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Preface

Coronary Heart Disease

Clinical, Pathological, Imaging, and Molecular Profiles

This book will present a comprehensive picture of ischemic heart disease to those who, either as practitioners, students or 
investigators, deal with the varied facets of this complex subject. It has meaning to the fields of clinical cardiology, thoracic 
surgery, pathology, and cardiovascular molecular research.

After introductory chapters on the anatomy of the coronary blood vessels and cardiac development, several chapters 
will consider stress echo and nuclear diagnostics tests, noninvasive imaging and coronary angiography in ischemic heart 
disease, with techniques, indications, and examples of normal and abnormal patterns. In most instances, angiograms are 
paired with labeled line drawings, which help the initiated in the reading of films. Specific chapters will deal with congeni-
tal anomalies of the coronary arteries, which may engender states of ischemic heart disease.

The principal thrust of the work concerns the main arena of ischemic heart disease, namely, coronary atherosclerosis. 
The pathology of coronary atherosclerosis will be presented in conjunction with the results of anatomic, noninvasive imag-
ing and angiographic studies. Related chapters on atherogenesis will present new insights into the pathophysiology of the 
vulnerable plaque, role of progenitor cells in vascular injury, inflammation and atherogenesis, and genomics of vascular 
remodeling.

Major chapters will discuss the subject of angina pectoris, acute coronary syndromes, healed myocardial infarction and 
congestive heart failure, catheter-based and surgical revascularization, and surgical treatment of myocardial infarction and 
its sequelae. Final chapters will present therapies for refractory angina; metabolic syndromes and coronary heart disease; 
coronary heart disease in women; and prevention and regression of atherosclerosis.

What is unique in this book is that many of the chapters will be case material from which profiles of the various mani-
festations are obtained through correlation of clinical, imaging, and pathological studies. The quality of the authors’ con-
tribution to this book will provide an immense depth to the book as they have hands on experience and are national leaders 
in their field of cardiac pathology, clinical cardiology, and cardiovascular molecular research. This book will present a 
comprehensive and real picture of the complexities of ischemic heart disease, both to the practitioners, who deal with it in 
day-to-day practice with its problems, and to the students, residents, and investigators who try to develop firm concepts 
regarding the varied states observed in this common condition and preparing them to the future advances in coronary heart 
disease.
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Minneapolis, MN, USA Robert F. Wilson, M.D.
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   Anatomy of the Coronary Vessels 

 In the normal heart, oxygenated blood is supplied by two coronary arteries that form the first branches of the aorta. The 
origin of the left and right coronary arteries from the aorta is through their ostia positioned in the left and right aortic 
sinuses of Valsalva, located just distal to the right and left aortic cusps, respectively, of the aortic valve. 

 In about half of the population, a third artery, the conus artery (CA), also originates from the aorta. Diagrams of the 
main coronary arteries and their important branches are shown in Fig.  1.1 .  

 In addition, there are two types of cardiac veins: (1) the large veins, which run in the epicardium and terminate in the 
coronary sinus (CS), and (2) the thebesian veins, small “tributary veins” which terminate directly in either the left atrium 
(LA) or right atrium (RA).  

   Left Coronary Arterial System 

   Left Main Coronary Artery 

 The left main coronary artery (LM) branches from the upper part of the aortic sinus and runs toward the left, under the LA 
appendage. After a short course, the LM branches into two vessels: the left anterior descending coronary artery (LAD) and 
the left circumflex artery (CX) (Figs.  1.2  and  1.3 ).   

 The LM is most often 0.5–1.5 cm long; when it is less than 0.5 mm long, it is considered to be short. Angiographic 
measurements of coronary length are probably less accurate than postmortem pathologic studies, due to underestimation 
of the effects of rotation, angulation, and foreshortening. 

 In some hearts, the LM exhibits a trifurcation at its origin instead of the usual bifurcation. This third artery, termed 
ramus intermedius (RI) or ramus diagonalis, acts functionally as a circumflex artery, supplying a portion of the obtuse 
margin of the heart (Figs.  1.4  and  1.5 ).   

   Anterior Descending Coronary Artery 

 The LAD runs in the anterior interventricular sulcus, usually as a direct continuation of the LM, and extends toward the 
apex, terminating in the apical part of the crux (Figs.  1.6  and  1.7 ).   

    Chapter 1   
 Anatomy of Coronary Vessels       

        Zeev   Vlodaver and          John   R.   Lesser           
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  Fig. 1.1    Diagrams of the 
main coronary arteries and 
their branches as seen from 
the anterior ( a ) and posterior 
( b ) aspects of the heart. This 
illustration shows the 
common phenomenon in 
which the right posterior 
descending artery (RPDA) 
arises from the terminal 
branch of the right coronary 
artery (RCA)       

  Fig. 1.2    Volume-rendered 
image shows the left main 
coronary artery (LM) arising 
from the aorta and bifurcating 
into the left anterior 
descending (LAD) and 
circumfl ex (CX) arteries 
and their branches       

  Fig. 1.3    LC arteriogram 
in the right anterior oblique 
(RAO) view showing the 
classic distribution of the left 
coronary arterial system       
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  Fig. 1.4    Gross specimen of 
a portion of the aortic wall, 
the left main coronary artery 
(LM) proceeding from it, and 
branches of the LM. The LM 
measured 1.6 cm, which is 
normal. The branching is 
unusual because there is 
trifurcation of the LM into 
the left anterior descending 
artery (LAD), circumfl ex 
artery (CX), and a large 
branch ramus intermedius. 
The branch from the upper 
aspect of the CX is an atrial 
branch. The lower two 
branches of the CX are 
obtuse marginal branches 
(OMs)       

  Fig. 1.5    Volume-rendered 
image shows the ramus 
intermediate branch arising 
between the left anterior 
descending artery (LAD) 
and circumfl ex artery (CX), 
resulting in trifurcation 
of the LM       

  Fig. 1.6    Volume-rendered 
image illustrating the left 
anterior descending artery 
(LAD) and two diagonal 
branches arising from the left 
aspect of the artery and 
coursing over the left anterior 
aspect of the left ventricle       
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 The common branches of the LAD, proximally to distally, are (1) the septal branch (SB), which penetrates the basal 
aspect of the ventricular septum anteriorly (Fig.  1.7 ), and (2) one or more diagonal branches (Diag Bs), one proximal to the 
other, which arise from the left aspect of the LAD and course over the left anterior aspect of the LV. If two Diag Bs are 
present, the larger is usually first. In some cases, the width of the first Diag B may be equal to or exceed that of the LAD.  

   Left Circumflex Coronary Artery 

 The CX is one of the LM’s two terminal branches. It arises at a sharp angle from the left side of the LM and courses forward 
under the LA appendage to enter the left atrioventricular (AV) sulcus, a position corresponding to the base of the mitral 
valve (Fig.  1.2 ). 

 Considerable variations occur in the course of the CX. In some instances, the artery terminates at the obtuse marginal 
branch (OM), which runs from the AV sulcus toward the apex along the lateral wall of the left ventricle (LV). 

 In other instances, the CX, after giving off the OM, continues in the left atrioventricular sulcus and terminates near the 
base of the crux, given off atrial branches and, occasionally, the sino-atrial branch.  

   Unusually Long Left Main Coronary Artery 

 According to Lewis et al., the length of the LM in 25 patients selected at random from a series of 354 arteriograms ranged 
from 7.5 to 20.5 mm ( M  = 12.8 mm)  [  1  ] . These findings are similar to those reported from the pathological studies of Baroldi 
and Scomazzoni  [  2  ] . 

 Figure  1.8  depicts the features of an unusually long LM.   

   Short Left Main Coronary Artery 

 The practical significance of a short LM is that it may complicate perfusion of the left coronary arterial system during opera-
tive procedures, as in aortic valve replacement. Especially with a short LM and despite apparent optimal placement, the 
cannula may perfuse either the LAD or the CX, but not both, causing myocardial ischemia with resulting ventricular 
arrhythmias, myocardial infarct, or both. 

 Furlong et al.  [  3  ]  observed that the angle of bifurcation of the LM is increased when LVH is present, as a result of upward 
displacement of the CX. This process may accentuate the problem of cannulating the left system when the main artery is 
short  [  3  ] . Figure  1.9  illustrates coronary angiographic features of a short LM.  

 A coronary artery is considered “short” when its intrinsic structure is uniformly narrow and it has a shorter course than 
usual. When a short artery is present, the region of the heart usually supplied by this artery is perfused through branches from 
the other coronary arteries. As a rule, only one of the coronary arteries is short – either the right or a branch of the left. 

 In the absence of other disease, a short artery is functionally insignificant. 

  Fig. 1.7    Multidetector 
computed tomography 
angiography, long axis view, 
illustrating a septal branch 
of the left anterior descending 
artery (LAD) which 
penetrates the basal aspect 
of the ventricular septum 
anteriorly       
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 It should be recognized, however, that during both arteriography and surgery, it has been difficult to determine whether 
a narrow artery harbors disease or is congenital.  

   Short Left Anterior Descending Artery 

 Figure  1.10  shows a coronary arteriogram for a 44-year-old man with hypercholesterolemia. The arteriogram showed a large 
CX, while the LAD was short and terminated in small branches.   

   Short Circumflex Artery 

 Figures  1.11  and  1.12  pertain to a 10-year-old asymptomatic girl with familial hyperlipidemia. The ECG was normal. 
Coronary arteriography showed no lesions, and only two indistinct short vessels were noted in the anticipated location of 
the CX.      

  Fig. 1.8    LC arteriogram in the anterior posterior (AP) view showing a long LM, measuring approximately 30 mm       

  Fig. 1.9    LC arteriogram in RAO view showing a short LM       
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  Fig. 1.10    Arteriogram in a lateral view showing a left coronary artery with a short left anterior descending artery (LAD)       

  Fig. 1.11    RAO view of LC arteriogram shows a short circumflex artery (CX) leaving the left AV groove shortly after its origin and dividing into 
two obtuse marginal branches (OMs)       

  Fig. 1.12    Left anterior oblique (LAO) view of RC arteriogram shows unusual preponderance of the RCA. This artery continues in the atrioven-
tricular (AV) groove toward the left ventricle (LV)       
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   Right Coronary Arterial System 

 The right coronary artery (RCA) arises from the upper part of the right aortic sinus; as it leaves the aorta, it points somewhat 
anteriorly and proceeds toward the right, between the pulmonary artery to its left and the right atrium to its right, to enter 
the right AV sulcus. It then passes along the right AV sulcus past the acute margin of the heart to the base of the posterior 
(post) interventricular sulcus (the “crux”). 

 The RV terminates at the crux about 10% of the time  [  4  ] , but it is far more common for the artery to form a sharp 
U-shaped turn, and continue in the crux toward the cardiac apex as the right posterior descending artery (RPDA). 

 Several branches of the RCA have been given names. The conus artery (CA), when it does not begin from the aorta, 
appears as the first branch of the RCA and supplies the right ventricular infundibulum. Usually (about 55% of the time), the 
next major branch arising from the RCA is the sinus node artery (SA), which runs posterior to the RA appendage and pro-
ceeds upward toward the junction of the superior vena cava (SVC) and the RA  [  5  ] . In its course, the sinus node artery sup-
plies branches to the RA. Past the origin of the SA, another right atria branch usually arises, often called the mid-right atrial 
branch (MRAB). 

 The RCA also gives off two or more branches to the free wall of the right ventricle (RV), the muscular branches (MuBs). 
The largest branch of the RCA runs along the acute margin of the RV. Called the acute marginal branch (AC Marg), it sup-
plies the anterior and diaphragmatic wall of the RV. 

 In many hearts, the RCA terminates as the RPDA. However, it is also common for the RCA to terminate by dividing into 
two branches: the RPDA and a right posterior atrioventricular branch (RPAV). The latter courses in the left AV sulcus for varying 
distances and then proceeds over the lateral wall of the LV, where it terminates. In some cases, an accessory posterior descending 
artery (LPDA) originates from the RPAV and courses over the diaphragmatic surface of the LV from its base toward the apex. 

 The artery of the AV node, the so-called nodal artery (NA), usually arises from the RCA just proximal to the origin of 
the PDA. It proceeds upward to penetrate the atrial septum for supplying the AV node. 

 All of the classic branches of the RCA are illustrated in Figs.  1.13 – 1.15 .    

   Short Nondominant Right Coronary Artery 

 The term “short nondominant RCA” characterizes an unusually short course of this artery: one that’s only a few millimeters 
in length and does not reach the region of the crux. Figure  1.16  shows a diagram of a short nondominant RCA. Figure  1.17a , 
b pertains to a woman who died of obstructive biliary tract disease. The RCA was small and did not reach the right cardiac 
margin. Figure  1.18  shows a short nondominant RCA as seen in volume-rendering techniques with cardiac computed 
tomography angiography (VRT–CCTA). Images in Figs.  1.19  and  1.20  are from a 58-year-old woman with atypical chest 
pain. Coronary arteriography showed a short and narrow RCA, but no obstructive lesions.        

  Fig. 1.13    Volume-rendered 
image in RAO orientation 
portrays all classical branches 
of the right coronary artery 
(RCA)       

 



  Fig. 1.15    Volume-rendered image, lateral wall of the RV, showing the RCA and its branches       

  Fig. 1.16    Diagram of a short nondominant right coronary artery (RCA)       

  Fig. 1.14    RC arteriogram in RAO, which branches as indicated. Beyond the origin of the posterior descending artery (PDA) is a prominent right 
posterolateral (RPL) branch extending to the lateral wall. In this example, the conus artery (CA) arises from the right coronary artery (RCA)       
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  Fig. 1.17    Photomicrography 
of coronary arteries, each 
1 cm from origin, in a case 
with short RCA. Elastic 
tissue stain ×18. ( a ) Left 
anterior descending artery 
(LAD) shows minimal 
intimal thickening. ( b ) RCA. 
The vessel shows a smaller 
caliber than the left anterior 
descending artery (LAD). Its 
structure is normal       

  Fig. 1.18    Volume-rendered 
image illustrating a short, 
nondominant right coronary 
artery (RCA)       

  Fig. 1.19    RC arteriogram 
in lateral view. Only a small, 
short nondominant RCA 
vessel is seen in the 
atrioventricular (AV) sulcus       
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   Atrial Coronary Arterial Supply 

 In about half of the population, the sinus node artery is a branch of the proximal part of the CX. The artery courses along 
the anterior wall of the LA, beneath the LA appendage, to reach the anterior aspect of the RA and then the sinus node. 

 Another important atrial branch arising from the proximal portion of the CX is the LA artery. This artery supplies the 
lower portion and most of the posterior wall of the LA. The SA is sometimes enlarged in cases of mitral valvular disease, 
in which the LA is enlarged. 

 The branches that supply the atria may be of particular importance in supplying collateral flow when there is obstructive 
disease of the coronary arteries. The arterial supply to the atria may be demonstrated by CCTA or selective coronary 
arteriography. 

 Kugel’s artery is prominent in instances of coronary arterial obstruction, and may be viewed as an abnormal secondary 
enlargement of a vessel. It runs posteriorly through the atrial septum and anastomoses with the nodal branch of the RCA. 
Its usual source is the proximal portion of the CX  [  6  ]  (Fig.  1.21 ).  

   Atrial Supply from the Left Coronary System 

 The left arterial branch (LAB) of the CX is commonly visualized using CCTA or coronary arteriograms (Fig.  1.22 ). This 
branch may be clearly seen in rare instances where the LA is enlarged. In the case shown in Fig.  1.23 , the patient, a 58-year-
old woman, showed LA enlargement secondary to mitral stenosis. Origin of the sinus node artery from the LC system is 
demonstrated in Figs.  1.24  and  1.25 .      

   Atrial Arterial Supply from the Right Coronary System 

 In most circumstances, demonstration of Kugel’s artery indicates the presence of obstructive coronary arterial disease. The 
unusual instance shown in Fig.  1.26  is from a patient with normal coronary arteries as seen in the coronary arteriogram. 
CCTA illustrating the SA nodal artery from RCA is shown in Fig.  1.27 .     

  Fig. 1.20    LC arteriogram in RAO view, from patient illustrated in Fig. 1.20, demonstrating left predominance on which the entire basilar portion 
of the heart is supplied from the posterior descending artery (PDA), which arises from the circumflex artery (left dominant). The left anterior 
descending artery (LAD) curves around the apex to participate in supply of the inferior wall       
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  Fig. 1.21    Sinus node artery 
(SA) arising from the LM       

  Fig. 1.22    Volume-rendered 
image illustrates left atrial 
branch from the circumfl ex 
artery (CX)       

  Fig. 1.23    LC arteriogram in 
lateral view shows a 
prominent left arterial branch 
(LAB) from the circumfl ex 
artery (CX)       
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  Fig. 1.24    Origin of the sinus 
node artery (SA) from the 
circumfl ex artery (CX) is 
portrayed in this LC 
arteriogram (frontal view)       

  Fig. 1.25    Left anterior 
oblique (LAO) view of 
normal LC arteriogram. 
Unusually large left arterial 
branch (LAB) of the 
circumfl ex artery (CX) gives 
rise to the sinus node artery 
(SA)       

  Fig. 1.26    RAO view of 
normal RC arteriogram in 
which a Kugel’s artery 
arising from the proximal 
RCA ( arrows ) is demon-
strable. The artery is in the 
center of the illustration       
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   The Conus Artery 

 The conus artery supplies the outflow tract of the right ventricle. This vessel varies in size and arises from either the RCA 
or aorta. Figures  1.15 ,  1.18 , and  1.28  show the conus artery arising from the RCA. When it arises from the aorta, the CA is 
sometimes called the “third coronary artery,”  [  7  ]  and its origin is in the right aortic sinus just anterior to the origin of the 
RCA (Figs.  1.29  and  1.30 ). It is a small artery with a lumen of less than 1 mm in diameter, and it courses the epicardium 
over the RV infundibulum.    

 The conus artery may play a significant role in the presence of obstructive coronary atherosclerosis. It may become an 
important collateral channel as it joins branches from the proximal portion of the LAD to form the Vieussens’ circle. 

 Occasionally, in instances of the tetralogy of Fallot, the CA is particularly important in supplying blood to the RV and, 
sometimes, to the LV. During surgical repair, it could be accidentally injured, resulting in myocardial ischemic complica-
tions. Infrequently, the CA may communicate with an accessory branch of the pulmonary trunk (PT). In this way, it under-
lies a left-to-right shunt.  

   Coronary Dominance 

 The term “coronary dominance” was introduced by Schlesinger in 1940  [  8  ] . The “dominant” coronary artery is the one that 
gives rise to the posterior descending artery, traversing the posterior interventricular sulcus, and supplying the posterior part 
of the ventricular septum and, often, the posterolateral wall of the left ventricular wall. 

 The RCA is dominant in approximately 70% of humans  [  9  ] . If the circumflex artery terminates in the posterior descend-
ing artery, left dominance is present (Figs.  1.31 – 1.33 ). This is seen in 15% of cases. In the remaining 15%, the posterior 

  Fig. 1.27    ( a ) Axial CCTA 
image showing sinus node 
artery (SA) originating from 
the right coronary artery 
(RCA). ( b ) LAO orientation       

  Fig. 1.28    Volume-rendered 
image in RAO orientation, 
illustrating the conus artery 
originating from the right 
coronary artery (RCA)       
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  Fig. 1.29    Portions of the aortic valve in two cases. ( a ) A single conus artery (CA) arises from the ostium of the right coronary artery (RCA). ( b ) 
Two conus arteries (CAs) arise independently from the aorta anterior to the RCA       

  Fig. 1.30    RC arteriogram in lateral view shows independent origin of the conus artery (CA) from the right aortic sinus. The latter demonstration 
depends on reflux of contrast material into the right aortic sinus and subsequent opacification of the CA       

  Fig. 1.31    A variation in distribution of the coronary arteries, occurring in about 15% of the population, in which the left posterior descending artery 
(LPDA) is represented as the terminal branch of the circumflex artery (CX) (left dominant circulation). ( a ) Anterior and ( b ) posterior aspects       
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septum is supplied by branches arising from both the right coronary and left circumflex arteries. In the latter situation, the 
circulation is said to be “balanced” and the posterior descending artery is either dual or absent  [  10  ] , being supplied by a 
network of small branches.    

 It should be noted that anatomic dominance does not imply physiologic dominance. Although the RCA is usually domi-
nant, the left coronary artery almost always supplies a greater myocardial mass  [  11  ] .  

   The Coronary Veins 

 The veins of the heart fall into two major groups. One includes veins that tend to accompany the arteries; these are epicardial 
veins, which drain into the coronary sinus (Fig.  1.34 ). The other group is known collectively as the thebesian system, a 
variable number of small veins that open directly into the atria.  

 The coronary sinus courses parallel to the CX in the left atrioventricular sulcus and enters the posterior aspect of the right 
atrium (Fig.  1.35 ). Its orifice is partly covered by the thebesian valve, and this may render catheterization of the coronary 
sinus difficult. The major tributaries of the CS are the anterior interventricular vein, the posterior interventricular vein, and 
the left marginal vein.  

 The anterior interventricular vein, or great cardiac vein, begins at the apex of the heart and courses parallel to the LAD 
in the anterior interventricular sulcus (Fig.  1.36 ).  

 The posterior interventricular vein, or middle cardiac vein, begins at the apex posteriorly, courses parallel to the posterior 
descending artery in the crux, and ends in the terminal portion of the coronary sinus (Fig.  1.37 ). The left marginal vein, or 
posterior vein, begins at the posterior surface of the LV and follows the CX to terminate in the coronary sinus.  

  Fig. 1.33    LC arteriogram 
shows the circumfl ex artery 
terminating in the LPDA (left 
dominant)       

  Fig. 1.32    Volume-rendered 
imaging in posterior 
orientation shows the inferior 
surface of the heart. A 
left-dominant system is 
depicted. The posterior 
descending artery (PDA) 
arises from the circumfl ex 
(CX) artery       
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  Fig. 1.34    Anterior ( a ) and posterior ( b ) veins of the heart show the positions of the major cardiac veins       

  Fig. 1.35    Volume-rendered image with posterior orientation shows the coronary sinus running parallel to the circumfl ex artery       

  Fig. 1.36    Volume-rendered image in LAO cranial orientation showing the great cardiac vein that begins in the apex of the heart and courses 
parallel to the left anterior descending artery (LAD) in the IV sulcus and terminates in the coronary sinus       
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 The small cardiac vein (SCV) begins over the lateral wall of the RV and enters the right AV sulcus. The anterior cardiac 
vein runs from the wall of the infundibulum and empties into either the RA or SCV. 

 Among the smaller veins is Marshall oblique vein, which lies over the posterior wall of the LA and represents a vestige 
of the left SCV. 

 A fairly common variation is the left SCV remaining patent and terminating in the lateral aspect of the coronary sinus. 
In this circumstance, the CS is greatly enlarged. 

 Opacification of the epicardial cardiac veins may be observed in late phases of coronary arteriograms. The coronary 
arteriograms in Figs.  1.38  and  1.39  illustrate the main cardiac veins during this late stage.    

  Fig. 1.37    Volume-rendered 
image with posterior 
orientation illustrates the 
posterior interventricular 
septum vein, which courses 
parallel to the PDA in the 
crux and ends in the terminal 
portion of the coronary sinus       

  Fig. 1.38    Lateral view 
outlining the coronary sinus 
and the major epicardial 
veins       

  Fig. 1.39    RAO view 
showing highlights of the 
epicardial system of cardiac 
veins       
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   Glossary of Acronyms 

 For quick reference, following is a list of acronyms used in this chapter and throughout the book. It is based on terminology 
used in Scanlon et al.  [  12  ]   

  Left coronary artery  
 CX  Left circumflex artery (also: Prox CX, Mid CX) 
 Diag  Diagonal branch (also: 1st Diag, 2nd Diag) 
 LAB  Left atrial branch 
 LAD  Left anterior descending coronary artery 
 LAV  Left atrioventricular branch 
 LM  Left main coronary artery 
 LPDA  Left posterior descending artery 
 LPL  Left posterolateral branch 
 RI  Ramus intermedius branch 
 OM  Obtuse marginal branches of left circumflex 
 Septal branch  Septal branch (also: 1st septal branch) 

  Right coronary artery  
 AC MARG  Acute marginal 
 Inf Septal  Inferoseptal artery 
 MuB  Muscular branch 
 MRAB  Mid-right atrial branch 
 NA  Artery of AV node (nodal artery) 
 RCA  Right coronary artery (also: Prox RCA, Mid RCAQ, Dist RCA) 
 RPAV  Right posterior atrioventricular artery 
 RPDA  Right posterior descending artery 
 RPL  Right posterolateral 
 SA  Sinus node artery 
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 Technology has revolutionized the clinical diagnosis, medical management, surgical repair, and palliation of both congenital 
and acquired heart disease over the last 60 years. Despite this progress, congenital heart disease (CHD) remains the most 
common cause of death in infancy due to a birth defect. In addition to CHD, acquired heart disease can progress to heart 
failure, and the number of hospitalizations for heart failure in the adult population continues to increase. Advances in 
treatment for congenital and acquired heart disease will require the development of molecular and regenerative therapies; 
these treatment modalities require an enhanced understanding of the genetic and molecular control of normal cardiac 
development. 

   Cardiac Development 

 The heart is the first organ to form in the developing vertebrate embryo  [  1  ] . Establishing a functional circulatory system 
is required for survival during development. Defects in the heart and vasculature, along with chromosomal abnormalities, 
are commonly associated with early pregnancy loss  [  2  ] . Although the human heart is fully formed and functional before 
the end of the first trimester of pregnancy, cardiac maturation continues through fetal and neonatal life.  

   Cardiac Embryology 

   Specification of the Cardiac Mesoderm and Heart Tube Formation 

 Precardiac cells are specified in the third week of human gestation during the process of gastrulation, when molecular 
signals from the endoderm, along with other factors, direct the anterior mesoderm to form a cardiac fate. This anterior and 
lateral mesoderm forms bilateral heart tubes that coalesce and fuse in the midline of the folding embryo. This single linear 
heart tube begins to beat in a peristaltic wave at 22–23 days gestation in the human embryo, and blood flow can be 
observed by Doppler imaging at 4–5 weeks gestation  [  3  ] . The straight heart tube is formed by early cardiac mesoderm and 
consists of a primitive myocardium lined with a thin layer of endothelial cells. A layer of extracellular matrix or “cardiac 
jelly” is secreted by the myocardium and separates the myocardium and endocardium  [  4,   5  ] . 

 The epicardial cells of the heart arise during the fourth and fifth weeks of gestation from the proepicardium, a mass 
of cells in the dorsal mesoderm near the inflow region of the heart tube. These cells migrate over the heart tube to 
contribute to the connective tissue of the myocardium and epicardium and give rise to the coronary arteries  [  6,   7  ] . 
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These cells are the precursors to all cell layers of the coronary arteries and are the focus of studies pertaining to the genesis 
of the vasculature and the susceptibility to coronary vascular disease. In addition, recent studies suggest that they may be 
global progenitor cells, capable of differentiating into epicardial and myocardial interstitial cells, smooth muscle cells, and 
cardiomyocytes  [  7,   8  ] .  

   Formation of the Vascular System 

 The primitive vascular system develops simultaneously with the heart tube. The arterial and venous systems are bilaterally 
symmetric, with paired aortic arches and paired anterior and posterior cardinal veins. Early during embryonic development, 
the paired dorsal aortas fuse to form a single thoracoabdominal aorta. The dual aortic arches and paired venous return persist 
until 6–8 weeks of human development; thereafter, asymmetric regression ultimately results in establishment of the adult 
vascular pattern  [  3  ] .  

   Cardiac Looping 

 Between 22 and 28 days of human gestation, the beating heart tube elongates by the addition of cells from the second heart 
field  [  4,   5  ] . The second heart field is a region of mesoderm lining the pharynx and foregut in the embryo  [  4  ] . Second heart 
field cells from the pharyngeal region are added to the cranial outflow portion of the heart, and cells from the foregut are 
added to the inflow region or sinus venosus  [  4,   5  ] . This elongation and narrowing of the heart tube is accompanied by right-
ward looping, which brings the inflow region of the heart to a cranial position just behind the developing outflow tract. This 
highly conserved process of rightward looping establishes the anatomical relationships required for normal cardiac chamber 
formation and septation. The process of looping is dependent on normal secondary heart field and left–right axis determina-
tion in the embryo. Defects in the looping process are associated with severe forms of CHD, including inflow and outflow 
tract defects  [  4,   9  ] .  

   Chamber Formation and Septation 

 Cardiac septation begins during the looping phase at approximately week 4 of human gestation  [  3  ] . The elongated, looping 
heart tube contains visible narrowings demarcating the cardiac regions from cranial to caudal: the conotruncus (distal and 
proximal outflow tracts), the ventricular chambers, the atrioventricular sulcus, the primitive atrial chamber, and the sinus 
venosus. The fifth week of human gestation is associated with induction of the endocardium at the atrioventricular sulcus 
by the myocardium to form endocardial cushions. The endocardial cushions of the atrioventricular canal enlarge and divide 
the canal into a right and left component. The presumptive right and left ventricles begin to enlarge asymmetrically and form 
trabeculations in the myocardial walls. The right component of the atrioventricular canal expands along with the right ven-
tricle to allow blood from the sinus venosus to enter the right ventricle directly  [  3,   4  ] . 

 The atrial and ventricular septae form and fuse with the endocardial cushions to complete septation of the cardiac cham-
bers. Atrial septation occurs during the fifth week of human development through formation of the septum primum, a thin 
septum that divides the atrium and fuses with the endocardial cushions. This septum develops an opening termed the fora-
men secundum, which enables shunting of oxygenated blood from the placenta to the fetal myocardium and brain. The 
septum secundum is a thicker, muscular septum that forms during the fifth and sixth weeks of gestation, and overlaps the 
septum primum, also fusing with the endocardial cushions. The septum secundum develops an oval opening or foramen; 
regression of the septum primum allows it to form the flap-like valve of the foramen ovale  [  3  ] . 

 Ventricular septation occurs during the same time period and is completed by the eighth week of gestation. The four 
portions of the ventricular septum close by varied mechanisms. The muscular ventricular septum gains prominence through 
the dilation and trabeculation of the enlarging ventricles and grows by cellular proliferation  [  3  ] . The inlet, membranous, and 
outflow septums are closed by the merging of the bulbar ridges on the inner curvature of the heart with the endocardial 
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cushions and extension of this tissue to the muscular septum to close the membranous portion of the septum. Similar 
 extension of tissue to the outflow tract cushions forms the outlet or aortopulmonary septum  [  3  ] . Failure of complete ven-
tricular septation is the most common form of CHD  [  10  ] .  

   Cardiac Outflow Tract Formation and Innervation 

 In addition to the primary and secondary heart fields, and the proepicardium, a fourth set of cells, the cardiac neural crest 
cells (CNCs), contribute to outflow tract septation and parasympathetic innervation of the developing heart  [  5  ] . This popula-
tion of cells is formed in the dorsal neural tube between the otic placode and third somite. These CNCS have a unique 
identity and molecular signature  [  4,   11  ] . Neural crest cells migrate from the neural tube, through the branchial arches and 
second heart field, and into the cardiac outflow tract, where they help form the spiral septum that separates the aorta and 
pulmonary artery. CNCs also migrate to the venous pole of the heart, where they help in the formation of the anterior para-
sympathetic plexis, which provides cardiac innervation  [  12  ] .  

   Formation of the Valves and Conduction System 

 Formation of the semilunar and atrioventricular valves occurs following septation and is complete by week 10 of gestation 
 [  13  ] . The cardiac valves originate from the endocardial cushions at the atrioventricular canal and outflow tract. The valve 
leaflets are connective tissue covered with endocardium that elongates and becomes thin and fibrous during cardiac develop-
ment and maturation  [  14  ] . Cardiac valves have increased cellular proliferation during development but become relatively 
quiescent in adulthood  [  14  ] . Initial cardiac impulses are generated by the ventricular myocardium  [  13,   15  ] . Formation of the 
specialized conduction system from myocardial cells is marked by the development of the sinus and atrioventricular node 
during the fifth week of gestation  [  4,   13,   15  ] . This is followed by the development of the His–Purkinje system during cham-
ber formation and septation  [  15,   16  ] . Subsequent development of insulating nonconductive tissue between the atria and 
ventricles, likely derived at least partially from the proepicardium, reduces the risk of rapid ventricular response  [  16  ] .  

   Fetal Growth and Cardiac Maturation 

 The embryonic heart is fully formed and functional before the end of the first trimester of pregnancy. However, the fetal 
heart continues to grow and mature, and the neonatal heart undergoes significant changes in sarcomere composition, 
metabolism, and growth following birth  [  5  ] . Mechanisms of cardiac growth in utero and during the neonatal period occur 
secondary to cellular proliferation. Cardiac growth in the adolescent human heart occurs primarily by cell hypertrophy, 
however recent studies using  [  14  ]  C radiolabeling suggest continued cardiomyocyte self-renewal from birth to age 50, with 
replacement of up to half of human cardiomyocytes  [  17  ] . These studies support the notion of persistent, although limited 
cardiomyocyte turnover in the human heart. Along with genetic labeling studies performed in nonhuman model systems 
 [  18  ] , these studies provide evidence that the pathways that promote cardiomyocyte proliferation are intact in the mature 
heart, and suggest that they may be harnessed to enhance the endogenous repair process in response to myocardial injury.   

   Mouse Models of Cardiogenesis 

 Although many of the processes in vertebrate heart development are highly conserved, adaptations during evolution have 
occurred, leading to variability in the final form and function of the vertebrate heart. Cardiac development in mammalian 
model systems closely resembles human cardiac development and provides a rationale for the use of genetic mouse models 
to study cardiogenesis (Fig.  2.1 ).  

 The basic stages of cardiac development outlined for the human heart are condensed into the 21-day gestational period 
of the mouse. Common developmental stages conserved in mice include the specification of mesodermal cells formed dur-
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ing gastrulation to a cardiac fate from days 6.75–7.75 postconception (E6.75–E7.75)  [  19,   20  ] , formation of the symmetric 
cardiac crescent at E7.75, fusion to form the straight heart tube at E8.25, the onset of cardiac looping at E8.5, septal formation 
at E10.5, and remodeling of the cardiac outflow tract by E12.5  [  20  ] . 

 Tissues outside the primary heart field contribute to heart formation in mice, as in humans. The secondary heart field 
forms in the pharyngeal mesoderm and contributes cells to the outflow tract during looping. Neural crest cells migrate 
through the branchial arches and pharyngeal mesenchyme to help form the outflow tract cushions, outflow septum, and 
parasympathetic innervation of the heart. Furthermore, cells of the proepicardium migrate through the dorsal mesocardium 
over the heart to form the epicardium and coronary arteries. 

   Transgenic Mouse Models 

 The mouse model system has become the standard for studying the genetic control of cardiogenesis  [  21 ,  22  ] . DNA manipulation 
in the mouse can lead to stable overexpression of a gene, complete loss of a gene product (protein) or a “knockout,” or a 
conditional loss of gene expression that allows temporal or spatial analysis of gene function (Fig.  2.2 ). Modification of gene 
expression in the mouse is performed using techniques of molecular cloning to identify, isolate, and manipulate DNA 
sequence into a construct that can be injected into a single cell.  

 Transgenesis can be obtained by injection of DNA into the pronucleus of a fertilized oocyte, followed by implantation 
of the oocyte into a female mouse to gestate  [  23,   24  ] . This method relies on random integration of the DNA into the genome,   
generating overexpression of the gene product throughout the mouse embryo. Alternatively, a targeted gene construct can 
be engineered and electroporated into embryonic stem cells. This construct is designed to have affinity for recombination 
events at the gene locus where homologous recombination is desired  [  25  ] . 

  Fig. 2.1    Comparative 
timeline for mouse and 
human cardiogenesis during 
development.  Top , mouse 
embryos at the postconcep-
tion day (E) noted on the 
timeline. Mouse cardiac 
structures are marked by 
 LacZ  expression driven by a 
6-kb cardiac enhancer region 
for  Nkx 2-5 . From  left  to 
 right , cardiac crescent stage 
(E7.75), early looping heart 
stage (E8.5), looping and 
proepicardial development 
stage (E9.0), and late 
looping/early septation stage 
(E10.5). Septation is 
complete by day E14.5. 
Mouse gestation is 21 days. 
 Bottom , graphic representa-
tions of human cardiac 
development at the corre-
sponding stages. The human 
timeline is in weeks 
postconception during the 
40-week human gestational 
period       
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 Embryonic stem cells that have undergone homologous recombination are selected using antibiotic resistance or 
 construct-mediated cell death (via thymidine kinase or sensitivity to diphtheria toxin), and the surviving embryonic stem 
cells are used to reconstitute an embryo that is implanted into a female mouse  [  26  ] . Mice with germline mutations are 
selected by breeding and mated with heterozygotes to give a complete “knockout” of gene function in 25% of the offspring. 
Genes inserted with promoters and no regulatory elements will be ubiquitously expressed or knocked out in the embryo, 
which can lead to severe early phenotypes that may preclude the definition of the functional role of the gene in the heart. 

 An alternative to global gene knockouts is the engineering of conditional mutants in the mouse. Conditional mutants are 
generated by placing the gene construct under the control of a tissue-specific or stage-specific promoter to drive expression. 
This strategy enables the functional role of genes to be defined during development and is invaluable if the early loss of 
these genes is lethal to the embryo  [  27  ] . Further regulation of cell- or tissue-specific gene activation or excision is performed 
using the Cre–lox system. This system utilizes phage Cre recombinase driven by a spatially or temporally restricted pro-
moter to efficiently excise a gene inserted between two  loxP  sites. Further spatial control of this system is possible by adding 
an inducible promoter of expression upstream of the Cre recombinase, using a mutant estrogen receptor or a tetracycline-
sensitive system. Loss of gene function can be temporally controlled in these transgenic mice by administration of tamoxifen 
or doxycycline     [  27  ] .  

   Use of Mouse Embryonic Stem Cells to Study Cardiac Development 

 Mouse embryonic stem cells (ES cells) are derived from the inner cell mass of the preimplantation embryo. These cells have 
the ability to self-renew, have an unlimited proliferative capacity, and are pluripotent or able to “daughter” all cell lineages 
 [  28  ] . ES cells can undergo genetic manipulation as described for transgenic mice, including the integration of constructs to 
generate conditional or inducible gene expression. Wild-type ES cells differentiate into cardiomyocytes in vitro, and this 
process can be altered by gene manipulation, making the ES cell system a powerful tool for studying the genetic control of 
cardiac differentiation and myocyte formation  [  28  ] . In vitro differentiation of ES cells into cardiomyocytes requires forma-
tion of cellular aggregates or embryoid bodies (EBs)  [  28–  30  ] . Gene expression patterns in EBs recapitulate those observed 
early during cardiac differentiation. 

  Fig. 2.2    Schematic for the 
generation of transgenic 
mice. A construct with a 
reporter and the gene of 
interest is engineered and 
either injected into the 
pronucleus of a one-cell 
embryo or an ES cell which 
is then selected for gene 
expression and cultured to 
form an embryonic blasto-
cyst. The injected one-cell 
embryo or the inner cell mass 
from the transformed, 
cultured ES cells are 
transplanted into a pseudo-
pregnant host female. After 
delivery, the newborn mice 
are genotyped. Mice that are 
heterozygous for the gene 
construct are mated, and the 
offspring are genotyped       
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 Following aggregation (day 4 of differentiation), beating cardiomyocytes can be identified between a basal layer of 
 mesenchyme and epithelial cells. Wild-type and genetically manipulated ES cells can be assayed for gene expression pat-
terns, single-cell electrophysiology and mechanical characteristics, and protein expression patterns to further examine the 
regulation of myocyte development and maturation.   

   Molecular Regulation of Cardiac Development 

 The ability to genetically manipulate mouse cardiac development in vivo has enhanced our understanding of the molecular 
regulation of cardiac development and differentiation. The information obtained in the mouse model system has been aug-
mented by studies in other vertebrate and invertebrate model systems. Human genetic studies have confirmed a role for 
many of these genes in the etiology of CHD  [  31–  33  ] . 

   Specification of the Cardiac Mesoderm and Heart Tube Formation 

 The presumptive cardiac mesoderm requires expression of the helix–loop–helix transcription factors  Mesp1  and  Mesp2  to 
migrate to its anterior-lateral position in the embryo  [  34  ]  (Fig.  2.3 ). Specification of early mesoderm to a cardiac cell fate 
occurs following migration and is regulated by inductive signals, including  BMP2 ,  FGF8 ,  Shh , and  Wnt11 , from the embry-
onic endoderm  [  1,   35  ] . Simultaneously, signals from the midline neuroectoderm, including  Chordin ,  Noggin , and the 
canonical  Wnts 1/3/8 , inhibit cardiac specification in the embryonic midline  [  1,   35,   36  ] .  

 Cell labeling studies at the cardiac crescent stage in mice (E7.75) suggest that the anterior–posterior patterning of the 
primary heart field is defined by this stage, with cells in the anterior crescent mapping to the ventricles and those in the 
posterior crescent destined to be inflow or atrial cells in the forming heart tube  [  1,   37,   38  ] . At the crescent stage, the first 
cardiac-specific transcription factor,  Nkx2-5 , is expressed in the primary heart field  [  20,   21,   39  ] .  Nkx2- 5 is a homologue of 
the  Drosophila tinman  gene, and loss of  tinman  is associated with a complete absence of cardiac structures  [  40  ] . In contrast, 
disruption of  Nkx2-5  expression in mice results in early heart tube formation, followed by failure of cardiac looping and 
embryonic death  [  41  ] .  Nkx2-5  mutations in humans are associated with conduction system abnormalities and structural heart 
disease, including atrial septal defect (ASD), ventricular septal defect (VSD), and tetralogy of Fallot (TOF)  [  31,   32  ] , sug-
gesting functional redundancy for this key cardiac transcriptional regulator in vertebrate evolution. 

 A regulatory network of transcription factors is present at the crescent stage ( Nkx2-5 ,  Tbx5 ,  Tbx20 , and  Gata4 ) and is 
required for normal cardiac development  [  1,   35,   36  ] . Persistent expression of  Nkx2-5  and  Gata4  is necessary for normal 
formation and differentiation of the straight heart tube. Absence of  Gata4  in a mouse embryo results in cardiac bifida or 
failure of fusion of the bilateral heart tubes  [  42,   43  ] .  Nkx2-5  has a regulatory role during heart tube formation and is impor-
tant for the differentiation of both myocardial and  ER71 -derived endocardial lineages  [  39  ]  (Fig.  2.3 ). 

 During formation of the heart tube, a second heart field composed of pharyngeal mesenchyme is formed and expresses 
the master regulatory genes  Tbx5 ,  Nkx2-5 , and  Gata4 , along with second heart field–specific genes, which include  Isl-1 , 
 Tbx1 ,  FGF10 , and  Wnt5a   [  1,   44–  47  ] . The cells of the second heart field differentiate into myocardium and are required for 
normal looping, right ventricular formation, and septation of the cardiac outflow tract  [  1,   35,   48  ] .  Tbx1  expression in the 
second heart field requires sonic hedgehog ( Shh ) signaling  [  49  ]  and is required for normal myocardial differentiation in the 
outflow tract  [  35,   46  ] . The  Tbx1  gene is on the 22q11 region of the human genome, and deletion of this region is responsible 
for the high incidence of cardiac outflow tract defects in DiGeorge syndrome  [  35,   46  ] .  

   Cardiac Looping 

 The linear heart tube becomes asymmetric by E8.5, marked by a highly conserved rightward and cranial looping pattern that 
brings the atria posterior to the outflow tract. The process of looping requires the normal establishment and signaling of 
left–right asymmetry. In the mouse, the earliest demonstrated asymmetry is clockwise rotation of cilia in the embryonic 
node  [  50,   51  ] . This cilial motion is associated with asymmetric calcium signaling and results in activation of a left-sided 
signaling cascade in the lateral plate mesoderm that is highly conserved across species  [  50  ] . Conserved left-sided signaling 
molecules include  Nodal ,  Cripto , and  Lefty   [  52  ] . 
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 The first reported molecular asymmetry in the heart is the left-sided expression of the transcription factor,  Pitx2 , which 
is required for normal heart morphogenesis  [  53,   54  ] .  Pitx2  induces cellular proliferation through the regulation of Cyclin-D2 
 [  55  ]  but does not drive looping morphogenesis independently  [  1  ] . Recent data suggest that molecular asymmetry begins 
much earlier than looping stages in the heart and may be governed by  Nkx2-5 .  

   Chamber Formation and Septation 

 Studies of transcriptional control of chamber formation have led to an understanding of a hierarchy of transcription factors 
that regulate cardiac differentiation.  Mef2C  expression is dependent on  Nkx2-5  and is required for normal looping morpho-
genesis and right ventricular formation  [  56  ] . In  Mef2c  mutants, downstream expression of  Hand2  and the cardiac muscle 
markers  ANF  and  myosin light chain 1A  is disrupted  [  56  ] . 

 The hand genes,  Hand1  and  Hand2 , are further downstream in the regulatory cascade  [  57  ] . Both  Hand1  and  Hand2  are 
expressed in the primary and secondary heart fields; however,  Hand1  is required primarily for left ventricular formation and 
 Hand2  for right ventricular formation  [  35,   57,   58  ] . Overexpression of the  Hand  genes has also been shown to result in 
congenital heart defects, including lack of septation (VSD) and disorganization of the myocardial architecture, confirming 
their role in regulating cardiogenesis  [  59,   60  ] . 

  Fig. 2.3    Differentiation of 
mesodermal progenitor cells 
and multipotent cardiac 
progenitor cells (MCPCs) 
from pluripotent stem cells 
requires the expression of the 
 Brachyury (T) ,  Mesp1 , and 
 Mesp2  genes. Precursor cells 
can be differentiated by the 
markers Flk-1+ and Pdgfr −. 
Cardiac precursor cells are 
positive for both of these 
markers, while hematologic 
progenitor cells are only 
positive for Flk-1+. MCPCs 
can differentiate into 
smooth muscle, epicardial 
cells, endothelial cells, 
cardiac muscle, or cardiac 
conduction tissue with the 
appropriate environment and 
molecular cues       
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  Tbx5  is expressed in the early heart fields and persists during chamber formation and septation.  Tbx5  insufficiency and 
haploinsufficiency are associated with a decreased expression of  ANF  and  connexin 40   [  61  ] . Mutations in  Tbx5  cause 
Holt–Oram syndrome, which is characterized by septal defects and limb defects  [  33,   61  ] . Both  Tbx5  and  Gata4  have been 
shown to interact with  Baf60c , a chromatin-remodeling complex, to direct ectopic cardiomyocyte formation in mouse 
embryos  [  62  ] . This ability may have interesting implications for these genes in promoting cardiac regeneration. Lastly, 
microRNAs, small RNA molecules that regulate the translation of proteins from mRNA, have been implicated in the “fine-
tuning” of the regulatory transcriptional networks involved in cardiogenesis  [  35,   63,   64  ] .  

