedure. Patients with extensive CAD involving territories far from the 
IRA have a worse prognosis after primary PCI; therefore, unfavorable determinants on the 
composite outcome (MACE) are persistent ischemia after PCI of the IRA and the incom-
pleteness of revascularization with a multi-stage approach during hospitalization.

Emergency surgical revascularization (emergency-CABG) is recommended in the 
course of cardiogenic shock if the coronary anatomy is not amenable to percutaneous 
treatment. Residual myocardial ischemia in the context of AMI is the prerequisite for 
cardiogenic shock in patients with STEMI already treated with PCI. The further causes 
which provoke hemodynamic instability are mechanical complications: (1) acute mitral 
insufficiency due to papillary rupture; (2) post-infarct ISD; and (3) rupture of the free wall 
of the left ventricle. The SHOCK study demonstrated that in patients with AMI compli-
cated by cardiogenic shock, the emergency revascularization with PCI or CABG improved 
long-term survival compared to medical therapy alone. A subanalysis of the same study 
shows overlapping survival rates in the two subgroups CABG vs. PCI.  In the group of 
patients treated with CABG, however, multivessel involvement and the incidence of dia-
betes are higher. Therefore, the results from this non-randomized comparison suggest that 
CABG should be exclusively reserved for a selected subgroup of patients with cardiogenic 
shock secondary to AMI who have coronary anatomy unfavorable for PCI.

The routine use of the intra-aortic balloon pump in the context of cardiogenic shock 
secondary to ACS is not recommended. This patient population in relation to age, comor-
bidities, neurological status, life expectancy, and predictability of quality of life can be 
assisted with short-term mechanical circulatory support.

2  Purpose and Strategy

In the course of cardiogenic shock secondary to AMI, the priority is to promptly establish 
a circulation support that maintains cardiac output such as to allow optimal perfusion of 
the brain and peripheral organs. The optimization and stabilization of the hemodynamic 
pattern are necessary conditions to start making the next decision.

The patient suffering from cardiogenic shock, in the first instance, must be treated with 
inotropic support and ventilatory assistance; then he/she must be subjected to reperfusion/
revascularization in the shortest possible time and finally it must be corrected any possible 
mechanical complications of AMI. The second decision level is determined by hemody-
namic stability/instability. If conditions of hemodynamic stability exist, a weaning pro-
gram is started, if vice versa there is hemodynamically instability it goes toward a 
short-term MCS program (mechanical assistance for the short-term circulation). The out-
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comes of the mechanical circulatory support can be twofold: (1) recovery of cardiac func-
tion and (2) no-recovery of cardiac function. In this second case, if there is a favorable 
neurological state and a preserved multi-organ function, it can be chosen between a desti-
nation therapy or a bridge to transplantation. If, on the other hand, an irreversible neuro-
logical deficit has already been established, the most appropriate program is a compassionate 
weaning.

3  Types of Support

ST-MCS can be considered in post-AMI refractory cardiogenic shock depending on the 
patient’s age, neurological function, comorbidities, long-term expectation, and quality 
of life.

ST-MCS devices are as follows:

 1. Intra-aortic balloon pump
 2. Percutaneous left ventricular assist devices
 3. Extracorporeal membrane oxygenator

 1. IABP is an inexpensive device, easily implanted and equally safe in removal. Its hemo-
dynamic benefit consists, firstly, in improving coronary diastolic perfusion cooling 
down the left ventricular workload by reducing the after load, and secondarily by 
increasing cardiac output moderately. The IABP-SHOCK II study (recruiting 600 
patients) showed that the use of IABP did not reduce mortality at 30 days. Other recent 
reviews of studies have confirmed that the use of intra-aortic balloon pump, in spite of 
a modest immediate benefit on some hemodynamic parameters, does not present an 
improvement in survival. Therefore, the routine use of IABP in patients with AMI 
complicated by cardiogenic shock is not recommended.

 2. p-LVAD with greater clinical experience at the moment are two devices: IMPELLA 
and TANDEM HEART. Impella is a transaortic microaxial pump that discharges the 
left ventricle directly providing a blood flow between 2.5 and 5.0 L/min. Tandem heart 
is a centrifugal assistance that discharges the left ventricle through a cannula intro-
duced into the left atrium for transseptal puncture. These percutaneous devices have 
immediate hemodynamic benefits in terms of increased blood pressure, peripheral per-
fusion, and lactacidemia, at the expense of a modest increase in bleeding from the 
access site and an increased incidence of limb ischemia. However, extensive studies do 
not show a 30-day incidence of major adverse events in patients treated with p-LVAD 
compared to those treated with IABP.

 3. ECMO is part of the ECLS procedures and in its configuration VA-ECMO is simply a 
reworked form of cardio-pulmonary bypass. The rationale for percutaneous VA-ECMO 
support is to drain the venous system through a major percutaneous access (femoral 
vein, jugular vein), and to re-introduce oxygenated and pressurized blood through 
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another percutaneous arterial access (femoral artery). The hemodynamic benefit of this 
circulatory support consists in decompressing the venous circulation; increasing coro-
nary, cerebral, and peripheral perfusion; and finally optimizing oxygen delivery with 
additional blood oxygenation. As part of the percutaneous approach, the pathophysio-
logical disadvantage consists in the impossibility of the left ventricular unloading in 
conjunction with an increase in the afterload. It is a relevant problem in the psychopa-
thology of left ventricular refreshment that requires some resolution strategies. In 
patients in cardiac arrest secondary to AMI, observational studies indicate a better 
survival in patients treated with VA-ECMO than in those treated without it. Extensive 
meta-analysis of observational studies showed that in patients with post-AMI cardio-
genic shock, the percutaneous VA-ECMO implant allows a 30-day survival, which is 
33% higher than in patients treated with IABP. However, the scarceness of the patients 
treated does not allow definitive results.

4  Planning and Configuration

The use of ECLS during post-AMI cardiogenic shock can constitute a temporary cardio- 
respiratory support to compensate for mono-bi-ventricular dysfunction and obtain the 
inversion of the oxygen debt with optimization of organ perfusion and gas exchange while 
waiting for the evolution of cardiac injury.