   Cardiac Outflow Formation 

 Failure of cardiac outflow tract septation accounts for about 30% of all CHD  [  65  ] . Normal cardiac outflow tract septation 
requires maturation and migration of the second heart field onto the outflow tract. This process is regulated by global cardiac 
transcription factors including  Nkx2-5 ,  Gata4 , and transcription factors specific to the second heart field, including  Isl ,  Tbx1 , 
and  Wnt5a . Mouse models lacking any one of these three second heart field–specific genes are associated with outflow tract 
defects, including subarterial VSD, TOF, and truncus arteriosus. 

 Normal outflow tract septation also requires the formation and migration of CNCs into the outflow tract and endocardial 
cushions. Neural crest cells are induced by multiple signaling pathways, including Wnt, BMP, FGF, and Notch pathways, 
which converge at the border of neural and non-neural ectoderm  [  66  ] . Neural crest cells are induced to form in the neural 
folds and migrate through the pharyngeal arches to the cardiac outflow tract. Absence of  Wnt5a  in the second heart field 
reduces the number of neural crest cells populating the outflow tract and results in a high incidence of failure of septation, 
causing persistent truncus arteriosus  [  47  ] .  

   Formation of the Epicardium and Coronary Arteries 

 The proepicardium is another migratory cell population required for normal cardiac formation. The proepicardium is derived 
from cardiac progenitor cells that initially express  Nkx2-5  and  Isl-1  and does not form in the absence of  Gata4   [  67,   68  ] . 
These cells are located near the sinus venosus, and once they begin to differentiate, they express the markers  Wilms tumor 
1  ( WT1 ) and  Tbx18 . As these cells mature, they migrate over the surface of the heart. Their fate is determined by the balance 
of other signaling pathways, including fibroblast growth factors (FGFs) and bone morphogenetic proteins (BMPs). 
Ultimately, they give rise to the epicardium and all cell layers of the coronary arteries, and a small number may transform 
into myocardial cells, making them of potential use in cardiac regeneration  [  7,   8,   67,   68  ] .   

   Stem Cell Biology and Cardiac Repair 

 Intense interest has focused on the genesis of the cardiomyocyte as a means to uncover new therapies for both congenital 
and acquired heart disease. Multipotent cardiac progenitor cells (MCPCs) have been observed to daughter all cardiac cell 
lineages and have been isolated from EBs, embryos, neonatal hearts, and adult mouse hearts  [  69–  72  ] . These cells are meso-
dermal in origin and express  Isl-1 ,  Flk-1 , and  Nkx2-5 . Under appropriate conditions, they can differentiate into cardiomyo-
cytes, vascular smooth muscle cells, and endocardial cells. 

 By staining sections for  Isl-1 , a population of MCPCs has been found in human fetal hearts at 11 and 18 weeks gestation 
 [  45  ] . These cells express markers of cardiomyocyte, smooth muscle, and endothelial lineages. Using genetic lineage label-
ing techniques in combination with EB formation, these human cells were shown to express markers of late cardiogenesis 
in a pattern that reflects known molecular regulation of cardiac development, including differentiation into an epicardial 
lineage  [  45  ] . These progenitor cells populate the right ventricle of human fetuses well into midgestation and postnatal devel-
opment. However, their role in the causation or potential for therapy of heart disease remains unclear. 

 Alternative sources of progenitor cells include small populations of cells isolated from the adult heart that may have stem 
cell properties. These include cKit+/Lin− cells isolated from the adult mouse heart  [  73  ] . These cells give rise to cardiomyo-
cytes, smooth muscle cells, and endothelial cells when cultured in vitro and form cardiospheres when expanded  [  74  ] . Clonal 
cKit+  expressing cells have been established and shown to daughter all lineages of the heart and undergo self-renewal 
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 (characteristics of stem cell populations). Interestingly, these cells improve myocardial function after an acute ischemic 
event  [  72  ] . 

 Another population of stem cells that reside in the adult heart includes side population (SP) cells. These cells are rare 
and express a multidrug resistance protein that effluxes Hoechst 33342 dye. Using FACS analysis, the SP cells can be iso-
lated and show increased proliferation and plasticity. Molecular techniques have further shown that oxidative stress present 
during myocardial injury increases Hif2a, which directly transactivates Abcg2. Increased Abcg2 serves a cytoprotective role 
and promotes survival of the cardiac SP cell population. This is the first example of a stem cell marker (Abcg2) that has a 
functional role in cellular survival  [  75  ] . 

 Additional stem or progenitor cells being evaluated for myocardial regeneration include those expressing Sca1 and 
SSEA1, and mesenchymal stem cells (MSCs), skeletal myoblasts, bone marrow mononuclear cells, CD34+ cells, endothe-
lial progenitors, and others, including small molecule cofactors  [  35,   76–  79  ] . 

 Current trials of stem cell therapy for heart repair utilize stem cells derived from the bone marrow, heart, and skeletal 
muscle, most often harvested from the patient receiving therapy (autologous cell therapy). While a number of phase I and 
II trials are underway, results to date support the safety of cell therapy for ischemic cardiomyopathy. Moreover, these initial 
studies support the notion that cell therapy may promote reverse remodeling (via vascular neogenesis or antiapoptosis 
mechanisms) to a greater extent than cardiomyocyte regeneration. Future trials aimed at delivery route, time of delivery 
(following myocardial injury), cellular population, number of cells delivered, and other parameters will need definition for 
this new field. 

 Cardiac progenitor cells have been derived from ES cells as well as induced pluripotent stem cells  [  78,   80  ] . ES cells with 
a GFP reporter targeted to the  Brachyury  ( Bry ) gene have been used to isolate Flk-1+/Bry-GFP+ cells that can give rise to 
cells of two distinct lineages, one hematopoietic and endothelial, and one cardiac. The ability to isolate cardiac stem cells 
from ES cells is promising, as these cells can be genetically engineered for isolation, proliferation, or therapeutic purposes. 
Unfortunately, initial trials with murine ES cells resulted in teratomas, and there are concerns about uncontrolled cell pro-
liferation of incompletely differentiated cell types  [  81  ] . 

 Recent studies with nonhuman, primate ES cells have been more hopeful. These progenitor cells were isolated prior to 
expression of  Isl-1  and differentiated into cardiomyocytes, smooth muscle cells, and endothelial cells. When transplanted 
into infarcted myocardium of nonhuman primates, the SSEA-1+ cells differentiated into ventricular myocytes, reconstituted 
20% of the scar tissue, and did not form teratomas  [  81  ] . These studies suggest that, with more refinement, ES cells, iPS 
cells, MCPCs, and adult stem cells may provide options for aggressive cell therapy treatments of acquired heart disease.  

   Congenital Heart Disease 

   Incidence and Genetics 

   Incidence 

 Based on large population studies performed in the late twentieth century, CHD has an incidence of approximately 4–8/1,000 
live births  [  10,   82,   83  ] . Study design can significantly affect incidence estimates, and if reporting is based on incidence of 
severe abnormalities requiring referral to a pediatric cardiac center, the number is reduced to only 4–5/1,000 live births. 
In contrast, if vigorous surveillance is performed by echocardiography in a broader age range, and if bicuspid aortic valve 
and silent patent ductus arteriosus are included, incidence figures can reach 12–14/1,000  [  10  ] . 

 Unlike some types of birth defects (e.g., neural tube defects), CHD is increasing in incidence and prevalence  [  83,   84  ] , 
likely due to improved early detection and increased survival of CHD patients to reproductive age, increasing the risk of 
CHD in offspring. The outcome of many forms of CHD surgical repair is greater than 90% survival; however, survivors of 
complex CHD and its palliation or CHD in the setting of prematurity, genetic syndromes, or other illnesses often have an 
increased risk of mortality, chronic illness, or disability.  

   Genetics of CHD 

 Although the majority of CHD occurs in an otherwise healthy children, at least 25% of patients with CHD have extracardiac 
malformations, and 10–15% have chromosomal anomalies identifiable by karyotypic or fluorescent in situ hybridization 
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(FISH) analyses  [  85–  87  ] . These patients are at increased risk for poor perioperative outcomes, increased need for reoperation, 
and long-term complications. Infants with trisomy 21 (Down syndrome) account for a large proportion of these patients and 
have a 40–50% risk of CHD that most commonly includes VSD or atrioventricular canal (AVC) defect, although cyanotic 
CHD including TOF does occur in this patient population. 

 Other genetic syndromes associated with a high incidence of CHD include DiGeorge syndrome (22q11 deletion syn-
drome), which occurs in approximately 1:4,000–1:7,000 live births  [  86 ,  88  ] . Up to 75–80% of patients with DiGeorge 
syndrome have cardiac or vascular anomalies  [  88  ] . These patients often come to medical attention in infancy because of 
CHD, and infants who present with classical conotruncal or outflow tract lesions, TOF, PTA, interrupted aortic arch (IAA); 
or CHD and other features of DiGeorge syndrome, including hypocalcemia, athymia, craniofacial abnormalities, or unusual 
facial features – should be screened by FISH or comparative genomic hybridization (CGH). 

 Other common syndromes associated with CHD at a slightly lower frequency include Noonan syndrome (characterized 
by septal defects, pulmonary valve dysplasia, and cardiomyopathy); Turner syndrome (XO chromosomal defect, coarcta-
tion, bicuspid aortic valve hyper tension and progressive aortic root dilation); and William’s syndrome (septal defects, 
supravalvar aortic stenosis, and multiple arterial obstructive lesions, including pulmonary and coronary artery obstruction 
due to an elastin deficiency)  [  86  ] . In general, infants who present with a form of CHD classically associated with a genetic 
syndrome or infants who present with multiple congenital anomalies should undergo genetic evaluation.  

   Heredity and CHD 

 Isolated CHD frequently has complex multifactorial inheritance that complicates the prediction of recurrence risk. While 
some forms of isolated CHD are associated with single-gene defects ( Nkx2-5  and septal defects;  Notch1  and aortic valve 
disease) and have classical, single-gene inheritance patterns, single-gene testing in isolated CHD is rarely performed outside 
of the research setting. In the absence of an identified genetic cause of isolated CHD, recurrence risk is most often calculated 
based on population studies of all CHD grouped together and on individual family pedigree  [  89  ] . In general, the risk of CHD 
in the population is approximately 1% of all live births. Identification of a single, first-degree relative with CHD increases 
the risk for CHD in a subsequent pregnancy to approximately 3%  [  89  ] . Large, population-based studies suggest that this 
risk is higher if there is an affected mother rather than an affected father  [  89,   90  ] . If two first-degree relatives are affected 
in a family, the risk of CHD in a subsequent pregnancy increases further  [  90–  92  ] . In the last decade, studies on the recur-
rence risk of single categories of CHD have provided information that may improve counseling for families affected by 
CHD  [  91  ] . 

 Reported recurrence risks for nonsyndromic TOF have been reported to range from 3–50%, suggesting that transmission 
can be multifactorial, autosomal recessive, or autosomal dominant, depending on the etiology  [  92  ] . Families with a child who 
has hypoplastic left heart syndrome (HLHS) face an approximately 5% recurrence risk for HLHS, but the risk of any left-
sided obstructive lesion, including bicuspid aortic valve, is significantly increased and has been reported to be as high as 30% 
 [  93,   94  ] . Given the lack of identified genetic markers for CHD risk in most of these families, prenatal echocardiographic 
screening (fetal echo) can be offered in the second trimester of pregnancies when there is a family history of CHD.    

   Congenital Heart Defects 

   Septal Defects/Left-to-Right Shunt Lesions 

 Septal defects and patent ductus arteriosus are the most common forms of CHD, with isolated VSDs affecting 2–5% of 
newborns  [  10  ] . The majority of isolated VSDs will close spontaneously or not require intervention  [  10  ] . VSDs can occur in 
the muscular septum, the membranous septum, the infundibulum (subarterial defects), or the inlet septum below the tricus-
pid valve. Muscular VSDs often close spontaneously while membranous VSDs can be occluded by tricuspid valve tissue. 
Infundibular and inlet VSDs are unlikely to close spontaneously and usually require surgical repair. Infants and children 
with small VSDs will present with an asymptomatic murmur, while larger VSDs can cause cardiac enlargement, congestive 
heart failure due to a left-to-right shunt, and, if left untreated, irreversible pulmonary hypertension. Infants with a large VSD 
typically present with tachypnea, poor feeding, and failure to thrive due to pulmonary overcirculation, and pallor, diaphore-
sis, and sinus tachycardia due to activation of the sympathetic nervous system related to decreased systemic output resulting 
from a large left-to-right shunt. 
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 Surgical repair of VSDs has become a routine procedure since the closure of the first VSD using controlled cross-circulation 
at the University of Minnesota by C. Walton Lillehei, MD, PhD, and colleagues in 1954  [  95  ] , and the introduction of a right 
atrial approach to membranous VSD closure by Lillehei in 1957  [  96  ] . Current surgical outcomes are excellent if the VSD 
is closed before irreversible pulmonary vascular changes occur. Closure of a membranous VSD is often associated with 
asymptomatic, nonprogressive right bundle branch block. 

 Complications after isolated VSD closure include permanent, complete heart block due to disruption of the conduction 
system below the atrioventricular node during repair  [  97  ]  and residual VSD. A residual VSD does incur an increased risk 
of endocarditis over the patient’s lifetime. Ventricular dysfunction and arrhythmias are rare postoperative complications. 
Overall life expectancy in patients with isolated VSD after early closure is approaching norms for the population  [  98  ] . 

 Approximately half of patients who undergo operative closure of VSDs have additional cardiac defects, most commonly 
PDA, ASD, coarctation of the aorta, aortic valve disease, or right ventricular muscle bundles. Infundibular (subarterial) or 
membranous VSDs are often observed in complex or cyanotic lesions. These patients have increased operative risk and an 
increased incidence of postoperative complications. 

 Transcatheter approaches to VSD closure have been developed over the last decade. Muscular VSDs can be routinely 
closed by transcatheter or perventricular    placement of a self-expanding device without bypass (Fig.  2.4e–h ). Devices have 
been developed and tested for transcatheter closure of membranous VSDs; however, they are currently unavailable in the 
United States due to a concern about the development of late heart block  [  99,   100  ] .  

 ASDs are less likely to be symptomatic in infancy and early childhood and may be diagnosed later in life based on the 
presence of a pulmonary flow murmur, a widely split and fixed second heart sound, or right ventricular enlargement. Late 
presentations include atrial arrhythmias or pulmonary vascular disease, which generally present after the third or fourth 
decade of life. ASDs can be readily closed surgically with very low mortality rates. Secundum defects of any size with 
adequate septal rims can be closed by a variety of catheter implantable devices safely and effectively (Fig.  2.4a–d ). 

 The ductus arteriosus is a fetal structure that shunts blood from the pulmonary artery to the descending thoracic aorta in 
utero, limiting circulation to the uninflated lungs and high-resistance pulmonary vascular bed before birth. After birth, the 
pulmonary vascular resistance drops precipitously, and ductal shunting reverses, resulting in a transient left-to-right shunt 
in most infants. Spontaneous ductal closure usually occurs within the first 72 h of life but can be delayed in premature 
infants and infants living at high altitude, suggesting a role for ambient oxygen in ductal closure. Persistence of a patent 
ductus arteriosus can lead to pulmonary overcirculation, left-sided cardiac enlargement, and pulmonary hypertension, if 
untreated. Surgical treatment, often at the bedside in the neonatal intensive care unit, is the norm in premature infants who 
fail medical therapy with indocin or ibuprofen. Transcatheter options, including occluder devices and implantable coils, are 
safe and effective in older infants, children, and adults with normal pulmonary vascular resistance  [  101  ] .  

   Semilunar Valve Stenosis and Coarctation of the Aorta 

 Isolated pulmonary valve stenosis accounts for about 6% of all CHD and can range from mild and asymptomatic to critical 
in the newborn period  [  83  ] . Most forms of pulmonary stenosis are characterized by thin but fused valve leaflets and are 
amenable to balloon dilation in the newborn, child, and adolescent. Severe valvular stenosis or atresia in the newborn, or 
“critical” pulmonary stenosis, is life-threatening, but stabilization of the ductus arteriosus with prostaglandin E1 (PGE1) 
allows resuscitation of the infant and elective catheter therapy. A small subset of patients have thickened, dysplastic pulmo-
nary valve leaflets and require surgical valvulotomy. Both catheter balloon and surgical valvulotomy can be complicated by 
pulmonary insufficiency, which is well tolerated in most patients. Severe pulmonary insufficiency associated with decreased 
exercise tolerance or significant right ventricular enlargement is an indication for placement of a valved homograft or bio-
prosthetic pulmonary valve to preserve right ventricular size and function  [  102  ] . 

 Aortic valve stenosis is less common than pulmonary valve stenosis in newborns and is more likely to present later in 
life. Aortic stenosis is more common in males than females  [  103  ] . Severe aortic stenosis in the newborn may present with 
shock and left ventricular failure and require PGE1 to maintain ductal patency and allow augmentation of systemic blood 
flow by the right ventricle. Balloon valvulotomy is frequently the initial mode of intervention in infancy and childhood. 
Residual valve stenosis and mild insufficiency are common, and valve replacement in childhood with a valved homograft 
or pulmonary autograft (Ross procedure) may be required. Aortic stenosis and a bicuspid aortic valve can be associated with 
other structural heart disease including coarctation of the aorta. 

 Coarctation of the aorta occurs in less than 1 in 1,000 births and is found both in isolation and in association with bicuspid 
aortic valve, VSD, and complex congenital heart defects. Coarctation can present in infancy with shock and left ventricular 
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failure, or later in childhood, with hypertension. Surgical repair is usually accomplished using resection and end-to-end 
anastomosis of the descending thoracic aorta, although the subclavian flap repair technique has been widely used in the past. 
Late coarctation repair is associated with persistent hypertension, reduced survival, and morbidity due to heart failure and 
stroke  [  104  ] . Early repair in infancy is associated with improved blood pressure control later in life; however, there is an 

  Fig. 2.4    Device closure of cardiac septal defects. Atrial septal defect (ASD) closure, ( a)  a moderate-sized secundum ASD ( yellow arrowhead ) 
with enlargement of the right atrium (RA) from an apical four-chamber view during preprocedure echocardiography. ( b ) Doppler color flow 
signal from the right pulmonary veins (RPVs) entering the left atrium and then flowing through the ASD to the enlarged RA and right ventricle 
(RV). ( c ) A high right parasternal view demonstrating the ASD and its relationship to the superior vena cava (SVC), inferior vena cava (IVC), 
and right pulmonary veins (RPVs), and the septal rims necessary for proper seating and stabilization of the device. ( d ) A postprocedure echocar-
diogram showing placement of an AMPLATZER® Atrial Septal Occluder device and its relationship to the RPV and mitral valve (MV). ( e – h ) A 
muscular ventricular septal defect (VSD) from an apical four-chamber view ( e ) ( yellow arrowhead ) with left ventricular (LV) enlargement and a 
short-axis view with color flow from LV to RV. ( f ) An AMPLATZER device has been placed across in the catheterization laboratory, as shown 
in ( g ) (four-chamber view) and ( h ) (short-axis view). “AMPLATZER” is a registered trademark of AGA Medical Corporation. EDITOR: product 
name from   www.amplatzer.com/products/asd_devices/tabid/179/default.aspx    . Trademark acknowledgement from:   www.amplatzer.com/about_
aga/terms_of_use/tabid/93/default.aspx           
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increased incidence of reoperation due to restenosis  [  103,   104  ] . Balloon dilation of native coarctation in infancy is not an 
effective long-term therapy; however, balloon angioplasty of recoarctation may be effective. A multicenter trial to evaluate 
the safety and efficacy of balloon angioplasty and stenting compared to surgery for native coarctation in older children and 
adolescents is currently underway (Fig.  2.5c, d ).   

  Fig. 2.5    Images of CHD. ( a ) Total anomalous pulmonary venous connection in an infant with heterotaxy syndrome and single ventricle physiol-
ogy. The pulmonary veins (PVs) return to a posterior confluence and drain through a vertical vein (VV) into the superior vena cava (SVC). This 
is repaired by anastomosis of the confluence to the back wall of the left atrium and ligation of the vertical vein. ( b ) Hypoplastic left heart syndrome 
(HLHS) with hypoplastic aorta (AO) after anastomosis to pulmonary artery (PA). Note that coronary arteries (CAs) are supplied by the hypoplas-
tic AO. There is coarctation of the aorta (CoA) distal to the left subclavian artery, also common in HLHS. ( c ,  d ) Coarctation of the aorta in an 
adult prior to repair ( c ) and during and after stenting ( d ). TGA after atrial baffle procedure. Note the coronary artery arising from the anterior 
aorta which receives oxygenated blood from the right ventricle. ( f ) An echocardiogram from the patient in ( e ), showing the baffling of pulmonary 
venous blood (PV) to the tricuspid valve (TV) and right ventricle (RV)       
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   Cyanotic Lesions 

 The most common cyanotic congenital heart lesions are TOF and transposition of the great arteries. TOF was first described 
in detail in 1888 and first palliated surgically using a Blalock–Taussig shunt (subclavian artery to pulmonary artery anasto-
mosis) in 1945. The four anatomic variations that comprise TOF are (1) a subarterial VSD; (2) overriding of the aorta above 
the ventricular septum due to septal malalignment; (3) right ventricular outflow tract obstruction at the subpulmonary, val-
var, or supravalvar levels; and (4) right ventricular hypertrophy as a result of these lesions (Fig.  2.6 ).  

 At least 15% of TOF is associated with chromosomal abnormalities, most often DiGeorge syndrome (22q11 deletion). 
About 5% of TOF patients have coronary artery abnormalities. The first repair of TOF was performed at the University of 
Minnesota by C. Walton Lillehei, MD, PhD, and colleagues in 1954  [  105  ] . Today, the best results are achieved with single-
stage complete repair in infancy  [  106  ] . This usually involves VSD closure and placement of a right ventricular outflow tract 
patch that crosses the narrowed pulmonary valve annulus. Most patients require placement of a competent bioprosthetic 

  Fig. 2.6    Tetralogy of Fallot (TOF). ( a ) and ( b ) demonstrate the anatomy of TOF in an infant. ( a ) Parasternal long-axis view from a transthoracic 
echocardiogram that demonstrates the large subarterial VSD ( yellow arrow ) and overriding aorta (AO). The short-axis view in ( b ) demonstrates 
the subarterial VSD ( yellow arrow ) and the anterior displacement of the outflow tract septum with a narrowed right ventricular outflow tract 
(RVOT), pulmonary valve annulus, and main pulmonary artery (MPA). The right and left branch pulmonary arteries (RPAs, LPAs) are confluent 
and appropriately sized for an infant. ( c ) Intracardiac anatomy of TOF in an older child with the subarterial VSD ( yellow arrow ) and overriding 
AO, as well as enlargement and hypertrophy of the right ventricle (RV). ( d ) Same child after repair with a VSD patch ( yellow arrow ) and right 
ventricular outflow patch (not seen). ( e ) Right atrial and right ventricular enlargement in a teenager after TOF repair as an infant. Chronic RV 
volume overload due to pulmonary insufficiency after RV outflow patch causes RV enlargement (RV) and right atrial enlargement (RA) as well 
as flattening of the intraventricular septum. ( f ) An MRI in an adult patient with TOF after repair with chronic pulmonary insufficiency. It dem-
onstrates significant RV enlargement and hypertrophy (RV) with an RV volume of 245 m/m 2  and right atrial enlargement (RA)       
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pulmonary valve later in childhood, adolescence, or young adulthood to preserve right ventricular function  [  102,   107  ]  
(Fig.  2.6 ). Early survival in uncomplicated TOF is excellent, with a perioperative mortality of less than 3%. However, repair 
may be staged or delayed in challenging anatomic variants, and morbidity and mortality are increased. 

 In contrast to TOF, which is common in infants with genetic syndromes, transposition of the great arteries occurs most 
often in otherwise healthy newborns. It presents in the newborn nursery with profound cyanosis and comfortable tachypnea. 
Cardiomegaly develops rapidly as pulmonary vascular resistance drops, and acidosis can occur if intracardiac mixing is 
limited and oxygenation is poor. 

 TGA is most often an isolated defect, although it can occur with VSD, pulmonary stenosis, or complex single-ventricle 
defects. Stabilization of the infant with TGA includes volume resuscitation, PGE1 to rapidly improve mixing of oxygenated 
and deoxygenated blood at the ductus arteriosus, and, often, balloon atrial septostomy to further improve mixing and oxy-
genation. Historically, infants were stabilized and underwent an atrial baffle procedure (SVC and IVC baffled to mitral valve 
and subpulmonary left ventricle) (Figs.  2.5e , f and  2.7a ) as older infants or toddlers.  

 Many of these patients are currently young adults, and their long-term well-being is compromised by atrial arrhythmias and 
failure of the systemic right ventricle requiring heart transplantation  [  108  ] . Development of the Lecompte maneuver to bring 
the pulmonary artery anterior to the aorta and the development of successful techniques for coronary artery transfer led to more 
successful use of the arterial switch procedure for repair of TGA. It has been routinely used for neonatal repair in straightfor-
ward TGA since the 1990s (Fig.  2.7b ). Although early operative mortality of the arterial switch procedure is slightly higher 
than palliative procedures, the long-term outcome has been very good in the majority of postoperative survivors, but arterial 
stenosis, coronary insufficiency, ventricular dysfunction, and arrhythmias are potential long-term complications  [  109  ] .  

   Single-Ventricle Conditions and Fontan Palliation 

 Hypoplastic left heart syndrome (HLHS) is defined as a diminutive left ventricle that is unable to support systemic output 
with underdevelopment or atresia of the mitral and aortic valves. It is most often associated with severe hypoplasia of the 
ascending aorta and narrowing of the transverse aortic arch. HLHS accounts for 1% of all CHD, is more common in male 

  Fig. 2.7    Operative palliation or repair of transposition of the great arteries (TGA). ( a ) Graphic representation of an atrial baffle procedure. 
Variations include the Mustard and Senning procedures. In the uncorrected condition, the aorta is anterior to the pulmonary artery and receives 
deoxygenated blood from the right ventricle. To eliminate cyanosis, the systemic venous flow from the superior vena cava and inferior vena cava is 
baffled to the mitral valve. Pulmonary venous flow is directed around the baffle to the tricuspid valve. The right ventricle remains the systemic 
ventricle. ( b ) A graphic representation of the arterial switch procedure used more commonly now for repair of TGA. The pulmonary artery and aorta 
are transected, and the pulmonary artery is pulled forward (Lecompte maneuver) and anastomosed to the right ventricular outflow. The coronary 
arteries are excised from the anterior vessel with a button of tissue, mobilized, and reimplanted on the aorta posteriorly. Short- and long-term 
complications include stenosis at the vascular suture lines, branch pulmonary artery stenosis, coronary insufficiency, and ventricular dysfunction       
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infants (67%), and has been associated with genetic syndromes including trisomy 13 and 18, Turner syndrome (XO), and 
Jacobsen’s syndrome, a rare chromosomal defect (11p deletion)  [  110,   111  ] . Infants with HLHS may present with pallor and 
tachypnea in the newborn nursery or be missed and present with complete cardiovascular collapse after closure of the ductus 
arteriosus, which is the only source of systemic blood flow. Stabilization of the ductus arteriosus with PGE1 is necessary 
for survival. Results of surgical palliation have improved since the mid-1990s, and although in most centers, the 5-year 
survival is 50–80%, in some centers, it approaches 95%  [  112  ] . 

 After stabilization, infants born with HLHS typically undergo a Norwood procedure, which includes transection of the 
pulmonary artery and anastomosis    of the proximal segment to the aorta, with a comprehensive aortic arch augmentation 
(Figs.  2.5b  and  2.8a ). Pulmonary blood flow is reestablished by an arterial to pulmonary artery shunt (modified Blalock–
Taussig shunt) or a right ventricle to pulmonary artery shunt (Sano procedure)  [  113  ] . Early complications of the Norwood 
procedure include right ventricular failure, pulmonary venous obstruction, aortic coarctation, and pulmonary hypertension. 
Interstage mortality is highest between the Norwood procedure and the second stage of palliation, and there is a significant 
risk of cognitive disorders or global development delay in survivors.  

 Once the pulmonary vascular resistance has dropped and pulmonary artery pressures have normalized, a superior vena 
cava to pulmonary artery anastomosis (Glenn procedure) is performed to reduce the volume load on the right ventricle and 
provide stable pulmonary blood flow. The palliation is completed in early childhood by performing one of several variants 
of the Fontan operation (Fig.  2.5 ), which directs blood flow from the inferior vena cava to the pulmonary arteries with or 
without a small residual communication to the left atrium (fenestration). The Fontan procedure reduces the volume load on 
the single right ventricle and improves oxygenation, but results in reduced exercise tolerance. Long-term complications of 
palliation for HLHS include aortic arch obstruction, arrhythmias, protein-losing enteropathy, and ventricular failure. 

 An alternative procedure for the palliation of HLHS has been recently introduced  [  114  ] . In this “hybrid” procedure, the 
infant undergoes a median sternotomy in a combined operating room and catheterization laboratory or “hybrid” suite, fol-
lowed by stenting of the ductus arteriosus and surgical placement of bilateral pulmonary artery bands. After recovery, a 
balloon atrial septostomy is performed. At age 4–6 months, a Norwood-like arch reconstruction and Glenn anastomosis are 
performed, and the Fontan is completed in early childhood as in the classic staged surgical palliation. Initial results suggest 
improved survival, especially for high-risk patients in the initial stages. There may also be improvement in neurodevelop-
mental outcomes; however, no long-term outcome data are available. 

 Many other forms of complex CHD require single ventricle palliation with the Fontan procedure. These conditions 
include tricuspid atresia, right ventricular hypoplasia, and heterotaxy syndromes. Tricuspid atresia has a similar strategy for 
palliation as HLHS, although the aorta is typically normal and, therefore, arch reconstruction is not required (Fig.  2.8b ). 

  Fig. 2.8    Fontan palliation of single-ventricle physiology. The extracardiac Fontan procedure ( a ) and lateral tunnel Fontan procedure ( b ) are 
variations of the classic intracardiac Fontan operation that are in common use today. ( a ) Completion of an extracardiac Fontan procedure in a 
staged palliation of hypoplastic left heart syndrome with aortic atresia. In earlier operations for HLHS, the hypoplastic aorta was anastamosed 
to the pulmonary artery (Norwood procedure), and the superior vena cava was anastamosed to the right pulmonary artery (Glenn procedure). 
( b ) A lateral tunnel Fontan procedure for tricuspid atresia and hypoplasia of the right ventricle. Both Fontan variations can be fenestrated to allow 
for communication between the venous circulation and the left atrium if pulmonary artery resistance is mildly elevated       
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 Long-term outcomes after Fontan are generally better for tricuspid atresia than for HLHS, likely because the single 
 ventricle is of left ventricular morphology and adapted to support the systemic circulation. The heterotaxy syndromes are 
complex defects in left–right patterning of the developing organs that result in defects in every segment of heart formation 
from systemic and pulmonary venous inflow to the outflow tract (Fig.  2.5a ). These patients often have conduction system 
anomalies, asplenia, intestinal malrotation, or pulmonary disease associated with severe CHD and have an increased inci-
dence of mortality and perioperative and long-term complications despite single-ventricle palliation as described above.   

   Heart Transplantation and Bridging to Heart Transplantation in Children 

 About 7,500 pediatric heart transplants have been performed since the first successful transplant in 1984, and from 2007 to 
2010, about 450 pediatric heart transplants were performed per year worldwide  [  115  ] . 

 The indications for orthotopic cardiac transplantation in children include life-threatening, intractable heart failure and 
CHD not amenable to palliation; intractable, life-threatening arrhythmias not amenable to medical or device therapy; unre-
sectable cardiac tumors; and retransplantation due to ventricular dysfunction or coronary vasculopathy  [  115  ] . Heart trans-
plantation may also be an important therapeutic option for failed Fontan circulation with protein-losing enteropathy or 
exercise intolerance; CHD with progressive pulmonary hypertension that would preclude later transplantation; restrictive 
cardiomyopathy; and valve disease not amenable to surgical correction. 

 In infants under age 1, CHD remains the most frequent indication for heart transplantation (63% CHD vs. 31% cardio-
myopathy), but this percentage has decreased over the last several years with improved early outcomes for surgical and 
hybrid palliation of HLHS. After 1 year of age, heart failure due to cardiomyopathy is the most common indication for heart 
transplantation, accounting for 55% of patients receiving a heart transplant from ages 1–10 and 64% of adolescents undergo-
ing heart transplantation  [  115  ] . 

 Wait-list mortality is a significant issue in pediatric transplantation, as 25–30% of infants listed for heart transplantation 
die before receiving a donor heart. Infants on extracorporeal membrane oxygenation (ECMO), ventilator support, PGE1, or 
with a weight less than 3 kg are at the highest risk of dying before a donor becomes available  [  115  ] . This has led to strate-
gies for safely increasing both the waiting time and increasing the donor pool. Ventricular assist devices (VADs), including 
the Berlin Heart, have been sized to allow extended waiting times and have been successful in a limited number of centers 
 [  116,   117  ] . Alterations in donor allocation strategies, including ABO-incompatible donors, have been successful in Canada 
 [  115  ] , and donations from sudden infant death syndrome (SIDS) victims increased availability without increasing posttrans-
plant mortality for infants  [  118  ] . 

 Overall, the 20-year survival for cardiac transplantation in children is 40%. One-year survival rates range from 75 to 80%, 
with the highest mortality in the first 6 months after transplantation, and 5-year survival rates are 65–68% in pediatric age 
groups. Long-term complications of cardiac transplantation in infants, children, and adolescents include growth failure, 
malignancies, infection, and chronic rejection (chronic allograft vasculopathy)  [  115  ] .  

   Adult Congenital Heart Disease 

   Prevalence of Adult Congenital Heart Disease 

 Improvements in the diagnosis and treatment of children with CHD have led to an exponential growth in the population of 
adults with CHD  [  119  ] . In the United States and Canada, the number of adults with CHD surpasses the number of children 
with CHD  [  120,   121  ] . The ACC/AHA Task Force on Adult Congenital Heart Disease has predicted that in this decade, one 
in 150 young adults will have some form of CHD  [  108  ] . The growth in the population of adults with CHD that require 
specialized care has rapidly outpaced the growth in the number of health care professionals adequately trained to meet the 
needs of this diverse group of patients, and therefore, adults with CHD can be considered an underserved, vulnerable popu-
lation  [  121  ] . 

 Adult congenital heart disease (ACHD) patients are particularly likely to be lost to follow-up after their graduation from 
pediatric cardiology care. These young adults often have inadequate health insurance coverage and can be unaware of their 
specialized follow-up needs, long-term prognosis and risks, and how their CHD affects activity, work, and reproductive 
issues  [  108,   122  ] . Long periods without appropriate follow-up may result in a worsening of clinical status and a need for 
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“emergent” intervention. It is therefore imperative that patients be transitioned from a pediatric cardiologist to both a primary 
care provider and an adult CHD program with a thorough understanding of their CHD diagnosis, treatment, prognosis, limi-
tations, and recommended follow-up plan.  

   Care of the ACHD Patient 

 The American College of Cardiology/American Heart Association Task Force on Practice Guidelines for ACHD has pub-
lished extensive guidelines for lesion-specific management of ACHD  [  108  ] . This document provides an algorithm for strati-
fication of ACHD patients by level of complexity. It can be used to determine the need for ACHD expertise for routine 
cardiac management and noncardiac admissions for ACHD patients. In general, ACHD patients are at risk for multiple 
medical complications as described in the following sections and in Table  2.1 .   

   Arrhythmias 

 Repaired and palliated CHD is associated with an increased incidence of arrhythmias in both pediatric and adult patients; 
however, adult patients may have more frequent or chronic refractory arrhythmias and are at a higher risk of sudden death 
 [  108,   123  ] . Strategies for arrhythmia management include optimization of hemodynamics, pharmacologic therapy, and 
device treatment, as indicated. An electrophysiologist with interest and expertise in CHD is an integral part of the ACHD 
care team.  

   Table 2.1    Common complications of repaired or palliative CHD in adults   

 CHD type  Surgical repair or palliation  Potential late sequelae 

 Atrial septal defect (ASD)  Suture repair; rare patch repair; 
device closure 

 Pulmonary artery hypertension (PAH) after late closure; sinus 
node dysfunction; atrial arrhythmias; mitral or tricuspid 
valve regurgitation; right ventricular (RV) dysfunction; 
pulmonary venous obstruction in sinus venosus subtypes 

 Ventricular septal defect (VSD)  Patch repair  Residual shunt; PAH; aortic regurgitation; outflow obstruction; 
ventricular dysfunction; complete heart block; endocarditis 

 Coarctation of the aorta  Subclavian flap repair; end-to-end 
anastomosis; intravascular stent 
placement 

 Hypertension; restenosis; aortic aneurysm formation; intracranial 
aneurysm; complications related to associated anomalies 
(bicuspid aortic valve, VSD, mitral stenosis) 

 Tetralogy of Fallot (TOF)  VSD closure; RVOT patch repair 
or valve sparing repair 

 Pulmonary regurgitation; RV dilation and dysfunction; RV 
outflow obstruction; RV outflow aneurysm; tricuspid valve 
regurgitation; aortic valve regurgitation; left ventricular 
dysfunction; arrhythmias (atrioventricular block, atrial 
tachycardia, ventricular tachycardia); sudden death 

 Transposition of the great 
arteries (TGA) 

 Atrial baffle procedure (Mustard 
or Senning) 

 Pulmonary venous or systemic venous baffle obstruction; baffle 
leak with cyanosis or paradoxical emboli; sinus bradycardia; 
atrial tachycardia; subpulmonary stenosis; RV dysfunction 
(systemic); tricuspid regurgitation 

 Arterial switch procedure  Coronary insufficiency; myocardial ischemia; ventricular 
dysfunction; ventricular arrhythmias; arterial stenosis; aortic 
or pulmonary valve regurgitation 

 Single-ventricle physiology 
(hypoplastic left heart 
syndrome/tricuspid atresia/
heterotaxy) 

 Fontan procedure ± fenestration  Outflow tract obstruction; atrial arrhythmias; atrioventricular 
block; thrombosis; air embolism (if fenestration or 
arteriovenous fistulas); ventricular dysfunction; valve 
regurgitation; hepatic congestion or cirrhosis; protein-losing 
enteropathy 

 Intracardiac 
 Lateral tunnel 
 Extracardiac 

 Unrepaired or cyanotic CHD  –  PAH; polycythemia; thromboembolism; air embolism; 
arrhythmias; ventricular dysfunction; renal failure; gout; 
anemia; stroke; brain abscess; endocarditis 
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   Thrombosis and Thromboembolic Events 

 A subset of ACHD patients have right-to-left shunts, mixing of the venous and arterial blood at the ventricular level, atrial 
arrhythmias, ventricular dysfunction, or genetic or lifestyle factors that increase the risk of thromboembolism. Prophylaxis 
for thromboembolism should be implemented for high-risk patients, and medications or behaviors which increase risk for 
thrombosis should be discouraged (oral contraceptives, smoking). Postoperative thromboprophylaxis following cardiac and 
noncardiac surgery is required in adult patients who are not ambulatory for extended periods of time.  

   Anemia and Polycythemia 

 ACHD patients who are chronically ill, have comorbidities, poor nutritional status, or are menstruating or peripartum 
women are at risk for anemia. Routine surveillance of hemoglobin and iron levels should be performed in ACHD patients, 
and adequate iron supplementation provided. ACHD patients with cyanotic CHD may be at increased risk of stroke due to 
reduced distensibility of red blood cells with iron deficiency despite normal or elevated hemoglobin levels. Increased hemo-
globin levels (>20 gm/dL) may be associated with headache, lethargy, fatigue, muscle weakness, lightheadedness, and visual 
disturbances. Dehydration should be avoided in these patients, and phlebotomy with volume replacement should be used 
sparingly and only in highly symptomatic cases  [  108  ] .  

   Infective Endocarditis and Prophylaxis 

 Infective endocarditis accounts for a small number of admissions of ACHD patients yearly  [  124  ] . High-risk lesions include 
systemic to pulmonary artery shunts or arterial conduits, residual or unrepaired VSDs, bicuspid aortic valve with stenosis or 
insufficiency, prosthetic valves, and repaired TOF or TGA  [  108  ] . The need for regular dental care and specific recommenda-
tions for prophylaxis should be discussed at each ACHD visit. In general, ACHD patients with prosthetic valves, aortopulmo-
nary shunts, palliated or repaired cyanotic CHD, acyanotic repaired CHD with residual shunting or hemodynamic disturbance, 
or previous history of endocarditis should receive prophylaxis for dental cleanings and contaminated procedures  [  108  ] .   

   Heart Failure and Transplantation in the ACHD Patient 

 Patients with cardiac failure refractory to conventional medical management may benefit from placement of a ventricular 
assist device (VAD). Thoratec’s HeartMate II® left ventricular assist system has recently been approved by the FDA not 
only as a bridge to transplantation but also for patients ineligible for transplantation (destination therapy). Although clinical 
experience in patients with two ventricles transitioning to VAD therapy is significant, little data are available on VADs and 
univentricular circulation. A pilot study, DEFINE (Destination Therapy Evaluation for Failing Fontan), is underway in the 
Pacific Northwest, with the goal of assembling a large multicenter trial to evaluate the safety of destination VAD therapy in 
Fontan patients who are not candidates for transplantation. 

 The timing of referral for VAD therapy in ACHD patients is critical to avoid significant end-organ dysfunction, including 
kidney and liver failure. Pulmonary vascular resistance is often initially elevated or can become elevated in heart failure. It 
requires serial measurement and aggressive treatment during mechanical circulatory support (i.e., bridging VAD therapy) to 
prevent graft failure due to pulmonary hypertension. Before VAD placement or cardiac transplantation is undertaken, an 
adequate social support network must be available to the patient. After cardiac transplantation, a new set of concerns focused 
on the cardiac graft and immunosuppression takes precedence, but preexisting issues attributable to CHD such as renal 
dysfunction, systemic and pulmonary hypertension, and vascular anomalies may complicate management. 

 Outcomes for orthotopic heart transplantation in adults with CHD are similar to those for adults transplanted without 
CHD and children with CHD who survive to transplant (70–80% 1-year survival; 60–69% 5-year survival)  [  125–  127  ] . 
Single-ventricle physiology and TGA after an atrial baffle procedure were the most common diagnoses in ACHD patients 
undergoing transplant. A high percentage of patients require some anatomical correction at the time of transplant.  
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   Pregnancy in the ACHD Patient 

 Women with repaired or unrepaired CHD should seek evaluation from an ACHD team and maternal–fetal medicine specialist 
prior to becoming pregnant. Women with high-risk cardiovascular conditions including cyanotic CHD, pulmonary hyperten-
sion, and significant ventricular dysfunction or reduced exercise ability may be counseled to avoid or terminate a pregnancy 
due to a significant risk of maternal mortality or other serious cardiac event  [  108,   128,   129  ] . 

 Cardiovascular medications commonly used in ACHD may be detrimental to the fetus and should be stopped prior to 
pregnancy. These include, but are not limited to, angiotensin-converting enzyme (ACE) inhibitors and angiotensin II recep-
tor blockers (ARBs). Use of warfarin or other medications not proven to be safe during pregnancy should be evaluated 
carefully. Vaginal delivery is most often tolerated in patients with CHD; however, cesarean section can be performed safely 
for obstetrical indications, if the mother and infant are fully anticoagulated, or if the hemodynamic changes of labor and 
delivery are not likely to be tolerated due to ventricular dysfunction. 

 Pregnancy is a prothrombotic condition associated with a 50% increase in circulating blood volume and an increase in 
cardiac output that peaks at the beginning of the third trimester  [  129  ] . Heart rate increases, systemic vascular resistance 
(SVR) drops due to the low-resistance placental bed, and hemoglobin concentration is reduced by dilution. During labor, 
intravascular volume abruptly increases with contractions, and SVR increases abruptly, which may precipitate ventricular 
failure. After delivery, intra-abdominal pressure is reduced abruptly, which can lead to hypotension and cardiovascular col-
lapse. Women with aortic root dilation may also be at increased risk of aortic root dissection during pregnancy due to 
increased blood pressure and circulating hormones that may weaken the aortic wall. 

   Anesthetic Management for Noncardiac Procedures 

 Most anesthetic and analgesic agents reduce afterload and lower blood pressure. The effect is deleterious for a left-side 
obstructive lesion since lower blood pressure jeopardizes myocardial perfusion. Hypotension can also be detrimental if there 
is pulmonary hypertension. Afterload reduction is well tolerated by most individuals with ventricular dysfunction or a val-
vular anomaly. A number of inhalational agents have a proarrhythmic effect, so cardiac monitoring is mandatory. Careful 
choice of anesthetic agents and judicious use of volume expansion, especially during induction of anesthesia, allows safe 
management of anesthesia for most patients. Patients at high risk or with complex palliated CHD should have anesthesia 
administered in a monitored setting with cardiac care available. Given the risk of systemic air embolus, all cyanotic patients 
should have filters placed on their peripheral venous catheters. Patients who underwent an operative procedure prior to 1992 
or with nontransfusion-related risk factors should also be screened for hepatitis C  [  108  ] .  

   Quality of Life with ACHD 

 Adults with CHD should be part of clear and frequent conversations about exercise restrictions, vocational limitations, insur-
ability, emotional difficulties associated with chronic disease, and reproductive concerns. Patients with CHD and chronic 
disease may have difficulty obtaining medical and life insurance  [  108  ]  and may suffer from depression or psychoses. The 
ACHD team needs to be aware of the medical, social, and psychiatric conditions associated with ACHD and have the 
resources in place to provide care to this unique group of patients. 

 HeartMate II is a registered trademark of Thoratec Corporation (  www.thoratec.com/medical-professionals/vad-product-
information/heartmate-ll-lvad.aspx    ).       
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   Techniques and Indications 

   Techniques 

 State-of-the-art echo-Doppler is the most practical and useful technique for rapid, noninvasive bedside evaluation of coronary 
heart disease. 

 Since coronary artery disease typically results in regional dysfunction, A- (amplitude) and B (brightness)-mode 
echocardiography were of limited value in establishing the diagnosis. Representation of the A-Mode echocardiogram 
in real time, i.e., time motion or M-mode echocardiography, was a major breakthrough in the use of ultrasound for 
cardiac imaging. It provided hard copy capture of the  motion of cardiac structures in time. Rapid sampling rates and high 
transducer frequency improved the resolution of structures during the cardiac cycle. Characteristic physiologic and 
pathophysiologic motion of cardiac structures soon became apparent and markedly improved the diagnostic ability to 
detect valvular and congenital abnormalities. 

 M-mode echocardiography from standard parasternal acoustic windows using cardiac landmarks allowed a noninvasive 
method to determine left ventricular size, wall thickness, and function. M-mode echocardiographic evaluation for many 
common conditions associated with coronary heart disease continued to be limited, however, because of the lack of spatial 
orientation. It was simply too difficult to know the exact orientation of this “ice pick” view of the heart from small, limited 
acoustic windows that relied on internal cardiac landmarks. 

 Development of real time, 2D echocardiography, was an important innovation in diagnostic ultrasound evaluation of 
coronary heart disease. Early use of real time mechanical and B-Mode, 2D scanners, however, continued to be limited by 
the small acoustic windows available. 

 Electronic phased array ultrasonoscopes allow a small transducer-skin interface and are the current standard for real 
time 2D echocardiography  [  1  ] . With this technique, tomographic images can be obtained from multiple acoustic windows, 
that allow spatial orientation spatial orientation and 3D reconstructions of cardiac structures in real time. Second harmonic 
imaging combined with echo contrast agents has enhanced definition of the endocardium and enables evaluation of left 
ventricular wall motion even in the most acoustically challenging patients  [  2  ] . 

 The addition of pulsed- and continuous-wave Doppler followed by color flow imaging added the ability to detect and 
quantitate the velocity of blood flowing through the heart as well as the velocity and timing of motion of cardiac structures 
 [  3  ] . The latter has enhanced our understanding of diastolic function as well as the synchrony of left ventricular contraction 
and the important role it plays in determining cardiac function  [  4,   5  ] . 

 These advances in technology are available now with portable, bedside ultrasonoscopes. When coupled with digital 
technology, they have raised the diagnostic capabilities of modern echo-Doppler techniques for evaluating cardiac structure 
and function in all clinical settings including coronary heart disease.  

    Chapter 3   
 Echocardiographic Evaluation of Ischemic Heart Disease       

           Richard   W.   Asinger,          Fouad   A.   Bachour, and       Gautam   R.   Shroff           
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   Indications 

   Chest Pain 

 Coronary heart disease may manifest itself clinically in a wide variety of presentations secondary to the effect of ischemia 
on ventricular, valvular, and electrical function. The hallmark presentation, however, is acute coronary syndrome (ACS). 
ACS typically results in a sudden disruption of blood flow to left ventricular myocardium resulting in rapid deterioration in 
diastolic followed by systolic function  [  6  ] . By the time symptoms and electrocardiographic manifestations of ischemia draw 
clinical attention, wall motion abnormalities are present and can be detected with transthoracic echocardiography. This 
provides a valuable diagnostic adjunct in the initial evaluation of patients with acute onset of chest pain. 

 If the acute onset of chest pain is associated with ST-segment elevation myocardial infarction (STEMI), as shown on an 
electrocardiogram (ECG) primary reperfusion therapy should be implemented immediately, unless a suspected mechanical 
complication may influence emergent treatment. When ECG findings are nondiagnostic, transthoracic echocardiography 
can assist diagnostically by defining left ventricular regional and global function. Detection of a regional wall motion abnor-
mality, however, cannot determine whether or not it is acute or chronic; serial ECGs and biomarkers are still needed to 
establish a diagnosis of ACS. An additional benefit of echocardiography, when ECGs are nondiagnostic, is detecting other 
causes of acute chest pain such as pulmonary embolism, pericarditis, and aortic dissection. 

 Detailed echocardiographic evaluation for regional wall motion abnormalities and other causes of chest pain requires 
expertise in performance and interpretation which may not be immediately available in the emergency room setting. The 
use of digital technology to record and transmit images to an experienced echocardiographer for interpretation is available, 
but cannot replace the need for technical acquisition of high-quality images. This issue has been addressed in larger-volume 
emergency departments by trained technical staff in the multiple uses of diagnostic ultrasound.  

   Myocardial Infarction 

 Transthoracic echocardiography is a valuable tool to evaluate patients with STEMI and non ST-segment elevation myocar-
dial infarction (NSTEMI) by determining regional and global function of the left ventricle (LV). 

 Echocardiography can assist diagnostically by identifying wall motion abnormalities when the ECG is nondiagnostic. 
This is illustrated by Case #1, a 48-year-old man with chest pain, serial elevation in troponin-I and the ECG results shown 
in Fig.  3.1a . An echocardiogram demonstrated a regional wall motion abnormality of the lateral wall (Fig.  3.1b ). Coronary 
arteriography (Fig.  3.1c ) showed an occluded obtuse marginal branch of the left circumflex coronary artery (CX).  

 In addition to assisting diagnostically, transthoracic echocardiography following acute myocardial infarction (AMI) 
establishes baseline regional and global function and has prognostic significance  [  7,   8  ] . The worse the left ventricular 
systolic performance, the worse the patient’s prognosis. This information is valuable in establishing which patients require 
therapy to eliminate residual ischemia and/or to block neurohormonal mechanisms to promote positive remodeling of the LV. 

 Serial echocardiography following AMI also provides assessment of therapy. Since it is a noninvasive ultrasound 
technique, it is ideal for serial studies. 

 The desired result of acute reperfusion therapy following STEMI is recovery of regional and global function. This is 
demonstrated in Case #2, a 56-year-old male with acute anterior STEMI, as illustrated in his ECG (Fig.  3.2a ). Coronary 
arteriography, Fig.  3.2b , demonstrated an occluded left anterior descending coronary artery (LAD) that underwent PCI with 
stent placement. Baseline postinfarct echocardiography, Fig.  3.2c , showed a large, anteroapical wall motion abnormality 
with decreased LV systolic performance. On subsequent study, Fig.  3.2c , the left ventricular systolic function completely 
normalized.  

 In contrast, Case #3 is a 50-year-old man who presented with several hours of waxing and waning symptoms of ACS. 
His first ECG showed no acute ischemic changes. A few minutes later, with worsening chest pain, a second ECG that was 
done (Fig.  3.3a ) showed acute anterolateral STEMI. He was taken promptly to the Cath lab with a door-to-balloon time of 
52 min (Fig.  3.3b ). An echocardiogram on day one post-revascularization showed a large anterolateral wall motion abnor-
mality, but in this case, serial echocardiography demonstrated progressive left ventricle dilatation and dysfunction despite 
the timely reperfusion therapy (Fig.  3.3c ). Progressive deterioration in systolic performance following AMI predicts a poor 
prognosis and mandates aggressive evaluation and treatment.   
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   Hemodynamic Deterioration 

 A traditional indication for echocardiography in evaluating AMI is hemodynamic compromise, specifically hypotension, 
shock, or the development of a new murmur. In these clinical settings, echocardiography stands out since it can rapidly 
detect mechanical complications including rupture of the left ventricular free wall (Fig.  3.4 ), interventricular septum (IVS) 
(Fig.  3.5 ), and papillary muscle (Fig.  3.6a, b ).    

 Echocardiography can also readily detect other nonmechanical clinical conditions leading to hemodynamic deterioration. 
Most important is global left ventricular dysfunction or new regional wall motion abnormality which may prompt other 
diagnostic studies and specific therapy. Echocardiography can also detect right ventricular infarction (RVI) (Fig.  3.7a–c ), a 
complication almost exclusively seen with inferior infarction. With RVI, the systolic tricuspid insufficiency jet has a 
low peak velocity. This is in contrast to pulmonary embolism (PE) where the systolic tricuspid insufficiency jet will have 
a high peak velocity.  

  Fig. 3.1    ( a – c ) A 48-year-old 
man admitted with chest pain 
and serial elevation in 
troponin-1. ( a ) ECG is 
nondiagnostic for ischemic 
changes. ( b ) Echocardiogram 
in end diastole and systole 
demonstrates regional wall 
motion abnormality of the 
lateral wall ( arrows ). ( c )  A  
Left coronary arteriogram on 
admission showing occlusion 
of the obtuse marginal branch 
of the left circumfl ex artery 
(CX) ( arrow ).  B  Post PCI 
there is restoration of blood 
fl ow ( arrows )       
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  Fig. 3.2    ( a – c ) A 56-year-old 
male with acute STEMI. 
( a ) ECG shows changes of 
acute anterior STEMI. 
( b )  A  Left coronary 
arteriogram shows sub-total 
occlusion left anterior 
descending artery (LAD) 
( arrow ).  B  After PCI with 
stent placement ( arrow ) there 
is restoration of blood fl ow. 
( c )  A  Initial postinfarct 
echocardiogram shows a 
large anteroapical wall 
motion abnormality ( arrows ) 
and decreased ejection 
fraction.  B  Follow-up 
echocardiogram after PCI 
and stent placement, the left 
ventricular systolic function 
completely normalized       
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  Fig. 3.3    ( a–c ) A 50-year-old 
man who presented with 
several hours of waxing and 
waning symptoms of ACS. 
( a ) ECG shows changes of 
acute anterolateral STEMI. 
( b )  A  Left coronary 
arteriogram on admission 
shows sub-total occlusion of 
the LAD ( arrow ).  B  Post PCI 
shows restoration of blood 
fl ow ( arrow ). ( c )  A  Initial 
echocardiogram in systole 
and diastole on admission 
demonstrates large anteroapi-
cal wall motion abnormality 
( arrows ).  B  Follow-up weeks 
after PCI shows progressive 
left ventricular dilatation 
progress of left ventricular 
dilatation and LV dysfunction 
( arrows ) despite timely 
reperfusion therapy       
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 Severe mitral insufficiency independent of papillary muscle rupture may also complicate ischemia as shown in 
(Fig.  3.8a–c ). In this case, revascularization by PCI of the two culprit lesions resulted in marked improvement in ventricular 
function and decrease in mitral regurgitation.  

 When hemodynamic compromise complicates acute infarction and the echocardiogram shows no acute mechanical prob-
lem or change in systolic performance of the left or right ventricular function, echo-Doppler evaluation can define left and 
right ventricular filling pressures. Left ventricular filling pressure can be estimated from assessment of mitral inflow, pul-
monary venous flow, and mitral annular tissue Doppler (Fig.  3.9 )  [  4  ] . Right ventricular filling pressure can be estimated 
from the dimensions of the inferior vena cava during the respiratory cycle  [  9  ] .  

 Hemodynamic compromise may occur secondary to noncardiac causes and be accompanied by positive biomarkers. 
Figure  3.10  pertains to a 60-year-old patient with shortness of breath, hypotension, and positive troponins. An echocardio-
gram demonstrated features of acute cor pulmonale including dilatation of the right ventricle with decreased right ventricular 
function. The IVS is flat in diastole showing the typical D shape of acute pressure overload from pulmonary embolism. 
During systole, the circular shape of the ventricle returns. Bowing of the interatrial septum to the left also occurred, with 
marked dilatation of the inferior vena cava. These findings could indicate either right ventricular infarction or acute pulmonary 
embolus. A high peak systolic tricuspid valve insufficiency velocity would support acute cor pulmonale from pulmonary 
embolus rather than RVI.     

  Fig. 3.4           Echocardiogram in 
a case of a rupture of the left 
ventricular free wall 
complicating myocardial 
infarction associated with 
hematoma within the 
pericardium (PH) ( arrows )       

  Fig. 3.5    Echocardiogram in 
a case of acute myocardial 
infarction and rupture of the 
interventricular septum 
identifi ed by the dropout of 
the septum ( arrow )       
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   Assessment of Left Ventricular Function 

   Global Function 

 Global left ventricular systolic performance is most commonly assessed by ejection fraction (EF), the percent of blood 
ejected from the LV with each contraction. The LVEF has the distinction of being the clinical parameter most predictive of 
prognosis following AMI. 

 Initial echocardiographic attempts to determine global function of the LV involved M-mode echocardiography  [  10  ] . 
Correlation with contrast angiography was reasonable in the absence of regional wall motion abnormality, but poor for 
patients with coronary heart disease and previous myocardial infarction. 

 2D echocardiography provides tomographic images of the LV and when used from multiple acoustic windows, particu-
larly apical views, enables 3D reconstruction of the LV. Several methods have been proposed to evaluate the global function 
of the LV. Many assume geometric shapes and have similar limitations of M-mode echocardiography. Simpson’s “poker 
chip” method, using apical views has good correlation with other quantitative techniques and has become the 2D echocar-
diography standard for determination of LVEF  [  11–  13  ] . 3D echocardiography (3DE) is an obvious choice for determining 
LVEF but is labor intensive and time consuming which limits its clinical application.  

  Fig. 3.6    ( a ,  b ) 
Transesophageal 
echocardiograms in a case 
with rupture of a papillary 
muscle of the mitral valve 
complicating myocardial 
infarction demonstrate. ( a )  A  
Rupture of  papillary muscle 
( large arrow ) and flail mitral 
valve ( small arrows ). ( a )  B  
Eccentric jet of severe mitral 
regurgitation ( arrows ). 
( b ) Prolapse of ruptured 
papillary muscle into the left 
atrium ( arrows ).       
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   Regional Function 

 The left ventricular cavity simulates a prolate ellipse of revolution, presenting a degree of symmetry in contrast to the right 
ventricle but its blood supply is far from symmetric. Regions of the LV affected by occlusion of a specific epicardial coro-
nary artery do not follow a geometric distribution. This was the major factor limiting the use of M-mode echocardiography 
for the evaluation of regional and global function in coronary heart disease particularly from acoustic windows that do not 

  Fig. 3.7    ( a – c ) Features of 
right ventricular infarction, 
a complication seen with 
inferior infarction. 
( a ) ECG on admission 
shows acute changes of 
inferior wall infarction. 
( b ) Echocardiographic 
features of right ventricular 
infarction with dilatation of 
the RV, hypokinesis of the 
RV free wall, and left 
ventricular inferior wall 
motion abnormity ( arrow ). 
( c )  A  RC arteriogram on 
admission shows occluded 
proximal RCA ( arrow ).  B  
Post PCI there is restoration 
of blood fl ow       
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  Fig. 3.8    ( a – c ) A patient with 
severe mitral regurgitation 
after myocardial infarction 
without papillary 
musclerupture. ( a ) 
 A  Echocardiogram shows 
severe mitral regurgitation.  B  
Post coronary 
revascularization by PCI, 
there is improved LV systolic 
function and only residual 
mild mitral regurgitation. 
( b ) Right coronary 
arteriorgram from the patient 
illustrated in Fig.  3.8a . 
 A  Severe stenosis of the distal 
RCA ( arrow ).  B  Shows 
restoration of blood fl ow post 
revascularization by PCI 
( arrow ). ( c ) Left coronary 
arteriogram.  A  Severe 
stenosis of the left main 
( arrow ) (LM).  B  Shows 
restoration of blood fl ow post 
PCI ( arrow )       

 



  Fig. 3.9    Evaluation of left ventricular filling pressure from assessment of mitral inflow, mitral annular tissue Doppler, and pulmonary venous 
flow (Adapted from Nagueh et al.  [  4  ] , Copyright 2009. Elsevier Publishing)       

  Fig. 3.10    From a 60-year-old patient with shortness of breath, hypotension, and positive troponins. Echocardiogram demonstrates features of 
acute cor pulmonale including dilatation of the RV with decreased right ventricular function. In diastole the IVS is flat showing the typical D 
shape of acute pressure overload from pulmonary embolism       
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include structural cardiac landmarks. 2D echocardiography, however, can provide images of the entire LV, and when certain 
areas show dysfunction, can be predictive of specific coronary artery occlusion. 

 The standard views used to image the LV with 2D echocardiography include the parasternal long and short axis and the 
apical four- and two-chamber views. These are shown in Fig.  3.11  along with the usual coronary artery supply to each area 
 [  14  ] . It is important to remember that coronary artery anatomy is variable and the description of coronary artery supply to 
various areas of the LV is approximate.  

 Because the LV is basically symmetrical, one way to determine its global function involves “dividing it” into 16 geomet-
ric segments, as shown in Fig.  3.12   [  15  ] . The sum of segmental wall motion scores for each of these 16 segments (nor-
mal = 1, hypokinetic = 2, akinetic = 3, dyskinetic = 4 and aneurysmal = 5) divided by 16, can give an assessment of global left 
ventricular function. Higher wall motion scores are associated with a poor prognosis.  

 Although ECG changes of STEMI are reasonably specific for acute thrombotic occlusion of an epicardial coronary 
artery, there are exceptions as illustrated in the following case. The patient was a 45-year-old female who collapsed while 
rushing to catch a bus. She was found to be in ventricular fibrillation and was resuscitated. An ECG on arrival in the emer-
gency room showed anterolateral ST-segment elevation (Fig.  3.13a ) but coronary arteriography at the time of the ECG 
showed angiographically normal coronary arteries.  

 An echocardiogram demonstrated a large wall motion abnormality involving the distal 75% of the LV – so called “apical 
ballooning” (Fig.  3.13b ). This syndrome has been described variably in the literature and perhaps is most appropriately 
referred to as stress cardiomyopathy  [  16  ] . It is most typically seen in young women under severe emotional trauma, although 
we have noted it to be common in either sex with severe trauma or medical conditions. In the case described above, the 
cause was subarachnoid hemorrhage. In this syndrome, the ST-segment elevation is usually minor but on serial ECGs, the 
QT interval prolongs and there is marked T wave inversion. Serial echocardiography demonstrates progressive improvement 
in regional and global left ventricular function. 

 Although this syndrome typically involves the apex of the LV, atypical cases occur where the wall motion abnormality 
involves only the base- or midportions of the LV and it may even involve the right ventricle. Importantly, these wall motion 
abnormalities are not in a typical distribution of an epicardial coronary artery. Their detection with transthoracic echocar-
diography may be the first indication that the clinical problem is stress cardiomyopathy rather than ACS.   

  Fig. 3.11    Diagram 
illustrating the relationship of 
2D echocardiographic views 
and coronary artery perfusion 
(Adapted from Feigenbaum 
et al.  [  14  ] )       

 



  Fig. 3.13    ( a ,  b ) 
Echocardiographic features 
seen in stress cardiomyopa-
thy from a 45-year-old female 
who collapsed while rushing 
to catch a bus. ( a ) ECG on 
admission shows anterolat-
eral ST-segment elevation. 
( b ) Echocardiogram in 
endiastole  A  and systole  B  
demonstrates a large wall 
motion abnormality including 
the distal 75% of the LV 
called “apical balloning” 
( arrows )       

  Fig. 3.12    Proposed 
16-segment model for wall 
motion analysis (Adapted 
from Schiller et al.  [  15  ] , 
Copyright 1989. Elsevier 
publishing)       
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   Complications of Myocardial Infarction 

   Mechanical Complications 

 Mechanical complications of acute STEMI are less common in the era of primary reperfusion therapy. When the clinical 
status of a patient with AMI suddenly deteriorates due to shock or pulmonary edema, echocardiography can rapidly diag-
nose mechanical complications. Rupture of the heart is a mechanical complication that causes devastating hemodynamic 
compromise, and can involve the LV free wall, the IVS, or the papillary muscle. 

   Rupture of the Left Ventricular Free Wall 

 Rupture of the free wall of the LV usually leads to cardiac tamponade and instantaneous death. Occasionally, the rupture is 
heralded by sudden bradycardia and hypotension with recovery after several minutes  [  17  ] . These symptoms should warrant 
emergent echocardiography since the differential diagnosis would include myocardial rupture and pulmonary embolism. 

 If the free wall has ruptured, an echocardiogram will show a hematoma within the pericardial space. Although this can 
be seen in many standard views, it is usually easiest to spot on the subcostal view (Fig.  3.4 ). The mortality rate is high and 
emergent surgical intervention is the treatment of choice. 

 Rupture of the free wall is occasionally contained by accompanying pericarditis, hematoma, or thrombus. The patient 
may survive initially, only to succumb when the contained rupture again ruptures into the free pericardial space. 
Echocardiography can detect such contained ruptures and the use of echocontrast can be valuable in defining thrombus in 
the left ventricular that extends beyond the borders of the LV, indicating a contained rupture (Fig.  3.14a ). If free wall rupture 
is contained, it may develop into a pseudoaneurysm of the LV after the contained thrombus lyses (Fig.  3.14b ). These are 
also prone to rupture causing tamponade and sudden death so their detection warrants surgical intervention.   

   Rupture of the Interventricular Septum 

 Patients with rupture of the IVS usually have acute hemodynamic compromise and a new holosystolic murmur along the 
left sternal border. This clinical course warrants immediate transthoracic echocardiography to detect this possible mechani-
cal complication. The mechanical rupture may be apparent by 2D imaging (Fig.  3.5 ) but if the rupture is small, color flow 
imaging showing left-to-right communication is useful to establishing the diagnosis. Surgical repair can be successful and 
may even be delayed pending stability of the patient.  

  Fig. 3.14    ( a ) Contained rupture of LV apex with large thrombus following anterior infarction. Courtesy from Drs. Alok Sharma and Valerie K 
Ulstead, Hennepin County Medical Center, Minneapolis, MN. ( b ) Echocardiogram in rupture of the free wall of the LV. After the contained 
thrombus lysed, a pseudoaneurysm developed. (PA) ( arrows )       
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   Rupture of a Papillary Muscle 

 Patients may survive acute rupture of a papillary muscle, but show evidence of acute hemodynamic compromise, usually 
in the form of pulmonary edema and hypotension accompanied by an apical holosystolic murmur. Standard images particu-
larly from the apical view frequently establish the diagnosis and demonstrate torrential mitral insufficiency. When the 
transthoracic findings are not typical or nondiagnostic, transesophageal echocardiography is most helpful in establishing 
anatomy of the mitral valve and its supporting structures (Fig.  3.6a, b ). This diagnosis should prompt emergent surgical 
intervention.   

   Nonmechanical Complications of Acute Myocardial Infarction 

   Mural Thrombus 

 Mural thrombi can complicate AMI. The most common location for thrombi is the apex of the LV following anterior myo-
cardial infarction  [  18  ] . Apical stasis is likely to be severe following acute anterior STEMI particularly when effective rep-
erfusion is not achieved. In the pre-reperfusion era, as many as 30% of patients with acute anterior STEMI developed left 
ventricular thrombi and about 10% of these had a peripheral embolism. 

 Isolated infarctions in the distribution of the right or left circumflex coronary arteries usually do not cause apical stasis, 
and are less likely to be complicated by left ventricular thrombus and systemic embolism. There is a higher risk of embolism 
from left ventricular thrombus when the thrombus protrudes into the left ventricular cavity and/or exhibits independent 
motion (Fig.  3.15 )  [  19  ] . Thrombi are less likely to embolize when they are mural or flat, and do not exhibit free intercavity 
motion, as illustrated in Fig.  3.16 . Echo contrast agents significantly enhance the diagnostic capability of 2D echocardiog-
raphy for detection of left ventricular thrombus  [  20,   21  ] . Since thrombi have no blood flow, they are echo lucent with echo 
contrast and easily distinguished from left ventricular blood and myocardium.    

   Right Ventricular Infarction 

 Inferior wall myocardial infarction may be complicated by right ventricular infarction  [  22  ] . This occurs with occlusion in 
the right coronary artery before its acute marginal branches (Fig.  3.7a–c ). Right ventricular infarction is commonly associ-
ated with systemic hypotension and shock. Echocardiographic features include a dilated, poorly functioning right ventricle. 
When tricuspid insufficiency is present and its jet can be evaluated with Doppler, the peak velocity is low, indicating reduced 
contractility of the right ventricle. This contrasts with acute pulmonary embolus, where the peak flow velocity would be 
increased (Fig.  3.10 ).  

  Fig. 3.15    ( a ) Echocar-
diogram illustrating left 
ventricular thrombus 
protruding into the left 
ventricular cavity ( arrow ). 
( b ) The thrombus is better 
defi ned with the use of 
contrast agent ( arrow )       
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   Mitral Insufficiency 

 Occasionally severe mitral insufficiency develops after myocardial infarction without papillary muscle rupture. The usual 
causes include ischemic papillary muscle dysfunction or dilatation of the LV. Regardless of the cause, severe mitral insuf-
ficiency can be detected by color flow imaging (Fig.  3.8a ). In this case, PCI of severe right (Fig.  3.8b ) and left main 
(Fig.  3.8c ) coronary lesions markedly decreased mitral insufficiency.  

   Pericardial Effusion 

 Occasionally, STEMI can be complicated by pericarditis, with free pericardial fluid but no hematoma. Postinfarction peri-
carditis is much less common with timely, successful reperfusion and the absence of long-term therapeutic 
anticoagulation.    

   Stress Echocardiography 

 Digital technology has sped and improved interpretation of stress echocardiography through side-by-side comparison of 
pre- and post-stress images from the same acoustic window. Contrast agents that enhance endocardial definition have also 
improved the ability to obtain diagnostic images from patients who are otherwise difficult to image  [  23,   24  ] . These technical 
advances have markedly improved the quality and diagnostic capabilities of stress echocardiography which can be done with 
either exercise or pharmacologic stress. 

   Exercise Stress 

 Exercise stress imaging is based on the principle that when myocardial oxygen demand exceeds supply to a segment of left 
ventricular wall, it decreases or stops normal thickening and motion. The earliest sign of ischemia experimentally is a 
decrease in diastolic performance followed by a decrease in systolic thickening and motion  [  6  ] . 

  Fig. 3.16    Echocardiogram 
with contrast agent demon-
strating a mural or fl at 
thrombus ( arrows )       
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 A reversible change in systolic thickening and motion is the echocardiographic hallmark for myocardial ischemia. Relief 
of ischemia reverses this process and systolic function improves before diastolic function. Since diastolic parameters recover 
more slowly than systolic parameters of wall thickening and motion after stress-induced ischemia, they may be obtained 
after acquiring systolic parameters. The combination of reduced systolic motion and wall thickening in the distribution of 
an epicardial coronary artery indicates ischemia and the reversibility of these findings specifically supports the diagnosis of 
occlusive coronary artery disease.  

   Bicycle 

 Bicycle exercise has the potential advantage of continuous monitoring of the echocardiogram to detect ischemic changes or 
decline in global function of the LV. However, this technique is labor intensive and, in general, has been replaced with 
treadmill exercise. It is used primarily to monitor hemodynamic parameters such as pulmonary artery pressure in patients 
being evaluated for valvular heart disease.  

   Treadmill 

 Treadmill exercise is the traditional mode of exercise for evaluating coronary artery disease. It does not allow continuous 
monitoring of echocardiographic images, instead relying on the rapid acquisition of images immediately after exercise. 
When using treadmill exercise, it is critical to obtain images within the first two minutes following exercise. 

 Using digital technology and large memory storage, images of each beat postexercise are routinely obtained from the 
four traditional acoustic windows (parasternal long and short axes and apical four and two-chamber views). A single beat 
from each view is chosen from rest and postexercise. With bi- or quad-screen capabilities, it is then possible to view pre- and 
postexercise beats side-by-side for comparison. Figure  3.17a  compares pre- and postexercise echocardiograms from a 
patient with exertional angina. Also included is a coronary angiogram that demonstrates a subtotal occlusion of the LAD 
which was treated with PCI and placement of a stent (Fig.  3.17b ).   

   Pharmacologic 

   Dobutamine 

 Dobutamine stress echocardiography is performed with constant ECG and blood pressure monitoring. Typically it is per-
formed with the patient in the left lateral decubitus position with echocardiographic images obtained from the four standard 
views. Dobutamine is infused in incremental doses while evaluating the effect on heart rate and rhythm, blood pressure, and 
both global and regional systolic performance of the LV. Dobutamine has a positive chronotropic and ionotropic effect, 
increasing the contractility of the myocardium. As with treadmill exercise, the objective is to increase myocardial oxygen 
demand. If the heart rate does not respond, atropine is frequently used in conjunction with dobutamine to achieve 85% 
maximum heart rate for the patient’s age. In contrast to treadmill exercise, dobutamine stress echocardiography is performed 
in a stationary position throughout the study optimizing image acquisition. A unique advantage of dobutamine over exercise 
stress echocardiography is the ability to assess for viable but hibernating myocardium  [  25,   26  ] . This is performed with rela-
tively low doses of dobutamine while evaluating the function of a region of severe hypokinesis or akinesis of the LV. If the 
function of this area increases with low dose of dobutamine, viability is assumed and revascularization is likely to improve 
contractility. Higher doses of dobutamine may result in ischemia and the function of the affected area may decrease. This 
combination of improvement in regional function at low doses and deterioration in function at higher doses of dobutamine 
is referred to as a biphasic response. 

 In contrast to exercise stress echocardiography, provocable ischemia may not result in an increase in end-diastolic left 
ventricular volume although regional dysfunction may occur. Experience in interpretation is needed given this limitation. 
Further, arrhythmias occasionally occur with the use of dobutamine, including atrial fibrillation and ventricular tachycardia.    
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  Fig. 3.17    ( a ,  b ) A patient with exertional angina. ( a ) Treadmill exercise compares pre- and postexercise echocardiogram, demonstrating apical 
wall motion abnormality ( arrows ) at peak exercise. ( b )  A  Coronary angiogram demonstrates a subtotal occlusion of the LAD ( arrow ). 
 B  Post PCI and placement of a stent shows no residual stenosis ( arrow )       
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   Application of Advance Techniques 

   Tissue Doppler Imaging 

 Systolic performance of the LV has powerful prognostic value in patients with myocardial infarction or congestive heart 
failure. The addition of tissue Doppler imaging (TDI) to echocardiography provides considerable ancillary information 
complementary to LV systolic function. TDI uses Doppler principles to quantify low-velocity signals of myocardial tissue 
motion. The most commonly used application of TDI in the context of coronary artery disease is assessing the LV’s diastolic 
function. Unlike transmitral velocities, which are preload sensitive, TDI assessment is less load-dependent. The combination 
of early diastolic mitral inflow velocities ( E ) and the medial or lateral mitral annular motion ( e  ¢ ) helps characterize varying 
patterns of diastolic dysfunction as illustrated in Fig.  3.9   [  27  ] . 

 An  E / e  ¢  ratio >15 correlates with an elevated left ventricular end-diastolic pressure  [  28  ]  and is an independent predictor 
of survival  [  29  ] . Importantly, an  E / e  ¢  ratio >15 has been shown to provide prognostic information beyond that provided by 
clinical and routine echocardiographic parameters. Moreover, in patients with acute MI, the “restrictive” filling pattern, 
characterized by a short deceleration time (DT), is a predictor of adverse LV remodeling and mortality  [  30  ] . One limitation 
of TDI is that the medial annulus motion may be abnormal in the presence of inferior infarction with wall motion abnormal-
ity, making it less predictive of restrictive physiology and clinical prognosis. 

 Color TDI superimposes a color map on gray scale images to indicate direction of myocardial velocity, thereby increas-
ing image resolution. The use of color encoded TDI has been studied in patients undergoing stress echocardiography for the 
detection of coronary artery disease  [  31  ] . When using dobutamine stress echocardiography, peak systolic myocardial veloc-
ity and average tissue displacement (measured by TDI) were significantly lower in patients with more cardiovascular events, 
despite similar wall motion scores. TDI is also used in the echocardiographic assessment of LV dyssynchrony, which has 
relevance in the optimization of cardiac resynchronization therapy in patients with cardiomyopathy  [  32  ] .  

   2D Strain by Speckle Tracking 

 The primary limitation of TDI is the inability to distinguish active myocardial contractility or thickening from passive or 
“tethering” myocardial motion on the basis of changes in myocardial velocity. Additionally, assessing apical function is 
difficult using TDI alone. 

 Strain rate imaging offers a more “site-specific” approach to counter these limitations. Strain measures regional deforma-
tion. It is defined as the change in length between myocardial contraction and relaxation (expressed as a percentage). Strain 
rate measures the velocity gradient between two points and represents rate of change of myocardial deformation  [  33  ] . 

 This technique is also referred to as “myocardial deformation imaging” and is exemplified by “myocardial speckle track-
ing” using 2D echocardiography. A small myocardial area of interest with its unique speckle pattern can be tracked through-
out the cardiac cycle using commercially available software. This can be performed in a multidimensional fashion in 
different directions, lending to the estimation of radial and circumferential strains. 

 Being Doppler based, the accuracy of this technique is dependent on the angle of incidence. Myocardial strain is signifi-
cantly load-dependent like TDI  [  34  ] . The primary application of this technology is assessment of systolic LV function, 
especially regional function.  

   3D Echocardiography 

 The most obvious use of 3DE for coronary heart disease is accurate determination of left ventricular volumes to calculate 
LVEF. With coronary heart disease, regional variation in wall motion limits the accuracy of M-mode and 2D echocardiog-
raphy for determining LV volumes. This is particularly true if the techniques make geometric assumptions about the left 
ventricular shape. 

 Simpson’s biplane technique from 2D echocardiographic apical images does not assume specific geometry of the LV, but 
uses limited tomographic views. 3DE allows assessment of “true” LV volumes by avoiding geometric assumptions, and the 
potential for underestimation of volumes secondary to foreshortening. 
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 The improved accuracy and reproducibility of this technique has also been demonstrated with real time (RT)-3DE  [  35  ] . 
RT-3DE has also been studied in conjunction with stress echocardiography, which is advantageous in that it provides shorter 
acquisition times with full volume datasets and reduced operator dependence  [  36  ] . However, the spatial resolution of the 
images is limited and frame rates are typically low at peak stress. Overall, this technique is time consuming, which limits 
its clinical use.  

   Myocardial Contrast Echocardiography 

 Myocardial contrast echocardiography (MCE) determines myocardia perfusion with continuous intravenous infusion of a 
contrast agent. MCE utilizes high-molecular-weight, inert gases that form microbubbles which can consistently traverse the 
pulmonary circulation after intravenous injection  [  37  ] . With echo contrast circulating in the myocardium, a pulse of high-
energy ultrasound breaks all microbubbles instantaneously. Reperfusion of LV then occurs and its timing and intensity can 
characterize blood flow to specific areas of the myocardium. 

 With this technique’s added potential for quantification, several clinical applications are possible. First, MCE can be used 
in the setting of chest pain to detect ACS and to assess adequacy of myocardial revascularization  [  38,   39  ] . Second, it can be 
used following stress echocardiography to identify myocardial ischemia, indicating obstructive coronary artery disease  [  40  ] . 
Third, assessing myocardial perfusion can determine whether the myocardial microcirculation is intact, differentiating 
viable, stunned, or hibernating myocardium from nonviable myocardium  [  41  ] .       
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   Introduction 

 Ischemic heart disease is one of the major causes of mortality and morbidity in men and women accounting for 34.3% 
(1 of every 2.9) deaths in the US in 2006  [  1  ] . Noninvasive imaging techniques of echocardiography, nuclear imaging, 
cardiac CT, and cardiac magnetic resonance imaging have played a major role in the evaluation and management of 
patients with ischemic heart disease. This chapter will focus on the role of nuclear imaging techniques in the evaluation of 
ischemic heart disease. We will discuss the clinical applications of the most commonly used nuclear imaging techniques 
of single-photon emission computed tomography (SPECT) and positron emission tomography (PET) in the evaluation of 
patients with known or suspected stable coronary artery disease (CAD), acute chest pain and acute coronary syndromes 
(ACS) (NSTEMI and STEMI), and chronic heart failure.  

   Stable CAD 

   Diagnostic Value of MPI 

 Conventionally, the diagnostic value of MPI in patients with stable CAD has been studied using >50% or >70% stenosis 
on invasive coronary angiography as a reference standard for CAD (i.e., the test was optimized for detection of obstructive 
epicardial CAD). However, coronary atherosclerosis is a continuum and even milder degrees of stenoses may be associated 
with perfusion abnormalities, particularly if associated with endothelial dysfunction. Quantitative assessment of absolute 
myocardial perfusion with PET MPI may be an ideal technique to assess abnormalities in myocardial perfusion related to 
either epicardial or microvascular dysfunction of the coronary arteries. 

  SPECT : The diagnostic value of SPECT MPI in the evaluation of patients with stable symptoms and suspected CAD is 
well known. In pooled analysis  [  2  ] , SPECT MPI showed a sensitivity of 87, 89% (exercise and vasodilator SPECT MPI) 
and a specificity of 73, 75% (exercise and vasodilator SPECT MPI), for the detection of obstructive epicardial CAD on 
invasive coronary angiography. For tests that are widely used in clinical practice, the sensitivity of the test can be overinflated 
and the specificity artificially lowered due to posttest referral bias  [  3  ] . This is because most patients are referred to an angio-
gram for the evaluation of an abnormal SPECT MPI thereby increasing test sensitivity and reducing test specificity. Hence, 
normalcy rates (percent of normal SPECT in patients with a low pretest likelihood of CAD), has been used as a useful sur-
rogate measure for specificity of SPECT MPI. The normalcy rate of SPECT MPI from pooled analysis is 91%  [  2  ] . 

 The other factor that can affect test specificity of SPECT MPI is attenuation artifacts. Gated SPECT is a useful tech-
nique to discriminate real defects from artifacts. This was initially demonstrated with gated Technetium 99m imaging 
compared to Thallium-201 imaging  [  4  ] . Indeed, several studies have demonstrated that attenuation correction improves test 
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specificity while maintaining test sensitivity  [  5–  8  ] . However, radionuclide attenuation correction for SPECT is not as 
 effective as with PET and hence not widely used. 

 More recently, SPECT/CT scanners are becoming available. Two studies of SPECT/CT MPI demonstrated improved 
specificity with no significant changes in sensitivity for SPECT MPI with CT attenuation correction (Fig.  4.1 )  [  9,   10  ] . Also, 
there has been a growth in fast SPECT scanners with Cesium Zinc Telluride (CZT, a semiconductor material) detectors. This 
detector material eliminates the step of scintillation, photomultiplier tubes, and the elaborate electronics required to convert 
the photon signal into imaging signal. These scanners are typically small foot print SPECT scanners that can complete the 
rest and stress imaging in 4–6 min, some of them incorporate CT attenuation correction. The CZT detectors have much 
higher sensitivity (count rich images) and with upright imaging have less interference with subdiaphragmatic activity, and 
protocols are much faster than with conventional scanners (Fig.  4.2 )  [  11  ] . Diagnostic accuracy of SPECT MPI with the fast 
scanners in relation to angiography is not reported; yet, the perfusion images with one of the fast SPECT scanners (DSPECT) 
have been shown to be concordant to the images with a conventional SPECT scanner  [  11  ] . Finally, with the advances in 
technology and the increasing availability of CT coronary angiography (CTCA), the diagnostic accuracy of MPI is increased 
by additional testing with CTCA in cases of equivocal SPECT or PET MPI test results (Fig.  4.3 ).    

 Last, there has been a heightened awareness among the imaging community and the patients about radiation burden 
related to medical imaging  [  12  ] . Dose estimates for a single day rest and stress Technetium-99 sestamibi are about 13 mSv 
and for a dual isotope rest Thallium-201 and stress Tc-99m sestamibi study at 25 mSv  [  12  ] . Several centers are proposing 
the use of stress only MPI in low-risk subjects and thereby reduce radiation dose to the patients. Stress only perfusion imag-
ing is also more feasible due to attenuation correction  [  13,   14  ] .A study of the prognostic value of stress only MPI showed 
that this technique can be safely used in select patients  [  15,   16  ] . In a study of 16,854 patients with normal Tc-99m SPECT 
(8,034 stress only, 8,820 stress and rest SPECT), all-cause mortality after 5 years of follow-up was similar between patients 
who underwent stress only compared to rest and stress MPI protocols  [  15  ] . Ultra-low-dose protocols are being developed 
and validated with the newer generation SPECT scanners. With one of the newer generation high sensitivity SPECT scan-
ners, studies are underway using 3 mCi of Technetium −99 m and longer duration of scan acquisition (rather than 10 mCi 
rest dose and a 4-min scan, use a 3 mCi rest dose and a 10-min scan). 

  PET : The last decade has evidenced a surge in the use of PET MPI. This is because, scanners are more widely available (for 
oncology applications) and a generator-produced radiotracer Rubidium-82 has made PET MPI feasible at sites without 
cyclotrons. PET MPI offers several advantages compared to SPECT MPI in the diagnostic evaluation of ischemic heart 
disease  [  17–  20  ] . PET images have higher resolution (spatial and temporal) and attenuation correction is accurate. Accurate 
attenuation correction (Fig.  4.4 ) improves diagnostic accuracy (due to high specificity) and makes possible absolute 
 quantification of myocardial blood flow, which is important for assessment of preclinical disease as well as balanced flow 

  Fig. 4.1    Rest and exercise stress Tc-99m SPECT MPI images in a 58-year-old male with atypical symptoms, demonstrate a fixed inferior wall 
defect (a). The attenuation corrected images (b) are normal confirming that the fixed inferior wall defect was likely related to attenuation artifact       
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  Fig. 4.2    ( a ) Rest and stress Tc99m SPECT images on a conventional dual headed SPECT scanner (rest imaging 14 min, stress imaging 12 min) 
with limited signal-to-noise ratio a small ventricle. ( b ) Tc99m SPECT images on the same patient imaged using a fast SPECT scanner (DSPECT, 
rest imaging 6 min, stress imaging 4 min) showing much better image resolution and signal-to-noise ratio       

  Fig. 4.3    Rest and stress Tc-99m SPECT images of a 67-year-old woman demonstrating a reversible inferior wall perfusion defect ( a ). Rest 
images were limited by subdiaphragmatic activity. The stress images were repeated in the prone position ( b ), with significant improvement in the 
inferior wall perfusion defect. The patient exercise 10 min on a standard Bruce protocol without ECG changes, but, experienced typical anginal 
symptoms. Hence, these findings were felt to be equivocal diagnostically and a CT coronary angiogram study was performed ( c ). These images 
confirmed severe stenosis in the proximal RCA that was subsequently confirmed on invasive angiography         
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Fig. 4.3 (continued)

reduction (balanced ischemia). Also, the short half-life of the radiotracers makes possible rapid protocols with reduction in 
radiation dose and peak-stress gating (peak-stress ejection fraction and regional myocardial wall motion abnormalities), 
which is helpful to identify multivessel CAD. However, PET MPI is expensive and not widely available. Phase 2 clinical 
studies are underway to evaluate a new perfusion tracer F-18 BMS  [  21  ] . This agent will be available as unit doses and has 
the potential to make PET MPI more widely available.  

 In pooled analyses, relative PETMPI with N-13 ammonia or Rubidium-82 demonstrated a sensitivity and specificity of 
90 and 89%, respectively, for the diagnosis of obstructive epicardial CAD (Table  4.1 )  [  2,   19  ] . In a study comparing patients 
undergoing PET MPI with radionuclide attenuation correction with patients undergoing non-attenuation corrected SPECT, 
diagnostic accuracy of PET MPI was higher due to the higher specificity of PET MPI  [  22  ] . Most of the current generation 
PET scanners are PET/CT scanners with CT-based attenuation correction. Sampson et al.  [  23  ]  demonstrated a high sensitiv-
ity (93%), specificity (83%), and normalcy rate (100%) with Rubidium-82 PET/CT MPI.  



674 Nuclear Imaging in Ischemic Heart Disease

 Quantitative PET MPI with N-13 ammonia or O-15 water has been used extensively in the evaluation of preclinical 
functional abnormalities in myocardial blood flow related to atherosclerotic heart disease and coronary risk factors.    Subjects 
with hypertension, left ventricular hypertrophy, diabetes  [  24  ] , dyslipidemia  [  25  ] , or smoking  [  26  ] , and women in postmeno-
pausal state demonstrate abnormalities in stress myocardial blood flow and coronary flow reserve independent of obstructive 
epicardial coronary artery stenoses  [  27–  29  ] . Also, subjects with nonischemic  [  30  ]  and hypertrophic cardiomyopathy  [  31  ]  
demonstrate abnormalities in MBF, which appear to be useful for risk assessment. Indeed, quantitative PET is more sensitive 
than quantitative coronary angiography in following changes in MBF in response to therapeutic interventions  [  28  ] .  

   Risk Stratification with MPI 

 Myocardial perfusion imaging with SPECT and PET MPI has significant prognostic value. The prognostic value of SPECT MPI 
has been demonstrated in well over 50,000 patients  [  2  ] . Perfusion defect size, severity, and location can be useful to determine 
risk of future events and therapy  [  32  ] . Likewise, the prognostic value of PET MPI has also been validated, albeit in only several 
thousands of patients (Table  4.2 )  [  17  ] . A normal SPECT  [  33  ]  or PET MPI  [  34  ]  portends excellent prognosis with <1%/year rate 
of cardiac death or nonfatal myocardial infarction, and an abnormal study is associated with higher event rates (Fig.  4.5 ). 

  Fig. 4.4    ( a ) Rest and stress Tc99m SPECT images with limited signal-to-noise ratio and a mildly reversible perfusion defect in the mid-anterior 
and anteroseptal walls, the apical anterior wall, septum, inferior wall, and apex. ( b ) Rubidium-82 PET images on the same patient with a clear 
cut mildly reversible perfusion defect in the same segments, but with much improved images quality (better signal-to-noise ratio)       

   Table 4.1    Summary of published literature regarding diagnostic accuracy of PET MPI (Adapted with permission from Di Carli et al.  [  19  ] )   

 First author  Stress agent  Patients  Women  Prior CAD  PET radiotracer  Sens  Spece  PPV  NPV  Accuracy 

 Sampson       Dipyridamole, Adenosine, 
Dobutamine 

 102  0.42  0   82 Rb  0.93  0.83  0.80  0.94  0.87 

 Bateman    Dipyridamole  112  0.46  0.25   82 Rb  0.87  0.93  0.95  0.81  0.89 
 Marwick    Dipyridamole + Hand grip  74  0.19  0.49   82 Rb  0.90  1  1  0.36  0.91 
 Gover-Mckay    Dipyridamole + Hand grip  31  0.01  0.13   82 Rb  1  0.73  0.80  1  0.87 
 Stewart    Dipyridamole  81  0.36  0.42   82 Rb  0.83  0.86  0.94  0.64  0.84 
 Go    Dipyridamole  202  NR  0.47   82 Rb  0.93  78  0.93  0.80  0.90 
 Demer    Dipyridamole  193  0.26  0.34   82 Rb/ 13 NH 

3
   83  0.95  0.98  0.60  0.85 

 Tamaki    Supine Bike  51  NR  0.75   13 NH 
3
   0.98  1  1  0.75  0.98 

 Gould    Dipyridamile + Hand grip  31  NR  NR   82 Rb/ 13 NH 
3
   0.95  1  1  0.90  0.97 

 Weighted summary  877  0.29  0.35  0.90  0.89  0.94  0.73  0.90 

   Sens  Sensitivity;  Spec  Specificity;  PPV  positive predictive value;  NPV  negative predictive value;   82   Rb  Rubidium 82;   13   NH  
 
3

 
  N-13 ammonia 

  a  Study using PET/CT (where CT is used for attenuation correction only)  
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The warranty period of a normal SPECT MPI is approximately 1–2 years, and lower in patients with diabetes (especially female 
diabetics), older individuals, and in those undergoing pharmacological SPECT  [  35  ] . Also, subjects with a submaximal heart rate 
response to exercise, known CAD, are unable to exercise and undergo pharmacological stress MPI, have diabetes, or older age 
may have an event rate of 1–2% despite a normal MPI. In contrast, a severely abnormal SPECT or PET MPI is associated with 
the worst outcomes, while those with mild and moderately abnormal SPECT or PET MPI have intermediate outcomes  [  17  ] .    