An ECLS support in its most basic form consists of a centrifugal pump that extracts the 
blood from the patient’s venous compartment, pushes it through a gas exchange device 
(oxygenator with hollow polymethylpentene fibers), and returns under pressure the oxy-
genated blood to the arterial tree of the patient. Centrifugal pumps are capable of develop-
ing flow rates up to 9  L/min and have a reduced traumatic impact on the corpuscular 
elements of the blood.

Conventional VA-ECMO requires the cannulation of a vein to drain the venous blood 
from the patient and of an artery to re-infuse oxygenated and pressurized blood into the 
patient. This starting structure can change because the drainage and reinfusion sites can 
and must vary according to the evolution of the patient’s metabolic and hemodynamic 
parameters during ECLS. Therefore, there is not a standard and rigid configuration, but 
rather tailored and dynamic. This concept understood as hybrid ECLS presupposes a fluc-
tuation in the cannulation strategy and in the configuration of the flows during the circula-
tory support. Hypoxemia, an inadequate flow rate, pulmonary stasis, left ventricular 
distention, peripheral ischemia are all unforeseeable occurrences at the start of assistance, 
but which must be diagnosed and corrected promptly. The need to switch to a different 
ECLS mode is not an error in the initial planning, but a necessity with respect to the dyna-
mism of the patient’s condition and the assistance performance.

In its basic configuration, an ECLS assistance consists of a venous drainage and an 
arterial reinfusion represented, respectively, by the vein and the femoral artery cannulated 
percutaneously. This VA-ECMO configuration may be inadequate for hemodynamic or 
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metabolic reasons so requiring the transition to advanced configurations after implanting 
additional cannulas. ELSO reports document that hybrid-ECLS represents more than 2% 
of all ECLS run. The most frequent causes of an ECMO up grading are: (1) insufficient 
drainage; (2) pulmonary stasis; (3) left ventricular distention; (4) inadequate 
oxygenation.

The addition of a second drainage cannula through the right jugular vein in the right 
atrium can optimize venous return and decongest the right sections optimally. Through the 
same way, the cannula can selectively be inserted in the pulmonary artery and act as a vent 
through the pulmonary circulation to empty the left ventricle and prevent its distension. 
The same cannula, by reversing the flow and transforming it into arterial out-flow, can 
eject oxygenated blood through the pulmonary circulation and correcting differential aor-
tic hypoxemia by supplying oxygenated blood to the coronary arteries and to the epiaortic 
vessels. Obviously an advanced configuration of the ECLS carries an increased risk of 
bleeding, infections, and thrombosis.

Therefore, a standard configuration during an ECLS does not exist, the drainage needs, 
the reinfusion capacity, the hemodynamic and metabolic state presuppose a dynamism in 
the cannulation sites and in the management of flows.

Different hemodynamic and structural scenarios may require a combination of devices. 
The most frequent combinations found in the clinical practice, although the small number 
of cases, are:

 1. VA-ECMO + IABP
 2. VA-ECMO + IMPELLA = ECMELLA

The contextual use of IABP and VA-ECLS stems from a practical criterion since IABP 
is the fastest and most widespread ST-MCS system, but also from a pathophysiological 
criterion since counter-pulsation makes the flow pulsatile and therefore: (1) reduces left 
ventricular postload, (2) reduces ventricular wall tension, (3) facilitates ventricular ejec-
tion, and (4) ultimately promotes ventricular unloading. The neutral results of the IABP- 
SHOCK II study have downgraded the routine use of the IABP alone in the course of 
shock to a III B recommendation class, therefore it is reasonable to think of the IABP 
implantation only as an initial prodrome for combined support.

The Impella is a catheter-based flow pump that percutaneously implanted allows uni-
ventricular support while maintaining an intrinsic flow rate. The conjunction of Impella 
with ECMO offers the following advantages: rapid improvement of the hemodynamic and 
metabolic pattern that constitutes a weaning platform from ECLS and above all it allows 
the discharge of the left ventricle. Left ventricular distension occurs in at least 5% of 
ECLS and it is a negative prognostic factor on ventricular recovery. A VA-ECLS typically 
allows for effective drainage of the right side, but it may be ineffective in decompressing 
the left sections. A dysfunctional left ventricle, in the face of an increase in afterload, does 
not empty and there will be consequently blood stasis, thrombus formation, increased wall 
tension, sub-endocardial ischemia, and pulmonary congestion. Therefore, the left ven-
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tricular venting is decisive in the patient’s prognosis during ECLS.  The loss of flow 
 pulsatility and the fixity in closure of the aortic valve are the two predictors of ventricular 
distention. Although there are less invasive measures to facilitate the left drainage of the 
heart, Impella in situ avoids this fatal pathophysiological mechanism in the bud.

When ECLS support is initiated in the course of post-AMI cardiogenic shock, the ratio-
nale is to ensure a compensatory extracorporeal flow to the native cardiac output such as 
to allow an optimal perfusion to fully support peripheral metabolic needs. The initial 
VA-ECLS flow can, at the beginning, be set at 4.5-5.0 L/min. or more on the basis of the 
metabolic and hemodynamic status of the patient, later it is progressively reduced since 
peripheral perfusion is supported by the native cardiac output due to the progressive recov-
ery of the myocardium. The adequacy of the mechanical support to the circulation must be 
monitored by following the evolution of the hemodynamic and metabolic indices. In order 
to stabilize the hemodynamic and metabolic situation, concomitant with a recovery of 
cardiac function, a progressive weaning from the support with a gradual reduction of the 
flows is started. In fact, the persistence of high flows has deleterious effects both by caus-
ing hemolysis and thrombocytopenia, and by affecting an unfavorable increase in after-
load. Therefore, the best relationship between the lowest flow and maximum perfusion in 
the necessary time for the myocardial recovery or the establishment of advanced therapeu-
tic programs should always be sought.
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Transmyocardial Laser Revascularization

Edoardo Zancanaro

Abbreviations

BMLR Bone marrow laser revascularization
CABG Coronary artery bypass grafting
CAD Coronary artery disease
LIMA Left internal mammary artery
PCI Percutaneous coronary intervention
TEE Transesophageal echocardiography
TMR Transmyocardial laser revascularization
VEGF Vascular endothelial growth factor