   MPI to Guide Clinical Management 

 The results of SPECT or PET MPI can be used to guide patient management. For instance, patients with abnormal MPI 
can undergo aggressive risk factor modification or revascularization may be considered. There is evidence from large 
observational studies that patients with significant ischemic burden (>10%) do better with coronary revascularization than 
with optimal medical therapy (OMT) alone  [  36  ] . However, in the recent COURAGE study, which included select patients 
with stable CAD, percutaneous coronary intervention (PCI) did not reduce the risk of death, myocardial infarction, or other 
major cardiovascular events when added to OMT  [  37  ] . In a subset of patients that underwent SPECT MPI at baseline and 
at 18 months, PCI + OMT significantly reduced ischemia compared to OMT alone, with the greatest benefit in patients with 
at least moderate to severe baseline ischemic burden (>10% ischemic myocardium)  [  38  ] . Exploratory analyses revealed that 
ischemic burden of <5% at follow-up was associated with improved risk. However, larger randomized controlled studies are 
required to study whether reduction in ischemia to <5% with therapy translates into a prognostic benefit. 

 The changes in management based on scan results are more controversial in patients with normal MPI. Since perfusion 
defects on stress MPI detect obstructive epicardial CAD, extensive coronary atherosclerosis may exist in the absence of 
ischemia. Indeed, all of the existing techniques that rely on ischemia detection underestimate anatomic atherosclerosis bur-
den. Several studies wherein patients underwent both an MPI and calcium score have underscored the diagnostic value of 
calcium score in identifying calcified atherosclerosis burden in patients with normal MPI  [  39–  42  ] . In the presence of exten-
sive coronary artery calcification (Agatston calcium score >400), almost 45% of the patients demonstrate ischemic MPI scans 
 [  39–  42  ] . Furthermore, the findings of the several studies suggest that, patients with normal SPECT MPS and high calcium 
score (Fig.  4.6 ) have a low short-term risk and an intermediate long-term risk compared to patients with normal MPI and no/
minimal coronary artery calcium  [  43,   44  ] . Also, several studies suggest that the presence of high coronary artery calcification 
may influence patient behavior  [  45  ]  or physician practice with greater medication use to modify risk factors  [  46,   47  ] .  

 Quantitative PET has been used in several research studies to evaluate progression or regression of atherosclerosis in 
response to therapeutic interventions  [  29,   48,   49  ]  Indeed, Gould et al.  [  48  ]  demonstrated that in patients with dyslipidemia 
treated with aggressive risk factor modification (life style changes and medications), quantitative PET is superior to quan-
titative coronary angiography in identifying response to therapy. This is because, small changes in atherosclerosis (not easily 
evident on coronary angiography) may translate into much larger changes in myocardial blood flow that is easily imaged 
using quantitative PET imaging.  

  Fig. 4.5    The prognostic value of SPECT (A) and PET (B) MPI to determine survival free of cardiac death or myocardial infarction is shown 
(Figures adapted and reproduced with permission from Hachamovitch et al.  [  33  ]  and Dorbala et al.  [  34  ] )       
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   Cost Effectiveness 

 SPECT MPI has been demonstrated to be cost effective in the evaluation of patients with chronic stable angina (Figs.  4.7a, b ). 
In a retrospective case-controlled study from four countries (France, Germany, Italy, and the United Kingdom), the EMPIRE 
study found that when considering exercise ECG, MPI, and coronary angiography, a strategy including MPI was cheaper and 
at least as effective compared to strategies not including MPI  [  50  ] . In another study, the END study  [  51  ] , 11,249 consecutive 
patients with stable angina patients were included and a strategy of initial medical therapy with MPI-guided coronary angiog-
raphy was compared to a strategy of direct coronary angiography. The study cohorts were matched by pretest probability of 
CAD and diagnostic (SPECT, coronary angiography) and follow-up (late PCI and CABG) costs were  evaluated. The END 
study established that initial diagnostic costs as well as follow-up evaluation costs are significantly lower with a strategy of 
initial medical therapy with MPI-guided coronary angiography compared to a strategy of direct coronary angiography, with 
no differences in outcomes. Patterson et al.  [  52  ]  performed a cost-effectiveness decision modeling analysis of exercise ECG, 
SPECT MPI, PET MPI, and coronary angiography. In that study, SPECT MPI had a lower cost per unit effectiveness 

  Fig. 4.6    Rest and dipyrida-
mole stress Rubidium-82 
PET images in a 52-year-old 
male with dyslipidemia and a 
family history of premature 
atherosclerosis. The rest and 
stress perfusion was normal. 
However, the calcium score 
study demonstrated extensive 
coronary artery calcifi cation       
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 compared to exercise ECG test over a wide range of pretest probabilities of CAD. However, PET MPI had the lowest cost-
per-effectiveness or cost-per-utility unit in patients with intermediate pretest likelihood of CAD (pretest likelihood of 0.70) 
while coronary angiography was most cost-effective in patients with >90% probability of CAD  [  52  ] . Also, in a group of 
intermediate risk subjects, Merhige et al.  [  53  ]  showed that the downstream costs of evaluation following a PET MPI are lower 
than SPECT (at their institution) and lower than that reported with SPECT MPI from the END study. Coronary angiography 
was performed in 13% PET MPI patients vs. 31.4% of SPECT MPI patients and CABG rates were 50% lower in the PETMPI 
group compared to SPECT. PET MPI was cost neutral compared to SPECT MPI for diagnosis of CAD. However, costs of 
downstream revascularization were lower by 52 and a 30% reduction in overall costs with PET MPI with no differences in 
outcomes of cardiac mortality or acute MI. Last, resource utilization with various imaging tests in the contemporary era is 
the focus of the SPARC study  [  54  ] . The results of this study will illustrate the utility of various imaging tests (SPECT, PET, 
CTA, or hybrid SPECT or PET with CTA) in the evaluation of patients with intermediate pretest likelihood of CAD.    

   Acute Chest Pain 

 In this section we will evaluate the role of MPI in the evaluation of patients with suspected ACS, diagnosed ACS, and post-
MI risk stratification. 

   Diagnostic Evaluation of Patients in the Emergency Room with Chest Pain 

 Several protocols have been tried to evaluate patients presenting to the emergency room for acute chest pain and ECG changes and 
enzymes nondiagnostic for ACS. A few of these protocols include acute chest pain injection and imaging, rest and stress imaging 
in patients wherein an ACS has been excluded, and more recently, the use of tracers to image myocardial ischemic memory 
(BMIPP). Acute chest pain injection was originally performed in 1979 using Thallium-201  [  55  ] , but, the rapid redistribution of this 
tracer, limited its use. Rest Technetium injection during chest pain is much more sensitive than ECG  [  56  ]  and can be helpful in 
patients with nondiagnostic ECG’s  [  57  ] . Kontos et al.  [  58  ]  showed that in patients presenting to the emergency room, acute chest 
pain imaging is sensitive tool to identify CAD in patients with nondiagnostic ECG and more sensitive than the initial troponin value 
(92 vs. 39%) in predicting ACS (maximal troponin value had a sensitivity equivalent to SPECT, but at a much later time point) 
 [  59  ] . Indeed chest pain imaging studies have a very high negative-predictive value (>99%) for ruling out MI  [  60–  63  ] . However, in 
patients with a negative rest/chest pain study, it may be important to perform a stress study to exclude epicardial CAD. 

 Chest pain imaging in the emergency room has been shown to be cost effective with similar outcomes  [  64  ]  and helpful to 
make better triage decisions. Udelson et al.  [  65  ]  studied how acute chest pain imaging would affect emergency department 
triage decisions when incorporated into usual care. In this study, acute Technetium-9m sestamibi imaging reduced unnecessary 

  Fig. 4.7    ( a ) Results from the END study. ( b ) Results from the EMPIRE study. In both of these studies a strategy involving myocardial 
perfusion imaging followed by cath if necessary was less expensive than a strategy of direct cath (coronary angiography), with similar outcomes. 
( b ) A strategy including imaging was cost-effective compared to a strategy of direct cath or a strategy of ECG testing and cath (Figures reproduced 
with permission from Shaw et al.  [  51  ]  and Underwood et al.  [  50  ] )       
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hospitalizations (52% in the usual care group vs. 42% in the acute chest pain imaging arm,  P  < 0.01) among patients without 
acute ischemia, without reducing appropriate admission of patients with acute ischemia and improved the overall clinical effec-
tiveness of the triage process in the emergency room. The acute chest pain protocol works well during regular hours, but can 
be cumbersome after hours (need an on-call technologist, injection of the radiotracer as soon as possible after the chest pain, 
not useful in patients with known CAD or ECG evidence of prior MI) and hence is not frequently used. A widely used strategy 
for ED patients with chest pain is to exclude ACS (history, ECG and troponin levels), and then perform rest stress imaging. 

 Lately, with the growth in CTCA, there is an interest in using CTCA for the evaluation of low-risk patients presenting to 
the ED with chest pain so as to make expeditious discharge decisions  [  66  ] . In the ROMICAT study, about 50% of the 
patients had no CAD, 31% had nonobstructive disease and 19% had inconclusive studies or severe stenosis on CTCA. In 
another study  [  67  ] , low-risk patients presenting with chest pain to the emergency room were randomized to undergo stan-
dard of care (SOC) including SPECT MPI ( N  = 98) vs. CTCA ( N  = 989). Overall, 24% of the patients in the CTCA group 
had intermediate coronary disease or nondiagnostic scans requiring follow-up nuclear testing. In patients randomized to the 
CTCA arm, there were fewer direct discharges from the ED (88 vs. 97%,  P  = 0.03), and greater in-hospital diagnostic cath-
eterization (11 vs. 3%,  P  = 0.03) with no significant differences in 30 days or 6 months major adverse cardiac events. 
However, the overall costs in the patients randomized to the CTCA arm ($1,586 (1,413–2,059)) were higher than the costs 
in the SOC arm ($1,872 (1,727–2,069)),  P  < 0.001. 

 Finally, imaging of ischemic memory using 15-p-[ 123 I]iodophenyl-3-(R,S)-methylpentadecanoic acid (BMIPP) has been 
attempted to identify an episode of acute ischemia. BMIPP is a fatty acid analogue that provides a means of measuring 
myocardial fatty acid utilization in vivo. Ischemic myocardium can experience metabolic stunning and switch from fatty 
acid to glucose metabolism that may last upto 30 h after an ischemic insult; BMIPP imaging in this context can demonstrate 
corresponding metabolic defects (Fig.  4.8 ). Dilsizian et al.  [  68  ]  studied 32 patients with exercise-induced ischemia, and 
found a 91% agreement between the early BMIPP and the thallium imaging for the presence or absence of a scintigraphic 
abnormality (95% CI, 75–98), with no significant difference between the same day or next day BMIPP imaging. There was 
excellent correlation between the defect size and severity in Thallium images compared to BMIPP images. These findings 
suggest that BMIPP can successfully image the suppression of fatty acid metabolism after exercise-induced ischemia at least 
up to 30 h after an ischemic episode, a distinct advantage compared to acute chest pain injection.    

   MPI in Patients with Acute MI 

   Post-MI Risk Stratification 

 MPI has been used widely for post-MI risk stratification prior to discharge from the hospital. The presence of reversible 
defects in either the infarct or non-infarct area, number of reversible defects, increased radiotracer uptake in the lung, 
and LVEF are known determinants of outcome following a MI and are well evaluated using an MPI study  [  69,   70  ] . The 

  Fig. 4.8    Stress and 
redistribution Thallium-201 
images demonstrating a 
reversible inferior wall 
perfusion defect ( left ) and the 
early and late BMIPP images 
( right ) obtained 12 h later 
demonstrating a correspond-
ing defect in myocardial fatty 
acid utilization (Figure 
reproduced with permission 
from Dilsizian et al.  [  68  ] )       
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above features on a submaximal exercise with planar Thallium scintigraphy identified patients at high risk of future 
events  [  71  ] . 

 In patients that are unable to exercise dipyridamole Thallium imaging can provide excellent risk stratification  [  72  ] . 
Dipyridamole SPECT MPI has been shown to be safe in individuals with an uncomplicated MI. In a multicenter study 
 [  69  ] , 451 patients were randomized to early post-MI dipyridamole study (48–96 h later) followed by a submaximal exercise 
imaging study (6–12 days later) ( N  = 339) or a submaximal exercise imaging study (6–12 days later) ( N  = 112). This study 
confirmed prior observations that early post-MI dipyridamole imaging is safe and that the imaging results provide similar 
or improved risk stratification as compared to the predischarge submaximal exercise study. 

 In the current era of primary PCI, post-MI risk stratification with MPI is being used predominantly for individuals who receive 
thrombolytics, individuals presenting late after an MI (Fig.  4.9 ), those with suboptimal results of intervention of the infarct related 
artery or to evaluate patients with residual disease in the non-infarct related coronary artery  [  73  ] . A submaximal exercise test can 
be used for assessment of functional capacity following an MI. But, if the goal is to assess for ischemia in territories of residual 
disease or incomplete revascularization, in a post-MI patient, a vasodilator SPECT study (maximal hyperemia) is preferred.  

 Rest left ventricular ejection fraction  [  74  ] , left ventricular end systolic volume, and infarct size are important predictors 
of 6-month mortality in a post-MI patient  [  75  ] . Prior to SPECT imaging, radionuclide angiography had been used in 
conjunction with submaximal exercise treadmill testing to assess LVEF and volumes  [  74,   76  ] . Presently, LVEF and volumes 
are obtained routinely on SPECT MPI study and remain valuable risk determinants in the post-MI patient. 

 Finally, the INSPIRE  [  77,   78  ]  study included 728 patients who underwent a rest and adenosine stress MPI (1–10 days 
after hospitalization for an uncomplicated MI)and were then randomized to intensive medical therapy or coronary angiog-
raphy with an intent to revascularization. Patients with large ischemic defects (>10% of the ventricle) and LVEF >35% on 
the baseline study were included in this analysis. A follow-up scan was performed after optimization of therapy (median of 
62 days after initial scan).In this study, a reduction in ischemic burden was achieved in ~80% of patients (similar between 
the medical therapy and revascularization arms) without significant differences in 1-year outcomes between medical therapy 
and revascularization cohorts. Sequential adenosine sestamibi myocardial perfusion tomography effectively monitored 
changes in scintigraphic  ischemia (LV perfusion defect size, 33.1 ± 8.9–16.1 ± 11%,  P  < 0.0001). Both groups (anti-ischemic 
medical or coronary revascularization therapy) demonstrated comparable (−16.2 ± 10 vs.−17.8 ± 12%), but highly significant 
reductions in total and ischemia LV defect sizes. The authors concluded that a strategy of intensive medical therapy was 
comparable to coronary revascularization for suppressing ischemia in stable patients after acute infarction with preserved 
LV function. 

  Fig. 4.9    A 72-year-old male presented with rest chest pain for 2 weeks and a troponin of 2.0. Echocardiography demonstrated akinetic anterior 
and septal walls and a left ventricular ejection fraction of 30%. Coronary angiography demonstrated an occluded mid-LAD artery, with severe 
disease in the left circumflex and the right coronary arteries. He was referred for a myocardial viability assessment prior to coronary artery bypass 
surgery. The rest Rubidium-82 perfusion images showed nearly normal perfusion in the entire left ventricle. A dipyridamole stress test was per-
formed. The dipyridamole stress and rest images demonstrated significant reversibility in the entire anteroseptal wall, the mid- and apical anterior 
walls, the apical inferior and lateral walls, and the LV apex (mid-LAD distribution). There was transient cavity dilation of the left ventricle on the 
post-stress images. Resting LVEF was 28% and the EF declined to 23% on dipyridamole stress images       
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      Assessment of Myocardial Viability with SPECT and PET Imaging 

 The most common cause of left ventricular systolic dysfunction is coronary heart disease. Myocardial scarring from infarc-
tion can result in irreversible systolic dysfunction. However, in some patients with CAD, left ventricular systolic dysfunction 
can improve with revascularization and has been termed as hibernating myocardium. Viable myocardium can be assessed 
by studying myocardial perfusion, myocardial contractile reserve (in response to low dose inotropic stimulation with dobu-
tamine), myocardial metabolism, or myocardial scar. 

   Myocardial Perfusion 

 The radiotracers used for imaging myocardial perfusion are intracellular agents and therefore, the presence of myocardial 
perfusion (tracer uptake) is consistent with viable myocardium. The negative predictive value of a normal resting myocardial 
perfusion study for excluding ischemic cardiomyopathy is high ~100%  [  2  ] . However, these patients should undergo a stress 
test to evaluate for ischemic burden and exclude underlying ischemia (and stunning) as a cause of their heart failure symp-
toms and left ventricular systolic dysfunction. In contrast, when perfusion is abnormal, the positive predictive value of an 
abnormal MPI to diagnose underlying ischemic cardiomyopathy is only ~40–50%  [  2  ] . This is because perfusion defects and 
regional wall motion abnormalities may be seen in individuals with cardiomyopathy from other etiologies, such as infiltra-
tive heart disease, granulomatous disease, or myocarditis  [  2  ] . Also, in patients with reduced myocardial perfusion, quantita-
tive evaluation of radiotracer uptake on myocardial perfusion images can be a useful guide for differentiating viable from 
nonviable myocardium. Studies have shown that segments of the myocardium with <40% peak tracer activity are unlikely 
to recover function, whereas the likelihood of recovery of function is higher in segments with >50% peak tracer uptake  [  79  ] . 
It has been shown that viability in moderate to severe myocardial perfusion defects is best evaluated by Thallium redistribu-
tion imaging or metabolic assessment  [  80,   81  ] . Some investigators have used nitroglycerin (spray or sublingually) prior to 
injection of rest radiotracer  [  82  ]  to improve detection of viable segments, likely due to improved radiotracer delivery 
through collateral flow, or low dose dobutamine to improve the diagnostic accuracy of perfusion imaging  [  83  ] .  

   Myocardial Metabolism 

 PET is the current gold standard test to study myocardial metabolism. Typically, myocardial metabolism images (F-18 
labeled fluoro-deoxy glucose) are compared to rest myocardial perfusion. If the rest perfusion is normal, it confirms myo-
cardial viability and an FDG study is not needed. Although not optimal, at institutions without access to PET perfusion 
tracers, N-13 ammonia or Rubidium-82, MPI with Technetium-99m SPECT can be compared to FDG imaging using 
SPECT with high energy collimation or PET. 

 F-18 FDG, an FDA approved PET radiotracer is used clinically for the assessment of myocardial glucose metabolism. 
Normal myocardium predominantly uses free fatty acids in the fasting state and glucose in the postprandial state for its 
metabolic needs. In contrast, ischemic/hibernating myocardium preferentially uses glucose both in the fasting and glucose 
loaded states. Scarred myocardium demonstrates no glucose uptake, since the myocytes are not metabolically active. 
Reduced blood flow with normal or increased glucose utilization (mismatch pattern), signifies viable and hibernating 
myocardium, and portends a high probability of improvement following revascularization (Fig.  4.10 ). In contrast myocardial 
segments with reduced blood flow and decreased glucose utilization (matched defect) are consistent with scar tissue with a 
low likelihood of recovery of function post-revascularization (Fig.  4.10 ).    

   Diagnostic Value of FDG PET for Viability Assessment 

 Myocardial perfusion abnormalities lead to abnormalities in myocardial metabolism that result in contractile dysfunction 
 [  84  ] . Since perfusion and metabolic abnormalities precede contractile dysfunction  [  84  ] , they are more sensitive to detect 
viability than techniques relying on contractile reserve  [  85  ] . Using  perfusion imaging  with PET, the average positive predic-
tive accuracy for predicting functional recovery after revascularization was 63% (range 45–78%), with an average negative 
predictive value of 63% (range 45–100%). FDG PET has a pooled sensitivity 88% (range 73–100%) and a pooled specificity 
0f 73% (range 33–100%) to identify viable myocardium  [  86  ] . Using the patterns of  perfusion metabolism mismatch and 
match  to indicate recovery of function or not, respectively, the average positive predictive value for predicting improvement 
in segmental function after revascularization was 76% (range 52–100%), whereas the average negative predictive value was 
82% (range 67–100%)  [  86  ] . In contrast, low dose dobutamine echocardiography, a technique relying on assessment of con-
tractile reserve is less sensitive and more specific than FDG PET (sensitivity 84% and specificity of 81%)  [  86  ]  and low dose 
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dobutamine echocardiography  [  85  ]  at predicting improvement in regional function following revascularization. When com-
pared to other techniques, overall, FDG PET appears to be slightly more accurate. Last, the predictive value of viability 
imaging appears to be lowest in patients with LVEF <30%  [  87  ] .  

   Prognostic Value of FDG PET Imaging 

 At present we lack large randomized clinical trials evaluating the value of revascularization based on viability assessment in 
individuals with left ventricular systolic dysfunction. However, several studies (albeit retrospective) have demonstrated the 
value of FDG PET imaging in predicting improvement in left ventricular ejection fraction, heart failure symptoms, functional 
status, and survival following revascularization. Patients with PET mismatch pattern and subsequent revascularization had 
significantly lower mortality rates compared to those with nonviable or viable but non-revascularized territories  [  88–  91  ] . 

 In addition to viability, suitable coronary anatomy and good distal target vessels influence post-revascularization recov-
ery of function. A large magnitude of viable myocardium (mismatch >17% of the left ventricle) as well as a small scar 
burden portend good recovery of LVEF. In contrast, extensive remodeling of the left ventricle (left ventricular end diastolic 
dimension >7 cm, left ventricular end systolic volume index of >100 mL/m 2 ) is associated with postoperative mortality and 
heart failure. Also, a delay is revascularization after the diagnosis of viable and hibernating myocardium was shown to be 
associated with a high mortality rate and absence of improvement in left ventricular function following revascularization.    

   Clinical Applications/Guidelines Appropriate Use Criteria 

 The ACC/AHA/ASNC have published guidelines for the use of radionuclide imaging in patients with suspected ACS 
(Table  4.3 ), following an STEMI (Table  4.4 ), following a NSTEMI or unstable angina (Table  4.5 ), for the assessment of 
myocardial viability (Table  4.6 ), indications for SPECT MPI (Table  4.7 ), and indications for PET MPI (Table  4.8 ). The more 

  Fig. 4.10    Rest Rubidium-82 and F-18 FDG PET images of two patients with a severe resting perfusion defect in the mid- and apical anterior 
walls and apex are shown. Patient 1 ( a ) demonstrated significantly increased FDG uptake (mismatched defect, consistent with hibernating myo-
cardium), in these segments, while, Patient 2 ( b ), demonstrated a matched reduction in FDG utilization (matched defect, consistent with transmu-
ral scar)       
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   Table 4.3    Recommendations for emergency department imaging for suspected ACS (Reproduced with permission from Klocke et al.  [  2  ] )   

 Indication  Test  Class  Level of evidence 

 Assessment of myocardial risk in possible ACS patients with nondiagnostic 
ECG and initial serum markers and enzymes, if available 

 Rest MPI  I  A 

 Diagnosis of CAD in possible ACS patients with chest pain with nondiagnostic 
ECG and negative serum markers and enzymes or normal resting scan 

 Same day rest/stress 
perfusion imaging 

 I  B 

 Routine imaging of patients with myocardial ischemia/necrosis already 
documented clinically, by ECG and/or serum markers or enzymes 

 Rest MPI  III  C 

  See Figure 6 of ACC/AHA 2002 Guideline update for the management of patients with unstable angina and non-ST-segment elevation myocardial 
infarction at   http://www.acc.org/clinical/guidelines/unstable/incorporated/figure6.htm     and Figure 1 of ACC/AHA Guidelines for the Management 
of Patients with Acute Myocardial Infarction at   www.acc.org/clinical/guidelines/nov96/1999/jac1716f01.htm     
 ACS indicates acute coronary syndromes; CAD, coronary artery disease; ECG, electrocardiogram; and MPI, myocardial perfusion imaging  

   Table 4.4    Recommendations for use of radionuclide testing in diagnosis, risk assessment, prognosis, and assessment of therapy after acute 
STEMI (Reproduced with permission from Klocke et al.  [  2  ] )   

 Patient subgroup(s)  Indication  Test  Class 
 Level of 
evidence 

 All  Rest LV function  Rest RNA or ECG-gated SPECT  I  B 

 Thrombolytic therapy 
without catheterization 

 Detection of inducible ischemia and 
myocardium at risk 

 Stress MPI with ECG-gated 
SPECT whenever possible 

 I  B 

 Acute STEMI  Assessment of infarct size and residual viable 
myocardium 

 MPI at rest or with stress using 
gated SPECT 

 I  B 

 Assessment of RV function with suspected RV 
infarction 

 Equilibrium or FPRNA  IIa  B 

   ECG  electrocardiography;  FPRNA  first-pass radionuclide angiography;  LV  left ventricular;  MPI  myocardial perfusion imaging;  RNA  radionuclide 
angiography;  RV  right ventricular;  SPECT  single-photon emission computed tomography; and  STEMI  ST-segment elevation myocardial 
infarction  

   Table 4.5    Recommendations for use of radionuclide testing for risk assessment/prognosis in patients with NSTEMI and UA (Reproduced with 
permission from Klocke et al.  [  2  ] )   

 Indication  Test  Class  Level of Evidence 

 Identification of inducible ischemia in the distribution of the “culprit 
lesion” or in remote areas in patients at intermediate or low risk for 
major adverse cardiac events 

 Stress MPI with ECG gating 
whenever possible 

 I  B 

 Identification of the severity/extent of inducible ischemia in patients 
whose angina is satisfactorily stabilized with medical therapy or in 
whom diagnosis is uncertain 

 Stress MPI with ECG gating 
whenever possible 

 I  A 

 Identification of hemodynamic significance of coronary stenosis after 
coronary arteriography 

 Stress MPI  I  B 

 Measurement of baseline LV function  RNA or gated SPECT  I  B 
 Identification of the severity/extent of disease in patients with ongoing 

suspected ischemia symptoms when ECG changes are not diagnostic 
 Rest MPI  IIa  B 

   ECG  electrocardiography;  LV  left ventricular;  MPI  myocardial perfusion imaging;  RNA  radionuclide angiography; and  SPECT  single-photon 
emission computed tomography  

   Table 4.6    Recommendations for the use of radionuclide techniques to assess myocardial viability (Reproduced with permission from Klocke et al.  [  2  ])    

 Indication  Test  Class  Level of Evidence 

 Predicting improvement in regional and 
global LV function after revascularization 

 Stress/redistribution/reinjection  201 Tl  I  B 
 Rest-redistribution imaging  I  B 
 Perfusion plus PET FDG imaging  I  B 
 Resting sestamibi imaging  I  B 
 Gated SPECT sestamibi imaging  IIa  B 
 Late  201 Tl redistribution imaging (after stress)  IIb  B 
 Dobutamine RNA  IIb  C 
 Postexercise RNA  IIb  C 
 Postnitroglycerin RNA  IIb  C 

(continued)
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 Indication  Test  Class  Level of Evidence 

 Predicting improvement in heart failure 
symptoms after revascularization. 

 Perfusion plus PET FDG imaging  IIa  B 

 Predicting improvement in natural history 
after revascularization 

  201 Tl imaging (rest-redistribution and stress/
redistribution/reinjection) 

 I  B 

 Perfusion plus PET FDG imaging  I  B 

   FDG  flurodeoxyglucose;  PET  positron emission tomography;  RNA  radionuclide angiography;  SPECT  single-photon emission computed tomog-
raphy; and   201   Tl  thallium-201  

Table 4.6 (continued)

   Table 4.7    Indications for myocardial perfusion imaging: SPECT (Reproduced with permission from Klocke et al.  [  2  ] )   

 Myocardial perfusion SPECT  Class  Level 

  Stable coronary syndromes  
 Cardiac stress myocardial perfusion SPECT in patients able to exercise: Recommendations for diagnosis of patients with an intermediate 

likelihood of CAD and/or risk stratification of patients with an intermediate or high likelihood of CAD who are able to exercise (to at 
least 85% of maximal predicted heart rate) 

 Exercise myocardial perfusion SPECT to identify the extent, severity, and location of ischemia in patients who do not have 
LBBB or an electronically paced ventricular rhythm but do have a baseline ECG abnormality that interferes with the 
interpretation of exercise-induced ST-segment changes (ventricular preexcitation, LVH, digoxin therapy, or more than 
1-mm ST depression) 

 I  B 

 Adenosine or dipyridamole myocardial perfusion SPECT in patients with LBBB or electronically paced ventricular rhythm  I  B 
 Exercise myocardial perfusion SPECT to assess the functional significance of intermediate (25–75%) coronary lesions  I  B 
 Exercise myocardial perfusion SPECT in patients with intermediate Duke treadmill score  I  B 
 Repeat exercise myocardial perfusion imaging after initial perfusion imaging in patients whose symptoms have changed to 

redefine the risk for cardiac event 
 I  C 

 Exercise myocardial perfusion SPECT at 3–5 years after revascularization (either PCI or CABG) in selected high-risk 
asymptomatic patients 

 IIa  B 

 Exercise myocardial perfusion SPECT as the initial test in patients who are considered to be at high risk (patients with 
diabetes or patients otherwise defined as having a more than 20% 10-year risk of a coronary heart disease event) 

 IIa  B 

 Repeat exercise myocardial perfusion SPECT 1–3 years after initial perfusion imaging in patients with known or a high 
likelihood of CAD and stable symptoms and a predicted annual mortality of more than 1% to redefine the risk of a 
cardiac event 

 IIb  C 

 Repeat exercise myocardial perfusion SPECT on cardiac active medications after initial abnormal perfusion imaging to 
assess the efficacy of medical therapy 

 IIb  C 

 Exercise myocardial perfusion SPECT in symptomatic or asymptomatic patients who have severe coronary calcification 
(CT coronary calcium score more than the 75th percentile for age and sex) in the presence on the resting ECG of 
preexcitation (Wolff–Parkinson–White syndrome) or more than 1 mm ST-segment depression 

 IIb  B 

 Exercise myocardial perfusion SPECT in asymptomatic patients who have a high-risk occupation  IIb  B 

 Cardiac stress myocardial perfusion SPECT in patients unable to exercise: Recommendations for diagnosis of patients with an intermediate 
likelihood of CAD and/or risk stratification of patients with an intermediate or high likelihood of CAD who are unable to exercise 

 Adenosine or dipyridamole myocardial perfusion SPECT to assess the functional significance of intermediate (25–75%) 
coronary lesions 

 I  B 

 Adenosine or dipyridamole myocardial perfusion SPECT to identify the extent, severity, and location of ischemia  I  B 
 Adenosine or dipyridamole myocardial perfusion SPECT after initial perfusion imaging inpatients whose symptoms have 

changed to redefine the risk for cardiac event 
 I  C 

 Adenosine or dipyridamole myocardial perfusion SPECT at 3–5 years after revascularization (either PCI or CABG) in 
selected high-risk asymptomatic patients 

 II  B 

 Adenosine or dipyridamole myocardial perfusion SPECT as the initial test in patients who are considered to be at high 
risk (patients with diabetes or patients otherwise defined as having a more than 20% 10-year risk of a coronary heart 
disease event) 

 II  B 

 Dobutamine myocardial perfusion SPECT in patients who have a contraindication to adenosine or dipyridamole  II  C 
 Repeat adenosine or dipyridamole myocardial perfusion imaging 1–3 years after initial perfusion imaging in patients with 

known or a high likelihood of CAD and stable symptoms, and a predicted annual mortality of more than1%, to redefine 
the risk of a cardiac event 

 IIb  C 

 Repeat adenosine or dipyridamole myocardial perfusion SPECT on cardiac active medications after initial abnormal 
perfusion imaging to assess the efficacy of medical therapy 

 IIb  C 

 Adenosine or dipyridamole myocardial perfusion SPECT in symptomatic or asymptomatic patients who have severe 
coronary calcification (CT coronary calcium score more than the 75th percentile for age and sex) in the presence on the 
resting ECG of LBBB or an electronically paced ventricular rhythm 

 IIb  B 

 Adenosine or dipyridamole myocardial perfusion SPECT in asymptomatic patients who have a high-risk occupation  IIb  C 
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recent appropriate use criteria suggest that the use of radionuclide imaging (SPECT and PET) may be appropriate in specific 
scenarios. These documents are general guidelines and individual clinical judgment is recommended when evaluating spe-
cific patients and the appropriateness of the test used.            
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        Coronary Artery Evaluation with CT Angiography 

   Techniques 

 Many technical challenges must be overcome to achieve reliable visualization of the coronary arteries. The epicardial coronary 
artery lumen is typically 1.5–4.5 mm in diameter, and these vessels move throughout systole and diastole. 

   Suspend Respiratory Motion, Gate CT Images 

 During CCTA, coronary motion is limited by both suspending respiratory motion and gating the CT image acquisition to 
the electrocardiogram (ECG). These gated CT images are acquired at prescribed time periods within the cardiac cycle. The 
ability of a specific CT scanner to stop coronary motion relates to its temporal resolution (TR), which is similar to the shutter 
speed of a camera. TR, expressed in milliseconds, is the time required to create a single image within the cardiac cycle. 

 Figure  5.1  shows that 165 ms is needed for a single-source, 64-slice scanner, and only 83 ms is required when using a 
faster, dual-source, 64-slice scanner. No current CT scanner is considered “real time” ( <50 ms temporal resolution), which 
is necessary to capture coronary motion for an image taken any time throughout the cardiac cycle. As a result, the patient’s 
heart rate is often slowed with beta blockers  [  1  ] , and the scanner with the fastest TR is used. This improves image data by 
showing a relatively motionless coronary artery.   

   Good Spatial Resolution Needed for Small Vessels 

 In addition to the fastest TR, small coronary arteries require the best spatial resolution possible to discriminate between 
various degrees of stenosis severity and to distinguish the edge of plaque from the vessel wall. Submillimeter spatial resolu-
tion down to 0.3 mm is possible with the most advanced CT scanners  [  2  ] . This is particularly important because coronary 
calcium is a frequent component of coronary plaque. The CT image created of calcium “blooms” much larger than its 
actual dimension measured on a pathology specimen  [  3  ] . Better spatial resolution results in less “blooming” of calcium 
that may obscure the coronary lumen. 

 Data acquired with CCTA are reconstructed in a digital pixel volume with equal dimensions isovolumetric voxel. 
The reconstructed data are displayed with software allowing a multidimensional or multiplanar view of the coronary 
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 arteries (Fig.  5.2 ). Better spatial resolution means smaller voxel size, but that requires more signal from intravascular 
 contrast and/or less noise from more effective or higher radiation exposure  [  2,   3  ] .   

   Value in Shorter Scans 

 It is useful to visualize the anatomy of interest – the heart – in the shortest time period possible. Shorter scans allow fewer 
artifacts from respiratory motion and irregular heart rhythms that interfere with coronary images. A short scan is created 
with either greater number of slices or faster table speeds (or higher pitch), which limit the number of heartbeats that need 
to be collected to fully picture the heart. 

  Fig. 5.1    Representative 
electrocardiogram (ECG) 
gating of a coronary 
computed tomography 
angiogram (CCTA) and 
comparison of single- vs. 
dual-source scanners. 
( a ) shows the temporal 
resolution of a single-source 
CCTA scanner is 165 ms 
( dark blue lines ). ( b ) shows 
the temporal resolution of a 
dual-source CCTA scanner is 
83 ms ( dark blue lines ). The 
 dark blue vertical lines  
represent the time it takes 
within a heartbeat to acquire 
data for an image. The scan 
in ( a ) takes twice as long as 
that in ( b ) to acquire data       

  Fig. 5.2    Because CCTA data 
use isotropic voxels, coronary 
artery anatomy can be 
displayed in a familiar 
format. ( a ) shows a complex 
lesion in the left anterior 
descending artery longitudi-
nally ( white arrow ) and ( b ) 
shows a lesion in the short 
axis ( blue arrow )       
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 Current scanners can obtain full scans in one heartbeat. This is most important in perfusion imaging, where coverage 
of different locations in a similar time period is essential. The minimum technical requirements of a CT scanner capable 
of imaging coronary arteries include a TR of <210 ms, spatial resolution of <0.9 mm², and a scan range coverage of 
32 detector rows.  

   Coronary CT Scan Procedure 

 Most coronary CT scans are performed in an outpatient setting. The experience for the patient is similar to any contrast CT 
scan. An intravenous, iodinated contrast dose of 60–110 mL is used. Typically, a patient will be given oral or intravenous 
beta-blockade to achieve a goal heart rate of <60 beats/min; an 18-gauge IV is placed in an antecubital vein. The scan time 
lasts from 280 ms to 6 s, requiring a breath hold from 5 to 12 s, depending on scanner and anatomical field covered. 

 Patient-related factors that can limit the acquisition of high-quality, interpretable scans include: irregular rhythms, fast 
heart rates, circumferential coronary calcium, and the inability of the patient to sustain a breath hold. (This factor is now less 
important with modern scanners). Obesity offers another challenge to obtaining high-quality scans, because of additional 
scan noise due to low X-ray photon flux. Although highly experienced centers with modern scanners can appropriately 
accommodate these patient-related challenges, these necessary adjustments in scan acquisition often result in higher-than-
average radiation doses. 

 The ability of a specific CT laboratory to obtain accurate and safe coronary data is highly dependent on pretest patient 
preparation to limit heart rate, use of appropriate contrast injection, and scan protocols designed to answer specific clinical 
questions, and the ability of a trained reader to recognize artifacts and accurately interpret scans in their presence.   

   Diagnostic Accuracy of Coronary CT Angiography 

 Multiple studies have looked at the ability of cardiac CT to diagnose obstructive or clinically significant coronary artery 
disease. CCTA is used for two distinct clinical categories: acute chest pain in the emergency room (ER) and outpatient or 
chronic chest pain. 

   Acute Chest Pain 

 Patients presenting to emergency rooms with chest pain represent an important clinical and economic burden. CCTA in 
low- or intermediate-risk patients presenting to the emergency room has a very high negative-predictive value (NPV) and 
has been shown to save time and money. In one study of 368 consecutive ER patients with chest pain undergoing CCTA, 
81% had no stenosis and 50% had no plaque, while 19% of the patients were identified as having significant disease, 8% of 
which had an acute coronary syndrome (ACS). When no plaque was seen, sensitivity and NPV were 100%. The specificity 
for significant stenosis was 77%  [  4  ] . 

 In terms of time and money savings, 6 million Americans present to the ER each year with chest pain, at an estimated 
diagnostic cost of $10 billion. In a preliminary study of 197 ER patients, CCTA led to faster triage times and lower costs 
 [  5  ] . This small, single-center experience led to a similarly designed and recently completed multicenter trial (CT-STAT) that 
evaluated ER patients with acute chest pain. Sixteen centers enrolled 701 ER patients with chest pain and negative EKG and 
cardiac enzymes. They were randomized to either CCTA or nuclear perfusion imaging to diagnose the presence or absence 
of significant coronary disease. The primary endpoint of the trial showed that CCTA reduced time to diagnosis by 53% and 
reduced cost by 38% compared to nuclear perfusion imaging. No difference was seen in the incidence of ACS, angiographic 
procedures, or safety, as judged by a major cardiac event at 6 months  [  6  ] .  

   Chronic Chest Pain Syndromes 

 Diagnostic accuracy of CCTA in chronic chest pain syndromes has been extensively studied using 64-slice scanners. As with 
all tests, sensitivity and specificity highly depend on the prevalence of disease in the population studied. Multiple, early, small 
studies showed promising results for 64-slice scanners in terms of specificity and the number of segments able to be evalu-
ated. Early studies suggested a specificity range of 86–100% and sensitivity range of 92–99%, with most studies having a 
sensitivity of 95% or higher. The majority of studies also had <5% of segments that were unable to be evaluated  [  7–  9  ] .  
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   CCTA vs. QCA 

 CCTA is excellent at ruling out significant disease when compared with invasive coronary angiography. In the most impor-
tant subset of patients – those in whom CCTA finds a <50% stenosis – only 2% were found to have a significant stenosis 
by quantitative coronary angiography (QCA). Of those thought to have a significant lesion identified by CCTA, 50% of the 
lesions thought to be >70% as indicated by CCTA had a QCA >70%, while 15% of patients believed to have an intermediate 
lesion as indicated by CCTA (between 50 and 69% diameter stenosis) had a stenosis >70% identified by QCA  [  10  ] . 

 When comparing CCTA with QCA using other invasive means of determining stenosis severity and physiologic significance – 
fractional flow reserve (FFR) and intravascular ultrasound (IVUS), the two anatomic tests were equally effective. Importantly, 
in a recent multicenter trial, CCTA predicted future interventions as well as diagnostic coronary angiography  [  11  ] . 

 CCTA is most useful in patients with low- and intermediate-pretest risk of disease. A study by Meijboom and colleagues 
evaluated 254 symptomatic patients referred for invasive coronary angiography. Each patient had pretest risk assessed using 
the Duke clinical score (based on symptom characteristics and risk factors) and was placed into either a low-, intermediate-, 
or high-risk group for coronary artery disease. The investigators compared estimated posttest risk following CCTA with 
the subsequent findings of invasive qualitative coronary angiography using >50% as the threshold for lesion significance. 
The key findings were that in low- or intermediate-pretest risk patients, a negative CT scan resulted in a 0% posttest prob-
ability of disease. In the high pretest probability group for coronary disease, a small number of false-negative CCTA tests 
appeared  [  12  ] .  

   Results From Multicenter Trials 

 Disease prevalence is critical to test performance in CCTA. As disease prevalence increases, fewer false-positives and more 
false-negatives are seen. Intermediate-risk patients typically have a pretest probability of significant CAD of 10–30%  [  13  ] . 
A typical outpatient CCTA population has a disease prevalence of 19%  [  14  ] . 

 Three multicenter trials have now evaluated the diagnostic accuracy of CCTA. The first, the Accuracy trial, was a single-
vendor study where CCTA was performed on outpatients referred for invasive angiography. Budoff and colleagues included 
230 consecutive patients from 16 different sites. Using patient-based analysis, the sensitivity to detect a >50% stenosis with 
CCTA was 95% with an NPV of 99%. The rates were similar when the ability to detect a stenosis of 70% or more was 
assessed: a sensitivity of 94% and an NPV of 99%. The prevalence of obstructive disease in this population was 25%, con-
sistent with an intermediate-risk patient population  [  15  ] . 

 The second multicenter trial, CORE-64, was a single-vendor, international trial that assessed patients with both chronic 
and acute chest pain. A patient-based analysis in this population ( n  = 291), with a very high prevalence of disease (56%), 
showed a sensitivity of 85% and an NPV of 83%. However, as expected, the specificity and positive predictive value (PPV) 
were higher (90 and 91%, respectively), given this level of disease prevalence  [  11  ] . 

 In the only multicenter, multi-vendor, 64-slice scanner trial to date, sensitivity and NPV were very high in a large popula-
tion ( n  = 360, 99% sensitivity, and 97% NPV) despite a high prevalence of disease  [  16  ] . 

 Overall, CCTA has a very high diagnostic accuracy in low- and intermediate-risk patients. Its most important attribute 
remains the ability to rule out significant obstructive disease as a potential cause of symptoms.   

   Prognosis Assessed by Coronary CT Angiography 

 CCTA is strongly predictive of invasive coronary angiographic results, but questions remain about its ability to assess prog-
nosis. Many studies show that coronary calcium scoring (cardiac CT without contrast) is the best predictor of individual 
risk, as opposed to population-based risk scores and event prediction models. 

 The MESA (Multi-Ethnic Study of Atherosclerosis) study was a key coronary calcium scoring trial  [  17  ] . It used a large 
cohort ( n  = 6,722) of asymptomatic patients from multiple ethnic groups who had no clinical cardiovascular disease on entry. 
Coronary calcium scores were obtained in addition to traditional risk factor assessment. 

 Calcium scoring was the strongest predictor of individual risk of a coronary event and provided risk identification beyond 
that of traditional risk factors in all ethnic groups. In patients with a total calcium score > 100 (compared with those with no 
coronary calcium), the adjusted risk of a coronary event was increased by a factor of 7.73, which jumped to 9.67 among 
those with an absolute score > 300. In addition, calcium scoring can reassign an individual patient’s risk category from that 
predicted by risk factors alone  [  18  ] . 
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   CCTA also Shows Noncalcified Plaque 

 CCTA is a new modality that shows both coronary calcium and noncalcified plaque. Min and colleagues retrospectively 
evaluated 1,127 patients who underwent 16-slice CCTA. As with invasive coronary angiography, more severe and extensive 
coronary artery stenosis correlated with worse survival  [  19  ] . 

 The largest study to date using CCTA for risk stratification and prognosis screened 2,538 asymptomatic patients with cal-
cium scoring and electron-beam CT angiography (EBCTA) – e.g., a coronary CT angiogram with lower spatial resolution than 
multidetector CCTA – and followed them for 72 months. An individual patient’s risk predicted by risk factor analysis alone 
was significantly improved by adding both EBCTA-diagnosed noncalcified coronary plaque and the coronary calcium score 
 [  20  ] . More recently, Hadamitzky and colleagues showed that 64 slice multidetector CCTA in patients who have obstructive 
CAD clearly identifies those at risk for a future cardiac event more accurately than from Framingham-predicted risk  [  21  ] . 

 In addition, van Werkhoven compared the frequency of major adverse cardiac events over a 2-year period in 541 patients 
undergoing both CCTA and myocardial perfusion imaging (MPI). The most predictive information combined CCTA mea-
sures of both stenosis severity and the extent of noncalcified nonobstructive plaque with the physiologic-based results from 
MPI  [  22  ] .   

   Clinical Indications for Coronary CT Angiography 

 CCTA is a new modality with emerging clinical indications. The 2006 ACC/AHA Appropriateness Criteria helped identify 
core indications for the technique  [  23  ] .CCTA accurately defines coronary anatomy in patients following unclear physiologi-
cally based stress test results. A major clinical use of CCTA is to assess acute chest pain patients in the emergency depart-
ment who have no objective evidence of an ACS ( See  Sect. 5.2  and Fig.  5.3 .)  [  12  ] . Many patients referred to CCTA have had 
either negative nuclear or echo stress tests, but do have ongoing chest pain (Fig.  5.4 ). Alternatively, a patient with unclear 
stress test results or mildly positive findings that may represent abnormalities unrelated to epicardial coronary disease, is 
referred to CCTA (Fig.  5.5 ).    

 In single-center studies, CCTA improved noninvasive diagnostic accuracy and resulted in fewer, subsequent invasive 
coronary angiograms, conferring a cost savings over the strategy of using invasive coronary angiography without the avail-
ability of CCTA  [  5  ] . Additionally, negative CCTA in this setting provides a high likelihood of freedom from symptomatic 
disease for years after the test  [  24–  27  ] . 

  Fig. 5.3    This patient 
presented with transient chest 
pain, normal biomarkers, and 
a normal ECG. ( a ) shows a 
proximal coronary lesion 
( white arrow ). ( b ) shows a 
short axis of the lesion with 
positive remodeling ( blue 
arrows ). ( c ) shows the lesion 
( thick arrow ) from the 
invasive coronary angiogram. 
Note that positive remodeling 
is only seen with CCTA       
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 CCTA assessment of patients with coronary artery bypass grafts is also highly accurate  [  28,   29  ] . The potential source of 
pain can be localized to a large bypass graft or a smaller-branch native vessel. This may help with the decision to proceed 
with medical therapy versus intervention without the use of invasive coronary angiography (Fig.  5.6 ).  

 Presurgical coronary assessment for noncoronary cardiac or aortic valve surgery is an excellent use of CCTA, except in 
those with a very high pretest probability of coronary disease  [  30  ] . 

   Chest Pain after Stent Placement 

 A clinical scenario not included in the 2006 ACC/AHA Appropriateness Criteria is using CCTA in patients who have chest 
pain early after the placement of intracoronary stents. Current practice is to repeat invasive coronary angiography in these 
patients to interrogate newly placed stents for patency and thus determine whether the patient can return to full activity. 
Because symptomatic acute or subacute stent problems present as total occlusion, the CCTA only has to distinguish between 
a completely patent or occluded lumen (Fig.  5.7 ). However, CCTA in patients with chronic chest pain in the presence of stents 
has a lower PPV than CCTA of the native vessels. There remains a high NPV for CCTA if the stent size is >3 mm  [  31–  33  ] .  

 In addition, CCTA is useful in chronic total occlusion planning by demonstrating the extent of calcification and length 
of the occlusion site, therefore predicting the likelihood of success (Fig.  5.8 )  [  34  ] . CCTA is also useful in patients with 
combined aortic and coronary disease  [  35  ] .    

  Fig. 5.4    This patient had 
CCTA for continuing chest 
pain following a normal 
stress test using sestamibi. 
CCTA images and a 
subsequent, invasive coronary 
angiogram are shown in the 
lower row. ( a ) ( white arrow ) 
demonstrates the left anterior 
descending (LAD) lesion, 
( b ) ( thin blue arrow ) shows 
the circumfl ex lesion, and 
( c ) demonstrates a totally 
occluded right coronary 
artery ( thick blue arrow ) with 
collaterals, as seen with 
CCTA       

  Fig. 5.5    This patient had a 
mildly abnormal stress test. 
( a ) shows the patient had 
normal coronary arteries 
( white arrow ). ( b ) demon-
strates marked asymmetric 
hypertrophy ( blue arrow ), 
which was the likely cause of 
the abnormal stress test       

 

 



  Fig. 5.6    CCTA was performed in a patient with an abnormal stress echocardiogram. ( a ) ( white arrow ) shows a patent left internal mammary 
artery graft to the LAD. ( b ) shows an occluded vein graft to the posterior descending artery (PDA) ( thin blue arrow ) and an occluded, native RCA 
( thick blue arrow ). ( c ) shows a clip ( short arrow ) from the occluded vein graft tenting the occluded PDA filling by collaterals ( long arrow ). No 
invasive coronary angiogram was required       

  Fig. 5.7    This CCTA shows an occluded diagonal branch stent 2 weeks after its placement ( white arrows ). No contrast is noted within or distal 
to the stent. ( b ) shows a second patient who had a CCTA. Blue arrows show multiple patent stents in the LAD 10 days after placement       

  Fig. 5.8    Despite simultaneous right coronary artery and left main coronary injections ( a ), no proximal LAD lumen is seen ( white arrows ). A sub-
sequent CCTA ( b ) showed little coronary calcium ( thin blue arrow ) and predicted a successful percutaneous intervention ( c ), as seen on the 
post-PCI coronary angiogram ( thick blue arrows )       
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   Radiation in Coronary CT Angiography 

 Many cardiologic and radiologic examinations require radiation exposure. A clear understanding of relative dose and how 
to limit exposure enables the clinician to better decide such testing’s risk-benefit ratio. 

 A milliSievert (mSv) is the effective absorbed radiation dose equivalent. By converting ionizing radiation energies to mSv, 
biologic exposure can be compared when delivered from differing sources. Background radiation varies with altitude and is 
estimated at 3–5 mSv per year. A standard postero-anterior view (PA) and lateral chest X-ray gives 0.02 mSv. Invasive coronary 
angiography gives 2–7 mSv, while stress nuclear scans give different doses based on the agent used (9–11 mSv with techne-
tium, 18–22 mSv with thallium, and as high as 26 mSv with dual-isotope studies). Chest and abdominal CT scans use 12 mSv. 
For repetitive screening tests such as mammography, females receive about 0.7 mSv of radiation with each exposure. 

 The radiation dose with CCTA is highly variable and relates to the scan operator’s awareness and use of dose-sparing 
techniques. These techniques were evaluated in a real-world, multicenter analysis: the PROTECTION-I study  [  36  ] . Despite 
limited use of many of the scanning and processing techniques (which were novel at the time), the mean radiation dose 
across the international centers was 12 mSv, with several centers reporting doses under 5 mSv  [  36  ] . 

 One specific technique, prospective-ECG gating, reduced radiation dose by 78%. Additionally, Raff and colleagues 
developed a state-wide initiative in Michigan to teach and subsequently lower radiation doses in CCTA  [  37  ] . They showed 
a greater than 53% decrease in radiation from the control (pre-teaching technique) to the follow-up period at all sites, with 
a final multicenter mean radiation dose of 10 mSv  [  37  ] . 

 In an unpublished analysis at own, high-volume center, roughly 60% of patients had slow and stable heart rates, enabling 
prospective gating. Mean doses for all patients using a dual-source scanner was 3.8 mSv. Recent, dramatic improvements 
in scanner software and hardware, such as the use of iterative reconstruction techniques and high-pitch scanning, have 
allowed select CCTA scans to use under 1 mSv – equivalent to the radiation dose received with a single mammogram.  

   Future Directions in Coronary CT Angiography 

 Future applications in CCTA include plaque characterization and perfusion imaging. 

   Plaque Characterization 

 The clinical goal of plaque characterization is to identify culprit vessels as the cause of symptoms or, more importantly, to 
determine a patient’s risk of a future cardiac event, and even an individual plaque’s risk of rupture. 

 A small study by Motoyama involved performing CCTA in 33 patients with ACS and comparing results to those of 38 patients 
without an ACS, but with coronary disease. This study identified differences in plaque type between the two groups. Patients 
with an ACS more often had low-density plaque, presumably with a lipid-laden core, and positive vessel remodeling  [  38  ] . 

 A larger-scale study by the same investigators followed 1,059 patients over 27 months. Patients were evaluated by CCTA 
for low-attenuation plaque and positive vessel remodeling. Although event rates were low, a positive correlation was found 
between these factors and subsequent ACS events. Patients who had plaques with both characteristics had a 22% rate of 
developing ACS, versus 3.7% in patients with just one factor, compared with a 0.5% rate in patients without either factor 
( p  < 0.0001)  [  39  ] . An example of such features is demonstrated in Fig.  5.9 .   

   Perfusion Imaging 

 CTA-based stress perfusion imaging is a promising new technique  [  40  ] . CCTA protocol that provides a near-simultaneous 
anatomic and physiologic assessment of coronary artery disease is desirable and awaits many further refinements before it 
is a routine part of clinical practice.   

   Summary: Coronary Artery Disease Assessment by Coronary CT 

 CCTA as a noninvasive technique has unparalleled diagnostic accuracy, provides important prognostic information, and 
even the potential to determine which patients are at highest risk for future cardiac events. This now can be provided at an 
equivalent or lower radiation dose than other noninvasive or invasive diagnostic tests.   
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   Coronary Artery Imaging with MRI 

 Cardiac magnetic resonance imaging (MRI) has many uses and practical applications in clinical cardiology. In this section, 
we review coronary artery imaging using cardiac magnetic resonance. 

 Cardiac MR (CMR) provides high-resolution, 3D images with intrinsic contrast, and no ionizing radiation. Additionally, 
CMRI enables a comprehensive cardiac assessment using multiple techniques in a single system that includes an exquisite 
qualitative and quantitative evaluation of myocardial function, viability, extent of fibrosis or infiltration, stress perfusion, 
functional importance and characteristics of pericardial disease, and valvular heart disease. 

 It is advisable to avoid CMR in patients with ferromagnetic devices such as certain types of cerebral aneurysm clips, 
inner ear and penile prostheses, and cardiac pacemaker and/or defibrillator leads (unless under a strict protocol and supervi-
sion). A high-quality study can be time-consuming and is heavily dependent on the MRI equipment as well as the experience 
of the technician and supervising physician. 

 During a magnetic resonance exam, the patient is subjected to a strong, local magnetic field − 1.5 or 3.0 T – which aligns 
the protons in the body. These protons are excited by a radiofrequency pulse and their decay is subsequently detected by 
receiver coils. Detected signals are influenced by multiple factors, including relaxation times (known as T1 and T2), proton 
density, motion and flow, and others. The timing of the excitation pulses and the successive magnetic field gradients deter-
mine the image contrast  [  41  ] . 

   Noninvasive Coronary Angiography with MRI 

 While coronary CT angiography has garnered most of the attention in noninvasive coronary imaging, coronary MRI is use-
ful in proximal artery coronary visualization without radiation or exogenous contrast. 

 Noninvasive coronary artery imaging is complicated by many factors, similar to those discussed regarding CCTA. Several 
similarities and differences exist between these modalities. Complicating factors in high-quality, noninvasive coronary 
imaging include coronary artery motion, lower spatial resolution of cardiac MRI, and small vessel sizes (most <4 mm, with 
percutaneous interventions being done on arteries as small as 2 mm – therefore requiring evaluation of vessels this size or 
smaller), and the fact that the structures surrounding the coronary arteries often have similar imaging qualities. 

 CMR of the coronary arteries uses specific imaging sequences and prepulses without exogenous contrast. Generally, 
lower resolution studies of the origin of a coronary artery to rule out a coronary anomaly may be performed quickly with 
breathholding and no intrinsic contrast. To assess coronary lesion severity, a higher spatial resolution technique is needed. 
The greater the amount of data that is incorporated in the MR imaging matrix, the higher the spatial resolution and the longer 
the time needed to collect the data. This has led to a novel approach which requires respiratory navigator and ECG gating 
(Fig.  5.10 ). The technique records diaphragmatic motion and only collects data when the diaphragm is at the end-expiration 
(the point of least respiratory motion).  

 In addition, a gated cineangiogram showing the mid right coronary artery allows one to choose the point in the cardiac 
cycle where the coronary artery is the most still. By gating MR data acquisition to both the diaphragm and electrocardio-
gram, the imaging matrix is theoretically filled with motionless data collected over 10–30 min. Rapid heart rates also require 

  Fig. 5.9    CCTA on a patient 
with acute coronary 
syndrome who presented in 
the ER ( a ) shows contrast in 
a ruptured coronary plaque 
( white arrow ). A short axis 
view of the lesion ( b ) demon-
strates positive remodeling 
( thin blue arrow ) consistent 
with an acute lesion. Contrast 
within the LAD plaque ( c ) is 
also seen on invasive 
angiography ( thick blue 
arrow )       
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that the temporal resolution of the acquisition technique be improved. The trade-off is a subsequent increase in the time of 
acquisition or a reduction in signal. Problems with ectopy or irregular breathing patterns can compromise scan quality. 
Although repeat scans are possible because no extrinsic contrast or radiation is used, the time of acquisition limits routine 
use of coronary artery imaging to assess coronary artery stenoses. 

   Results from Studies 

 Multiple studies have evaluated the feasibility of cardiac MRI for noninvasive coronary artery assessment. Studies of diag-
nostic accuracy have been small, but typically included patients with high prevalence of disease who were already referred 
for invasive coronary angiography. 

 A multicenter trial showed that, using CMRI, one could reasonably rule out left main and proximal three-vessel coronary 
disease  [  42  ] . Larger vessels such as coronary artery bypass grafts can also be visualized  [  43  ] . The difficulty of clear visu-
alization of the smaller run-off vessels limits this clinical application of coronary MRI. 

 More recent data have focused on “whole-heart” coverage using steady state free processing (SSFP) and navigator dia-
phragmatic gating. 

 Jahnke et al. reported the results of 55 patients referred for coronary angiography with an average acquisition time of 
18 min. When compared with invasive angiography, 83% of segments were evaluated, with reported sensitivity, specificity, 
and diagnostic accuracy of 78, 91, and 89%, respectively. (Disease prevalence was 50% in this study)  [  44  ].  

 Most recently, 3.0-T cardiac MRI has been used to improve the signal-to-noise ratio by 30%  [  45  ] . This increase in the 
signal-to-noise ratio can then be “traded” for improvement in temporal or spatial resolution. The largest drawback to using 
a 3.0 T field is that inhomogeneous artifacts are increased with stronger magnetic fields  [  46  ] . 

 A study by Yang used 3.0 T CMRI angiography in 96 patients referred for coronary angiography. Of these, 34 patients 
were either ineligible for cardiac MR or unsuccessfully scanned (35%). Disease prevalence in this population was 55%. 

  Fig. 5.10    The blue lines are for the respiratory navigator to monitor diaphragm motion. The  yellow box  contains the anatomy scanned. The  white 
arrow  shows the ECG-gating, allowing data to be collected in diastole and in end-expiration while free-breathing       
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 In looking at ability to detect a >50% stenosis (compared to quantitative analysis of invasive angiography), the test 
 performed fairly well in those who could be scanned. Sensitivity was 89%; specificity, 82%; positive predictive value, 
86.5%; and NPV, 92%. However, 12% of segments scanned – the smaller-caliber segments – could not be assessed  [  47  ] .  

   When to Use CMRI 

 Because of multiple, possible technical problems associated with routine clinical coronary MRI use, it is best used as a 
substitute for coronary CT angiography in patients with the greatest radiation sensitivity such as children with Kawasaki 
disease  [  48,   49  ]  (Fig.  5.11 ), visualization of coronary anomalies  [  50  ] , and the assessment of post-arterial switch coronary 
ostia in the context of a complete pediatric CMRI exam (Fig.  5.12 ).   

 Experimentally, coronary MRI angiography has been evaluated for assessing coronary plaque and high-risk features such 
as positive remodeling. Using a black-blood approach, two studies showed that a difference in coronary wall thickness was 
a measure of plaque burden versus controls  [  51–  53  ] . In addition, gadolinium uptake may be found in the coronary vessel 
wall, identifying a site of inflammation after an acute myocardial infarction. 

 Of note, 179 asymptomatic patients from the MESA study were evaluated with CMRI. Compared with calcium score 
(Agatston score), those patients who had subclinical atherosclerosis by calcium scoring had significantly thicker arterial 
walls on coronary MR angiography (>2.0 mm wall on CMR), suggesting positive remodeling could be detected with cardiac 
MRI  [  54  ] . 

 Overall, coronary MRI is intriguing because of its lack of ionizing radiation and exogenous contrast. However, its current 
clinical application for coronary artery lesions is limited by substantial technical challenges.        

  Fig. 5.11    CMRI followed by 
a CCTA in a 10-year-old with 
Kawasaki disease. Note the 
right coronary artery (RCA) 
lesion ( white arrow ) on CMR 
( a ). ( b ) is the CCTA with 
better resolution; ( c ) shows 
an enlarged image of the 
RCA on CCTA with 
remodeled plaque ( thick blue 
arrow ) not seen on CMR       

  Fig. 5.12    Patent coronary 
artery ostia ( arrows ) are seen 
with CMRI following an 
arterial switch operation for 
D-transposition of the great 
vessels in a 9 year old       
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        Indications 

 The arteriogram depicts the anatomy of the coronary artery tree, demonstrates collateral channels, and provides information 
about small vessels and vessel segments distal to severe obstructions or occlusions that are inaccessible to other intravas-
cular techniques. 

 The primary goal of coronary arteriography is the identification, localization, and assessment of stenotic lesions present 
within the coronary arteries to enable us to determine the pathophysiologic significance of the obstructive lesions in ques-
tion (ischemia vs. nonischemia). While the arteriogram provides excellent delineation of coronary anatomy in vessel 
>400  m m diameter, its major deficiencies are that it shows mainly the anatomy of the arterial lumen (as opposed to the wall 
of the artery) and that is a 2D shadow of a 3D object. 

 The use of cardiac catheterization and angiography will provide significant information that is important for the man-
agement of the individual patient:

    1.    The extent of stenotic disease in the coronaries.

   (a)    Severity of luminal narrowing  
   (b)    Distribution of stenotic lesions (number of vessels involved, distribution of lesions in each vessel, myocardium 

at risk)  
   (c)    Identification of acute, thrombotic lesions      

    2.    Provide access for other studies, for example, intracoronary ultrasound, ocular coherence tomography (OCT, coronary 
fl ow reserve (CFR), and fractionated fl ow reserve (FFR).  

    3.    Identify coronary arteries malformations or presence of myocardial bridges.  
    4.    Left ventricular systolic and diastolic function, ejection fraction, and regional wall motion.  
    5.    Myocardial perfusion, by assessing TIMI fl ow and TIMI blush scores.  
    6.    Myocardial viability, by assessing TIMI blush, collaterals, improved ventricular contraction after nitrates, postextra-

systolic potentiation, or dobutamine.      

    Chapter 6   
 Catheter-Based Coronary Angiography       

           Robert   F.   Wilson and            Zeev   Vlodaver       
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   Technical Aspects 

   Radiographic Imaging System 

 Radiographic imaging of coronary arteries is demanding because they are small and move quickly with contraction of the 
heart. A radiographic imaging system can be divided into an X-ray tube, and an imaging chain that is composed of an imag-
ing detector and a display (video). The general schematic is shown in Fig.  6.1 .  

 For fluoroscopic examination, images obtained from the imaging device are displayed on a video system. The video 
image is composed of a pixel matrix, similar to that generated by CT imaging. Modern displays show 1,024 × 1,024 matrix 
of pixels per image. Recent systems use a progressive scan method where the entire image is displayed line by line every 
1/60th of a second. The process permits better resolution of moving objects. It also, however, leads to additional electronic 
noise. Most manufacturers employ systems that pulse the X-ray exposure, which can further improve image sharpness. 
Radiation exposure is moderately reduced. 

 For cineangiography, an X-ray beam must be pulsed to provide for adequate “stop motion” imaging and to limit X-ray 
exposure. Thirty to sixty exposures/s are needed to give the appearance of a “live” continuous image, although 15 frames/s 
can produce a relatively smooth image if the software eliminates flicker and the radiation dose is reduced significantly. Some 
labs have reduced radiation further by reducing the frames rate to 7.5 images (X-ray pulses)/s. Nearly all newer radiographic 
systems incorporate digital image processing of the video pickup signal or obtain the image directly from CCD chips. 
A variety of pixel-processing algorithms are employed to enhance image clarity. 

 Display monitors should be able to show all the image detail presented by the image chain. Almost all modern monitors 
are flat panel LCD displays. The higher line rate provided more resolution, but also decreases the signal-to-noise ratio. 

 Regarding storage, digitized cineangiograms contain an enormous amount of information, typically 150 MB to 2 GB per 
study, making storage and computer network transfer a challenge. Nearly all digital images are stored using a DICOM 
(Digital Imaging and Communication in Medicine) format that permits interchange of information between different manu-
facturers’ systems. Permanent storage is usually sent to a central PACS computer memory storage device (typically in a 
hospital), although storage is also done on compact disks or DVDs.  

  Fig. 6.1    Schematic of radiographic imaging system for cineangiography. The X-ray beam is generated by an X-ray tube ( lower right box ). The 
beam passes through a collimator ( lower left box ) where lead apertures form and limit the bean. On intersection with the patient, most of the beam 
is reflected or absorbed. The remaining photons pass through the image intensifier ( upper right box )       
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   History of Coronary Angiography 

 The first attempts to visualize the coronary arteries in living humans were published in 1945 by Radner S.  [  1  ] , who used 
trans-sternal punctures to inject contrast material into the ascending aorta. . The complications of this method were too 
frequent and the results too poor; this option was abandoned. 

 In the late 1950s, G. Arnulf, a French researcher, made an important accidental discovery. While doing aortograms in 
animals, he obtained an outstanding coronary arteriorgram in a dog that had coincidentally had a cardiac arrest just before 
he was injected  [  2  ] . Through this observation, Arnuff described a new coronary arteriography technique to be performed 
during a cardiac arrest induced by the intravenous injection of a comparatively large amount of acetylcholine (3 mg/kg body 
weight). 

 A young surgeon, Dr. A. M. Bilgutay(1962), working in with Dr. C. Walton Lillehei’s laboratory at the University of 
Minnesota, was stimulated by Arnulf’s work in France. Bilgutay was able to confirm Arnulf’s work in animals and achieved 
outstanding contrast visualization of the coronary arteries  [  3  ] . 

 Stimulated by the pioneer work of Sones and associates, who showed that selective catheterization of the coronary arter-
ies can be consistently carried out, selective coronary arteriography was started in the early 1960s  [  4  ] . The selective catheter-
ization as devised by Sones introduced the catheters through the brachial cut-down technique. 

 In 1962, Dr Kurt Amplatz, also from the University of Minnesota, introduced a percutaneous puncture technique of the 
subclavian artery for selective catheterization of the coronary arteries using the Seldinger percutaneous technique  [  5  ] . Since 
the subclavian artery is still closer to the coronary arteries than the brachial artery, it was hoped that catheter manipulation 
was simplified to accomplish selective cannulation of both coronary arteries. The technique was abandoned because of 
several drawbacks: was difficult to achieve hemostasis with compression of the subclavian artery against the first rib; there 
were few cases of pneumothorax; and the catheterization of the left coronary artery was technically difficult. 

 With the prior introduction of the Seldinger wire cannulation method for vascular cannulation, a safer, percutaneous 
transfemoral catheterization technique was developed. Judkins, Amplatz, Abrams, and others invented preformed catheters 
that could be passed with great ease from the femoral artery to the coronary ostium.  [  6–  8  ] . Since then, an explosion of 
catheter material and shapes has made possible nearly effortless cannulation of most coronary arteries and bypass grafts.  

   Patient Preparation and Vascular Access 

 The evaluation of patients about to undergo coronary angiography should emphasize a detailed history concerning factors 
that affect the approach and risks of angiography, a physical examination concentrating on the cardiovascular system, and 
comprehensive discussion of the procedure and its anticipated risks and benefits. 

 In all patients, an intravenous access line should be established prior to angiography. The infusion port should be large 
enough to permit a rapid infusion of fluid, should the patient develop reduced intravascular pressure (e.g., as a result of 
increased vagal tone or nitrate or nitrate-induced veno-relaxation). Patients with renal dysfunction, particularly those with 
diabetes, should be adequately hydrated before angiography. Dehydration increases the risk of contrast-induced nephropa-
thy. In addition, several trials suggest that pretreatment with  N -acetyl cysteine and intravenous fluids alkalinized with 
sodium bicardinate provide additional renal protection, although all subsequent clinical trials have not confirmed a protec-
tive effect. 

 Proper sedation is also important in preparation of the patient. Patients awaiting angiography are anxious, and treatment 
with anxiolytic drugs can improve their cooperation and reduce hypertension with the procedure. 

 Using the percutaneous transfemoral technique, first the skin and subcutaneous tissues about the artery are infiltrated 
with a local anesthetic. The common femoral artery is punctured with a thin-walled needle over the mid to lower portion of 
the femoral head. The position of the femoral head, which does not always correlate with the position of the inguinal crease, 
can be easily localized with fluoroscopy prior to the puncture. 

 Once the artery is punctured, a 0.035-in. flexible guidewire with a “J” tip is passed through the needle into the arterial 
lumen  [  9  ] . Once the guidewire is in place, an introducer sheath (a short tube with one-way valve) is advanced over the wire 
into the artery. The sheath size should be chosen based upon the desired diagnostic catheter used or size of the device 
required for any planned intervention. The angiographic catheters are advanced through hemostatic valve into the sheath 
and up to the ascending aorta with the aid of the J tip guidewire. 

 In patients with severe femoral or aortoiliac disease, radial access has been used. After performing an Allen test to ensure 
that the ulnar artery is patent, a small needle and guidewire is passed into the radial artery. An intravascular sheath with a 
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hydrophilic coating is then passed into the artery. Vasospasm is common; administration of intraarterial nitroglycerin, 
 calcium channel antagonist, and heparin is critical  [  10,   11  ] . 

 After angiography, the extremity with the arteriotomy site should be extended and held straight. The catheter should be 
withdrawn from the artery, aspirating during withdrawal to help avoid extrusion of thrombus. Immediately after decannula-
tion, the arterial puncture site should be compressed by hand or with the use of a device (e.g., Femostop). Care should be 
taken if a Femostop device is used as it can migrate out of position with patient movement which can result in significant 
bleeding complications. In addition, prolonged compression can result in a femoral neuropathy or venous thrombosis. 

 Several vascular closure devices have been developed; they are divided into mechanical closure devices (e.g., suture-
based Perclose, or the Starclose clip) and devices that apply a hemostatic material (collagen or thrombin) to the puncture 
site (e.g., Angioseal). These devices allow patients to ambulate quickly, usually within an hour or less. However, caution 
should be exercised in using these devices in patients with significant atherosclerotic disease of the common femoral artery. 
In all cases, the patient should avoid actions that increase arterial pressure (e.g., coughing, sitting up).  

   Coronary Catheters 

 The essential features of a coronary angiographic catheter are an adequate lumen area, shape retention in the body, torque 
control, radiographic opacity, and safety. Catheters used to cannulate the coronary arteries are constructed of polymers, 
predominantly polyurethanes and polyethylenes that can be extruded and easily shaped. To improve shape retention and 
torque transmission, most manufacturers use wire braiding within the catheter wall. 

 Judkins and Amplatz developed a series of coronary catheters for cannulation from the femoral approach  [  6,   7  ] . Each 
design has a primary and secondary curve and tapers at the tip to hug the guidewire (Figs.  6.2  and  6.3 ).   

  Fig. 6.2    Cannulation of the left coronary artery using a Judkins curve catheter. The catheter is passed to the proximal aorta ( a ) using a guidewire 
(not shown). It is then advanced to the coronary ostium while pressure is monitored from the catheter tip ( b ,  c ). The tip of the catheter should be 
coaxial with the artery       

  Fig. 6.3    Cannulation of the right coronary artery using Judkins curve catheter The catheter is passed to the proximal aorta ( a ) using a guidewire 
(not shown). It is then advanced to the level of the coronary ostium and rotated clockwise while pressure is monitored from the catheter tip ( b ,  c ) 
The tip should be coaxial with the artery.       
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 Catheter caliber is measured in French (F) size, equal to circumference in millimeters. 
 In the 1990s, catheter construction improved markedly, allowing the manufacture of sizes 4–6 F, requiring a smaller 

arteriotomy, and reduced the time needed for hemostasis and bed rest after catheter withdrawal and may prevent peripheral 
complications. 

 Newer catheters of size 4–6 F produce acceptable angiography, particularly when used with a mechanical injector.  

   Cannulation and Contrast Material 

 Cannulation of the coronary ostium is the most important step in angiography. Catheters should be advanced to the ascend-
ing aorta root with the use of a guidewire. Inserting catheters without a guidewire can lead to retrograde peripheral arterial 
dissection. After aspirating the catheter to ensure that any debris or air has been removed, the catheter should be filled with 
contrast and connected to the pressure transducer. 

 Left coronary Amplatz and Judkins catheters can be advanced to the coronary ostium directly and usually require little 
manipulation (Fig  6.2 ). Right coronary Amplatz and Judkins catheters should be advanced to the aortic valve, withdrawn 
1–11/2 cm and rotated clockwise until the ostium is engaged (Fig.  6.3 ). 

 After cannulation, the pressure at the catheter tip should be observed. Pressure damping implies that the catheter has 
burrowed into the wall of the artery wall, or that there is catheter-induced spasm, or that there is an organic ostial stenosis. 
If present, injection of contrast should be avoided because it could cause a coronary dissection. 

 Pressure damping from an improper catheter position or vasospasm is common in the right coronary artery, but in the left 
coronary it should alert the angiographer to the possibility of stenosis in the main left coronary artery, a particularly danger-
ous problem. A test injection below the artery or use of a “cusp” catheter can define the coronary ostium and permit selec-
tion of the best catheter shape. Administration of nitroglycerin can reduce the tendency for catheter-induced ostial 
vasospasm, although it is not always effective. 

 Iodine, an element that absorbs X-ray photons, is the essential constituent of angiographic contrast material. The compounds 
are highly water-soluble, stay within the extracellular space, and are excreted primarily by renal glomerular filtration. 

 Many of the unwanted effects of contrast material are related to the high osmolality of the contrast solution needed to 
obtain an adequate iodine concentration. “Nonionic,” lower osmolality solutions have been developed, resulting in lower 
incidence of allergic reactions and the reduced toxic effects, mainly ventricular arrythmias, associated with the cations. 
Recently, a nearly iso-osmotic, nonionic contrast medium (iodixanol) has been developed. This agent appears to further 
reduce the risk of angiography on hemodynamics and little reflex bradycardia. 

 Contrast media can be injected into the coronary arteries with the use of a motorized injector or by a handheld syringe. 
Motorized injectors permit injection of specified amount of contrast material at a specified constant injection rate. The 
advantage of motorized injectors is consistency, the ability to deliver large contrast volumes at high flow rates (e.g., to 
hypertrophied hearts), and the ease of injection. A semiautomated injector with variable injection rate control has been 
developed for coronary angiography  [  12  ] . 

 The presence of catheters within the vascular lumen causes denudation and combined with the foreign body of the catheter 
is a stimulus for intravascular thrombosis. Several, but not all, studies suggest that systemic anticoagulation with heparin 
reduces the incidence of thrombotic complications of angiography. Anticoagulation is not necessary for patients undergoing 
routine diagnostic angiography from the femoral approach. There is uniform agreement, however, that heparin (e.g., 2, 000 U 
into the artery and 3, 000 U intravenously) should be given to all patients in whom the brachial or radial approach is used. 

 The lumen caliber of epicardial coronary arteries measured at angiography reflects a variable degree of tone. Both athero-
sclerotic and normal coronary arteries dilate after nitroglycerin. Proximal vessels exhibit less dilation than distal epicardial 
vessels. Stenotic lesions also relax after nitroglycerin, although severely narrowed segments usually dilate little  [  13  ] . 
Removal of tone by nitroglycerin permits assessment of maximal coronary caliber, effectively eliminates vasospastic coro-
nary lesions, and facilitates assessments of stenosis severity.   

   Complications of Coronary Angiography 

 Coronary arteriography is generally a safe procedure, but serious complications can occur. The overall incidence of compli-
cations and mortality increases directly with the extent of coronary artery disease, particularly left main coronary stenosis, 
the presence of coexistent significant valvular disease, a reduced ventricular ejection fraction, reduced functional state, and 
advancing age  [  14  ] . 
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   Arterial Dissection 

 Arterial cannulation performed by the Seldinger method usually causes endothelial denudation at the site of catheter or 
sheath insertion. During arterial puncture, the needle also may pass into through the posterior wall of the artery, and 
advancement of a guidewire into the posterior wall can result in arterial dissection. Fortunately, the arterial flap proceeds 
against the flow of blood and usually is sealed rather than propelled down the vessel by the arterial pulse. Dissection, along 
with endothelial injury, however, may promote local thrombosis and arterial occlusion. Perforation of peripheral arteries by 
a guidewire or catheter is uncommon, but probably occurs more frequently in patients with tortuous vessels and when stiff 
or hydrophilic wires or catheters are used. 

 Angiographically, the dissection can be recognized readily by demonstrating the dissected intima as a fine linear filling 
defect and delayed clearing of the contrast material from the false channel (Figs.  6.4  and  6.5 ).    

   Embolization 

 Embolization of arterial circulation can occur from injection of air, catheter-induced dislodgment of atherosclerotic plaque 
or vascular thrombus (e.g., clot in an abdominal aneurysm), dislodgment of left ventricular thrombus (e.g., in a ventricular 
aneurysm or recently infarcted ventricle), and debris or clot extruded from an improperly aspirated angiographic catheter. 

 Figures  6.6 – 6.8  are from a case with embolic occlusion of the coronary arteries. The patient was admitted for evaluation 
of chest pain. The coronary arteriogram showed the embolic material toward the PDA was migrating from the tip of the 
catheter. During the procedure, the patient was asymptomatic. The resting ECG, before the arteriogram. showed minimal 
aberrations. Following the study, the ECG showed nonspecific ST-T wave changes.    

 Catheter-induced embolization can lead to a variety of complications, depending on the target organ and makeup of the 
embolus  [  15,   16  ] . The sequelae of systemic embolism vary widely, from no symptoms to severe tissue necrosis. Thrombotic 
embolism frequently results in a loss of the peripheral pulse and occlusion of larger branch arteries that can be treated by 
embolectomy, anticoagulation, and in some cases, thrombolytic drugs. 

 Large peripheral air embolization can occur after accidental injection of air or, more commonly, from inspissation of air 
through a central venous access catheter in the jugular or subclavian venous system. Venous air embolisms over 50–100 mL 
can cause acute pulmonary hypertension and hypoxemia. Arterial air embolism can lead to profound transient tissue 

  Fig. 6.4    RC arteriogram in 
frontal projection showing a 
fi ne line of radiolucency 
within the artery, suggesting 
a coronary arterial dissecting 
aneurysm (Dissect)       
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  Fig. 6.5    RC arteriogram demonstrating slower fl ow in the false channel (Dissect) than in the principal one       

  Fig. 6.6    ( a ) ECG before angiography reveals minimal aberrations, possible still within normal limits of the ST and T. There are prominent initial 
anterior vectors consistent with posterior lateral scarring. ( b ) ECG after angiography shows nonspecific ST-T wave changes, which, in the context 
of knowing that the changes have acutely occurred, are suggestive of ischemic injury without a specific location of it       

 ischemia, including stroke, myocardial ischemia, and cardiac arrest  [  17  ] . The immediate treatment is to tilt the patient head-
down (Trendelenburg position) and on the left side to prevent air from rising to the head or passage from the venous system 
to the left atrium via a patent foramen ovale. Aspiration of air with a catheter in the right atrium or ventricle may be partially 
effective  [  18  ] . Breathing 100% oxygen may help treat hypoxemia associated with pulmonary artery flow obstruction. For 
larger emboli, a hyperbaric chamber may be useful if employed promptly. 

 Selective coronary injection of air can occur when the catheter or injection tubing is not completely flushed with fluid. 
Small bubbles may result in transient ischemia without consequence. (Figure  6.9 ) Larger selective air injections (>1–2 mL), 
however, often result in ventricular fibrillation and cardiovascular collapse.   
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   Neurologic Complications 

 Neurologic complications of coronary angiography include local femoral or brachial nerve injury from arterial cannulation 
and compression for hemostasis, ulnar nerve compression during prolonged procedures, transient ischemic attacks, and 
stroke. Significant neurologic events are uncommon, although they probably are underreported because the majority resolve 
within 24–72 h after the procedure. Most ischemic central neurologic events are embolic from the aorta and occur more 
often in the posterior distribution, although any territory can be affected  [  19  ] .  

   Catheter-Induced Spasm 

 Spasm of the coronary arteries, particularly in the RCA, occurs mainly in the young and is more common in women than 
in men. This rather common localized spasm has to be differentiated from diffuse peripheral spasm at the capillary level. 
On rare occasions, the injection of contrast material may induce peripheral vascular spasm which is indicated by delayed 

  Fig. 6.8    LAO view of RC 
arteriogram. Repeat injection 
now shows occlusion ( arrow ) 
of the PDA       

  Fig. 6.7    LAO view of RC 
arteriogram. Evidence of 
embolic material probably 
from a catheter thrombus, or 
less likely, from an athero-
sclerotic plaque; large RCA. 
Filling defect ( arrow ) can be 
seen clearly and was 
observed to migrate toward 
the periphery       
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clearing of contrast material from the coronary arteries in spite of withdrawal of the catheter. This may be associated with 
ECG changes, pain, and drop in blood pressure. 

 Since contrast material is a potent vasodilator, localized spasm is probably not produced by the contrast material itself, 
but by mechanical irritation of the wall of the coronary artery by the catheter tip. Therefore, the area of spasm is either at 
the catheter tip or in close proximity. Spasm is usually transient and disappears if the catheter is withdrawn, and the contrast 
material is delivered by nonselective fashion into the sinus of Valsalva (cuspogram). If narrowing persists, nitroglycerin 
administered sublingually may help to differentiate spasm from organic narrowing. 

 Angiographic features which are helpful to suggest the presence of spasm are the following: (1) The area of narrowing 
is smooth, concentric, and occurs usually at the catheter tip. (2) The catheter tip is seen to touch or distort the arterial wall. 
(3) Coronary spasm is often an isolated area of narrowing in an otherwise normal coronary arterial tree, although it may 
occur concomitantly with atherosclerosis. (4) The patient is a young female. (5) The narrowing disappears following nitro-
glycerin and withdrawal of the catheter (Fig.  6.10a, b ).   

   Arrhythmias 

 Arrhythmias during angiography can occur from abrasion of the conduction system by catheters, contrast media-induced 
changes in repolarization, reflex-mediated changes in neural traffic to the heart, and transient myocardial ischemia from 
hemodynamic deterioration. The left bundle branch of the conduction system courses near the surface of the left ventricle 
septum and can be injured transiently during cannulation of the left ventricle  [  20  ] . The right bundle branch is located near 
the tricuspid annulus and can be rendered dysfunctional by a right heart catheter, particularly if the catheter is rubbed against 
the superior annulus repeatedly. In a patient with preexisting contralateral bundle branch block, complete heart block can 
occur  [  20  ] . In these patients, the immediate availability of cardiac pacing (external or by catheter) should be ascertained 
prior to catheterization. 

 Contrast media can induce sinus bradycardia, sinus node block, and atrioventricular node block by several mechanisms. 
The hyperosmolar and chemical properties of contrast cause activation of ventricular efferent chemoreceptors, which reflex-
ively trigger a parasympathetic surge, reducing sinus and atrioventricular node repolarization  [  21  ] . The reflex is blocked by 
muscarinic receptor blockade with atropine. Iso-osmolar contrast media significantly reduce or eliminate vagally mediated 
bradycardia. 

 Prolongation of the ventricular refractory period by contrast media can initiate ventricular fibrillation. Fibrillation occurs 
more commonly after right compared to left coronary injection. The incidence is less with nonionic or iso-osmolar contrast 
material and with ionic contrast with a physiologic calcium ion content  [  22  ] .   

  Fig. 6.9    Magnifi cation 
coronary arteriography of a 
patient with localized 
stenosis of the LAD ( double 
arrow ). A small air bubble 
can be seen migrating 
through the Cx. The patient 
remained asymptomatic and 
no ECG changes occurred 
except for the transient 
abnormalities associated with 
injection of contrast material       
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   Angiographic Views 

 Angiographic demonstration of narrowed blood vessels in various projections is of extreme importance. The maximum 
degree of narrowing can only be appreciated if the lesion is demonstrated in true profile. On the other hand, significant 
lesions may be overlooked if visualized in face. The angiographer must evaluate the entire vessel in several different views 
to avoid the effects of vessel foreshortening that can hide a stenotic lesion and because coronary lesions are frequently 
eccentric. 

 Since the orientation between the planes of the major cardiac grooves and septum is different from the standard antero-
posterior (AP) and lateral projections utilized for chest roentgenology, oblique views must be used to obtain optical angio-
graphic visualization of the coronary arteries. 

 An understanding of the orientation of the coronary arteries in the oblique positions can be facilitated using a diagram 
shown in Fig.  6.11  in which the eyes represent the line sight of the viewer  [  23  ] . In the LAO projection, the viewer is sighting 
down the interventricular and interatrial septum. All left-sided cardiac chambers appear to the viewer’s right. In the LAO, 
the anterior and posterior descending coronary arteries are seen coursing vertically in the middle of the cardiac silhouette, 
following the path of the interventricular septum. In the RAO projection, the viewer’s line of sight is the interventricular 
groove plane. In this projection, the two atria and the two ventricles are superimposed. The proximal circumflex and proxi-
mal right coronary arteries are well visualized as they follow their course in the atrioventricular groove.  

  Fig. 6.10    ( a ) Localized 
apparent occlusion of the 
RCA at the catheter tip. 
( b ) Following reposition of 
the catheter, as shown in the 
cuspogram, and eliminating 
irritation of the arterial wall 
by catheter tip, the spasm 
disappeared       
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 In 1981, Paulin  [  24  ]  proposed that radiographic projections be named by following the course of the X-ray beam as it 
passes through the heart. The X-ray gantry can be angled in the horizontal and coronal planes. In the “cranial” view, the 
X-ray beam originates caudally and passes through the heart to the image intensifier, which is angled cranially. Conversely, 
in a caudal projection, the X-ray tube is angled cranially and projects the X-ray beam caudally to the image tube. The use 
of multiple oblique views in the anterolateral projections in conjunction with angulation in the caudocranial plane has 
greatly facilitated optimal visualization of coronary lesions and minimized the problem of foreshortening of the coronary 
arteries. 

   Optimal Projections for Left Main Coronary Artery 

 The left main coronary artery, which under most circumstances should be visualized first and with great care, can be seen 
best in the posteroanterior (PA) (Fig.  6.12a ) or in a very shallow oblique projection (either RAO or LAO) so that the left 
main coronary is just off the spine.   

   Projections for the Left Anterior Descending Coronary Artery 

 A RAO or PA view coupled with marked cranial angulation (30°) may be helpful in delineating the course of the left anterior 
descending coronary artery, avoiding overlap by other branches (Fig.  6.12b ). 

 A steep LAO view (40°) with severe cranial angulation (40°) is essential in viewing the LAD and diagonal branch bifur-
cation (Fig.  6.12c ). 

 An additional LAO caudal view (LAO 40°, caudal 30°), the so-called spider view, may be used in visualizing the bifurca-
tion of the left main, the proximal circumflex, and LAD, and at times the distal LAD (Fig.  6.12d ).  

   Projections for the Circumflex Coronary Artery 

 The circumflex artery and its marginal branches can be defined in the RAO projection (20 or 30° angulation) with 20–30° 
of caudal angulation (Fig.  6.12 ).  

  Fig. 6.11    Diagram 
illustrating cardiac chambers’ 
locations as viewed in the 
four standard radiographic 
projections: frontal (poster-
oanterior, PA), lateral, right 
anterior oblique (RAO), and 
left anterior oblique (LAO). 
The eyes represent the 
viewer’s line of sight       
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  Fig. 6.12    ( a ) Normal left coronary artery viewed in the PA projection with 35° cranial angulation. ( b ) Left coronary angiogram viewed with 30° 
RAO and 30° cranial angulation delineating the course of the LAD. ( c ) Left coronary angiogram viewed with 40° LAO and 30° cranial angulation 
viewing the LAD and diagonal branch bifurcation. ( d ) LAO caudal view (LAO 40°, caudal 30°) visualizing the bifurcation of the MLC, the 
proximal Cx, and LAD. ( e ) Selective left coronary angiogram viewed with 30° RAO and 20° caudal angulation viewing the circumflex artery       
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   Projections for the Right Coronary Artery 

 The proximal and mid-right coronary arteries are usually seen well in a 30–45° LAO projection. A moderate LAO view with 
cranial angulation (LAO 30°, cranial 20°) may be ideal for viewing the bifurcation of the distal right coronary artery into 
the posterior descending and posterior lateral branches (Fig.  6.13a ). One view of the right coronary in the RAO view is 
necessary. At times, visualization of the distal right coronary is helped by adding cranial angulation (sometimes up to 60°) 
to the RAO view (Fig.  6.13b ).    

   Coronary Artery Dimension 

 It has become recognized increasingly that measurements of coronary artery dimensions at autopsy do not correlate well 
with in vivo angiographic measurements of coronary diameter  [  25  ] . The importance of accurate measurements of normal 
coronary caliber is underscored by the understanding that coronary atherosclerosis is primarily a diffuse disease process that 
may be difficult to recognize angiographically  [  26  ] . Thus, without knowing the “true” caliber of an artery, it is often difficult 
to conclude whether a given coronary segment that appears normal angiographically is normal anatomically. The importance 
of recognizing diffuse coronary narrowing is underscored by studies in patients with advanced atherosclerosis showing that 
angiographic measurements based on lesion percent (as a fraction of the diameter of the adjacent normal segment) correlate 
poorly with physiologic measurements of the effect of a given focal stenosis on coronary blood flow  [  27  ] . The rationale for 
expressing lesion severity as percent stenosis has recently been rendered even more tenous by the findings that in athero-
sclerosis compensatory coronary enlargement precedes the process of luminal narrowing, and often compensates for any 
narrowing until this narrowing reaches 40% of the intimal lumen  [  28  ] . 

 Dodge and coworkers used computer-based quantitation of angiograms to measure coronary lumen diameter in normal 
coronary arteriograms from several thousands consecutive studies.    For these normal arteries, a round cross-section was 
assumed, and the cross-sectional area was estimated to be (coronary diameter) 2 divided by (ii.4). The summed area of the 
proximal right coronary, the proximal left anterior descending, and proximal circumflex arteries was called the total coro-
nary area. In men with a large dominant right coronary distribution, the total coronary area was 32.1 ± 7.3 mm 2 , with the 
right coronary contributing 38% of the total area, the left anterior descending 33%, and the circumflex 29%. 

 Multiple other physiologic and pathologic processes affect coronary caliber. Acute changes in perfusion pressure mark-
edly alter coronary diameter by changing the distended force  [  29  ] . Increased blood flow from heightened myocardial oxy-
gen demand (e.g., increased heart rate) or drug administration leads to coronary relaxation by endothelial-dependent 

  Fig. 6.13    Angiographic projections of a normal right coronary artery. ( a ) Selective right coronary angiogram viewed with 30° LAO. ( b ) Same 
vessel viewed with 45° RAO       
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mechanisms that affect coronary smooth muscle vasomotor tone  [  14  ] . The effects of intraluminal pressure endothelial-
mediated dilation on coronary caliber can be altered significantly by vascular pathology. Hypertension and the wide range 
of conditions resulting in left ventricular hypertrophy result in marked increases in epicardial vessel size. 