1  Introduction

CAD is a manifestation of atherosclerosis, which often leads to angina, myocardial infarc-
tion, congestive heart failure, and ultimately death. Currently, available options for treat-
ing CAD include lifestyle changes in conjunction with drug therapy (medical management), 
percutaneous coronary intervention (PCI), and CABG.  Unfortunately, despite optimal 
therapy, there is a proportion of patients who have medically refractory angina who are not 
eligible for conventional revascularization or who has been underwent incompletely revas-
cularized by CABG alone [1, 2]. The hallmark of this difficult patient population is the 
presence of diffuse CAD. It is estimated that 3% of patients presenting with CAD are not 
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candidates for conventional revascularization and that 15–25% of patients undergoing 
CABG will have one or more major target areas incompletely revascularized due to diffuse 
CAD [1]. Incomplete revascularization due to diffuse CAD is recognized as an indepen-
dent predictor of operative mortality [3, 4] and is associated with decreased long-term 
freedom from cardiac death, acute myocardial infarction, and cardiac events. Diffuse 
CAD, when quantified, is a strong independent predictor of operative mortality, and the 
quality of distal target during CABG has been identified as a strong predictor of vein graft 
failure [5]. Transmyocardial laser revascularization (TMR) has yielded positive clinical 
results in these difficult subsets of patients.

2  History

In 1941, Schlesinger et al. observed that intramyocardial arterioles were not prone to arte-
riosclerosis. This prompted Vineberg to implant the left internal mammary artery (LIMA) 
directly onto the myocardium with the purpose of developing collaterals between the 
LIMA and the intramyocardial arterioles. Although the first patient to undergo the Vineberg 
procedure died 2 days later, the LIMA was found to be widely patent at autopsy. Vineberg 
later created an intramyocardial tunnel prior to LIMA implantation, and patency of these 
grafts was documented two decades later.

In 1965, Sen et  al. studied the benefits of transmyocardial channels produced with 
needle punctures. Using a canine model, they placed numerous needle punctures in an 
ischemic area subtended by an occluded left anterior descending artery. They showed that 
the acupuncture-created channels resulted in decreased mortality, increased long-term sur-
vival, and decreased infarct size. Although patent channels were identified at 8 weeks, no 
evidence suggested that the channels had developed an endothelial cell lining, thus con-
firming successful re-arterialization.

In 1968, Sen et  al. described marked improvements in patients with chronic angina 
following transmyocardial revascularization. These initial data supported attempts to 
improve myocardial perfusion by creating mechanisms for a direct flow of blood from the 
ventricular cavity to the myocardium, thus mimicking the anatomy of the reptilian heart, 
in which much of the myocardium is perfused with blood directly from the ventricu-
lar cavity.

During the next two decades, numerous studies were undertaken to evaluate the effects 
of needle-created transmyocardial channels in revascularizing ischemic myocardium. 
However, much of this research received little attention because it was not considered 
nearly as promising as the emerging techniques involving direct myocardial revasculariza-
tion, such as CABG and angioplasty.

The development of laser energy sources in the 1980s stimulated investigators to 
restudy myocardial acupuncture. In 1981, Mirhoseini et al. demonstrated that the carbon 
dioxide laser could generate small transmyocardial channels in the ischemic myocardium 
of a dog. In 1983, Mirhoseini et al. used TMR on a patient with CAD, employing a carbon 
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dioxide laser in conjunction with CABG to treat a hypokinetic area of the left ventricle. 
The patient did well with normal ventricular function demonstrated during a postoperative 
nuclear scan.

These initial clinical studies provided further impetus for the use of TMR. Since the 
early 1990s, carbon dioxide laser systems have been used to perform TMR in humans, 
with excellent results. Holmium:YAG TMR has also been approved by the FDA [6].

To date, more than 50,000 TMR procedures have been done worldwide, nearly one- 
third of them done in the USA alone. Over the past two decades, multiple studies have 
reported good-to-moderate outcomes.

3  Indication

Although no absolute indications have been described for the application of TMR, several 
studies have provided some necessary guidelines.

The initial non-randomized trials demonstrated that sole therapy TMR could be per-
formed safely on patients with severe coronary artery disease who previously had no other 
options. The significant angina relief achieved in these patients led to prospective random-
ized controlled studies to further demonstrate the efficacy of TMR. In these pivotal trials, 
over 1000 patients were enrolled and randomized to receiving either TMR or medical 
management as treatment for their severe angina [6, 7].

The enrollment criteria for these sole therapy trials were as follows: patients had refrac-
tory angina that was not amenable to standard methods of revascularization. They had 
evidence of reversible ischemia based on myocardial perfusion scanning, and their left 
ventricular ejection fractions were greater than 25%.

Because the patients were equally randomized to the medical management group, there 
were no significant demographic differences between the TMR and the control groups for 
any of these trials. Three studies [6] employed a Holmium:yttrium-aluminum-garnet 
(Ho:YAG) laser and three others used a carbon dioxide (CO2) laser. The average patient 
age was 62 years, and the majority were male (86%). While there were significant differ-
ences in the baseline distribution of patients according to Canadian Cardiovascular Society 
(CCS) Angina Class, the majority of the patients were in angina Class IV (61%) [8]. The 
ejection fractions for all of the patients were mildly diminished at 48 ± 10%. Many of the 
patients had suffered at least one previous myocardial infarction, and most had some prior 
revascularization, CABG and/or PCI.  Two of the trials permitted a crossover from the 
medical management group to laser treatment for the presence of unstable angina that 
necessitated intravenous anti-anginal therapy for which they were unweanable over a 
period of at least 48 h [6, 8]. By definition, these crossover patients were less stable and 
significantly different than those who had been initially randomized to TMR or medical 
management alone.