 The evidence suggests that females have higher morbidity and mortality resulting from attempts at coronary revascular-
ization either with angioplasty  [  30  ]  or bypass surgery  [  31  ] . Speculation as to reasons for apparent differences in results has 
focused on differences in coronary size between men and women; the proximal coronary lumen diameter of women with 
normal arteries and a right-dominant coronary circulation was 9 ± 8% less than in similar men.  

   Quantitative Analysis of Coronary Arteriography 

 Since the visual interpretation of coronary angiograms is inherently flawed, numerous computer-assisted systems to aid in 
the geometrical assessment of epicardial coronary lesions have been developed. Although quantitation of coronary stenosis 
is a giant step forward (compared to visual assessment), it must be remembered that quantitative angiography is an anatomic 
but not a physiologic measurement tool. The coronary angiogram is a two-dimensional representation of the lumen of the 
artery under investigation. Changes in the size or configuration from an assumed normal vessel may not be sufficient to 
understand either the physiology involved or to recognize the anatomic extent of the atherosclerotic process. Despite these 
limitations, the development and implementation of quantitative methods for analysis of stenosis severity has improved 
evaluation of coronary artery lesions. 

 In 1977, Brown and colleagues at the University of Washington developed a quantitative coronary angiography method 
using the vessel edges of the lesion and the adjacent proximal and distal “normal” segments of the coronary angiogram  [  32  ] . 
Images obtained from standard 35-mm cine film are projected at 5× magnification onto grid. The drawn arterial outlines 
from two orthogonal angiographic views are manually digitized. The angiographic catheter is used as a scaling device to 
correct for magnification. The outlines are computer-matched at the minimum diameter or another standard point of refer-
ence visible in both views. Two orthogonal views are then combined to form a 3D representation, assuming an elliptical 
lumen contour. 

 From this composite image, lesion minimum diameter and cross-sectional area are determined in absolute (mm 2 ) and 
relative lesion percent diameter and percent area stenosis terms. This method has been used for many research applications 
and is highly accurate and reproducible. However, the method is time-consuming and labor-intensive. For these reason, it 
has not seen widespread clinical utilization. 

 Reiber and colleagues in 1986 developed a semiautomated method for detecting the edges of coronary artery segment of 
interest and of the calibrating catheter (Coronary artery analysis system (CAAS))  [  33  ] . This and similar methods use digi-
tized image obtained from a cineangiographic film frame or video signal. These techniques detect the arterial edge by 
videodensitometric methods, usually employing a weighted average of the first and second derivatives of the density change 
across the artery to identify the edge  [  34  ].  

 A number of other investigators have developed other systems for computer-assisted quantitative coronary angiography 
using nongeometric methods. Videodensitometry has been most commonly used. Under very carefully controlled circum-
stances and in a small number of patients, one videodensitometric approach appeared to correlate well with minimal luminal 
area measured using Brown-Dodge quantitative coronary angiography as well as measurements of CFR. 

 However, there are many theoretical and practical limitations to the use of videodensitometric techniques. The frequent 
occurrence of vessel foreshortening in many of the radiographic views results in artifactual increases in density and greatly 
limits the clinical utility of this technique. At present, the usual error with densitometric angiography appears between 5 and 
20%, but can approach 50%  [  35  ] . For these reasons and despite initially promising results, videodensitometric approaches 
to lesion quantitation have not yet seen widespread application. 

 Although under ideal circumstances quantitative angiography can be reliable and highly accurate measurement tech-
nique, many potential pitfalls exist. Blurring of the vessel edges, the penumbra effect, and cardiac motion can lead to wid-
ened vessel edge, making edge detection less accurate. Vessel overlap and unrecognized lesion foreshortening may produce 
major errors because single film frames are examined. 

 Inaccurate calibration from the angiographic catheter can be a major problem for quantitative angiography. Reference 
tables for the true size of a variety of angiographic catheters, together with a comparison of their angiographic measurements 
as calculated by two different algorithms, are available. 

 For angioplasty patients populations, quantitative measurements of vessel diameters taken from only one view in which the 
lesion appears worst compare quiet closely with the average of two diameter measurements from nearly orthogonal views  [  36  ] . 
From these data, one could conclude that quantitative measurement of one view is adequate for routine clinical purposes. 
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However, for research purposes, orthogonal views may sometimes be required. Our experience comparing angiography to 
Doppler flow reserve measurements has led to the conclusion that integration of lesion diameters as seen in all views appears 
to relate best to physiologic measures of lesion severity.  

   Physiologic Assessment of Coronary Arterial Stenosis 

 The inaccuracies inherent in even the most sophisticated methods of anatomic assessment have led to the development of physi-
ologically based methods to assess coronary stenosis severity. In 1939, Katz and Lindner  [  37  ]  described the coronary reactive 
hyperemia response that has subsequently become the gold standard for the physiologic assessment of stenosis severity. 

 In normal coronary arteries, myocardial blood flow is primary regulated by the resistance of the arteriolar vessels ( £  400/
um diameter). The epicardial coronary arteries provide little resistance to coronary blood flow under physiologic circum-
stances. As a stenosis progresses in an epicardial vessel, a transstenotic pressure gradient develops. The microvessels dilate 
to compensate for the reduced distal perfusion pressure, thus maintaining normal resting flow to the myocardium. 

 Studies in animals have shown that resting coronary blood flow can be maintained at normal levels until more than 75% 
of the arterial cross-sectional area (50% of the diameter if the obstruction is concentric) is obstructed. At this point, the 
vasodilator reserve of the arterioles is exhausted, and further vasodilation is impossible  [  38  ] . Resting blood flow during 
maximal arteriolar vasodilation is termed physiologically significant (Fig.  6.14 ).  

 The ratio of maximal hyperemic blood flow (e.g., induced by coronary occlusion or drugs) to resting blood flow is termed 
coronary vasodilator reserve of CFR. The ratio of the intracoronary pressure distal to a stenosis to the proximal coronary or 
aortic pressure during conditions of maximal hyperemia is termed the fractional flow reserve. These two physiologic mea-
surements CFR and the fractional flow reserve have provided important clinical techniques to assess limitations in hyper-
emic blood flow imparted by a stenosis.  

   Collateral Circulation 

 In general, the angiographic demonstration of intercoronary collateral vessels can be regarded as the hallmark of severe and 
extensive obstructive coronary disease. The development of coronary collaterals is based in preexistent coronary arterial 
anastomosis in the normal heart. Autopsy studies have shown the presence of small coronary anastomosis (native collaterals) 
in nearly all normal hearts. 

  Fig. 6.14    The effects of an 
epicardial stenosis on 
coronary fl ow reserve (CFR). 
 Top : Dilation of a normal 
microvasculature with 
adenosine causes blood fl ow 
to increase fourfold.  Middle : 
An epicardial stenosis causes 
partial microvascular dilation, 
and adenosine has little 
additional effect. Flow 
reserved is reduced.  Bottom : 
Microvascular disease 
prevents normal arteriolar 
dilation, reducing fl ow 
reserve       
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 W. F. M Fulton demonstrated the existence of precapillary anastomoses in the subendocardium of the LV and septum by 
using the injection immersion bismuthgelatin stereodiagnostic techniques  [  39  ] . These anastomoses are not dilated capillar-
ies. Histolologically, these vessels have an inner endothelial layer and a thin medial and adventitial layer (Vlodaver and 
Edwards, unpublished data). 

 Baroldi, Mantero, and Scomazzoni (1956)  [  40  ] , among others, described 20 arterial anastomoses of 20–350 microdiam-
eter in a group of normal hearts. The anastomoses were commonly found in the atrial and ventricular septa and the surround-
ing free ventricular wall, at the crux, and in the free wall of both atria. 

 Intermittent or gradual coronary occlusion results in the growth of coronary collaterals. This maturation process involves 
not only an increase in the lumen of the vessel, but also the development of new vascular smooth muscle  [  41  ] . Collateral 
vessels respond to several neurohormonal substances, but the response of mature    coronary collaterals to several differs 
substantially from that of native coronary arteries and immature collateral vessels  [  42  ] . 

 Human coronary collaterals become demonstrable by coronary angiography only when the parent vessel is subtotally or 
totally occluded. Unfortunately, angiographic grading of coronary collaterals based on collateral caliber is not accurate in 
predicting the functional ability of the collateral to provide coronary perfusion. There are several reasons for this: (1) 
Coronary collaterals in the 100  m m range are not angiographically visible  [  43  ] . (2) Angiographic techniques in humans for 
quantitating collateral function are not well validated  [  44  ] . (3) In the absence of near-total vessel occlusion, collateral vessels 
are not visible in the resting state (e.g., during angiography). They can, however, be rendered visible if contrast is injected 
into the contralateral artery during coronary spasm or during temporal balloon occlusion of the recipient artery  [  45  ] . These 
collaterals have been termed “recruitable”  [  46  ] . 

 As a result of several important observations, the myocardial protective effects of collaterals are accepted widely  [  47  ] . 
For any given location of acute coronary occlusion, the degree of deterioration of left ventricular function is inversely related 
to the presence of angiographically visible coronary collaterals. In addition, the incidence of late aneurysm formation fol-
lowing myocardial infarction is reduced in patients with angiographically significant collateral circulation, with or without 
successful reperfusion  [  48  ] . The risk of hemodynamically severe consequences from acute myocardial infarction is mitigated 
greatly by the presence of a preexisting severe stenosis, and thus the protective effect of a developed collateral circulation. 
Conversely, when acute coronary occlusion occurs in the presence of mild stenosis and thus poor collateral development, it 
is likely to have more severe clinical consequences  [  49  ] . More recently, it has been shown that the presence of angiographi-
cally defined coronary collaterals extends the “window of time” for the beneficial effect of reperfusion therapy of myocar-
dial infarction and results in greater improvement in cardiac function and reduction in infarction size  [  50  ].  

 Collateral flow can be graded using the following scale devised by Rentrop et al.  [  45  ]  (Fig.  6.15 ):  

 Grade 0: No angiographically visible filling of any collateral channels. 
 Grade 1: Collaterals filling of the distal branches of the recipient artery, but not the epicardial portion of the artery. 
 Grade 2: Partial collateral filling of the recipient epicardial artery. 
 Grade 3: Complete collateral filling of the recipient epicardial artery. 

 Angiographic methods for assessing collateral flow are at best semiquantitative measures. The coronary wedge pressure 
(e.g., the distal coronary pressure during transient balloon occlusion at the time of angioplasty) has been used to assess more 
accurately collateral function. Spontaneously visible collaterals are present at angioplasty 4 times as often as recruitable 
collaterals. Meier et al.  [  46  ]  found the coronary wedge pressure in patients with collaterals of either type is higher than in 

  Fig. 6.15    The Rentrop 
semiquantitative scale for 
grading collateral fl ow to a 
coronary artery. Modifi ed 
from Rentrop  [  45  ]        
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patients without collaterals. Signs and symptoms of ischemia during angioplasty balloon occlusion occur with a significantly 
greater frequency in patients with a low coronary wedge pressure. 

 Coronary arterial anastomoses may be categorized as (1) connecting branches of two different coronary arteries and 
(2) connections between various branches of the same artery. The latter group may be subdivided into bridging collaterals 
close to and across an obstructive or connecting anastomoses between distal branches of the obstructed artery. 

 In any given case, one or more of the foregoing types of collateral pathways may be evident. Homocoronary anastomoses 
are between branches of the same coronary artery. If anastomotic channels are present between two or more different coro-
nary arteries, the term intercoronary anastomosis will be applied. 

   Collateral Anastomosis in the Absence of Evidenced Disease 

 Under unusual circumstances, anastomoses between the main coronary arteries may be shown in the absence of evidenced 
disease. In the arteriogram shown in Fig.  6.16 , the RCA appeared to be occluded by organic disease. Later, this was shown 
to be arterial spasm, which occurred at the time of the initial injection of the contrast material. The spasm prevented free 
reflux and a wedge injection was performed, demonstrating anastomoses between the RCA and the Cx. Examination of the 
Cx showed no lesion. Collaterals between the RCA and the Cx were present and demonstrable by wedge injection without 
organic disease. This represents an unique case in which potential collaterals without obstructing disease were demonstrated 
in a living subject.  

 Figure  6.17  is an LAO view of the patient in Fig.  6.16  following injection into the LC. The entire Cx system and the 
previously opacified segment are now filled normally from the LC.   

   Bridging Anastomosis 

 Those are collaterals close to and across an obstructive or connecting anastomosis between distal branches of the obstructed 
artery (Figs.  6.18 ).   

   Kugel’s Artery 

 In instances of RC obstruction, the distal segment of the RC may be supplied by a vessel which has coursed through the 
atrial septum. This is named Kugel’s artery, which rarely arises from the LMC, more commonly from the Cx, and occasionally 

  Fig. 6.16    Severe spasm of the proximal portion of RC resulting in a tight seal around the catheter tip ( arrow ). Contrast material was forced under 
high pressure into the coronary arteries. The RCA is normal, but there is opacification of the distal ramifications of the Cx through collateral 
communications       
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from the RCA. After coursing from its origin, Kugel’s artery passes posteriorly in the atrial septum to supply the area of the 
AV node. In this general location, it may anastomose with the distal portion of the RCA, representing a collateral channel 
(Figs.  6.19 – 6.21 ).    

 Angiographic demonstration of Kugel’s artery without obstruction is extremely rare. This minute branch can only be 
demonstrated on an excellent angiogram. On the other hand, in case of arterial obstruction there is considerable enlargement 
of arteria anastomatic auricularis magna, which can be readily identified. Its angiographic recognition depends on the fact 
that the artery remains within the confines of the heart in all projections. This anastomotic artery, which runs in the atrial 
septum, is often confused with LA collaterals. Although LA collaterals may simulate Kugel’s artery in one projection, it 
will be obvious in other views that it represent a vessel running on the surface of the LA wall.  

   Intercoronary anastomoses with Left Anterior Descending and Posterior Descending 

 One of the most common intercoronary anastomoses in complete occlusion of the RCA is collateral supply from the LAD 
to the PDA around the apex. Often there are also interseptal collaterals demonstrable (Figs.  6.22  and  6.23 ).    

  Fig. 6.17    An LAO view of 
the patient in Fig.  6.16  
following injection into 
the LC       

  Fig. 6.18    RAO view of RC 
arteriogram. There is 
occlusion at the origin of the 
RCA with collaterals 
bridging across the site of 
occlusion. The distal segment 
of the artery is well opacifi ed. 
The LC system was normal; 
this case also represent a 
good example of single-
vessel disease       

 

 



115  Fig. 6.19    RC arteriogram in 
RAO view with prominent 
Kugel anastomosis to the AV 
node artery and probably also 
posterior septal branches 
( double arrows ). Note 
opacifi cation of the PDA via 
these collaterals       

  Fig. 6.21    RC arteriogram in 
RAO projection. The artery is 
completely opacifi ed by way 
of collateral fl ow through the 
Kugel’s artery       

  Fig. 6.20    RAO view of the 
RC arteriogram shows 
complete occlusion of the 
RCA and retrograde 
collateral fl ow through 
Kugel’s artery. Note that the 
latter artery descends in the 
atrial septum from the AV 
node artery. Other fi lm appear 
in Fig.  6.23        
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   Occlusion of the Right Coronary Artery with Collaterals from the Left Anterior 
descending and Left Circumflex Arteries 

 There is a variation of collaterals pathways in patients with occlusion of the RCA, when a paired LAD supplies the distal 
RCA via periapical collateral channels. There opacification of the PDA also occurs (Figs.  6.24  and  6.25 ).    

   Collaterals to the Right Coronary Artery through Atrial Branches 

 Figure  6.26  illustrates a case of occlusion of the proximal portion of the RCA. The main collateral supply to the vessel was 
through the left and right atrial branches, each originating from the Cx.   

   Occlusion of the Left Anterior Descending Artery: Dual Collateral Supply from the Conus 
Artery and Muscular Branches of Right Coronary Artery. The Vieussen’s Circle 

 Figures  6.27  and  6.28  illustrate an example in which the LAD was found to be occluded in its proximal segment in 
LC arteriograms. The RC arteriograms portray collateral flow into the LAD through the Mub of the RCA, as well as 

  Fig. 6.22    RC arteriogram in lateral view. Complete occlusion of the RCA ( arrow ) at the origin of the muscular branch and a large sinus node 
artery       

  Fig. 6.23    RAO view of LC arteriogram showing septal collaterals, but the main collateralization to the RCA is around the apex from the LAD 
to the PDA ( arrows ). The occluded RCA is shown in Fig.  6.22        
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  Fig. 6.24    LC arteriogram in lateral view in patient with occlusion of the RCA. The distal PDA opacifies via periapical collaterals, as well as from 
muscular branches from the Cx system       

  Fig. 6.25    LC arteriogram in RAO projection in case of occlusion of the RC. Collaterals to the RC come from the LAD and Cx       

  Fig. 6.26    LC arteriogram in lateral view. Atrial branches opacify segments of the RC       
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 communications between a Conus branch of the RCA and Conus branch of the LMC. The latter anastomosis yields a pattern 
that has been called the Vieussens circle. In Fig.  6.28 , the Vieussen’s circle is particularly well developed.    

   Collateral Flow to the Left Anterior Descending Artery through Branches 
of the Posterior Descending Artery Arising from the Left Circumflex 

 In Fig.  6.29 , the proximal portion of the LAD shows major degree of obstruction. The Cx give rise to the PDA, which in 
turn supplies Post and Ant SBs. The Ant SBs do not opacify completely, giving the branchless tree appearance.   

   Collaterals from Left Circumflex to Right Coronary Artery 

 When occlusion of the RCA and major stenosis of the LAD occurs, the major collateral flow to the occluded vessel derived 
from the Cir through an atrial branch (Fig.  6.30 ).   

  Fig. 6.27    RC arteriogram in 
lateral view. There is diffuse 
disease of the RC and 
collateral fl ow to the 
occluded LAD through 
communications between the 
right and left conus branches, 
yielding Vieussen’s circle       

  Fig. 6.28    RC arteriogram in 
RAO view. Coll fl ow into the 
LAD system through 
muscular branches and conus 
branches. The Vieussen’s 
circle is prominent as a result 
of communications between 
the conus branches of the 
RCA and the LMC       
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   Muscular Branch: Source of Collaterals to Occluded Distal Right Coronary 
and Left Anterior Descending Arteries 

 Figures  6.31  and  6.32  are from a patient with an occluded LAD and distal RCA, and a large right MuB supplying the 
myocardium.     

   Myocardial Bridges 

 A myocardial bridge is a segment of a major coronary branch, which, for a short course, leaves the epicardium, dips through 
the myocardium(site of bridge), and then reappears on the myocardium. Since the obstruction occurs only during systole 
and blood flow occurs primarily during diastole, there usually is no impact on myocardial perfusion. The importance of this 

  Fig. 6.29    LC arteriogram in RAO view. There is marked narrowing of the LAD ( single arrow ). Widely patent Cx opacifies septal branches which 
proceed toward the territory of the LAD. Note that the proximal septal branches of the LAD are not opacified, probably because of a previous 
infarction       

  Fig. 6.30    LC arteriogram in LAO view. Minor disease of the LAD and some atherosclerotic beading of the large Cx are evident. There is an 
unusual collateral filling of a muscular branch of the RCA through the left atrial branch arising from the Cx, anastomosing with an RAB 
( arrows )       
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condition angiographically is that during ventricular systole, there appears to be an obstruction which may be confused with 
organic disease. Figure  6.33  shows three levels of the LAD, the middle one of which is involved in a myocardial bridge. It 
is of interest that the degree of atherosclerosis has been found to be more severe in those segments lying on the epicardium 
than in that part involved in the bridge and lying in the myocardium  [  51  ] . When myocardial bridges exist, as shown in 
Fig.  6.34 , there may be evident obstruction of the involved segment during systole. During diastole, the obstruction disap-
pears. Figures  6.34  and  6.35  portrays angiographic identification of myocardial bridge.    

   Myocardial bridge and the Effects of Nitrites 

 Figure  6.36  and  6.37  are LC and arteriograms in which a myocardial bridge on the proximal segment of the LAD and the 
effects of nitrites are seen.     

  Fig. 6.31    RAO view of LC arteriogram showing occlusion of the LAD, short Cx, and a markedly stenotic diagonal branch       

  Fig. 6.32    Injection of RC in RAO position demonstrates virtual opacification of the entire heart by the RCA, primarily a huge right muscular 
branch. Beyond the origin of the right muscular branch, the RCA is occluded. The main collateral flow occurs through RV branches through the 
LAD around the apex with filling of the PDA       
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  Fig. 6.33    Three levels of section of the LAD. In the upper and lower levels, the artery lies in the epicardium, while in the middle level the artery 
lies within the muscle. The muscle which separates the vessel from the epicardium may be considered a myocardial bridge       

  Fig. 6.34    LC arteriogram in RAO projection. During systole, the distal segment of the LAD appears occluded ( arrows )       

  Fig. 6.35    LC arteriogram in RAO projection. During diastole, the apparent occlusion has disappeared       
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   Limitations of Coronary Arteriography 

 Like any other diagnostic method, coronary arteriography has inherent limitations. It demonstrates the coronary arterial 
lumen, but provides no direct information about changes of the vessel wall. Depict lesions with very complex morphology, 
and identification of vulnerable plaques  [  52,   53  ] . In addition, uniform diffuse intimal thickening leads to a relatively uniform 
reduction in lumen caliber. As a result, the visual impact of focal stenotic lesions appears to be less. Conversely, diffuse 
abluminal dilation, common with high coronary flow states such as cardiac hypertrophy, enhances the visual impact of focal 
lesions, even though the minimal cross-sectional area of the stenotic lesion may provide little resistance to blood flow. 

 A variety of intravascular imaging techniques have been developed to compensate for the limitations of coronary arte-
riography. Catheter-based techniques that use intravascular ultrasound (IVUS) have been used for many years and have 
provided new insights into vascular biology. Optical coherence tomography (OCT) is an emerging technique that is based 

  Fig. 6.36    RAO view of LC arteriogram, prenitroglycerin. A myocardial bridge over the proximal LAD can be expected because of the curvature 
of the LAD, but none of the films showed compression       

  Fig. 6.37    ( a ) Systole ( b ) Diastole. Following administration of nitroglycerin, the examination in the same projection shows dilatation of the LAD 
and there is now intermittent compression of the proximal LAD by the myocardial bridge. Note that during systole there is also disappearance of 
the septal branch at the level of the myocardial bridge. This phenomenon cannot be explained at the present time. Under the relaxation effects of 
nitrites, the arteries may be more susceptible to myocardial compression       
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on the same principles as IVUS, but uses near-infrared light which provides for much greater resolution than is achievable 
with ultrasound and more suitable to identify unstable plaques. However, OCT has less penetrability through nontransparent 
tissue and image acquisition is hampered by the presence of blood  [  54  ] . Other noninvasive imaging techniques such as 
molecular imaging using F-FDG positron emission tomography or annexin imaging with single-photon emission computed 
tomography may prove to be more accurate and practical for this purpose  [  55  ] .      
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        Introduction 

 Substantial differences exist in coronary artery anatomy. These differences vary in importance from benign alterations 
without clinical significance to those with a potentially lethal outcome. Anomalous coronary artery anatomy can be char-
acterized based on abnormalities of origin, course, or termination  [  1  ] . Coronary artery anomalies (CAAs) have been 
reported in approximately 1% of patients undergoing invasive coronary angiography, depending on the definition of the 
anatomic variant  [  2  ] . More recently, advanced imaging techniques including multislice coronary computed tomography 
angiography (CCTA) and cardiac magnetic resonance imaging (CMRI) have been used to evaluate anomalous coronary 
arteries. 

 In our series of ambulatory patients presenting for CCTA to evaluate chest pain or abnormal stress testing, CAAs were 
the most common, unexpected atherosclerotic finding, noted in 8% of patients  [  3  ] . The vast majority of anomalies are 
associated with a benign prognosis and have no impact on the longevity of the individual. In certain instances, there may 
be a risk of sudden death or myocardial damage, making an accurate diagnosis imperative. In particular, those in which 
the origin is from the opposite sinus coursing between the aorta and pulmonary artery impose the most potential risk. In 
one study of young athletes treated at the Minneapolis Heart Institute, anomalous coronary artery origin from the opposite 
sinus was the second-leading cause of sudden death on the playing field behind hypertrophic cardiomyopathy  [  4  ] .  

   Identifying CAAs    

 Identifying CAAs can be documented by autopsy, diagnostic coronary angiography, CCTA, CMRI, or echocardiography. 

   Coronary Angiography 

 Despite multiple angiographic projections and use of specialty catheters, the proximal course can be difficult to diagnose 
with coronary angiography due to limitations of fluoroscopy. Nearby structures cannot be assessed in relation to coronary 
anatomy, and the 2D nature of invasive angiography does not provide necessary spatial information.  

    Chapter 7   
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   Echocardiography 

 Echocardiography is limited to visualization of the proximal segments but is often used in the pediatric population where 
proximal vessel course can be readily established. More recently, CCTA and CMRI have been commonly used to further 
define coronary anatomy. These tools are being used with increasing frequency for the evaluation of chest pain, cardiomyo-
pathy, and abnormal stress tests. CAAs are therefore being discovered with increased frequency, and the approach to treating 
these patients has become more complicated.  

   CCTA and CMRI 

 CCTA has superior spatial resolution and, when used properly in conjunction with radiation-reducing protocols, has become 
the preferred modality for most cases of known CAA, including the pediatric population. CCTA and CMRI also offer several 
additional features that cannot be judged by conventional angiography, namely the ability to define the takeoff angle acuity, 
the relationship to the pulmonic valve, an intraseptal course (deep within the myocardium), and the presence of associated 
calcified or noncalcified plaque. By visualizing nearby structures, the relationship of the anomalous coronary to the pulmo-
nary artery, right ventricle, right ventricular outflow tract, and left and right atrium can be documented. These variations 
may have prognostic implications and have led to further understanding of CAAs. At many institutions, CCTA has become 
the gold standard for defining a CAA discovered with invasive angiography to further define the anomaly.   

   Benign Anomalies 

 Benign coronary anatomic variations are frequently well documented, but not necessarily characterized as anomalous coro-
nary anatomy. The most common benign CAAs involve separate origins of the right coronary artery (RCA) and conus, 
affecting up to 50% of the population  [  5  ] . Variations in coronary artery length have been well described and similarly 
 represent anatomic variants rather than true anomalies. These variations are discussed in Chap.   1    : “Anatomy of Coronary 
Vessels.”  

   Abnormal Origin of the Coronary Arteries 

   Variations in Level of Origin of the Coronary Arteries 

   Normal 

 The ascending aorta may be divided into two parts: the sinus or proximal portion and the tubular or distal portion. The junc-
tion between these two parts lies at the level of the free edge of the aortic cusps, commonly referred to as the sinotubular 
junction. Deviation of a few millimeters in the level of origin of the coronary arteries with respect to the junction is common. 
Figure  7.1  shows examples of normal variations in levels of origin of the coronary arteries as seen in necropsy specimens. 
The percentages given have been determined from an examination of 52 consecutive cases in adults  [  6  ] .    

   Abnormal High or Low Takeoff 

   Congenital 

 When the origin is as much as 1 cm above the junction, a condition of congenital    high takeoff or ectopic origin should be 
considered  ( Fig.  7.2 ). Instances of high takeoff of a coronary artery usually involve the RCA (Figs.  7.3  and  7.4 ). High take-
off may be a primary (congenital) phenomenon or acquired. While it has been suggested that congenital high takeoff of a 
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coronary artery may predispose to premature atherosclerosis, no evidence supports this theory in our review of our autopsy 
series. A high takeoff of the RCA can be associated with an intramural aortic course where the proximal vessel course runs 
within the media of the aorta itself and may be associated with sudden death  [  7  ] .     

   Acquired 

 High takeoff may also be seen as a secondary change in proximal aortic ectasia, including dilatation with cystic medial 
necrosis, Marfan syndrome, or a bicuspid aortic valve with associated aortic enlargement. In this situation, the high takeoff 
may be secondary to elongation of the aorta (Fig.  7.5 ). In this condition, both the left and right coronary ostia tend to be 
involved.  

  Fig. 7.1    Variations in the 
level of origin of the coronary 
arteries from an examination 
of 52 consecutive autopsy 
cases in adults. ( a ) In 56% of 
cases, both coronary arteries 
arise below the junction 
between the sinus and tubular 
portion of the aorta (Ao). 
( b ) In 30% of cases, the RC 
ostium lies below the 
junction and that of the LC 
above the junction. ( c ) In 8% 
of cases, the RC ostium is 
above the junction and that of 
the LC below. ( d ) In 6% of 
cases, both coronary ostia lie 
above the junction       

  Fig. 7.2    Interior of the Ao 
showing the high takeoff of 
the RC ostium       
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  Fig. 7.3    Exterior of the Ao 
showing the RC, which arose 
at a high level and, after 
leaving the Ao, descended 
before entering the right AV 
sulcus       

  Fig. 7.4    Aortogram in lateral 
view showing high takeoff of 
the RC       

  Fig. 7.5    The aortic valve and 
ascending Ao in an example 
of cystic medial necrosis of 
the Ao. There was dilatation 
of the Ao and acquired 
takeoff of both coronary 
arteries. The ostium of the 
RC is shown       
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 As a practical point, high or very low takeoff of a coronary artery may present problems in finding the ostium during 
attempted coronary arteriography; CCTA or CMRI can be used to define the origin in such cases. Figure  7.6  shows CCTA 
findings of a high takeoff following inability to cannulate the RCA during coronary angiography.  

 Although uncommon, the origin of the coronary artery may lie very low in the deep part of the aortic sinus. This can 
have clinical importance during aortic valve replacement or repair, where the coronary ostia may require reimplantation 
(Fig.  7.7 ).    

   Variations in Sites of Origin of the Coronary Arteries 

   Single Coronary Ostium of the Aorta 

 When there is a single coronary arterial ostium from the aorta, two anatomic possibilities exist. The first is that the entire 
coronary arterial system arises from the aorta, a condition that may be termed “single coronary artery.”The second possibil-
ity is that there are two coronary arteries, one arising from the aorta and the other arising from the pulmonary arterial system, 
usually the pulmonary trunk (PT) and rarely from one of its branches.  

  Fig. 7.6    Coronary computed 
tomography angiography 
(CCTA), multiplanar view, 
shows an abnormally high 
takeoff of the right coronary 
artery (RCA) well above the 
sinus tubular junction ( arrow )       

  Fig. 7.7    Lateral view of 
right cuspogram demonstrat-
ing low origin of the RCA       
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   Single Coronary Artery 

 Single coronary artery is a rare condition wherein only one coronary ostium is present in the aorta and one artery supplies 
the entire heart. While this condition is compatible with normal cardiac function, development of obstructive lesions in the 
vessel is more hazardous than in circumstances of separate coronary arteries. 

 Four types of congenital varieties of single coronary artery have been recognized:

   1)    The fi rst type is a true single coronary artery characterized by a vessel originating at the usual site of either the RCA or 
left coronary artery (LCA), and whose terminal branches enter in the territory which would normally be supplied by the 
“missing” artery. Thus, such an artery may arise either from the right or left aortic sinus. In general, type 1 single coronary 
arteries are considered benign, although in cases of extreme physical exertion, this anomaly has been associated with 
sudden death  [  8  ] .  

   2)    A second type of single coronary artery is that in which the single vessel divides in such a way as to give rise to branches 
which simulate the arrangement of both arteries. When the single coronary artery supplies the contralateral circulation via 
two early-bifurcating vessels, one of those vessels may involve an interarterial course and predispose to sudden death.  

   3)    The third type has an atypical distribution and grossly differs from the normal and is commonly associated with other 
cardiac malformations. Figures  7.8 – 7.16  show examples of types 1–3 single coronary arteries.           

   4)    The fourth type of single coronary artery is referred to as atresia of a coronary ostium, the state in which both coronary 
arteries are connected to the aorta, but the ostium of one is atretic (Fig.  7.11 ). Atresia of the left main coronary artery is a 
very rare coronary anomaly. Pediatric patients are overtly symptomatic early in life. Angiographically, it may be diffi cult 
to distinguish a true single coronary artery from atresia of the coronary ostium.     

 The crucial point in distinction is that with a true single coronary artery, angiography shows simultaneous opacification 
of all major ramifications of the coronary arterial system. In contrast, atresia of a coronary ostium is characterized by early 
opacification of the patent vessel and late opacification of the vessel with an atretic ostium. The basis for the delay in opaci-
fication of the latter vessel is that communication between the two main coronary arterial systems depends on enlargement 
of the collaterals, while in a true single coronary artery, all the ramifications are fed from the primary trunk.  

  Fig. 7.8    True single 
coronary artery arising from 
the right aortic sinus.  Arrow  
shows the direction of fl ow       

  Fig. 7.9    Single coronary 
artery arising from left aortic 
sinus and dividing into RC 
and LC       
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  Fig. 7.10    Single RCA with 
atypical distribution       

  Fig. 7.12    ( a ) Opened aortic 
root and aortic valve. 
A single coronary artery 
arises from the left aortic 
sinus ( arrow ). The circumfl ex 
branch of this vessel 
continued across the posterior 
interventricular groove into 
the right AV sulcus and 
terminated anteriorly without 
connection to the aorta. 
( b ) The right AV sulcus. The 
terminal part of the LC lies in 
the right AV sulcus and ends 
( arrow ) a short distance from 
the aorta. Branches extend 
from the vessel to the RV 
(below) and the RA (above)       

  Fig. 7.11    Acquired single 
coronary artery resulting 
from atresia of ostium of LC       
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  Fig. 7.13    RC coronary arteriogram in frontal view showing a large vessel arising from the right aortic sinus, which branches into the RCA and 
LC. The latter, after coursing around the posterior aspect of the aorta, divides into the CX and LAD branches       

  Fig. 7.14    RC arteriogram in lateral view, showing the essential features of a single coronary artery arising from the right aortic sinus and branch-
ing into the RCA and LC       

   Atresia of the Left Coronary Ostium 

 Figures  7.17 – 7.22  are from an infant who developed sudden symptoms of congestive heart failure at age 3 months. The ECG 
was typical for anterolateral myocardial infarction. A roentgenogram revealed cardiomegaly and pulmonary congestion. 
Aortography demonstrated a single, large RCA arising from the aorta. Following opacification of the RCA, the LCA system 
became partially opacified, but no evidence of opacification of the pulmonary trunk occurred. Death from congestive heart 
failure occurred at age 15 months. The pathological examination showed that the main LCA was a cord-like structure with-
out a lumen connecting to the aorta.         

   Origin of One of Two Coronary Arteries from the Pulmonary Trunk 

 A situation in which both coronary arteries originate from the PT is extremely rare. It is much more common to see one 
coronary artery arising from the aorta and the other one from the PT. In most situations, infants present with shortness of 
breath, congestive heart failure (CHF), or sudden death. Rarely do patients achieve adulthood. 
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  Fig. 7.16    Aortogram in 
frontal view showing the 
same features as in the lateral 
view (Fig.  7.15 )       

  Fig. 7.15    Aortogram in 
lateral view. In addition to 
aortic coarctation, there are 
anomalies of the coronary 
arterial system. The latter are 
characterized by origin of a 
single coronary artery from 
the right aortic sinus. The 
vessel branches into the RCA 
and LC       

 It is more common for the LCA than the RCA to arise anomalously. The peculiarities of the circulation are such if survival 
occurs, a collateral series of changes develops between branches of the aortic-arising coronary artery, on one hand, and 
branches of the vessel arising from the PT, on the other. As these collaterals become established, an arteriovenous, fistula-
like condition develops. Aortic flow is diverted from the normal, arising coronary artery into the anomalous vessel, with the 
abnormal flow ultimately terminating in the PT. 

 The consequence of this anomalous arrangement is that the myocardium supplied by the vessel arising from the PT is 
deprived of blood and also of adequate perfusion pressure. This, in turn, leads to myocardial ischemia and often to infarction 
in the distribution of the anomalous vessel. Secondary effects include LV failure, mitral insufficiency, and sudden death. 
Ninety percent of these patients die in infancy and very few live to adulthood .  

 While anomalous origin of the RCA from the PT is sometimes a benign condition discovered at autopsy, in general, 
people harboring this anomaly die prematurely if untreated. If such patients receive a premortem diagnosis, surgical treat-
ment with coronary reimplantation into the aorta is often performed. 
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  Fig. 7.17    ECG shows a left axis deviation and prominent initial vectors (Q waves in leads aVL and V5), indicating the probability of anterolat-
eral myocardial infarction. Adapted from “Aortic dysplasia in infancy simulating anomalous origin of the left coronary artery” by Price et al.  [  23  ] . 
Copyright 1973 by American Heart Association       

  Fig. 7.18    Late stage of aortogram in lateral view. The RC is opacified, and collaterals connect this vessel to the LAD and CX. No contrast mate-
rial was identified entering the pulmonic trunk. Adapted from “Aortic dysplasia in infancy simulating anomalous origin of the left coronary 
artery.” by Price et al.  [  23  ] . Copyright 1973 by American Heart Association       

 The clinical diagnosis of anomalous origin of the coronary arteries from the PT depends on observing through angiog-
raphy that only one coronary ostium is present in the aorta. In late stages of the angiography, the anomalous vessel becomes 
opacified, and ultimately, contrast material may be identified in the PT (Fig.  7.23 ). A coronary artery sometimes arises from 
a pulmonary arterial branch rather than the PT.   

 

 



135  Fig. 7.19    ( a ) Interior of 
outfl ow tract of LV, aortic 
valve, and ascending aorta. 
The wall of the aorta is 
greatly thickened, and a ridge 
extends prominently across it 
at the junction of its sinus and 
tubular portions. The ostium 
of the RC is evident, while 
ostium of the LC is absent. 
( b ) Exterior of the aorta 
showing the strand-like LC 
from which the LAD and CX 
branch were patent, while the 
main stem of the LC was not       

  Fig. 7.21    Section through 
the aortic wall at the site of 
origin of the atretic LC shows 
a mosaic structure of the 
aorta and the small LC 
penetrating the aortic wall 
from the atretic area. Elastic 
tissue stain: ×15       

  Fig. 7.20    ( a ) Diagram of the 
anatomic state of the 
coronary arteries. The shady 
area indicates a zone of 
healed myocardial infarction. 
RC and LC indicate right and 
left cusps, respectively, of 
aortic valve and pulmonary 
valve. Adapted from 
“Pathology of coronary 
disease” by Vlodaver et al. 
 [  24  ] . Copyright 1972 by 
[Elsevier]       
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   Origin of the RCA from the Pulmonary Trunk 

   Arteriographic Demonstration 

 A 42-year-old woman had no symptoms of cardiovascular disease except for a history of cardiac murmur. Aortography 
revealed only a left coronary ostium. The LCA and its [ramifications] showed marked dilatation. There was late opacifica-
tion of the RCA and of the PT (Figs.  7.24  and  7.25 )  [  9  ] .     

  Fig. 7.22    Photomicrographs 
of coronary arteries. ( a ) LC: 
The caliber of the vessel is 
narrow, and in addition, the 
lumen is reduced by intimal 
fi brous thickening. ( b ) LAD 
near its origin. Although the 
vessel is collapsed, it is 
patent. ( c ) RC. The vessel is 
wide. Elastic tissue stain: ×27       

  Fig. 7.23    Diagram of the 
angiographic features 
observed in the anomalous 
origin of the LC from the PT. 
( a ) The RCA is opacifi ed. 
( b ) The collaterals show 
some opacifi cation of the LC. 
( c ) The collateral system is 
well developed and contrast 
material is carried into the 
PT. ( d ) Division of the 
anomalous arising LC 
( arrow ) obliterates the 
arterial shunt to the pulmo-
nary artery       
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   Origin of the Left Coronary Artery from the Pulmonary Trunk 

   Arteriographic Demonstration 

 Figures  7.26  and  7.27  are examples of origin of the LCA from the PT in which the condition was demonstrated by RCA 
arteriography. Each shows collateral opacification of the left coronary system and ultimate opacification of the PT.   

 In the case of a 10-week-old infant who was observed because of poor weight gain, physical examination revealed an 
acyanotic, underdeveloped, female infant. A harsh, grade II, systolic murmur was heard with maximum intensity along the 
left sternal border and at the apex. The murmur was transmitted to the back. Hepatomegaly was present. A roentgenogram 
showed cardiac enlargement, and an ECG showed signs of left ventricular hypertrophy (LVH) and anterolateral myocardial 
infarction. The left ventriculogram showed cardiomegaly and displacement of the descending aorta to the right, considered 
to be a sign of left atrium (LA) enlargement. Death occurred during cardiac catheterization. Necropsy revealed origin of the 
left coronary artery (LCA) from the PT, while the RC arose from the aorta. The left ventricle (LV) was enlarged, and a 
healed myocardial infarction was evident. The observed LA enlargement was consistent with mitral insufficiency 
(Figs.  7.28 – 7.30 ).      

  Fig. 7.24    ( a ) Aortogram in 
frontal view. Only the LC is 
opacifi ed. This vessel and its 
ramifi cations show a wide 
character. ( b ) A later view of 
an aortogram showing 
opacifi cation of the RC 
through collaterals. Adapted 
from “Anomalous origin of 
the RCA from the pulmonary 
artery,” by Wald et al.  [  9  ]  
Copyright 1971 by [Elsevier]       

  Fig. 7.25    Aortogram 
showing late opacifi cation of 
the RCA and PT. Adapted 
from “Anomalous origin of 
the RCA from the pulmonary 
artery,” by Wald et al.  [  9  ] . 
Copyright 1971 by [Elsevier]       

 

 



138 T. Knickelbine et al.

  Fig. 7.26    Right coronary 
arteriogram in frontal view 
from a 2-year-old girl, with 
origin of the LC from the PT. 
Shows collateral opacifi ca-
tion of the LC system 
and ultimate opacifi cation 
of the PT       

  Fig. 7.27    Right coronary 
arteriogram in lateral view 
from a 9-month-old girl. 
Another case of origin of the 
LC from the PT, it shows 
collateral opacifi cation of the 
LC system and ultimate 
opacifi cation of the PT       

  Fig. 7.28    Aortogram 
showing displacement of the 
descending aorta toward the 
right ( arrows ), considered to 
be a feature of LA enlarge-
ment secondary to mitral 
insuffi ciency       

 

 

 



1397 Coronary Artery Anomalies

   Origin of the Left Coronary Artery from the Right Pulmonary Artery 

 The illustrations in Figs.  7.31  and  7.32  are from a 2-year-old girl with a ventricular septal defect (VSD) and a large left-to-
right shunt, who died shortly after surgery to close the VSD. The autopsy showed that the LCA arose from the pulmonary 
artery rather from the PT  [  10  ] .   

 When the ventricular septum is intact and the LCA arises from the pulmonary arterial system, a shunt from the RCA into 
the LCA system by virtue of the low pressure in the LCA ultimately develops. 

 When a large VSD is present and the pulmonary arterial pressure approximates the systemic pressure, antegrade flow 
through an anomalously arising coronary artery continues after birth. Blood from the PT supplies the anomalous arising 
coronary artery and its [ramifications]. If the VSD is closed and the pulmonary pressure falls, there is a sudden decrease in 
perfusion pressure into the anomalous coronary artery, and myocardial ischemia results.  

   Anomalous Origin of a Coronary Artery from Opposite Sinus 

 Cases of coronary origin with wrong sinus have been collectively termed “anomalous origin of a coronary artery from the 
opposite sinus” or ACAOS. These cases have special interest to the clinician as there are subvarieties which may harbor 
potentially lethal variants, even in the absence of symptoms. The origin may be single, as in type 2 single coronary artery, 

  Fig. 7.30    LV and LA. LV 
shows dilatation, endocardial 
fi broelastosis, and hypertro-
phy. Papillary muscles are 
atrophic on the basis of 
infarction. The LA is 
enlarged, which is considered 
to be secondary to mitral 
insuffi ciency       

  Fig. 7.29    ( a ) LV and 
ascending aorta. Only the 
RCA arises from the aorta. 
( b ) PT. The LC arises from 
the PT       
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or frequently with separate ostia from the sinus. When an anomalous coronary artery is discovered at our institutions during 
invasive angiography, CCTA is performed to further characterize the origin, course, and any additional features that may 
help determine the best therapeutic approach. Depending on these findings, stress testing may be used to aid in management 
approach.  

   Four Courses of ACAOS 

 ACAOS can be characterized into one of four courses (Fig.  7.33 ). The anomalous origins can be readily defined by both 
multislice computed tomography angiography (CCTA) and CMRI but not with diagnostic angiography (Fig.  7.34 ):  

   1.    A retroaortic course is associated with a benign prognosis since the artery is not compromised between the aorta and the 
pulmonary artery. In these cases, the artery traverses posterior to the aorta, where there is low pressure and no compro-
mise of coronary circulation. The retroaortic course has not been associated with sudden death.  

   2.    With a prepulmonic course, the artery course is anterior to the pulmonary artery or right ventricular tract and is associated 
with a benign prognosis. Again, there is no potential for compromise of the vessel.  

   3.    An interarterial course occurs when the artery lies between the aorta and the pulmonary artery. The artery course will 
often be at or above the level of the pulmonic valve. There is a reported association with sudden death  [  11  ] . Sudden death 

  Fig. 7.31    ( a ) Front view of 
pulmonary arteriogram 
showing prominent pulmo-
nary vascularity. Review of 
the fi lms did not reveal 
visualization of the anoma-
lously arising LC. ( b ) Open-
end LV and proximal portion 
of the aorta showing 
surgically closed, large VSD 
and ostium of RC. Adapted 
from Rao et al.  [  10  ] . 
Copyright 1970 by American 
College of Chest Physicians       

  Fig. 7.32    ( a ) Transected PT 
showing origin of LC from 
proximal portion of the right 
pulmonary artery. Probe is in 
the aortic ostium of a small 
patent ductus arteriosus. 
( b ) Diagram of the essential 
anomalies that were present       
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  Fig. 7.34    MSCT view: Four 
courses of LCA from right 
aortic sinus. CT images 
showing its relationship to 
the pulmonary artery (PA) 
and myocardium: ( a ) interar-
terial; ( b ) posterior; 
( c )  prepulmonic; 
( d ) intraseptal       

  Fig. 7.33    Anatomic view, 
from above, outlining 
potential courses of 
anomalous coronary arteries. 
View is similar to axial 
CCTA       
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is most common in those under age 40 and can occur in the absence of symptoms  [  12  ] . Although the RCA originating 
from the left sinus is more commonly noted in symptomatic adults, the left coronary artery originating from the right 
sinus is more likely in cases of sudden death  [  13  ] . This may relate to the relatively larger amount of myocardium supplied 
by the left system compared to the right.     

 The mechanism of sudden occlusion of the interarterial artery course is unknown, although a number of hypotheses 
suggest compromise to the vessel as it leaves the aorta in the proximal segment. Figure  7.35a , b shows a summary of 
potential etiologies of sudden death in patients with ACAOS. Symptoms are not reliably present prior to sudden death, 
but when present, exertional syncope and exertional chest pain are most common. 

   4.    Finally, with the septal or subpulmonic course, the artery travels well below the level of the pulmonic valve and is within 
the septal musculature. This association may protect the artery and is well below the interarterial zone. This course can 
be particularly diffi cult to distinguish from the interarterial course on invasive angiography (Fig.  7.36 )  [  14  ] . Contrary to 
the interarterial course, the intraseptal course has not been associated with cases of sudden death.       

   CCTA and ACAOS 

 With submillimeter resolution and 3D capabilities, CCTA is well suited for assessing coronary anomalies. Advanced imag-
ing has led to further detailed understanding of anomalous artery anatomy. Specifically, the proximal course can be evalu-
ated for the presence of a slit-like orifice, acute angulation, and relationship to the pulmonic valve. Figure  7.37  shows two 
patients with ARCA (anomalous RCA), one with a slit-like orifice and one without. With further improvements in spatial 
resolution, it may become possible to distinguish an intramural proximal course, which may have important prognostic 
implications  [  14  ] .   

  Fig. 7.35    ( a ) Proposed 
etiologies for the mechanism 
of coronary fl ow interruption 
of the interarterial course. 
( b ) Potential mechanism of 
sudden death (SCD) in 
anomalous coronary arteries 
(ACAOS). Exercise brings 
increased myocardial oxygen 
demand (MVOV) and 
increased coronary fl ow 
leading to acute vessel 
occlusion. This will lead to 
angina, syncope, and cardiac 
arrhythmias. (VT/VF)       
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   Therapeutic Approach 

 Treatment modalities for ACAOS include activity restriction, angioplasty/stenting, and surgical intervention. Often, CCTA 
is performed to determine whether the patient has ARCA (anomalous RCA) or ALCA (anomalous left coronary artery), and 
to further define the course. In cases of ALCA with a prepulmonic, retroaortic, or intraseptal course, no further treatment is 
necessary as these anomalies have not been associated with a significant increased risk of sudden death. Most cases of 
ALCA with an interarterial course and those with high-risk ARCA are often considered for corrective surgery. The optimal 
approach in these patients remains controversial, with multiple strategies reported. 

 The most common surgical approach is the unroofing procedure, preferred with an intramural proximal segment and in 
children (Fig.  7.38 )  [  15,  16  ] . With this procedure, a new tract is created by opening the aorta along the course of the interarte-
rial vessel and functionally creating a new coronary ostium on the correct-sided sinus. In adults with ARCA, the right 
internal mammary bypass, coronary reimplantation, or pulmonary artery translocation has been used  [  17  ] . Graft closure has 
been reported without native vessel ligation, and ligation should be performed in all cases  [  18  ] . These types of procedures 
are often employed in adults without an intramural proximal course. Coronary stenting may be considered in nonoperative 
candidates and in patients with associated CAD and acute coronary syndromes. This approach of coronary stenting is com-
plicated by difficulty with guide catheter cannulation and the lack of long-term outcome studies. A summary of therapeutic 
approaches to ACAOS is shown in Fig.  7.39a, b .    

  Fig. 7.36    ( a ) Interarterial course of the left main coronary artery ( arrow ). ( b ) Intraseptal course in the right ( arrow ). The intraseptal course is 
lower and within the myocardium. The difference is subtle but important clinically          

  Fig. 7.37    Axial CT image. ARCA (anomalous RCA) of the left aortic sinus ( white circles ).    ( a ) No slit-like orifi ce. ( b ) With slit orifi ce       
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  Fig. 7.38    Diagrammatic 
representation of unroofi ng 
surgical approach in a case 
with intramural RCA from 
the left sinus. Adapted from 
Jaquiss et al.  [  16  ] . Copyright 
2004 by Elsevier       

   Case Examples: ACAOS 

   LCA from Right Sinus: Origin of the Left Circumflex Coronary Artery from the Right Aortic Sinus 

 When the left circumflex coronary artery (LCX) arises from the right aortic sinus, it may originate in or separate from the 
ostium of the RCA or from the beginning of the RCA itself. From either origin, the vessel proceeds around the posterior 
aspect of the aorta to ultimately reach the left AV sulcus (Fig.  7.40 ). Anomalous LCX from the right sinus is the most com-
mon coronary artery anomaly noted during invasive angiography and CCTA.  

 When coronary arteriography fails to show an LCX branch from the LCA, exploration in the right aortic sinus may reveal 
a separate origin of the LCX from the right aortic sinus (Figs.  7.41  and  7.42 ).   

 Figures  7.43  and  7.44  are from a 53-year-old man with angina pectoris. The LCA arteriogram showed only the LAD in 
which obstructive disease was present. The RCA arteriogram showed occlusion of the vessel. The LCX was cannulated and 
shown to arise from the right aortic sinus near the origin of the RCA.   

 Using CCTA, Fig.  7.45  shows an axial slice taken in the emergency room from a 48-year-old male with atypical CP and 
an anomalous LCX from the right sinus with a clear retroaortic course. The patient was discharged.   

   Prepulmonic LCA from Right Sinus 

 Figure  7.46  shows CCTA findings in a patient with chest pain. Notice the volume-rendered image clearly showing the arte-
rial course well in front of the pulmonary outflow tract, also easily identified on the axial image. The patient was notified 
of the finding, and no further testing or treatment was indicated.   

   Intraseptal LCA from Right Sinus 

 The distinction of interarterial vs. intraseptal LCA from right sinus is difficult during invasive angiography. Figure  7.47  
shows a case referred for CCTA following invasive angiography. Coronary angiography showed the presence of the left 
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  Fig. 7.39    ( a ) Therapeutic 
approach for patients with 
anomalous coronary artery 
origin from opposite sinus 
(ACAOS). ARCA: anoma-
lous RCA. ALCA: anoma-
lous LCA. ( b ) Therapeutic 
approach for patients with 
ARCA       

  Fig. 7.40    LV and Ao. The 
CX arises from the right 
aortic sinus posterior to the 
origin of the RC. The LAD 
arose from the left aortic 
sinus       
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  Fig. 7.42    Aortogram in frontal view showing LAD arising from the left aortic sinus. See Fig.  7.42  for another illustration       

  Fig. 7.41    Aortogram in lateral view shows origin of the CX from the right aortic sinus       

  Fig. 7.43    LC arteriogram from a 53-year-old man with angina pectoris showing only the LAD in which obstructive disease was present. The CX 
is not opacified       
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  Fig. 7.45    CCTA axial view showing anomalous retroaortic LCX from the right aortic sinus ( arrow )       

  Fig. 7.46    ( a ) CCTA and ( b ) CCTA. Volume-rendered images with corresponding diagram in a patient with chest pain and a prepulmonic left 
coronary artery from the right coronary sinus. Notice the anterior course in front of the right ventricular outflow tract ( circle  and  arrow )       

  Fig. 7.44    Lateral arteriogram following cannulation of the CX as it arose from the right aortic sinus       
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coronary system following injection of the right sinus; however, the course could not be established. CCTA showed the 
presence of an intraseptal course below the level of the pulmonic valve and within the septal musculature. The patient was 
discharged with a good prognosis.   

   Interarterial LCA from Right Sinus 

 A 19-year-old male soccer player collapsed on the playing field, was revived by CPR, and underwent CCTA for further 
evaluation. Figure  7.48  shows anomalous LCA with an interarterial course between the aorta and pulmonary artery. The 
patient underwent surgical repair with unroofing into the left sinus position.   

   RCA from Left Sinus 

 The RCA origin from the left sinus presents a difficult challenge to the clinician. Interarterial ARCA is more common in 
the adult population, and when discovered, extensive counseling with the patient and family members is needed to determine 
the best therapeutic option. While most commonly benign, this anomaly can cause angina or sudden death  [  19  ] . If there is 

  Fig. 7.47    CCTA image and corresponding diagram of an intraseptal course of LCA from right aortic sinus ( arrow )       

  Fig. 7.48    Volume-rendered CCTA shows anomalous LCA from the right sinus with interarterial course seen from above ( arrow )       
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inducible ischemia, repair is indicated. There have been inconsistent studies attempting to correlate more malignant features 
to ARCA, including the presence of a slit-like orifice or a highly angulated origin. One center uses intravascular dobutamine 
and/or atropine to evaluate the compression effect proximally  [  14  ] . 

 Repair is indicated if there is exertional syncope, exertional chest pain, or clear ischemia on functional stress testing. The 
approach to asymptomatic ARCA patients is variable, but young patients (<40 years old) with a large, dominant RCA; slit-
like orifice; highly angulated origin; or an intramural proximal course are often referred for repair. ARCA has been associ-
ated with accelerated coronary artery disease  [  20  ] , and patients are commonly treated with angioplasty/stenting. The 
long-term results are not known  [  21  ] . 

 Figure  7.49  shows the case of a 53-year-old male presenting with acute inferior myocardial infarction (MI) with a peak 
creatine kinase-MB of 234. The patient was taken for emergent invasive angiography, demonstrating subtotal occlusion of 
the proximal RCA from the left aortic sinus with an interarterial course. Associated plaque was present, and the area was 
subsequently stented. A follow-up CCTA demonstrated widely patent proximal RCA stents.   

   Origin of the RCA from the Posterior (Noncoronary) Sinus 

 A coronary artery rarely arises from the posterior aortic sinus when noncongenital heart disease is present. The pathology 
specimen in Fig.  7.50  is from a 70-year-old man with terminal carcinoma of the prostate. The heart had no other congenital 
abnormalities.   

   Both Coronary Arteries from the Right Aortic Sinus 

 The cases shown in Figs.  7.51 – 7.54  are examples in which both coronary arteries arise from the right aortic sinus.     
 Figures  7.52 – 7.54  are coronary arteriograms from a patient in whom both main coronary arteries originated from the right 

aortic sinus. The patient was an adult without congenital heart disease who was studied because of atypical chest pain.   

  Fig. 7.49    ( a ) Right coronary 
invasive angiogram showing 
anomalous RCA from left 
aortic sinus and interarterial 
course with subtotal 
occlusion of the proximal 
segment ( arrow ). ( b ) CCTA 
axial dimension, poststenting, 
demonstrating widely patent 
RCA stent within the 
interarterial zone ( arrow )       

  Fig. 7.50    Region of the 
aortic valve. The LC arises 
normally from the left aortic 
sinus, while the RCA arises 
from the posterior (noncoro-
nary) aortic sinus       
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  Fig. 7.51    ( a ) Interior view of 
the right aortic sinus showing 
the origins of the RC and LC 
from this aortic sinus. 
( b ) External view of the 
aortic root from behind 
shows the proximal segments 
of the RCA and MLC arising 
from the right aortic sinus       

  Fig. 7.52    RC arteriogram in 
lateral view. The pattern is 
not unusual       

   Abnormalities of Course: Myocardial Bridging 

 The normal coronary artery course occurs outside the epicardium within pericardial fat layers. When the artery course dips 
within the myocardium, the artery is called a “tunneled artery” and the muscle overlying the intramyocardial segment a 
“myocardial bridge.” Longer, tunneled segments have been associated with myocardial ischemia. Whether the myocardial 
bridge is associated with sudden death or merely represents a normal, benign variation remains controversial. Myocardial 
bridges can be easily recognized by CCTA (Fig.  7.55 ).   

 

 



  Fig. 7.54    LC in RAO projection. After a long course, the LC, which arises from the right aortic sinus, branches normally into the LAD and CX       

  Fig. 7.53    LC arteriogram in frontal view. The LC is very long as it arises from the right aortic sinus and proceeds toward its normal position and 
branches. Contrast material in RC is residual from earlier RC arteriogram       

  Fig. 7.55    MSCTA, MPR view of myocardial bridge. Note the midsegment of the LAD vessel with intramyocardial course, but widely patent       
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   Abnormalities in the Termination of the Coronary Arteries (Coronary Fistula) 

 The most common CAAs are coronary fistulas. They may be single or multiple and originate from either the RCA or LCA. 
They can empty into any cardiac chamber (termed “coronary cameral fistula”), the superior vena cava, or the main pulmo-
nary artery (PA), which is most common. Small, hemodynamically insignificant fistulas are most typical but, when larger, 
may form a significant left-to-right shunt. The RCA is more often involved in fistulas than the LCA, and about 90% connect 
with some element of the lesser circulation. 

 The coronary artery involved in the abnormal communication is usually enlarged, elongated, and tortuous and may exhibit 
localized saccular aneurysms. The latter are probably acquired as complications of the aorta’s dilated and tortuous state. 

 Although the actual incidence of a congenital coronary artery fistula is unknown, it has been reported as 0.8–0.3%  [  22  ] . 
Frequently, the clinical differential diagnosis focuses on a continuous murmur, representing a shunt between high-pressure 
and low-pressure systems – for example, patent ductus arteriosus or a ruptured aortic sinus aneurysm. 

 The main functional disturbances of abnormal communication of a coronary artery with the lesser circulation mainly are 
related to coronary flow as a “steal” or runoff from the communication vessel to the low-pressure area. This may lead to 
ischemia, angina pectoris, or myocardial infarction, and congestive heart failure. Bacterial infection of the fistula is yet 
another potential complication. 

 Echocardiography may help identify a large fistula, but definite diagnosis is possible only with coronary angiography, 
CCTA, or CMRI. 

 Repair is recommended with symptomatic patients and is performed with surgical ligation or a percutaneous approach. 
If only one anomalous tract is clearly identified, ligation close to its abnormal termination should be performed. More 
recently, percutaneous transcatheter embolization techniques have been used. In angiomatous malformations, surgery is not 
recommended because the inability to locate and ligate the feeder arteries results in a serious or lethal sequelae.  

   Communication of the Left Circumflex Coronary Artery with the Coronary Sinus 

 Figures  7.56  and  7.57  show aortograms from a 6½-year-old boy in whom a continuous cardiac murmur was observed during 
a routine preschool physical examination. Aortography revealed the CX to be a grossly dilated vessel that terminated at the 
junction of the RA with the coronary sinus (CS). A saccular aneurysm involved the vessel at its termination. The LCX was 
surgically interrupted as it terminated in the CS. The postoperative course was uneventful.   

 Figure  7.58  shows the case of a 72-year-old man with chest pain who was found using CCTA to have a left circumflex 
artery to coronary sinus fistula. The left circumflex artery is large and dilated, and the coronary sinus is dilated. Due to the 
patient’s multiple comorbidities, he was treated medically.   

  Fig. 7.56    Aortogram in 
lateral view showing 
unusually enlarged proximal 
CX with a small fi stula into 
the CS       
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   Communication of the RCA with the Right Ventricle 

 In a 16-year-old asymptomatic boy who was known to have a murmur since birth, physical examination revealed a continu-
ous murmur with maximal intensity at the right lower sternal border. Blood pressure and ECG were within normal. 

 Cardiac catheterization showed an increase in oxygen levels in the RV. The volume of the left-to-right shunt was calcu-
lated to be 1.4 L/min. A left ventriculogram showed immediate opacification of a large vascular structure in the location of 
the RCA and subsequent opacification of the RV. The LCA was normal in diameter and distribution. 

 Aortography showed the vascular abnormality to be a markedly dilated and tortuous RCA which communicated with the 
RV inferiorly (Fig.  7.59 ). Surgical treatment consisted of double ligation of the distal RCA just proximal to its entry into 
the RV chamber. A follow-up report 7 years later stated that the subject was normal without any murmur.   

   Communication of a Single Left Coronary Artery with the Right Ventricle 

 Figures  7.60  and  7.61  are from a 15-year-old girl in whom a continuous, precordial murmur was heard. It was graded III/
VI, and its systolic component was slightly louder than the diastolic. An ECG showed sinus rhythm, normal axis, and LVH 

  Fig. 7.58    ( a ,  b ) CCTA findings of a left circumflex coronary artery to coronary sinus fistula. The CX is markedly dilated with looping connection 
to the coronary sinus ( circle  and  arrow ). ( c ) CCTA volume-rendering image shows markedly enlarged coronary sinus ( circle )       

  Fig. 7.57    Aortogram in frontal view, depicting similar features to those in Fig.  7.56        

 

 



  Fig. 7.61    LC arteriogram in 
RAO view showing a huge 
LC and LAD, a branch of 
which terminates in the 
outfl ow tract of the RV       

  Fig. 7.60    Aortogram in right 
lateral view shows a huge LC 
and LAD from which a large 
branch arises and terminates 
in the outfl ow tract of the RV. 
The latter is also opacifi ed       

  Fig. 7.59    Aortogram in left 
lateral view showing dilated 
tortuous RC and opacifi cation 
of the RV       
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with slight ST change. An LC arteriogram showed a huge LC with two branches arising from the LAD. One coursed over 
the basal portion of the RV and communicated with the RV outflow tract. Attempts to catheterize the RC ostium were 
unsuccessful.   

 At operation, no RCA was found. The LC had a normal origin, and it gave rise to a large branch that crossed the RV 
outflow tract into which it opened. At surgery, right ventriculotomy revealed that the fistulous tract entered just below the 
parietal limb of the crista supraventricularis. It was successfully closed.  

   Coronary Angiomatous Malformation Communicating with the Right Ventricle 

 Another case involved an asymptomatic, 7-year-old girl who presented with a grade III/IV, high-pitched, continuous mur-
mur. An ECG showed normal axis duration and LVH. 

 The RC arteriogram showed a huge RC with immediate dense opacification of an angiomatous formation, which 
appeared to communicate through small branches with the right atrium (RA). The LC arteriogram showed enlargement of 
the LAD and CX, each communicating with an anterior angiomatous mass. The latter connected with the RV, which become 
opacified virtually simultaneously (Fig.  7.62 ). Surgical therapy was not believed indicated in this asymptomatic child 
because of the complexity of the malformation.   

   Communication of the LAD with the Pulmonary Trunk 

 A 30-year-old male complained of exertional chest pain while biking and was referred for CCTA. Findings showed an LAD 
coronary to PA fistula (Fig.  7.63 ). The patient subsequently underwent invasive studies and successful occlusion with a 
percutaneous coiling procedure. His symptoms resolved completely.   

   Communication of the Conus Branch of the Anterior Descending Artery 
with the Pulmonary Trunk 

 Figure  7.64  is from a 10-year-old asymptomatic boy with membranous subaortic stenosis (gradient 70 mmHg). Cardiac 
catheterization showed an increase in oxygen saturation at the pulmonary arterial level of borderline significance (5%). 
Selective coronary arteriography showed communication of a conus branch of the LAD with a vascular plexus which, in 
turn, communicated with the proximal portion of the PT.  

  Fig. 7.62    LC arteriogram in 
lateral view. Both the CX and 
LAD branches are grossly 
enlarged. Diffuse angioma-
tous opacifi cation of the base 
of the ventricular septum and 
of the RV infundibulum is 
demonstrated       
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 Resection of the membranous subaortic stenosis, and division and ligation of the conus branch of the LAD that supplied 
the plexus communicating with the PT, was successfully performed.  

   Communication of the Conus Branch of the RCA with the Pulmonary Trunk 

 Figure  7.65  is from a 45-year-old woman who, 1 year previously, had experienced an episode of chest pain diagnosed as 
myocardial infarction. Recurrent chest pains believed to be atypical angina followed. The ECG displayed left bundle branch 
block.  

 An arteriogram showed mild to moderate degrees of segmental narrowing in the major coronary arteries. During RC 
arteriography, the conus branch of the RC proceeded toward the PT, which was lightly opacified. 

 Surgical therapy was debated, and the consensus favored it on the basis that the abnormal communication functioned as 
a “steal,” limiting myocardial perfusion from the distal portion of the RC. At surgery, the conus branch of the RC proceeded 
upward toward the anterior wall of the PT as a single vessel and penetrated the latter artery. The vessel, 2–3 mm in diameter, 
was divided and ligated. The patient was asymptomatic at a follow-up evaluation.       

  Fig. 7.63    Young male 
patient with exertional chest 
pain and communication of 
the LAD with the pulmonary 
artery. ( a ) Volume-rendering 
CTA image and ( b ) CTA 
coronal view showing 
fi stulous connection to lower 
PA ( arrow )       

  Fig. 7.64    LC arteriogram in 
frontal view. A conus branch 
of the LAD courses upward 
and is associated with 
opacifi cation of the PT       
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  Fig. 7.65    RC arteriogram in 
lateral view shows opacifi ca-
tion of the conal branch that 
proceeds toward the PT. The 
latter is somewhat opacifi ed       
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        Lesions of the Coronary Ostia 

 Stenosis of the takeoff of the coronary artery from the aorta may result either from organic lesions or from spasm. Spasm 
of the coronary artery was discussed in detail in Chap.   6    . 

 Coronary ostial stenosis may result entirely or in part from aortic disease. The specific lesions involved include isolated 
aortic atheromas, diffuse aortitis, and focal calcification of the aortic wall at the junction of its sinus and tubular portions. 
Other causes include compression of a coronary arterial origin by an aortic aneurysm or by extension of an aortic 
dissection.  

   Coronary Ostial Stenosis due to Aortic Atherosclerosis 

 The following case studies and figures cited illustrate how aortic atherosclerosis can lead to coronary ostial stenosis. 

   Isolated Aortic Atherosclerosis Causing Coronary Arterial Obstruction 

 Figure  8.1a, b  illustrates stenosis of the RC ostium by a localized atheroma.   

   Right Coronary Ostial Stenosis Secondary to Aortic Atherosclerosis 

 Figures  8.2  and  8.3  illustrate stenosis of the RC ostium secondary to aortic sclerosis.    

   Pathologic Demonstration 

 A patient hospitalized for recurrent acute myocardial infarction died the day after admission. The essential findings of the 
autopsy included right coronary (RC) ostial stenosis associated with significant atherosclerosis of the left coronary (LC) 
system. Myocardial infarction in a circumferential subendocardial distribution was observed. The RC ostial stenosis 
resulted from atherosclerosis associated with overlying fibrous thickening (Fig.  8.2a–c ).  

    Chapter 8   
 Pathology of Chronic Obstructive Coronary Disease       

             Zeev   Vlodaver           
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  Fig. 8.1    ( a ) Gross specimen. The ostium of the right coronary artery (RCA) is related to an aortic atheroma. ( b ) Low-power photomicrograph of 
the junction of the Ao and RC showing stenosis of the ostium by an atheroma at the ostium. Just above the ostium lies an aortic atheroma which, 
in this instance, causes only minor narrowing of the ostium       

  Fig. 8.2    ( a ) The aortic valve. The LC ostium (probe) is patent, while the RC ostium above the right aortic sinus (R) is not patent. ( b ) Low-power 
photomicrograph of longitudinal section of the Ao and origin of the RC. The RC lumen is narrowed by an atheroma containing a hemorrhage. The 
lumen proximal to the atheroma is occluded by fi brous tissue. Elastic tissue stain: ×6.9. ( c ) Cross section of ventricular portion of the heart shows 
circumferential myocardial infarction of LV       
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   Angiographic Demonstration 

 A 47-year-old woman complained of angina for 5 years. Her treadmill exercise test was abnormal. The LC arteriogram 
showed 60% stenosis of the proximal left anterior descending (LAD) coronary artery. Right coronary (RC) arteriogram 
showed stenosis at origin of the vessel at the ostium (Fig.  8.3 ). An aortogram showed a narrow abdominal aorta (Ao) with 
atherosclerotic changes in the area just above the bifurcation, and severe stenosis (90%) at the origin of the right common 
iliac artery. The combination of atherosclerotic changes in the coronary arteries and in peripheral vessels is a fairly common 
association in women with atherosclerotic coronary disease.  

   Left Coronary Ostial Stenosis Secondary to Atherosclerosis 

 A 54-year-old man with a history of myocardial infarction 2 years previously was admitted for unstable angina. The ostium 
of the LC could not be engaged by a coronary arterial catheter. An autopsy showed that the LC ostium was almost totally 
obstructed. Histological examination of the LC showed, at its ostium, an eccentric calcified lesion which caused almost total 
occlusion of the artery (Fig.  8.4a–c ).    

   Ostial Stenosis due to Calcification of the Aortic Wall 

 At the junction of the sinus and tubular portions of the Ao is a ridge. Calcification of the aortic media and overlying intima 
may occur in this area, leading to the formation of a spur. In extreme situations, the spur may encroach significantly upon 
a coronary ostium. Fragmentation may cause an embolism (Fig.  8.5a, b ).   

   Coronary Ostial Stenosis due to Other Aortic Diseases 

   Ostial Stenosis Secondary to Syphilitic Aortitis 

 Figure  8.6  is an example of stenosis of the RC ostium secondary to syphilitic aortitis.   

  Fig. 8.3    RAO view of RCA 
shows catheter tip engaged in 
stenotic ostium. Narrow, 
regurgitating jet from the 
artery into the Ao strongly 
suggests coronary ostial 
stenosis       
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  Fig. 8.4    ( a ) LC arteriogram 
showing severe stenosis in 
the LC ostium and narrowing 
of the LM, left anterior 
descending (LAD), and CX. 
( b ) Specimen of ascending 
aorta and the region of the 
aortic valve. The probe is in 
the residual ostium of the LC. 
( c ) Low-power photomicro-
graph of longitudinal section 
of origin of the LM. The 
lumen is narrowed by calcifi c 
mass involving the intima. 
Elastic tissue stain: ×8       

  Fig. 8.5    ( a ) A spur ( arrow ), 
formed by a calcifi c lesion, at 
the junction of the sinus and 
tubular portions of the Ao. 
The right aortic cusp has 
been retracted downward. 
The RC is obstructed. 
( b ) Low-power photomicro-
graph of the peripheral 
portion of the calcifi c spur 
shown in ( a ), as well as the 
right aortic sinus and cusp, 
and the origin of the RCA. 
Elastic tissue stain: ×8       
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   Dissecting Aneurysm of the Aorta and Ostial Stenosis 

 In dissecting aneurysms of the Ao, the intramural hematoma has a strong tendency to extend into arterial branches, causing 
narrowing or occlusion. Either or both of the coronary arteries may be involved, but the right coronary artery is more com-
monly involved. Figure  8.7a, b  shows a young man with a history of hypertension who died suddenly. A limited dissection 
of the ascending aorta caused obstruction of the left main coronary artery (LM).   

   Saccular Aneurysm of the Aorta and Ostial Stenosis 

 Saccular aneurysm of the ascending Ao may result from various causes, including congenital, inflammatory, and traumatic 
(including postsurgical) ones. 

 Saccular aneurysm of the ascending aorta, regardless of its etiology, may compress either coronary artery and cause 
myocardial ischemia (Fig.  8.8a–c ).    

  Fig. 8.6    Syphilitic aortitis. 
Gross specimen of aortic 
valve and ascending aorta. 
The ostium of the RCA is 
obscured by extensive 
atherosclerosis       

  Fig. 8.7    ( a ) LV and 
ascending aorta from a 
55-year-old hypertensive man 
who died suddenly. A cir-
cumferential laceration was 
present in the ascending 
aorta. ( b ) The aortic wall 
proximal to the site of 
laceration has been defl ected 
downward. It shows the 
position of the false passage 
of the limited dissecting 
aneurysm. The contained 
hematoma (H) had extended 
along the aneurysm and 
obstructed the LC       
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   Coronary Angiography with Ostial Stenosis 

 Coronary angiography in patients with ostial stenosis of the left main coronary artery is associated with significantly higher 
incidence of complications. Left main stenosis occurs in 2–11% of patients undergoing angiography but accounts for a 
significantly greater fraction of mortality associated with the procedure  [  1  ] . 

 Myocardial infarction, persistent angina, profound hypotension, and ventricular fibrillation also occur during or imme-
diately following angiography in patients with left main coronary stenosis. The likelihood of complications is greater in 
patients with angina within 24 h of catheterization. If the stenosis is in the proximal left main coronary artery, complications 
can be minimized by rapidly identifying the presence of LC ostial stenosis, which occurs more often in patients with wide-
spread severe atherosclerosis and may be associated with pressure damping on left coronary cannulation. 

 When LC ostial stenosis is suspected, a “cusp” injection into the ostium may identify its presence and morphology. When 
a significant left main stenosis is present, nonionic contrast should be used, and the number of angiograms should be limited 
to only those views required to identify the vessels needing bypass grafts. A catheter tip shape that will not deeply cannulate 
the ostium should be used. If the pressure at the catheter tip damps on left main cannulation, the catheter may need to be 
withdrawn between injections, although repeated cannulation of a stenotic LM may increase the possibility of catheter-
induced injury. If adequate filling can be obtained, a nonselective “cusp” injection should be used. 

 Pulmonary capillary wedge pressure monitoring during angiography can be important in patients with severe stenosis or 
reduced left ventricular (LV) function because contrast material may precipitously reduce LV function. If the wedge pres-
sure rises significantly, angiography should be stopped until hemodynamics are controlled. Semi-urgent revascularization 
should be considered after angiography in patients with severe main LC stenosis (>90%), particularly if the lesion is in the 
proximal LC.  

   Coronary Atherosclerosis 

 As causes of myocardial ischemia, obstructive lesions involving the epicardial coronary arterial trunks are dominant. With few 
exceptions, atherosclerosis is the fundamental cause of lesions. This section will deal with atherosclerosis of coronary arteries.  

   Normal Structure of the Coronary Arteries 

 The normal coronary artery is characterized by a muscular media in which fibers are oriented in a circular manner. The 
intima, which is composed of delicate connective tissue with a thin layer of endothelial cells, is separated from the media 
by the internal elastic membrane, while the external membrane separates the media from the collagenous adventitia. 

  Fig. 8.8    ( a ) A 4½-year-old child developed a saccular aneurysm of the ascending aorta following repair of ventricular septal defect (VSD). The 
lower aspect of the aneurysm compressed the RC at its ostium ( right arrow ) and along the course ( left arrow ). ( b ) In a 54-year-old woman, a 
congenital aneurysm of the left aortic sinus lies beside the LC and Cir. The latter is compressed. ( c ) Photomicrograph of LV in the distribution of 
the Cir shows acute myocardial infarction. Coronary atherosclerosis was absent       
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A  normal variation, which may be observed even in the young, includes an extra layer between the intima and media. This 
is the musculoelastic layer, characterized by a focal aggregation of smooth muscle and connective tissue. Because it lies 
under the intima, it may be difficult to distinguish this layer from acquired disease when seen in adults (Fig.  8.9a, b ).   

   Coronary Atherosclerosis: Primary Nature of Lesion 

 Atheromas occur focally along the length of the involved artery, with segments of normal artery often present between 
diseased segments. The focal nature of atherosclerosis is also exemplified by the histologic appearance of involved seg-
ments. Thus, one arc of the artery is very commonly uninvolved, while the remainder contains an atheroma. The result of 
focal distribution is that the narrowed lumen is eccentric, lying near the uninvolved arc. 

 In cross sections of coronary arteries afflicted with atherosclerosis, two types of lesions are identified: one is purely 
fibrous, and the other is a pairing of lipid pools and walling fibrous tissue. 

   The Fibrous Lesion 

 Although it is common for the plaque-like lesions of atherosclerosis to contain lipids, some atheromas are purely fibrous. 
Similar to lipid-containing lesions, the purely fibrous lesion involves the intimal aspect of the artery and, by virtue of its 
thickness, narrows the lumen (Fig.  8.10 ). While the pathogenesis of the purely fibrous lesion in the adult is in doubt, three 
possible mechanisms come to mind: (1) that the lesion is a late stage of the focal arterial thickening seen in children, (2) that 
the plane of section went through the peripheral part of a lesion which contains lipids at its center, or (3) that a previous 
rupture of the lining had allowed the lipid accumulation to be swept away, leaving only fibrous tissue.  

 Lightly staining areas may be found in collagen, either in instances of purely fibrous lesions or when associated with 
lipid accumulations. Such areas are shown to stain positively for lipids. Since the lightly staining areas are within collagen 
and contain lipids, Osborn has named the process “collipid,” a word coined from collagen and lipid  [  2  ] . These areas are 
devoid of accumulations of foam cells and extracellular pools of lipid material (Fig.  8.11 ).   

   Lipid Accumulations 

 The most common type of atheroma represents a highly complex alteration in the intima in which collagen, lipid-containing 
foam cells, and interstitial accumulation of lipids (with or without crystal formation) participate. A characteristic of lipid 

  Fig. 8.9    ( a ) Coronary artery 
from a 2-month-old girl. The 
internal elastic membrane is 
irregular. Lying along its 
luminal side (upper portion of 
the illustration) is the 
musculoelastic layer. Elastic 
tissue stain: ×107. 
( b ) Coronary artery from an 
86-year-old man. The extra 
layer is composed of collagen 
and elastic fi bers, which may 
be normal. This layer may be 
fi broelastic, similar to that 
seen in Fig.  8.9a . Elastic 
tissue stain: ×14       
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accumulation is its association with a fibrous cap on the lumen side of the accumulation. In the minority of segments with 
major obstruction of the lumen, only one pair of fibrous tissue and lipoid tissue is apparent. Usually, more than one pair is 
present. Each pair is characterized by an accumulation of amorphous or crystalline lipids walled on the lumen side by 
fibrous tissue. It is significant that the amount of fibrous tissue may be greater than the accumulations of lipids. Occasional 
foam cells may be caught in the fibrous tissue or associated with extracellular accumulation of lipids. 

 In most atheromas that are significantly obstructive, a series of pairs of fibrous tissue and lipoid accumulation is more 
common than one pair. This suggests an episodic character to the formation of the obstructive atheroma. 

 Figure  8.12a–d  shows photomicrographs of coronary arteries. Each shows more than one pair of fibrous tissue and lipoid 
accumulation, giving strong evidence for the episodic nature of ultimate narrowing of the lumen by atherosclerosis.    

   Angiographic Illustrative Cases of Coronary Obstruction 

   Normal Coronary Arteriogram 

 Figure  8.13a, b  shows examples of normal coronary arteriograms.   

  Fig. 8.10    Fibrous type of 
atheroma. The intima is 
greatly thickened by 
laminated fi brous tissue. No 
distinct accumulations of 
lipids are present. Two foci of 
calcifi cation exist. 
Hematoxylin and eosin 
stain: ×9       

  Fig. 8.11    Atheroma with 
lightly stained areas (left 
upper portion of thickened 
intima) represent collagen 
containing fatty material. 
Elastic tissue stain: ×15       
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   Minimal Obstructive Disease 

 Figure  8.14a, b  shows examples from a young patient with hypercholesterolemia. Relatively minor obstructive lesions are 
visible in the LAD and right coronary artery (RCA).   

   Moderate Stenosis 

 The image shown in Fig.  8.15  belongs to a 51-year-old man; only a moderately obstructed segment was present in the LAD.   

   Severe Stenosis in Intermediate Segment of the Right Coronary Artery 

 The concept that the distal RCA is less frequently involved in severe stenosis is incorrect. As a matter of fact, the distal one 
third of the RCA tends to be more severely involved. Angiographically, such lesions can be missed unless a left anterior 
oblique (LAO) view is obtained routinely (Fig.  8.16 ).   

  Fig. 8.12    ( a ) Photo-
micrograph of a coronary 
artery. There is one pair of 
complex lesion of lipoid foci 
in fi brous lesion involving the 
intima. The clear space of the 
lesion is composed of lipid 
material separated from the 
narrowed lumen by fi brous 
tissue. Elastic tissue stain: 
X27. ( b ) Two pairs of 
complex lesions are present 
in this coronary artery. 
Hematoxylin and eosin stain: 
x17. ( c ,  d ) Two coronary 
arteries, each with three pairs 
of complex lesions. Each 
elastic tissue stain: ( a ) ×19. 
( b ) ×22       
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  Fig. 8.13    ( a ) Normal LC 
arteriogram in lateral view. 
( b ) Normal RC arteriogram 
in RAO view       

   Multiple Lesions in Left Coronary System 

 The image shown in Fig.  8.17  belongs to a 63-year-old man; the LM is markedly narrowed. The circumflex artery (CX) was 
totally occluded, and the LAD showed moderate stenosis.   

   Severe Stenosis in Small Branches 

 Figure  8.18a, b  shows a 50-year-old woman with an episode of chest pain. A coronary arteriogram revealed a single stenotic 
lesion in one of the septal branches. The rest of the coronary system was normal.    

   Progression of Lesions 

 Experience has shown that patients studied angiographically over varying intervals may show progression in severity of 
obstructive coronary disease. In some instances, lesions considered to be progressive may, in fact, be existing lesions not 
identified in earlier studies. In other instances, total occlusions may result from a thrombosis in the interval between two 
studies, while in still other cases, progression is, in fact, the cause. Figure  8.19a, b  shows results of a patient’s angiographic 
studies performed 4 years apart. Progression in severity of disease is evident.   
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  Fig. 8.14    ( a ) From a 
35-year-old man with 
hypercholesterolemia. LC 
arteriogram in lateral view 
illustrating comparatively 
minor changes of caliber in 
the LAD. ( b ) RC arteriogram 
in lateral view showing minor 
atherosclerotic irregularities 
(between  arrows ) and general 
ectasia of the artery         
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  Fig. 8.15    LC arteriogram in 
RAO view. Focus of 
moderate stenosis in the 
LAD. The RCA was normal 
angiographically       

  Fig. 8.16    Left anterior 
oblique (LAO) view of RC 
arteriogram demonstrating 
severe stenosis in the 
intermediate segment of 
the RCA       

  Fig. 8.17    LC arteriogram 
in RAO view. Almost 
total occlusion of LM and 
occlusion of the CX with 
collaterals from a    LAB 
supplying the distal segment 
of the CX. The LAD shows a 
zone of moderate stenosis. 
There are prominent 
anteroposterior septal 
anastomoses       
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  Fig. 8.18    ( a ) Lateral view of LC arteriogram. The only evident lesion is in a septal branch of the LAD. ( b ) LAO view of the RC arteriogram 
revealing normal coronary arteries       

  Fig. 8.19    ( a ) Lateral view of RC arteriogram shows marked diffuse disease ( b ) Lateral view of RC arteriogram 4 years later demonstrates 
 considerable progression of narrowing of the distal part of the anterior segment       

   Variations in Shape of Narrowed Lumen 

 Depending on the distribution of atherosclerosis, a narrowed lumen may be either central (when the atheromatous process 
is circumferential) or, more commonly, in an eccentric position. The eccentrically located lumen may be either slit-like or 
vary in shape, a form referred to as “polymorphous.” Usually, when the lumen is central, the degree of narrowing is less 
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than when it is eccentric. The three types of lumens occur approximately in equal distribution among atheromatous segments 
of coronary arteries (Fig.  8.20a–d ).  

 Ambrose et al  [  3  ] . developed a system for classifying coronary stenosis morphology based on its angiographic appear-
ance (Fig.  8.21 ). Lesions associated with acute thrombotic syndromes (unstable angina and infarction) were usually of type 
II eccentric morphology, and in most thrombotic lesions, the edges of the lesion were irregular and scalloped  [  4  ] .   

   Orientation of Atheromas 

 As shown in Fig.  8.22a, b  atheromas tend to occur in different orientations with respect to the surface of the heart, as one 
traces a given vessel distally.   

   Distribution of Lesions 

 While the LAD is commonly considered to be the site of most common involvement by atheromas, experience has shown 
that the RCA is slightly more commonly involved by disease in patients with significant coronary atherosclerosis. In a study 
of coronary arteries in 50 adults whose hearts had significant coronary atherosclerosis, the intermediate segment of the RCA 
(the segment between the marginal and posterior descending branches) was the most common site of involvement  [  5  ] . This 
was followed in incidence of disease equally by the proximal half of the LAD and the anterior segment of the RCA, which 
lies between the origin of the vessel from the Ao and its marginal branch. Also of significance was the fact that more than 
60% of patients with significant coronary atherosclerosis harbored significant lesions in the proximal half of the CX 
(Fig.  8.23 ).   

  Fig. 8.20    Photomicrograph 
of two coronary arteries, each 
with a central lumen, 
showing different calibers of 
the lumens. Each elastic 
tissue stain: ×15.    ( a ) The 
lumen is relatively wide. 
( b ) The lumen is markedly 
narrowed. Two foci of 
hemorrhage are also present 
in the atheromatous intima. 
Two examples of eccentric 
lumens in coronary athero-
sclerosis. ( c ) Slit-like lumen. 
Although narrow, the lumen 
has one dimension almost as 
wide as the original diameter 
of the vessel. Elastic tissue 
stain: ×17. ( d ) Eccentric 
polymorphous lumen. Elastic 
tissue stain: ×19       
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  Fig. 8.21    Angiographic morphology of coronary arterial stenosis. Type A stenoses are concentric and have smooth borders. Type B lesions are 
eccentric and are divided into two groups. Type B1 lesions have a smooth border without overhang, while type B2 lesions have irregular borders 
and/or overhang. Type C lesions have multiple irregularities. Lesions associated with acute thrombotic syndromes (unstable angina and infarction) 
were usually type II eccentric morphology, and in most thrombotic lesions, the edges were irregular and scalloped       

  Fig. 8.22    ( a ) CX has been sectioned its entire length from its origin (A) to termination (P). Each photomicrograph is oriented in the same way 
with respect to the surface of the heart. The illustration shows variations in orientation of atheromas. Also, it portrays the fact that uninvolved 
segments may lie between segments with varying degrees of involvement by obstructive atherosclerosis. ( b ) Focal distribution of atherosclerosis. 
Segments of normal artery are present between segments of diseased arteries. Composite photomicrograph of longitudinal sections of the circum-
flex artery 2 cm from its origin       
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   Complicating Lesions 

 Among the complicating lesions that may occur in coronary arterial segments containing atheromas are the following: hem-
orrhage in the atheroma, luminal thrombosis, calcification of the atheroma, and aneurysm formation. 

   Plaque Hemorrhage 

 Hemorrhage into atheromas is a common phenomenon. Two schools of thought exist concerning its source. One is that the 
capillaries, which commonly appear in atheromas, rupture. The other view proposes primary fragmentation of the fibrous 
layer of the plaque nearest the lumen, with blood escaping from the lumen into the lipid part of the atheroma. While the first 
concept cannot be excluded, the latter may be demonstrated. 

 Fissuring or rupture of atherosclerotic plaque appears to be an inciting event in both unstable angina and acute myocar-
dial infarction  [  6,   7  ] . Angiographic studies of coronary lesions in patients with unstable angina and plaque rupture show 
eccentric lesion shapes, characterized by a narrow neck and overhanging edges or scalloped borders, a high incidence of 
stenosis irregularity, and intraluminal defects which presumably are thrombi. 

 Thrombosis may appear at the site of intimal rupture. At other times, the hematoma within the atheroma may become 
organized, leaving a vascular plexus in the wall beside the lumen (Fig.  8.24a, b ).   

   Thrombosis 

 Thrombosis may also appear at a site of plaque rupture. Plaque rupture as the nidus for subsequent thrombus formation can 
be seen only if the entire thrombus is examined. Serial sections frequently demonstrate that, in relation to a thrombus in a 
coronary artery, there has been a break in the related fibrous cap (Fig.  8.25a–c ).  

 Pathologic and clinical evidence suggest that coronary thrombosis after plaque rupture is a dynamic process  [  6,   7  ] . The 
occlusive thrombus typically has a multilayered structure, suggesting that it is often formed successively over an extended 
period of time (days or weeks) rather than a single abrupt event. This finding fits with the often stuttering course of ischemic 
symptoms. In addition, clot fragmentation with distal microembolization has been identified in 73% of cases carefully 
studied and can be seen on the angiogram in a smaller fraction of patients  [  8  ] . 

  Fig. 8.23    A number of 
arteries with signifi cant 
atherosclerosis among 
50 subjects with signifi cant 
coronary heart disease       
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 Aggregated platelets are the major early component of the thrombus. Within one or two days, this platelet thrombus is 
infiltrated and consolidated, leading to a more distinct angiographic edge. 

 Plaque fissuring, a multilayered thrombus, and distal microembolization are also seen at postmortem examination in 
patients with unstable angina and in humans dying suddenly with coronary atherosclerosis and without evidence of myo-
cardial infarction  [  7  ] . Despite clinical and angiographic evidence of plaque rupture, patients with unstable angina have a 
much smaller burden clot within the affected arterial segment than do patients with infarction. 

 Angiographically, a recent total coronary occlusion is characterized by a small remaining vessel stump that can accumu-
late contrast. Injection into this stump usually reveals an often “feathered” hang-up contrast with indistinct margins and slow 
washout. 

 In the usual instance of thrombosis of a coronary artery, underlying atherosclerosis of varying degrees is present. Usually, 
the underlying atherosclerosis reduces the lumen by more than 25% of its original caliber. 

 Figure  8.25a–c  shows three levels of section of a thrombosed coronary artery. Without 3–5 mm serial cross sections, a 
chance section might have shown a simple thrombosis without a break in the fibrous covering of the atheroma. 

 Once formed in coronary arteries, thrombi may undergo organization. Ultimately, a thrombus is replaced by vascular 
connective tissue, but in the aggregate, the vessels of the organized thrombus are usually of lesser caliber than the original 
lumen (Fig.  8.26a–g ).   

   Calcification 

 Calcification in atheromas has received considerable attention. Calcification appears to be an indication that the involved part 
of the lesion is old. This process occurs either in accumulations of extracellular lipid or in collagen, the sites of collipid change. 

  Fig. 8.24    ( a ) A large hematoma is present in atheroma, while the lumen appears not to have been disturbed. Hematoxylin and eosin stain: ×17. 
( b ) Extensive hemorrhage is present in an atheroma. The lumen is at the lower portion of the illustration. It is slit-like and may have been com-
pressed by the intimal hematoma. Hematoxylin and eosin stain: ×12       

  Fig. 8.25    ( a ) Segment of thrombosed coronary artery. Atherosclerosis is visible in the wall and the lumen contains a thrombus. No evidence of 
underlying rupture of the wall of the atheroma is evident in this plane of section. Elastic tissue stain: ×14. Two other levels of section show breaks 
in the covering of the atheroma: ( b ) The covering of the atheroma is broken, and the lumen contains a thrombus. Elastic tissue stain: ×18. ( c ) The 
intimal lining has been destroyed along its left half and intimal hemorrhage is present. Elastic tissue stain: ×17       
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  Fig. 8.26    ( a ) Recent thrombosis in a lumen that was relatively wide. Hematoxylin and eosin stain: ×18. ( b ) Recent coronary thrombosis in 
an artery of which the lumen is markedly narrowed by underlying atherosclerosis. No organization is yet evident. Elastic tissue stain: ×24. 
( c ) Thrombosis of a coronary artery associated with a rupture of the wall of the related atheroma. Thrombus is present in the lumen, while 
 hemorrhage is present in the atheroma. Elastic tissue stain: ×19. ( d ) Mural thrombus of a coronary artery showing encapsulation of the thrombus 
and the process of organization underway. Hematoxylin and eosin stain: ×18. ( e ) Thrombus occluding the lumen is being replaced by vascular 
 granulation tissue portraying the process of early organization. Elastic tissue stain: ×19. Next are two examples of organized thrombus: ( f ) Elastic 
tissue stain: ×12. ( g ) Elastic tissue stain: ×27. Although the process of organization is frequently referred to as “recanalization,” the aggregate 
diameter of the vessels of the organized thrombus characteristically is relatively narrow when compared to that of the lumen as it existed before 
the event of thrombosis           
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Foci of calcification may be seen in atheromas causing severe stenosis, as well as in those with minimal stenosis of the 
lumen, and are easily detectable in the coronary arteries by fluoroscopy or angiography. 