A brief summary of all the indications published by the STS, ISMICS, and ACC/AHA 
is summarized in Table 1.
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Table 1 Practice guidelines for patients undergoing sole therapy TMR and TMR + CABG

Society Sole therapy TMR TMR + CABG
ACC/AHAa Class IIa, level of 

evidence: A
Class IIa, level of evidence: A

ISMICSb Class I, level B evidence Class IIa, level of evidence: B
ACCF/AHAc n/a Class IIb, level of evidence: B
STSd Class I, level of evidence: 

A
Class IIA, level of evidence B

ACCF/AHA/ACP/AATS/PCNA/
SCAI/STSe

Class IIb, level of 
evidence: B

Class IIb, level of evidence: B

aAmerican College of Cardiology/American Heart Association
bInternational Society of Minimally Invasive Cardiothoracic Surgery (ISMICS)
cAmerican College of Cardiology Foundation/American Heart Association
dThe Society of Thoracic Surgeons
eAmerican College of Cardiology Foundation/American Heart Association task force on practice 
guidelines, and the American College of Physicians, American Association for Thoracic Surgery, 
Preventive Cardiovascular Nurses Association, Society for Cardiovascular Angiography and 
Interventions, and Society of Thoracic Surgeons

4  Procedural Concepts

4.1  Procedural Technique

For sole therapy TMR, the patient is placed in a supine position with their left side slightly 
elevated. General anesthesia may be established using a double-lumen endotracheal tube 
or a bronchial blocker to help isolate the left lung. This facilitates the operation, particu-
larly as most of the patients have pleural and mediastinal adhesions from previous bypass 
surgery. Additionally, a thoracic epidural catheter can be employed to provide postopera-
tive pain control.

A left anterior thoracotomy in the fifth intercostal space is the usual incision site. Once 
the ribs are spread by a retractor, the pericardium is opened to expose the epicardial sur-
face of the heart. Care must be taken to avoid previous bypass grafts. The left anterior 
descending artery is identified and used as a landmark for the location of the septum. The 
inferior and posterior lateral portions of the heart can be reached through this incision with 
a combination of manual traction, placement of packing behind the heart and with the use 
of a right-angled laser handpiece. Channels are created starting near the base of the heart 
and then serially in a line approximately 1 cm apart toward the apex, starting inferiorly and 
working superiorly to the anterior surface of the heart. As there is some bleeding from the 
channels, commencement of the TMR inferiorly keeps the anterior area clear and expe-
dites the procedure. The number of channels created depends on the size of the heart and 
on the size of the ischemic area. Myocardium that is thinned by scar, particularly when the 
scar is transmural, should be avoided as TMR will be of no benefit to these regions and 
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bleeding from channels in these areas may be problematic. The thoracotomy is then closed 
after the placement of a chest tube and in the majority of the cases, the patient is extubated 
in the operating room.

The CO2 laser energy is delivered via hollow tubes and is reflected by mirrors to reach 
the epicardial surface, and 1-mm channels are made with a 15–20 J pulse. The firing of the 
laser is synchronized to occur on the r wave of the EKG to avoid arrhythmias. The trans-
mural channel is created by a signal pulse in 40 ms and can be confirmed by transesopha-
geal echocardiography (TEE). The vaporization of blood by the laser energy as the laser 
beam enters the ventricle creates an obvious and characteristic acoustic effect as 
noted on TEE.

The Ho:YAG laser achieves a 1-mm channel by manually advancing a fiber bundle 
through the myocardium while the laser fires. Typical pulse energies are 2 Js for this laser 
and at a rate of 5 pulses per second, 10–20 pulses are required to traverse the myocardium. 
Detection of transmural penetration is primarily by tactile sensation and then by auditory 
feedback.

4.2  Technical Instruments

While numerous devices, including ultrasound, cryoablation, radio frequency, heated 
needles, as well as hollow and solid needles have been used; none has engendered the 
same response that is seen with a laser. Additionally, numerous wavelengths of laser light 
have also been employed. These include xenon-chloride (XeCl), neodymium:YAG 
(ND:YAG), erbium:YAG (Er:YAG), and thulium-holmium-chromium:YAG lasers 
(THC:YAG). All of these devices have been explored experimentally but have not been 
pursued on a significant scale clinically.

Two laser-based systems have been approved by the FDA to deliver laser therapy to 
targeted areas of the left ventricle that cannot be revascularized using conventional meth-
ods: the holmium:yttrium-aluminum-garnet (Ho:YAG) laser system (CryoLife, Inc., 
Kennesaw, GA) and the carbon dioxide (CO2) laser system (PLC Medical Systems, 
Franklin, MA), although the CO2 laser has been discontinued [9]. The Ho:YAG system 
uses a 20-W-pulsed laser to deliver 7 W per laser pulse at a rate of 5 pulses per second 
through a 1-mm flexible fiber optic bundle. The hand piece allows the surgeon to position 
and stabilize the embedded fiber optic bundle against the epicardial surface.

4.3  Mechanism of Action

The mechanism of action should be explained throughout different points: the interaction 
between the laser and the tissue, the channel creation, the nervous system denervation, and 
the angiogenesis stimulation.
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Concerning laser–tissue interaction: The result of any laser–tissue interaction is 
dependent on both laser and tissue variables. CO2 has a wavelength of 10,600-nm, 
whereas Ho:YAG has a wavelength of 2120 nm. These infrared wavelengths are pri-
marily absorbed in water and therefore rely on thermal energy to ablate tissue. One 
significant difference however is that the Ho:YAG laser is pulsed and the arrival of two 
successive pulses must be separated by time to allow for thermal dissipation, otherwise 
the accumulated heat will cause the tissue to explode under pressure. Such explosions 
create acoustic waves, which travel along the planes of lower resistance between mus-
cle fibers and cause structural trauma as well as thermocoagulation. The standard oper-
ating parameters for the Ho:YAG laser are pulse energies of 1–2 Js and 6–8 W/pulse. 
The energy is delivered at a rate of 5 pulses/second through a flexible 1-mm optical 
fiber bundle. Despite the low energy level and short pulse duration, there are very high 
levels of peak power delivered to the tissue so that with each pulse there is an explo-
sion. Additionally, the fiber is advanced manually through the myocardium and it is 
therefore impossible to know whether the channel is being created by the kinetic energy 
delivered via the mechanical effects of the fiber and whether there has been enough 
time for thermal dissipation prior to the next pulse.

In contrast, the CO2 was used at an energy level of 15–20 Js/pulse with a pulse duration 
of 25–40 ms. At this level, the laser photons do not cause explosive ablation and the extent 
of structural damage is limited. Additionally, a transmural channel can be created with a 
single pulse. Confirmation of this transmurality is obtained by observing the vaporization 
of blood within the ventricle using TEE.

Finally, the CO2 laser is synchronized to fire on the r wave and with its short pulse dura-
tion arrhythmic complications are minimized. The Ho:YAG device is unsynchronized and 
due to the motion of the fiber through the myocardium over several cardiac cycles, is more 
prone to ventricular arrhythmias.

Regarding denervation: The nervous system of the heart can function independent 
of inputs from extracardiac neurons to regulate regional cardiac function by reflex 
action. This intrinsic system contains afferent neurons, sympathetic efferent, postgan-
glionic neurons, and parasympathetic efferent postganglionic neurons. Because of this 
complex system, it is difficult to demonstrate true denervation. However, several exper-
imental studies have demonstrated that denervation may indeed play a role in Ho:YAG 
TMR [10].

Finally, angiogenesis: this mechanism fits the clinical picture of significant improve-
ment in symptoms over time as well as a concomitant improvement in perfusion, as seen 
with the CO2 laser. Numerous reports have demonstrated a histologic increase in neovas-
cularization as a result of TMR channels. More molecular evidence of this angiogenic 
phenomenon was derived from work that demonstrated an upregulation of vascular endo-
thelial growth factor (VEGF) messenger RNA, expression of FGF2, as well as matrix 
metalloproteinases following TMR [11].
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5  Outcomes and Trials

In order to make a clear overview of different TMR outcomes, it has been proposed to 
divide the results into two categories: (1) TMR as a sole therapy and (2) TMR combined 
with CABG.

5.1  TMR as a Sole Therapy

The safety and effectiveness of TMR as sole therapy have been evaluated in five prospec-
tive, randomized trials [7]. Experimental designs and patient selection criteria were similar 
across the five trials. Study endpoints included operative (in-hospital/30 days) mortality 
and 1-year survival, improvement in angina class, myocardial perfusion, exercise toler-
ance, quality of life, cardiac-related hospitalization, and major adverse events. Aside from 
a variation in the number of patients enrolled, certain features made some trials unique. 
Whereas Allen et al. [6] only randomized patients with medically refractory CCS Class IV 
angina, Schofield and associates enrolled patients with primarily CCS Class III angina, 
which may have influenced results [12].

5.1.1  Operative Mortality
Operative mortality (in-hospital/30-day) for sole therapy TMR patients ranged from 1% to 
5%. The lowest rate (1%) which was reported by Burkhoff et al. [13] was attributed to 
strict study enrollment criteria that excluded patients without at least one region of pro-
tected myocardium, left main stenosis >50%, or a change in angina symptoms or medica-
tion usage in the preceding 21 days prior to enrollment. Allen et al. [6] reported a reduced 
operative mortality rate from 5% overall to 2% in the last 100 consecutively randomized 
patients, attributable to refinement of surgical technique and improved patient selection.

A more recent, multicenter, nonrandomized post-approval study (PAS) showed that a 
total of 358 patients with stable CCS Class IV angina and preoperative ejection fraction of 
≥25% underwent sole therapy TMR with the Ho:YAG laser system from 18 US centers. 
The primary endpoint, 30-day all-cause mortality, was significantly lower than the pre- 
market approval (PMA) study (2.2% vs. 5.3%; p = 0.0033). Univariate analyses identified 
only number of TMR channels (≥40 vs. 40 channels), to be a significant independent 
predictor of 30-day MACE (18.67% vs. 6.96%, p = 0.0095). Preoperative ejection fraction 
of ≤30% vs. >30% was the only significant predictor of operative mortality (11.1% vs. 
1.5%; p = 0.0167).

5.1.2  Long-Term Survival
In a meta-analysis of randomized TMR trials conducted by the International Society of 
Minimally Invasive Cardiothoracic Surgery (ISMICS), Kaplan-Meier 1-year survival was 
similar between patients randomized to medical therapy versus TMR [14]. The effect on 
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long-term survival is a key component in establishing the risk/benefit profile of any treat-
ment. In a 5-year follow-up of randomized patients all with class IV angina, Allen [15] 
reported increased Kaplan-Meier survival in patients randomized to TMR versus maximal 
medical management (MM) (65% vs. 52%, p = 0.05). The annualized mortality rate after 
1 year was 13% per year for medically managed patients compared to 8% per year for 
patients randomized to TMR (p = 0.03).

5.1.3  Angina Management
Important insight should be posed to angina improvement since TMR’s primary indication 
is primarily the angina relief. Angina has been defined as decrease of two or more grade 
from the baseline.

Randomized trials have consistently demonstrated significant angina improvement fol-
lowing TMR when compared to continued medical management. In a meta-analysis of 
randomized controlled TMR trials conducted by ISMICS, forest plots of two class angina 
improvement depict the superiority of TMR versus maximal medical management at 1, 3, 
and 5-year follow-up [14]. Variations between trials with regard to angina relief efficacy 
may be attributable to patient’s angina class at the time of enrollment. Schofield et al. [12] 
reported only a 25% 2-class angina improvement at 1-year compared to a 76% 2-class 
improvement reported by Allen et al. [6].

5.2  TMR Combined with CABG

One of the largest difficulties was analyzing the “TMR + CABG” cohort was for sure the 
bypasses conduit presence since they can create a more challenging anatomy to pursue the 
laser treatment.

Allen et  al. [16] randomized 263 patients who had one or more ischemic areas not 
amenable to bypass grafting and who would be incompletely revascularized by CABG 
alone to either CABG + TMR (N = 132) or CABG alone (N = 131). Operative character-
istics were similar between groups and patients were blinded as to whether they received 
TMR through 1 year. Significantly reduced operative mortality was observed following 
CABG + TMR compared to CABG alone (1.5% vs. 7.6%, p = 0.02) even though preopera-
tive STS predicted mortality risk was comparable (6.3%, CABG/TMR vs. 6.6%, CABG 
alone, p = 0.80). Patients undergoing CABG/TMR required less postoperative inotropic 
support (30% vs. 55%, p = 0.0001) and had a greater 30-day freedom from major adverse 
cardiac events (97% vs. 91%, p = 0.04). Compared to CABG alone patients, CABG/TMR 
patients had a significantly better 1-year survival (95% vs. 89%, p = 0.05) and freedom 
from major adverse cardiac events, prospectively defined as death or myocardial infarction 
(92% vs. 86%, p < 0.05). The only multivariable predictor of the composite endpoint of 
death, MI, or recurrent class III/IV angina at 12 months, was being randomized to CABG 
alone (odds ratio 2.9; CI 1.4–6.2: p = 0.04).

Concerning angina relief, it was similar between CABG/TMR and CABG alone 
patients at 1-year with a trend toward better angina relief with CABG/TMR (p = 0.2). At 
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5-year follow-up, however, CABG/TMR patients had significantly lower mean angina 
scores compared to CABG alone patients (0.4 ± 0.7 vs. 0.7 ± 1.1, p = 0.05).

In a smaller prospective, randomized trial conducted at five U.S. Centers, Frazier et al. 
[17] randomized 49 patients who would be incompletely revascularized by CABG alone 
due to diffuse CAD to either CABG/TMR (N = 22) or CABG alone (N = 27). Patients were 
at high operative risk due to depressed ejection fraction (<0.35 [19%]), unstable angina 
(16%), preoperative intra-aortic balloon pump (18%), and prior CABG surgery (68%). A 
strong trend in reduced operative mortality was observed in the adjunctive TMR group 
compared to the CABG alone group (9% vs. 33%, p = 0.09). At 1 year, the rate of treat-
ment failure (defined as death, repeat revascularization, or failure to improve by two or 
more angina classes) was non-significantly reduced in adjunctive TMR versus CABG 
alone patients (37% vs. 66%, p = 0.3). A 4-year follow-up of these randomized patients 
demonstrated a significant reduction in recurrent angina requiring percutaneous or repeat 
surgical revascularization in CABG/TMR versus CABG alone patients (0% vs. 24%, 
p  <  0.05), even though the number of bypass grafts placed at the time of enrollment 
(3.1 ± 0.7 vs. 3.1 ± 0.8, p = 0.85) were similar between groups. The long-term freedom 
from treatment failure showed a strong trend favoring CABG/TMR patients at a mean of 
4-year follow-up (39% vs. 14%, p = 0.06).

6  Future Perspectives

Although TMR’s superiority over medical therapy has been demonstrated in randomized 
trials, its effectiveness is not 100%. In up to 25% of patients treated with sole therapy 
TMR, angina relief is not significantly improved at 1 year. To increase the angiogenic 
response and the associated clinical efficacy of TMR in treating ischemic heart disease, the 
potential synergy of combining TMR with a cell-based therapy has been evaluated (stem 
cell strategy will be described in the following chapter). Bone marrow laser revasculariza-
tion (BMLR) describes the delivery of autologous bone marrow concentrate in conjunc-
tion with TMR channels into targeted ischemic tissue. It is hypothesized that the delivery 
of bone marrow derived stem cells to the laser-stimulated border zone surrounding the 
channels will significantly enhance the angiogenic response compared with TMR alone. 
Larger clinical trials will be required to validate the clinical benefit of combining TMR 
with cell therapy.
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Stem Cells Therapy for Ischemic Heart 
Disease

Nicola Pradegan and Gino Gerosa

1  Introduction

With more than 17 million deaths worldwide each year, IHD caused by coronary artery 
disease is the most common cause of death and a major cause of hospital admission in 
developed countries. In Europe, IHD is the main cause of death among women >50 years 
of age and men [1, 2].

Conventional therapies have significantly reduced mortality of acute IHD, leaving an 
increasing number of patients with chronic IHD and/or HF without further treatment 
options. An increasing morbidity rate of this nature in an aging population is a huge bur-
den for current society. HF is an expensive disease, both in terms of financial burden ($30 
billion/year in medical expenditures in the US) and reduced quality of life and workdays 
lost [3]. Although HF survival has improved since 1979, the death rate remains very high, 
with more people dying of cardiac disease than cancer and chronic lower respiratory dis-
ease combined. Therapies aimed at restoring the billions of cardiomyocytes lost during 
myocardial infarction or damaged by nonischemic cardiomyopathies are sorely needed.

Among different medical strategies developed in the last decades to relieve symptoms, 
prevent disease progression, and improve survival and quality of life, stem cells therapy 
has emerged as a promising therapeutic approach to promote myocardial repair and regen-
eration. Cardiovascular disease is perhaps the field with the most clinical research on 
cell-based therapeutics, with over 200 clinical trials since 2001 examining multiple stem 
cell products for a diverse array of cardiac syndromes. Despite this extensive body of 
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research, stem cell therapy has yet to transition from research to practice, as there is no 
definitive evidence of an efficacious cell product.

With this chapter, we aim to overview the biology of stem cell types used in cardiovas-
cular research, and current preclinical and clinical applications regarding stem cells use in 
acute and chronic IHD.

2  Stem Cells Source

Stem cells are undifferentiated cells defined by their capacity for both self-renewal and abil-
ity to differentiate into other mature cell types. While embryonic stem cells are the prototypi-
cal pluripotent stem cells, capable of becoming any other cell type in an embryo, there are 
numerous stem cells populations found in adult tissues. These adult stem cells have a more 
limited differentiation potential and generally exist to maintain tissue homeostasis and 
replenish lost cells from that particular tissue. Some of these adult stem cells can naturally 
(albeit rarely) transdifferentiate to form cells outside of their original tissue of origin.

Several studies have shown that various cell types exerted beneficial effects on cardiac 
repair. Overall stem cells effect is summarized in Fig. 1.

• Skeletal myoblast was the first cell type to be clinically tested, but the efficacy was 
unsatisfactory mainly due to the high incidence of arrhythmias [4].

• Bone marrow-derived mononuclear cell contains the undifferentiated HSC and MSC 
as well as other committed cells in various stages of maturation. Its abundance and easy 
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accessibility allow for autologous implantation without expansion in tissue culture, 
which avoids the decline of stem cell differentiation and migration ability, and reduces 
the incidence of immune rejection. Preclinical studies show discordant results in terms 
of angiogenesis and left ventricle function among different animal models [5–10]. 
Clinically, BMMNCs have been evaluated both for AMI and ischemic heart failure. In 
AMI, intracoronary delivery of autologous BMMNCs were evaluated in the 
 REPAIR- AMI clinical trial: this was a large, phase III, double-blinded, placebo- 
controlled study designed to determine the therapeutic efficacy of BMMNCs. There 
were 204 patients randomized to receive either cells or placebo 3–7 days following 
AMI. Initial results at 4-months were encouraging, with LVEF significantly improved 
in the BMMNC-treated group by 5.5% on average, whereas the placebo-treated group 
exhibited a 3.0% in increase in LVEF. At 1-year, there were some encouraging signs. 
There were fewer myocardial infarctions, less need for repeat revascularization and 
fewer incidences of death in the BMMNC compared to the placebo group [11]. 
However, a longer follow- up analysis (5-year follow-up) found out that, despite a pre-
served benefit on mortality, improvement in LVEF was not maintained [12]. These 
mid-term results were also highlighted by other clinical experiences which did not find 
any significant improvement of myocardial function after BMMNCs administration in 
AMI (e.g., TIME trial [13], LateTIME trial [14], SWISS AMI trial [15], BOOST-2 trial 
[16], MiHeart/AMI trial [17]). In patients with post-ischemic HF, results have been 
more promising: in fact, a recent meta-analysis reports a mean improvement of 4.33% 
in LVEF as well as reductions in left ventricle volumes after MBBNCs injection in 
patients with post-ischemic HF [18]. This analysis suggested that overall BMMNCs for 
post-ischemic cardiomyopathy appear to produce positive effects on cardiac function 
and remodeling.

• Hematopoietic stem cell has multiple differentiation potentials and can be autolo-
gously transplanted, but they are limited in abundance, which leads to poor effi-
cacy [19].

• Endothelial progenitor cells are isolated from peripheral blood and bone marrow and 
can give rise to vascular cells. Clinical application of EPC transplantation is expected 
to increase the capillary density and subsequently improve the microcirculation around 
the transplanted sites in infarcted heart. Studies have showed that EPC transplantation 
can also improve heart function, but its effect is restricted, which may result from its 
weak differentiation ability [20].

• Embryonic stem cells have strong proliferation and differentiation capabilities, but it 
has ethical controversies and high risks of teratoma formation, which create hurdles to 
its clinical translation [21].

• Induced pluripotent stem cells can differentiate into multiple cell types, are anti- 
inflammatory, and have therapeutic potential to repair tissues following ischemic dis-
ease. They have great proliferative capacity and might have the potential to be a major 
source for cardiac repair, but preclinical studies are needed to assess potential tumor 
formation and other safety issues [22, 23].
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• Cardiosphere-derived cells: The discovery of small clusters of heart cells express-
ing stem cell antigens (originally called “side population”—SP) capable of sym-
metric (self to identical self) or asymmetric (self to differentiated daughter progeny) 
division prompted the enthusiastic declaration that in situ, adult stem cells exist 
and such cells might have therapeutic potential. These in situ stem cells have been 
obtained by cardiac biopsies and then expanded in particular cultures to generate 
the CDCs (Fig. 2), which have clonogenic potential and express markers indicative 
of progenitor/stem cell  identity [24]. To date, several trials have already tested this 
new population of cells. The CADUCEUS trial was the first to determine if intra-
coronary injection of autologous CDCs to patients soon after myocardial infarction 
was safe [25]. At 1 year of follow-up, CDC-treated patients had smaller scar sizes, 
increased viable myocardium, and improved regional function compared to control 
patients. A subsequent study using allogenic CDCs also confirmed the positive out-
comes in terms of ventricular function improvement (even if no difference was 
found in terms of scar size) [26]. These results are hypothesized to be caused by the 
paracrine anti-inflammatory, immunomodulatory, and anti-fibrotic effect of these 
cells on the injured area rather than a CDC differentiation into local new myocar-
dial cells [27].

• Mesenchymal stem cells are isolates by multiple tissues (e.g., bone marrow, adipose 
tissue, dental pulp, umbilical cord) and can be expanded in vitro. Among the different 
cells studied for these purposes, MSCs are the most widely studied because of their 
abundancy, their easy retrieval and their immune exemption [28]. This type of cell is 
known since early 70s, and it has been called with different names (osteogenic stromal 
cell, stromal stem cell, mesenchymal stem cell, mesenchymal progenitor/precursor 
cell, multipotent mesenchymal stromal cell). It is now called MSC because of the 
hypothesis that postnatal MSC might generate all mesoderm-derived tissues (including 
myocardium). However, the formation of similar differentiated similar cells is still a 
point of controversy. The main and most studied source of MSCs for cardiac regenera-
tion is bone marrow (Fig. 3 summarizes the process to obtain bone marrow MSCs); 
however, further studies have demonstrated favorable results in terms of LVEF improve-
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ment, perfusion, and remodeling for MSCs isolated from adipose tissue and umbilical 
cord in large-animal models [29, 30]. Particularly, adipose-derived MSCs can differen-
tiate into cardiomyocytes, endothelial cells, and vascular smooth muscle cells and 
exhibit immunomodulatory properties that can protect other cell types (e.g., endothelial 
progenitor cells) from rejection.

3  MSCs Mechanisms of Action

MSCs favor cardiac repair by means of fibrosis reduction (Fig. 4), angiogenesis stimu-
lation, and ventricular function improvement. The mechanism of action is heteroge-
nous and includes engraftment and heterocellular coupling (stem and somatic cell 
intercommunication) [31] and paracrine mediated signaling [32]. Figure  5 summa-
rizes all the mechanisms of action. The initial idea that MSCs differentiate and directly 
remuscularize a scarred myocardial area has been disconfirmed since multiple studies 
have shown that cardiomyocyte replacement by MSCs is low and does not represent a 
therapeutically meaningful mechanism of MSC action [33, 34]. Regarding paracrine 
signaling, MSCs release a variety of growth factors, with variability according to 
MSC tissue source. Besides, MSC secretion also includes exosomes and extracellular 
vesicles containing mRNA, miRNA and non-protein encoding RNA, peptides, and 
other bioactive compounds, which produce a wide variety of effects on target tissues 
(e.g., angiogenesis, reduction of infarct size, cardiac function preservation, and anti-
arrhythmic effect) [35]. Further studies are required to determine the extent and dura-
tion of these effects. Heterocellular coupling through gap junctions allows for the 
transfer of small molecules and plays a role in coordinating activities between neigh-
boring cells during tissue function. Mitochondrial transfer is also allowed through 
these gap junctions, and it is involved in rescuing damaged cells, reducing the isch-
emia-reperfusion injury [36].
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Fig. 4 Cardiac magnetic resonance showing mesenchymal stem cells effect on myocardial fibrosis 
on short-axis view (a) and long-axis 2-chamber view (b)

Regarding the immunomodulatory action, MSCs lack surface molecules which can 
activate the immune system. Furthermore, they reduce the expression of proinflammatory 
cytokines and lymphocytes proliferation.

N. Pradegan and G. Gerosa



549

Paracrine Signaling
Engraftment &
Differentiation Heterocellular coupling

Growth
Factors Exosomes

Gap
Junctions

Tunneling
Nanotubes

Im
m

u
n

e

R
ed

u
ce

fi
b

ro
si

s

In
h

ib
it

ap
o

p
to

si
s

N
eo

-
va

sc
u

la
ri

za
ti

o
n

m
o

d
u

la
ti

o
n

Inflam-
mation

Scar Cardio-
myocyte

death

Cardio-
myocyte

death

Mitochondrial
dysfunction &

oxidative
stress

Stimulate
endogenous
stem cells

C
el

l-
C

el
l

C
o

m
m

u
n

ic
at

io
n

M
it

o
ch

o
n

d
ri

al
T

ra
n

sf
er

Fig. 5 Mesenchymal stem cells mechanism of action

4  MSCs Preliminary Clinical Outcomes: Acute Myocardial 
Infarction and Post-ischemic Heart Failure

Given the promising preclinical data on MSCs in IHD, multiple studies have investigated 
the clinical application of MSCs in humans. In AMI patients, autologous MSCs were first 
used. Two different trials demonstrated that intracoronary infusion of MSCs (before autol-
ogous bone marrow MSCs expansion and after percutaneous coronary intervention) 
showed better LVEF and ventricular volumes at mid-term follow-up [37, 38]. However, 
other studies did not find any superiority in the autologous MSCs group in terms of ven-
tricular function improvement in patients with coronary artery disease [39]. This discrep-
ancy might be due to different MSCs injection protocols used. Given the absence of MSCs 
immunogenicity and the disadvantages of using autologous cells, allogenic MSCs from 
healthy donors were tested. First clinical experiences show better results in terms of 
arrhythmias reduction [40], but trials are still ongoing.

Clinical experience with MSCs in ischemic HF has been obtained by means of several 
studies. Phase I [41] and Phase II studies [42, 43] using MSCs directly injected into the 
myocardium have demonstrated functional cardiac improvement, reverse remodeling, and 
improved exercise capacity and quality of life. Other studies have also analyzed MSCs 
effect after epicardial injection at the time of other surgical interventions (providing a 
unique opportunity to include cell-based therapies as an adjunct to open surgical proce-
dures), showing an improvement in terms of scar size reduction, perfusion, and contractil-
ity [33]. When comparing autologous vs. allogenic MSCs in ischemic HF, both types 
showed a significant reduction in scar size at 1 year of follow-up as well as a ventricular 
reverse remodeling [34]. However discordant data are available regarding the dose- 
dependent effect.
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5  Stem Cells Delivery: How and When to Do It

Delivery routes in cardiac cell therapy mainly include thoracotomy injection, system infu-
sion, and imaging guide mini-invasive injection (Fig. 6).

 1. Thoracotomy injection: Through this access, cells can be delivered in a trans-epicardial 
intramyocardial fashion directly into the targeted area. Even if this method reduces the 
cells loss, unfortunately it requires anesthesia and a surgical approach. For this reason, 
this delivery might be limited to patients undergoing cardiac surgery (e.g., coronary 
artery bypass grafting). Potential complications are left ventricle perforation, bleeding 
from the myocardium and unbalanced ventricular motion caused by the uneven distri-
bution of cells after injection.

 2. System infusion: It includes intracoronary and intravenous injection. Intracoronary has 
the advantage of increasing the number of cells homing to the ischemia area of the 
myocardium, while avoiding the damage caused by direct injection in the myocardium. 
This approach does not require chest opening and can be done at the time of PCI 
directly [44]. Complications can be cell loss through coronary circulation, and over-
dose of cell injection that can cause coronary artery occlusion. Intravenous injection is 
the easiest and the most economical way of infusing stem cells. Even if some research-
ers argued the real efficacy of this method (primarily due to pulmonary first-pass effect) 
[45], other studies combining intravenous and intracoronary injection demonstrated 
improved cardiac function, increased perfusion, and alleviated ventricular remodeling 
in preclinical ischemia settings [30].

 3. Imaging-guided mini-invasive injection: This strategy includes trans-endocardial 
intramyocardial and trans-epicardial intramyocardial injection. These injections are 
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Fig. 6 Stem cells delivery
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performed under echo or cardiac magnetic resonance guidance. Advantages are less 
trauma, fewer complications, and multiple transplantation at different time 
points [46].

Regarding the optimal timing of cell therapy in AMI, there is evidence that myocardial 
microenvironment at different time points after infarction has profound influences on stem 
cells survival, homing, and differentiation [47]. In acute infarct stage, the microenviron-
ment is not conducive to the survival and growth of stem cells because of the overwhelm-
ing inflammatory response in the myocardial injury area. It was found that inflammatory 
reaction peaks at 1–4 days, some cytokines (such as VEGF) which were favorable to stem 
cells migration reached the peak of secretion at 7 days, and scars began to form at about 
14 days after AMI. A recent systematic review found that cardiac function parameters 
(e.g., diameters, volumes, and LVEF) were significantly improved when stem cells were 
transplanted between 7 and 10 days after infarction [14]. For chronic IHD, there is no 
obvious time window problem, so we can select the time when the patients are in good 
condition (such as no angina attack and general physical activity without discomfort, 
which denotes that the heart blood supply and heart function are still good), suggesting 
that the patients’ internal environment and myocardial microenvironment are relatively 
favorable for transplantation, so as to facilitate the survival, homing, and differentiation of 
implanted cells.

6  Future Perspectives

Current research is oriented toward different new strategies. First, a novel approach is try-
ing to direct MSCs to a cardiopoietic phenotype (by means of a recombinant mix of growth 
factors, hormones and cytokines which favor the expression of pro-cardiogenic transcrip-
tion factors). Preclinical and clinical studies are available and have already showed their 
efficacy and safety [48, 49], but still need to be evaluated in larger cohorts. Analogously, 
cell combination therapy with different types of stem cells might promote cardiac repair 
through synergistic interaction [50]. Additional strategies will include: MSC “secretome” 
including factors within exosomes; bioengineered cellular and acellular matrices and 
patches that can increase cell/factor retention; repeated injections of stem cells.
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