 Classically, the picture of calcification without significant luminal narrowing is observed in older age groups. Our inter-
pretation of this process is that atherosclerosis had begun many years before observation, but the process failed to show a 
progressive character. 

 Recent evidence derived from electron beam computed tomography (EBCT) has challenged the old dogma that coronary 
plaque calcification is mainly a marker of end-stage plaque degeneration, but instead has demonstrated that intramural cal-
cium can be observed in all degrees of atherosclerotic involvement  [  9  ] . 

 Recent investigations have proposed using EBCT as a noninvasive screening test for coronary atherosclerosis. Regardless 
of gender, the prevalence and extent of coronary calcification increases with age with an epidemiologic pattern similar to 
that known for coronary atherosclerosis  [  10  ] . Absence of detectable coronary artery calcification on EBCT is less likely in 
the presence of a severe luminal coronary obstruction and has been proposed as a screening tool to identify patients at low 
risk (80% chance of having angiographically normal arteries)  [  11  ] . 

 However, potentially unstable plaque characterized by high lipid content rather than calcification may make detection 
using the calcium score difficult. J.L. Kelly et al  [  12  ] . evaluated findings in patients with a normal calcium score undergoing 
coronary CT angiography and found that moderate to severe stenosis may be present in patients with no coronary calcifica-
tion. Although the calcium score does add prognostic value to standard risk factors and serum markers, imaging the vessel 
wall directly may help identify noncalcified plaque and guide therapy. 

 Figure  8.27a, b  shows segments of coronary arteries with calcification of atheromas. Variations in the caliber of the lumen 
are evident.   

   Aneurysm Formation 

 Classically, atherosclerotic aneurysms are solitary but an aneurysm involving more than one artery may occur. Thrombotic 
occlusion is perhaps more common in severe coronary atherosclerosis with aneurysm. Figure  8.28a–c  shows a patient who 
had a subdiaphragmatic abscess after gastric resection. Death was sudden and unexpected. Aneurysms were present in the 
RCA as well as the LAD.    

   Angiographic Demonstration 

 Coronary arterial aneurysm of an atherosclerotic basis may appear angiographically either as distinct saccular dilatations or 
as dilatation involving a long segment of an artery, which may be termed ectasia. Determining whether an aneurysm is 
related to atherosclerosis or the result of some other disease is made by association with or the absence of evidence of ath-
erosclerotic disease in the remaining portions of the coronary system (Fig.  8.29a–e ).  

  Fig. 8.27    ( a ) Calcifi cation in 
atheroma associated with a 
lumen that is only mildly 
narrowed. The clear space in 
the wall represents calcifi c 
material which has been lost 
in sectioning. Hematoxylin 
and eosin stain: ×29. 
( b ) Calcifi cation in atheroma 
(clear spaces) in an artery 
occluded by a combination 
of atherosclerosis and 
organized thrombus. Elastic 
tissue stain: ×11       

 



  Fig. 8.28    ( a ) A 60-year-old man with sudden death. A. Gross specimen of the right coronary artery (RCA) with an unusually long aneurysm. ( b ) 
Cross section of the aneurysmal portion of the RCA. Although the lumen of the aneurysm is almost occluded by thrombus, there is a preserved 
channel (white probe). ( c ) Photomicrograph of the aneurysmal segment shows atrophy of the media as well as preservation of a lumen within the 
thrombus contained in the aneurysm. Elastic tissue stain: ×4       

  Fig. 8.29    ( a ) LC arteriogram 
in RAO view. Saccular 
aneurysm of the LAD. Signs 
of obstructive coronary 
atherosclerosis are also 
present in the LAD. ( b )   RAO 
view of LC arteriogram. 
Large LM with aneurysm of 
LAD and aneurysm of Diag 
B    . ( c ) Late phase of coronary 
arteriogram shown in (b) with 
pooling of heavy contrast 
material in the aneurysm of 
the LAD   . ( d ) RAO view of 
LC arteriogram showing 
saccular aneurysm ( arrow ) 
at trifurcation of the LC. 
( e ) Lateral view of RC 
arteriogram show aneurysm 
and atherosclerotic ectasia 
of the anterior segment of 
the RC         
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   Angiographic and Pathologic Correlations 

 Using pressure in postmortem hearts, Glagov et al  [  13  ] . demonstrated that early in the atherosclerotic process, coronary 
arteries undergo a compensatory increase in outer diameter of the artery. Although various segments of the same artery may 
respond differently, this compensatory dilatation acts to maintain lumen caliber despite thickening of the wall. These inves-
tigators found that coronary arterial lumen encroachment does not begin until the atherosclerotic plaque occupies 40% of 
the original lumen area, as determined by the internal elastic membrane. Only at this point is angiography able to detect the 
presence of disease. This observation may explain the frequent discrepancy between pathologic and angiographic assess-
ments of experimental atherosclerosis. 

 Angiographic studies of the coronary arteries show that a coronary arteriogram, in general, underestimates the degree of 
narrowing found at autopsy. In our experience, the segments prone to arteriographic underestimation of the degree of 
obstruction were the intermediate segment of the RCA, the LM, and the proximal half of the CX. The intermediate segment 
of the RCA, as visualized in the coronary arteriogram, is the area most frequently poorly correlated with the postmortem 
specimen. One possible explanation for vulnerability of the intermediate segment of the RCA and the proximal segment of 
the CX is that arteriographic projections ideal for visualizing the anterior segment of the RCA and the LAD are not ideal 
for those problematic segments. 

 Angiographically, false-negative readings may be recorded for segments that show only a uniform but relatively small 
vessel arteriographically, while pathologically, diffuse disease is demonstrated. Still another factor is comparing different 
degrees of stenosis. Thus, the LM and proximal segments of the CX may be subject to false-negative interpretation when 
adjacent segments are more severely diseased. 

 The presence of slit-like lumens seen pathologically in segments read as normal angiographically suggests that one may 
be viewing the slit on the arteriogram at its widest diameter and interpret this wide image as that of a normal segment. The 
   lateral view is supported by our correlations of coronary arteriograms with pathologic observations  [  14  ] . 

 In unselected sections of atherosclerotic coronary arteries, the slit-like lumen occurred in approximately 30% of sections, 
whereas the incidence of non-slit-like lumens (central and polymorphous lumens) was 70%. Among segments of coronary 

Fig. 8.29 (continued)
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arteries with significant obstructed lumens not identified by arteriograms (false negatives), a slit-like lumen was present in 
68%, while the non-slit-like lumen constituted only 32%. The varying orientation of atheromas with respect to the surface 
of the heart can make it more difficult to identify the lumen on arteriograms.  

   Confirmation of Normal 

 Figure  8.30a, b  is of a patient with mitral stenosis and aortic stenosis who died 8 months following aortic valve replacement. 
Coronary arteriography before the operation showed no evidence of coronary disease. Autopsy findings were 
confirmatory.   

   False Negative: Atherosclerosis Grades II to III 

 Figure  8.31a–c  is of a 63-year-old man with aortic insufficiency. Thoracic pain had appeared a short time before he was 
admitted for an operation. Coronary arteriography revealed large, normal-appearing coronary arteries. The patient died two 
days following aortic valve replacement. At autopsy, the coronary arteries revealed grade II to III atherosclerosis in the RCA 
and LAD.   

  Fig. 8.30    ( a ) From a 
60-year-old woman, RAO 
view of RC arteriogram 
demonstrating normal 
coronary arteries. 
( b ) Photomicrograph of a 
coronary artery, representing 
the state of the coronary tree. 
Normal features are present. 
Elastic tissue stain: ×19       
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  Fig. 8.31    ( a ) The arteriogram in lateral view. No evidence of lesions. ( b ) and ( c ) illustrations are photomicrographs of cross section of the ML 
and LAD at different levels, proceeding from origin of the vessels, as labeled. Variations in disease process are present, including grade II + ath-
erosclerosis obstruction at several levels. Each elastic tissue stain: ×12       

   False Negative and Agreement 

 Figure  8.32a–c  is of a patient with severe angina pectoris. A coronary arteriogram revealed severe obstructive disease in the 
anterior segment of the RCA and in the right posterior descending artery (RPDA), as well as in the left lateral branch (LLB) 
of the RCA. There was occlusion of the proximal LAD and CX. One week after the studies, a coronary bypass graft was 
inserted into the RCA. The patient did not recover from the operation.  

 Figure  8.33  depicts the LC arteriographic features as seen from an RC arteriogram. Visualization of the LC system 
through RC arteriography is correlated with the fact that LC arteriography has shown occlusion of the LAD. This was con-
firmed by surgical exploration and autopsy. Pathological examination showed multiple segments of either severe stenosis or 
occlusion by organized thrombi. The apparent continuity of the LAD is probably an illusion as a result of segmental flow 
into this vessel through numerous collaterals derived from the RCA.   

   Correlative Studies Using Longitudinal Sections 

 Figure  8.34a–c  shows a patient with stable angina pectoris admitted for coronary bypass surgery. Two weeks before the 
operation, a coronary arteriogram had shown severely obstructive lesions in the anterior segment of the RCA and of its 
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  Fig. 8.32    ( a ) From a 
65-year-old man, RC 
arteriogram in RAO view 
shows severe stenosis in the 
PD and in the left lateral 
branch (LLB) of the right 
coronary artery (RCA). 
Numbers on diagram 
correspond to levels of 
section as microphotographs 
( b ,  c ). ( b ) Photomicrographs 
of the anterior segment of the 
RCA and of its branches, at 
different levels, revealing 
moderate atherosclerosis 
correlating to the irregulari-
ties noted in the arteriogram. 
Each photomicrograph elastic 
tissue stain: ×12.5. ( c ) The 
severity of the lesions in the 
intermediate segment of the 
RCA at levels 8 and 9 was 
not apparent in the coronary 
arteriogram. The presence of 
a slit-like lumen (levels 8 and 
9) suggests that, on the 
arteriogram, one may have 
viewed the slits in the widest 
diameter, thus interpreting 
this wide image as normal. 
There is good correlation of 
lesions for the PD (10) and 
LLB (11). Numbers 
correspond to those on 
Fig.  8.32a . Elastic tissue 
stain: ×12.5         

 



Fig. 8.32 (continued)

  Fig. 8.33    Angiocardiogram 
is late phase of RC arterio-
gram showing opacifi cation 
of the LAD. Photomicrograph 
shows severe segmental 
disease at levels indicated. 
Numbers on photomicro-
graphs correspond with levels 
numbered on reproduction of 
arteriogram. Each photomi-
crograph elastic tissue 
stain: ×12.5       
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  Fig. 8.34    ( a ) RAO view of the proximal RC and markedly enlarged RV branches with collateral flow to the LAD. One of the midright ventricu-
lar branches shows moderately severe disease over a long segment. ( b ) Photomicrographs are of longitudinal sections of segments of the RC. 
Severe atherosclerotic lesion present in the proximal portion of the anterior segment, in the intermediate segment, and the origin of the PDA. The 
lumen of the vessel contains opaque material injected after death. In chance longitudinal segments, the severity of disease may be exaggerated if 
the section is through the periphery of the lumen. In this instance, the severity of disease of the intermediate segment was supported by nearby 
cross sections. Each elastic tissue stain: ×3.8. ( c ) Postmortem angiography of the grafts placed into the terminal portion of the intermediate seg-
ment of the RCA and into the LAD. There is retrograde opacification of the RCA. Also, while pathologically the intermediate segment showed 
severe disease, neither the antemortem angiogram nor the postmortem angiogram shows this process       

midright ventricular branch. The LAD revealed occlusion at its origin and was opacified from collateral originating in the 
RCA. Saphenous vein grafts were inserted into the distal LAD and the terminal part of the intermediate segment of the RCA. 
The patient did not survive the operation. Pathological examination of the coronary arteries was done by performing longi-
tudinal sections. This approach gave an idea of the extensive distribution of disease of the arterial wall.   
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   Pathologic-Angiographic Correlates in Acute Coronary Syndromes 

 Coronary angiography performed very soon after the onset of clinical symptoms of myocardial infarction usually demon-
strates total occlusion of the coronary artery perusing the infarct zone. The incidence of total occlusion is nearly 90% if 
angiography is performed as early as 1 h after symptoms but drops to about 70% if angiography is delayed to 12–24 h  [  15  ] . 
Total occlusion is found less frequently (26%) in patients having angiography within 24 h of symptom onset of a non-Q-
wave infarction  [  16  ] . This reduction in frequency of total coronary occlusion is probably the result of spontaneously occur-
ring thrombolysis.       
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      The concept of atheromatous progression initially described in the early 1980s by the laboratory of Velican and colleagues 
focused on morphologic characterizations of coronary lesions ranging from the fatty streak to lesions with lipid-rich cores 
and advanced plaques complicated by hemorrhage, calcification, ulceration, and thrombosis  [  1–  3  ] . Another pioneering 
pathologist, Michael J. Davies, devoted himself to the study of plaque rupture, describing in detail the features of plaque 
disruption and role of inflammation in the development of lesion instability  [  4,   5  ] . 

 Despite these early reports, an incomplete understanding remained of the relationship between lesion progression and 
acute coronary syndromes. This gap was later addressed by a team led by Dr. Stary  [  6,   7  ]  in the mid-1990s under the 
auspices of the American Heart Association (AHA) consensus group. The outcome led to two seminal reports proposing 
a classification scheme in which lesions were grouped in six categories: 

 Type I: intimal thickening 
 Type II: fatty streak 
 Type III: transitional or intermediate lesion 
 Type IV: advanced atheroma with well-defined region of the intima 
 Type V: fibroatheroma or atheroma with an overlay of new fibrous connective tissue 
Type VI: complicated plaques with surface defects, and/or hematoma-hemorrhage, and/or thrombosis 

 Alternative mechanisms of acute coronary thrombosis were not recognized since plaque rupture was considered the sole 
etiology of coronary thrombosis. 

 Using one of the largest established autopsy registries of sudden coronary death, our laboratory recognized early on that 
the AHA consensus nomenclature was incomplete. We have observed other initiating factors in acute coronary thrombosis, 
namely plaque erosion and nodular calcification  [  8  ] . This evidence prompted us to modify the widely accepted AHA clas-
sification scheme  [  8  ]  (Figs.  9.1  and  9.2 , Table  9.1 ). Accordingly, the numerical lesions I to IV were replaced by descriptive 
terminology inclusive of adaptive intimal thickening, intimal xanthoma, pathologic intimal thickening (PIT), and 
fibroatheroma, which we have further divided into entities of early and late fibroatheroma. Reference to advanced lesions 
under AHA criteria fitting types V and VI was discarded mainly because these lesions did not correspond to progressive 
plaques accounting for all etiologies of thrombosis (rupture, erosion, and calcified nodule) nor fully explain the relation-
ship to plaques associated with stable angina. Moreover, this terminology also fails to address healing processes, which 
occur subsequent to a period of lesion instability and may contribute to severe luminal narrowing or symptomatic chronic 
total occlusion (CTO) occurring in about 30% of sudden coronary deaths.    

    Chapter 9   
 Vulnerable Plaque       

         Masataka   Nakano ,              Frank   D.   Kolodgie ,        Fumiyuki   Otsuka ,        Saami   K.   Yazdani , 
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  Fig. 9.1    Plaque morphologies consistent with the natural history of human coronary atherosclerosis. Upper two rows: modified Movat pentach-
rome staining; bottom two rows: CD68 staining as a marker of macrophage ( brown ).The two nonprogressive lesions are AIT and intimal xan-
thoma (foam cell collections known as fatty streaks, AHA type II). PIT (AHA type III, transitional lesions) is the first of the progressive plaques 
marked by an acellular lipid pool rich in proteoglycan, and inflammation, when present, is typically confined to the most luminal aspect of this 
plaque. Fibroatheromas (AHA type IV) are lesions with areas of necrosis characterized by cellular debris and cholesterol monohydrate. TCFA or 
vulnerable plaques (unrecognized by the AHA classification scheme) exhibit relatively large necrotic cores and thin fibrous caps. Plaque ruptures 
(AHA type IV) resemble TCFAs although differences include fibrous cap disruption and luminal thrombosis. Note that macrophages infiltrate 
and accumulate in lipid-rich necrotic cores as plaques progress.  PIT  pathological intimal thickening;  FA  fibroatheroma;  TCFA  thin-cap fibroather-
oma;  LP  lipid pool;  NC  necrotic core;  Th  thrombus       

   Atheromatous Progression in Coronary Arteries (Table  9.1  and Fig.  9.1 ) 

   Intimal Thickening and Fatty Streaks 

 The earliest vascular change described microscopically is intimal thickening (AHA type I), which consists of layers of 
smooth muscle cells (SMCs) and extracellular matrix. It has been reported to occur in 35% of neonates, where the intima/
media ratio at birth is 0.1 and increases progressively to 0.3 by 2 years of age  [  9  ] . Although intimal thickening is more 
frequent in atherosclerosis-prone arteries such as coronary, carotid, abdominal, iliac, and the descending aorta  [  10  ] , the 
change is considered adaptive (nonatherosclerotic) because the SMCs exhibit a very low proliferative activity and show the 
antiapoptotic phenotype  [  11,   12  ] . 

 The next category, termed the “intimal fatty streak” or “xanthoma” (AHA type II), includes lesions primarily composed 
of abundant macrophage foam cells interspersed with SMCs. Although this entity is referenced by AHA classification as 
the earliest of atherosclerotic lesions, from our experience and from reports of human and animal studies  [  13,   14  ] , its devel-
opment in the majority of cases is described as a reversible process with no progressive tendency. Many studies describe the 
complete regression of the intimal fatty streak  [  15–  17  ] . The reasoning behind its spontaneous regression involving mac-
rophage removal, however, remains largely uncertain.  
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   Pathologic Intimal Thickening 

 The earliest of progressive lesions recognized by our group is called PIT (AHA type III). These lesions are primarily com-
posed of layers of SMCs aggregated near the lumen with an underlying lipid pool existing as a relatively acellular area rich 
in hyaluronan and proteoglycans (mainly versican)  [  8  ] . Studies have shown an affinity between the composition in the lipid 
pool and plasma lipoprotein, which suggests that the accumulation of extracellular lipid likely originates from the influx of 
plasma lipoprotein particles  [  18,   19  ] . Moreover, structural changes in the glycosaminoglycan chain of proteoglycans may 
represent an initial proatherogenic step that facilitates the binding and retention of atherogenic lipoproteins  [  20,   21  ] . 

 Another important hallmark of PIT is the variable accumulation of macrophages at the adluminal aspect of the plaque 
(outside the lipid pool), although this does not occur in all cases. Lesions demonstrating PIT with accumulated macrophages 
are considered a more advanced stage as demonstrated by Nakashima et al. in their study of early plaque progression in 
coronary arteries near branch points  [  20  ] . The precise nature of why macrophages focally accumulate in lesions of PIT is 
not fully understood, although the expression of selected proteins within lipid pools may play a role. 

 In addition, lesions with PIT exhibit varying degrees of free cholesterol represented by empty, fine crystalline structures 
that accumulate within lipid pools. Although it was formerly assumed that free cholesterol was derived from dead foam 
cells, this is rather unlikely in the case of PIT because the majority of macrophages are confined to the more luminal aspect 
of the plaque. Alternatively, cholesterol monohydrate may form from the membranes of apoptotic SMCs  [  22  ] , perhaps 
induced by the accumulation of oxidized lipids retained in the plaque. However, proof supporting this mechanism remains 
speculative. Apoptotic SMCs within lipid pools are recognized by membrane remnants (cages of basal lamina) and the pres-
ence of microcalcification  [  23,   24  ] .  

  Fig. 9.2    Necrotic core expansion in human coronary plaques A lipid pool rich in proteoglycans is a hallmark that characterizes the early 
fibroatheroma where smooth muscle cell is generally absent ( left column ). Infiltrating macrophages engulfing apoptotic bodies (ABs) are identi-
fied within the necrotic core (NC). As the lesion advances, late necrosis is characterized by increased macrophage death and cell lysis, and loss 
of extracellular structure ( middle column ). In this case, free ABs are commonly observed, indicating the defective clearance (efferocytosis) by 
resident macrophages. Hemorrhage ( right column ) may promote the relatively rapid expansion of necrotic core where erythrocyte membranes 
provide free cholesterol (free-chol,  arrow ), which may cause secondary inflammation. Resident macrophages are capable of removing hemoglo-
bin-haptoglobin complexes via the CD163 receptor, although the efficiency of this mechanism is likely compromised as well.  ER  endoplasmic 
reticulum;  free - chol  free cholesterol;  Hp - 2  haptoglobin protein type 2 allele;  ICAM  intercellular adhesion molecule;  NC  necrotic core;  VCAM  
vascular cell adhesion molecule       
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   Fibroatheroma (Fig.  9.2 ) 

 Fibroatheromas are characterized by an acellular necrotic core, which is distinguished from lipid pool lesions of PIT, and 
represent a further progressive stage of atherosclerotic disease (AHA type IV)  [  8  ] . Our laboratory subclassifies fibroathero-
mas into those with either “early” or “late” necrosis because this distinction may enable us to provide mechanistic insight 
into how necrotic cores evolve. Early necrosis is recognized by macrophage infiltration into lipid pools, coinciding with a 
substantial increase in free cholesterol and breakdown of extracellular matrix. Lesions with early necrotic cores characteristi-
cally exhibit proteoglycans versican, and biglycan and hyaluronan, which are typically absent in late necrotic cores – presumably 
degraded by matrix proteases produced by macrophage. Notably, the majority of macrophages within the areas of necrotic 
core display features consistent with apoptotic cell death, although autophagic processes may also play a role  [  25  ] . 

 The presence of free cholesterol is another discriminating feature of the late necrotic core and is partially attributed to 
apoptotic cell death of macrophages, in part regulated by  acyl - coenzyme A :  cholesterol acyltransferase inhibitor  (ACATI) 
 [  26  ] . The death of macrophages in the setting of defective phagocytic clearance of apoptotic cells is thought to contribute 
to the further development of plaque necrosis  [  26,   27  ] . 

 The contents of the necrotic core are contained by an overlying layer of fibrous tissue forming a distinct entity referred 
to as the “fibrous cap.” The fibrous cap is critical to maintaining the integrity of the lesion and is subject to thinning prior 
to the onset of rupture as further discussed below.  

   Contribution of Intraplaque Hemorrhage 

 It is generally accepted that apoptotic macrophages contribute to the accumulation of free cholesterol in plaques  [  28  ] ; how-
ever, it is entirely feasible that free cholesterol could be derived from other sources. Studies from our sudden cardiac death 
(SCD) registry show that hemorrhage into a plaque is commonly observed in cases of plaque rupture or severe coronary 
artery disease. Particularly in advanced, unstable plaques, red blood cell (RBC) membranes (recognized by the RBC-specific 

   Table 9.1    Modifi ed AHA consensus classifi cation based on morphologic description   

 Description  Thrombosis 

 No atherosclerotic intimal lesions 
 Intimal thickening  Normal accumulation of smooth muscle cells (SMCs) in the intima in the 

absence of lipid or macrophage foam cells 
 Absent 

 Intimal xanthoma  Superficial accumulation of foam cells without a necrotic core or fibrous cap. 
Based on animal and human data, such lesions usually regress 

 Absent 

 Progressive atherosclerotic lesions 
 Pathologic intimal thickening  SMC-rich plaque with proteoglycan matrix and focal accumulation of 

extracellular lipid 
 Absent 

 Fibrous cap atheroma  Early necrosis: focal macrophage infiltration into areas of lipid pools with an 
overlying fibrous cap 

 Absent 

 Late necrosis: loss of matrix and extensive cellular debris with an overlying 
fibrous cap 

 Thin-cap fibroatheroma  A thin fibrous cap (<65  m m) infiltrated by macrophages and lymphocytes with 
rare or absence of SMCs and relatively large underlying necrotic core. 
Intraplaque hemorrhage/fibrin may be present 

 Absent 

 Lesions with acute thrombi 
 Plaque rupture  Fibroatheroma with cap disruption; the luminal thrombus communicates with 

the underlying necrotic core 
 Occlusive or 

nonocclusive 
 Plaque erosion  Plaque composition, as above; no communication of the thrombus with necrotic 

core. Can occur on a plaque substrate of pathologic intimal thickening or 
fibroatheroma 

 Usually nonocclusive 

 Calcified nodule  Eruptive (shedding) of calcified nodule with an underlying fibrocalcific plaque 
with minimal or absence of necrosis 

 Usually nonocclusive 

 Lesions with healed thrombi 
 Fibrotic (without calcification)  Collagen-rich plaque with significant luminal stenosis. Lesions may contain 

large areas of calcification with few inflammatory cells and absence of 
necrosis. These lesions may represent healed erosions or ruptures 

 Absent 
 Fibrocalcific (±necrotic core) 

  Adapted from “Lessons from sudden coronary death: a comprehensive morphological classification scheme for atherosclerotic lesions” by 
Virmani et al.  [  8  ] , p. 12xx  
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anion transporter, glycophorin A) are associated with accumulated free cholesterol, necrotic core enlargement, and secondary 
macrophage infiltration  [  29  ] . The membranes of red blood cells are enriched with lipid, constituting 40% of their weight 
and a free cholesterol content exceeding that of all other cell types  [  30  ] . Excess membrane cholesterol can phase separate 
and form immiscible membrane domains consisting of pure cholesterol arranged in a tail-to-tail orientation favoring crystal 
formation  [  31  ] . Presumably, the extent of accumulated erythrocytes incorporated into the plaque and abundant lipids, 
together with impaired phagocytic efficiency of macrophages, to effectively clean up red blood cells and other debris  [  32  ]  
would influence both the biochemical composition and size of the necrotic core.  

   Heme Toxicity and Subsequent Inflammation 

 Extravasated red blood cells could potentially serve as a potent proinflammatory stimulus capable of recruiting monocytes/
macrophages into the plaque. The precise signaling pathways for the migration of inflammatory cells are not fully under-
stood, but proteins in coagulated blood could contribute to inflammatory cell activation  [  33,   34  ] . Alternatively, the migration 
of macrophages may be promoted by yet-to-be-identified receptors on erythrocyte membranes, which can bind a wide array 
of chemokines in the blood, including monocyte chemotactic peptide-1  [  35  ] . 

 Hemorrhage into a plaque may result from leaky microvessels; surrounding macrophages transform into activated foam 
cells producing ceroid pigment and iron as a result of erythrocyte phagocytosis  [  36  ] . The inefficient clearance of erythro-
cytes following a hemorrhagic event may lead to oxidative damage and continued inflammation through the availability of 
excess free hemoglobin (Hb)  [  37  ] . Free Hb can also bind and inactivate nitric oxide (NO), a potent mediator of vascular 
homeostasis, through a deoxygenation reaction. Oxygenated hemoglobin and NO form methemoglobin and nitrate. A major 
defense mechanism against Hb toxicity is mediated by haptoglobin (Hp), an abundant serum protein whose major function 
is to bind excess Hb, which attenuates its oxidative and inflammatory potential  [  38  ] . In atherosclerotic plaques, the primary 
route for clearing the Hb-Hp complex involves the CD163 receptor expressed on immunosuppressive macrophages with M2 
polarized phenotype  [  39,   40  ] . The amount and function of CD163 positive macrophages are likely related to the process of 
atherosclerotic progression and plaque vulnerability.   

   Vulnerable Plaque, Thrombosis (Fig.  9.3 ) 

      Thin-Cap Fibroatheroma 

 Thin-cap fibroatheromas (TCFAs), traditionally referred to as vulnerable plaques, morphologically resemble ruptured 
plaque, although they are discriminated by the lack of a luminal thrombus and disrupted fibrous cap  [  8  ] . TCFAs generally 
exhibit large necrotic cores with overlying thin, intact fibrous caps infiltrated by macrophages. Typically, few or no SMCs 
are present within a fibrous cap. The fibrous cap thickness as a measure of plaque vulnerability is pathologically defined to 
be  £ 65  m m since mean measurement in the thinnest part of remnant cap from a relatively large series of ruptured plaques 
was 23 ± 19  m m, with 95% of the caps measuring <65  m m  [  41  ] . 

 Despite similarities with rupture, TCFAs exhibit a trend toward smaller necrotic cores and, overall, less calcification. 
Cross-sectional luminal narrowing is also typically less in TCFAs while ruptures with occlusive thrombi generally show 
greater underlying stenosis than for lesions with nonocclusive thrombi  [  42  ] . Significant differences in cellular infiltration 
between TCFAs and ruptures include fewer cap macrophages and less accumulation of hemosiderin and prior intraplaque 
hemorrhage  [  43  ] .  

   Plaque Rupture 

 The hallmark of plaque rupture is focal discontinuity of the overlying thin fibrous cap (mean thickness, 23 ± 19  m m) with a 
relatively large necrotic core and superimposed thrombus. The fibrous cap consists mainly of type I collagen with varying 
degrees of macrophages and lymphocytes, and very few, if any, alpha-actin-positive SMCs. The luminal thrombus often is 
platelet rich near the actual rupture site, giving a white appearance (white thrombus). In contrast, near the rupture site and 
at sites of propagation, the luminal thrombus is composed of layers of fibrin and red blood cells (red thrombus) seen at the 
proximal and distal ends of the thrombus. 
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 It is widely accepted that rupture occurs at a fibrous cap’s weakest point, often near shoulder regions. In our experience, 
this is not always the case. We have seen an equal number of arteries (using serially cut sections) with ruptures at the mid-
portion of the fibrous cap. 

 Although the underlying mechanisms of plaque rupture are poorly understood, several critical processes including matrix 
degradation by matrix metalloproteinases (MMPs)  [  44  ] , high shear stress regions  [  45  ] , stress branch points, macrophage 
death  [  46  ] , and microcalcification and iron accumulation within the fibrous cap  [  47  ]  are thought to play a role. Recent data 
is also revealing differentially expressed genes in stable and unstable atherosclerotic plaques. In a study by Papaspyridonos 
et al., transcriptional analysis revealed the differential expression of 18 genes associated with lesion instability inclusive of 
the metalloproteinase (ADAMDEC1), retinoic acid receptor responser-1, and cysteine protease legumain (a potential activa-
tor of MMPs and cathepsins)  [  48  ] . Moreover, Trp719Arg SNP allele in kinesin-like protein 6 (KIF6), a member of molecular 
motors involved in intracellular transport, showed a definite association with greater risk of coronary event and greater 
benefit from statin therapy in some recent clinical studies  [  49,   50  ] . Currently, several potential genes related to coronary 
events are being investigated by other groups, underscoring the clinical importance of deriving a comprehensive molecular 
model in the genesis and progression of unstable plaques  [  51,   52  ] .  

   Plaque Erosion 

 Rupture of an atherosclerotic plaque had been uniformly accepted as the primary causative event in sudden coronary death 
 [  53  ] . This widely held paradigm was predicated on morphologic data from autopsy as well as angiographic studies in which 
the presence of surface irregularities was interpreted as plaque rupture  [  4,   54  ] . Meanwhile, in the mid-1990s, our laboratory 
described the occurrence of coronary thrombosis in the absence of rupture, but in the presence of plaque erosion. In a series 
of 20 patients who died with acute myocardial infarction, van der Wal et al. found plaque ruptures in 60% of lesions with 
thrombi, while the remaining 40% showed “superficial erosion.”  [  55  ]  In our series, reported by Farb et al., 50 consecutive 
cases of sudden death due to coronary artery thrombosis were studied by histology and immunohistochemistry; plaque 
rupture of a fibrous cap with communication of the thrombus with a lipid core was identified in 28 cases, while thrombi 
without rupture were present in 22 cases. All had superficial erosion of a proteoglycan-rich plaque  [  56  ] . In more recent 
studies, plaque erosion is identified as an important substrate for coronary thrombosis in patients dying from sudden death 
or acute myocardial infarctions (AMIs), with the occurrence being more frequent in women than men  [  57,   58  ] . 

  Fig. 9.3    Causative substrates of coronary thrombosis TCFAs are considered precursors to plaque rupture, the predominant substrate of coronary 
artery luminal thrombosis. Essentially missing from the AHA consensus classification are two alternative entities that give rise to coronary throm-
bosis, namely erosion and the calcified nodule. Erosions can occur on a substrate of PIT or FA while calcified nodules (a minor but viable 
mechanism of thrombosis) are eruptive fragments of calcium that protrude into the lumen causing a thrombotic event.  TCFA  thin-cap fibroather-
oma;  PIT  pathological intimal thickening;  FA  fibroatheroma;  NC  necrotic core;  Th  thrombus       
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 Serial sectioning confirms that, with plaque erosion, the thrombus is confined to the luminal plaque surface with an 
absence of fissures or communication with an underlying necrotic core, as confirmed by serial sectioning. The term “ero-
sion” is used because the luminal surface beneath the thrombus lacks endothelial cells. Other morphologic differences are 
clearly apparent between ruptures and erosion. Unlike the prominent fibrous cap inflammation described in ruptures, eroded 
surfaces contain fewer macrophages (rupture, 100%, vs. erosion, 50%;  p  < 0.0001) and T lymphocytes (rupture, 75%, vs. 
erosion, 32%;  p  < 0.004)  [  56,   59  ] . Cell activation, indicated by HLA-DR staining, was identified in macrophages and T cells 
in 25 (89%) plaque ruptures and in eight (36%) plaque erosions ( p  = 0.0002). In addition, eroded plaques tend to be focal 
eccentric lesions rich in SMCs and proteoglycans, and unlike ruptures, the medial wall is generally intact. These distinctions 
show the need to reconsider the mechanistic differences of thrombosis between erosion and rupture, and perhaps requiring 
different strategies to diagnose and treat these lesions.  

   Calcified Nodule 

 Calcified nodules, the least frequent lesion associated with coronary thrombi, resemble mostly fibrotic plaques characterized 
by sheets of calcification that have fragmented into smaller amorphous nodules with surrounding fibrin. When present, the 
necrotic core is small in comparison to other atherogenic lesions. Resembling the tip of an iceberg, an eruptive nodule (often 
multiple and some with bone formation) is observed protruding into the lumen, accompanied by a nonocclusive platelet-rich 
thrombus. Deeper in the plaque, fibrin is often present between the bony spiculae, along with osteoblasts, osteoclasts, and 
inflammatory cells  [  8  ] . Lesions with nodular calcification and thrombosis are more common in older individuals, more 
likely seen in males, and are preferentially found in the middle right coronary or left anterior descending coronary arteries. 
They also appear to be more prevalent in the carotid arteries than coronary arteries, which may relate to a greater frequency 
of intraplaque hemorrhage in carotid disease.   

   End-Stage Lesions 

   Healed Plaque Rupture (Fig.  9.4 ) 

    The prevalence of silent ruptures in the clinical setting remains unknown to date; as few angiographic studies have demon-
strated plaque progression, short-term studies have suggested that thrombosis is the likely cause.    Autopsy studies, however, 
provide evidence that plaque progression beyond 40–50% cross-sectional luminal narrowing occurs secondary to repeat 
ruptures. Ruptured lesions with healed repair sites, designated as the healed plaque rupture (HPR) as shown by Davies et 
al., are easily detected microscopically by identifying breaks in the fibrous cap with an overlying repair reaction consisting 
of SMCs surrounded by proteoglycans and/or a collagen-rich matrix depending on the phase of healing  [  60  ] . Early healing 
following a coronary event is characterized by proteoglycans, along with type III collagen, which is eventually replaced by 
type I collagen. Davies showed that the frequency of HPRs increases in proportion with luminal narrowing  [  60  ] . 

 Morphologic studies suggest that the incidence of HPRs is dependent on the underlying stenosis, such that approximately 
8% of lesions with less than 20% diameter stenosis show HPRs with an increase in frequency to 19% for lesions with 
21–50% luminal stenosis, and a further increase to 73% frequency for plaques with >50% stenosis. In our experience, 
approximately 61% of hearts from SCD victims show HPRs. The incidence is greater for deaths attributed to stable plaques 
with severe stenosis (80%), followed by acute plaque rupture (75%), and least for plaque erosions (9%)  [  61  ] . Overall, 
lesions with pathologic evidence of healed repair sites characterized by tissue layering were more common in arterial seg-
ments with acute and healed ruptures. In addition, the percent of cross-sectional luminal narrowing was dependent on the 
number of healed repair sites.   

   Incidence of Vulnerable Plaque in Sudden Coronary Death Victims 

 Among clinical parameters, the number of vulnerable plaques correlates with both high total cholesterol (TC) and the TC/
high-density lipoprotein (HDL) cholesterol ratio  [  41  ] . In deaths attributed to plaque rupture, approximately 70% of cases 
show the presence of TCFAs remote from the actual rupture site. In contrast, the incidence of TCFAs is markedly less (30%) 
when deaths are associated with erosions or flow-limiting stenosis. 
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 The mere existence of TCFAs does not necessarily imply that plaque rupture is imminent. Yet it is essential to define the 
critical surrogates of lesion instability to help identify patients at the highest risk of rupture and future coronary events. In 
an analysis of vulnerable lesions from SCDs, the mean luminal stenosis was least for TCFAs (59.6% cross-sectional nar-
rowing), intermediate for lesions with hemorrhage into a plaque (68.8%), and greatest for acute plaque or HPRs (~73%). 
Overall, nearly 75% of TCFAs showed <75% cross-sectional luminal narrowing (or <50% diameter stenosis), which may 
be a useful indicator of vulnerable plaque  [  62  ] . 

 Moreover, the geographic location in the coronary vasculature is also important; about 50% of the TCFAs occur in the 
proximal segment of major coronary arteries in a distribution of LAD > LCx > RCA, with another one third occurring in the 
midportion and the remaining few distally  [  42  ] . Notably, a similar regional distribution of TCFAs is found for acute plaque 
rupture and HPRs.    Clinical studies in acute myocardial infarction patients also confirm that the proximal portions of all three 
major coronary arteries are the most common location for thrombotic occlusion  [  63  ] . Positive remodeling represents another 
indicator of lesion vulnerability. In this regard, plaque ruptures had the highest remodeling index followed by lesions with 
hemorrhage, TCFAs, HPRs, and fibroatheromas, in order of descending incidence. Conversely, lesions of total occlusion or 
erosion exhibited negative remodeling  [  64  ] .  

   Morphological Predictors of Vulnerable Plaque 

 In a more recent morphometric examination of TCFAs and ruptures based on luminal narrowing (<50, 50–75%, and >75%, 
Fig.  9.5 ), the incidence of TCFAs exhibiting underlying severe stenosis (>75% cross-sectional luminal narrowing) was 38%, 
while 51% exhibited a moderate stenosis (50–75% narrowing) and 11% showed mild narrowing (<50%). In contrast, the 
majority of ruptures, at 67%, showed severe stenosis (>75% cross-sectional luminal narrowing), 25% had moderate stenosis 
(50–75% narrowing), and 6% demonstrated mild narrowing (>50%). Regardless of the morphology, in a clinical setting, 

  Fig. 9.4    Healed plaque rupture lesion with severe luminal narrowing ( upper-left column ) demonstrates areas of intraintimal, lipid-rich core with 
hemorrhage and cholesterol clefts, showing a relatively bland layer of collagenous, proteoglycan-rich neointima overlying on old disrupted fibrous 
cap ( arrow ). In the upper-middle column, collagen staining by picrosirius red illustrates an area of dark-red collagen (type I) surrounding lipid 
hemorrhagic cores seen in corresponding view in the left column. Image taken with polarized light ( upper - right column ) clearly delineates newer 
greenish collagen (type III) covering lighter reddish-yellow fibrous cap disruption (type I collagen). Bar graph at bottom shows that the lumen 
area narrows as the ruptured lesion heals. Adapted from “Healed plaque ruptures and sudden coronary death: evidence that subclinical rupture 
has a role in plaque progression” by Burke et al.  [  61  ] , p. 9xx       
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patients with plaques with >75% stenosis will likely present with symptoms or be treated by invasive procedures, thereby 
removing the potential risk for rupture. Moreover, TCFAs with <50% stenosis generally have less necrotic contents and are 
remotely considered to be responsible for clinical events, even if they were to rupture. Therefore, these results suggest that 
many TCFAs potentially amenable to preventive treatment are in the target stenosis range of 50–75%.  

 In select TCFAs and ruptures with 50–75% cross-sectional luminal narrowing, multivariate analysis showed fibrous cap 
thickness (odds ratio [OR] 0.35,  p  = 0.005) and necrotic core (%) (OR 2.0,  p  = 0.02) to be independent surrogates of rupture, 
while macrophage infiltration (%) was of borderline significance (OR 1.8,  p  = 0.052). Other morphologic parameters such 
as area measurements (EEL, IEL, lumen, plaque) or calcification (%) did not achieve statistical significance. Thus, it is 
important to not only identify lesions with <75% narrowing but also recognize those with thinner fibrous caps, relatively 
large necrotic cores, and macrophage infiltration as these likely represent the highest risk for impending rupture. This strat-
egy needs to be pursued in a clinical-based study of ACS patients using more sensitive imaging modalities such as optical 
coherent tomography (OCT) and/or assessment of lipid core burden using near-infrared spectroscopy (NIRS).  

   Summary and Perspectives 

 Plaque rupture is established as the primary cause of luminal thrombosis and sudden coronary death, although other important 
etiologies include erosion and eruptive nodular calcification. The detection of precursor lesions with the potential to rupture, 
including “vulnerable” plaques or even less-advanced fibroatheromatous lesions, represents an appropriate risk assessment 
for patients at risk for future coronary events. Morphologic and biologic processes critical to identifying vulnerable plaques 
have been described in this chapter, with some of these elements already proven applicable in the clinical setting. 

 To date, however, no clinical trials have confirmed the successful treatment of vulnerable plaque and reduction in cardio-
vascular mortality and morbidity. Progress will require refinements to current therapies or newer strategies with strict moni-
toring of all aspects of this epidemic disease. The pathophysiological features of progressive atherosclerosis as presented in 
this chapter are meant to guide future clinical trials focused on lesion vulnerability and risk for acute coronary syndrome.      

  Fig. 9.5    Histomorphologic    comparison of plaque rupture vs. thin-cap fibroatheroma (TCFA).  (a)  The frequency of plaque ruptures and TCFAs 
is stratified according to cross-sectional (X-S) luminal-area stenosis where TCFAs with 50–75% X-S stenosis account for 52% of lesions com-
pared to only 25% of ruptures.  (b)  Morphometric parameters of plaque rupture and TCFA subgrouped by lesions with 50–75% stenosis. For the 
most part, morphologic parameters for TCFAs were similar to rupture; however, significant differences were noted for the necrotic core area (%) 
and fibrous cap thickness, while macrophage infiltration was of borderline significance.  (c)  Multivariate logistic regression analysis of histological 
measurements confirmed fibrous cap thickness as the best indicator of rupture, followed by percent of necrotic core area, and least for mac-
rophages.  EEL  external elastic lumina;  IEL  internal elastic lumina;  CI  confidence interval       
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        Coronary Heart Disease 

 The prevalence of coronary heart disease (CHD) in the USA is estimated at 16.8 million or approximately 5.5% of the 
population. The lifetime risk of developing CHD after age 40 is about 49% for men and 32% for women  [  2  ] . In 2009, it 
was estimated that 1.26 million Americans would have a coronary event that year, 785,000 individuals would experience 
their first heart attack, and 470,000 would develop a recurrent attack  [  1  ] . 

 The National Center for Health Statistics determined that the average life expectancy for individuals would increase by 
almost 7 years if all forms of major cardiovascular disease (CVD) were eliminated  [  1  ] . In comparison, if all major forms 
of cancer were eliminated, the gain is estimated to be 3 years  [  1  ] . 

 Table  10.1  lists the risks for CHD relative to risk of other CVD as well as other diseases in general. The lifetime risk 
of atrial fibrillation (AF), for example, is one in four for both men and women. The lifetime risk of developing hyperten-
sion – a risk factor for CVD – is 9 in 10 for men and women. By contrast, the lifetime risk of hip fracture is 1 in 20 for 
men and 1 in 6 for women.   

   Significance of Family History 

 A family history of premature parental CHD has been shown to be associated with a twofold increased risk of CVD – 
independent of other risk factors  [  3,   4  ] . Additionally, while traditional risk factors are important, rare and common genetic 
variations have been estimated to account for more than 50% of a patient’s susceptibility to CAD  [  5  ] . 

 Evidence supporting a role for family history in premature parental CHD is shown in Table  10.2 . This table illustrates the 
odds ratios for offspring cardiovascular events over 8 years associated with premature parental CVD, using data from the 
Framingham Heart Study (FHS)  [  3  ]  (premature CVD was defined as an event prior to age 55 in men and age 65 in women 
 [  3  ] ). Attributable risk percentages for premature parental CVD were estimated at 29.0 and 20.6% in men and women, respec-
tively  [  3  ] . Additional evidence supporting a role for family history as a risk factor for CVD is strong  [  6–  23  ] .  

 Translating this knowledge into better patient care involves understanding the variability in patients’ accurate assessment 
of their family history. In 1999, Bensen et al. surveyed more than 3,000 middle-aged Americans from four US communities 
 [  24  ] . These probands were asked to report on disease presence, including CHD, diabetes, hypertension, and asthma in more 
than 10,000 living family relatives (parents, siblings, and spouses)  [  24  ] . Using surveys completed by relatives about their 
own history of disease as standards, the proband sensitivity of disease knowledge was calculated. The probands had at least 
81% accuracy in reporting a family history of CHD but were much less accurate (77–39%) in reporting the presence of 
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   Table 10.2    Risks for cardiovascular disease in offspring over an 8-year period as defi ned by the presence of parental cardiovascular disease   

 Model adjustment  None  Paternal CVD  Material CVD  Both  1 or both parents 

 Risk for offspring male 
 Unadjusted  1.0  3.0 (1.7–5.0)  3.4 (2.1–5.6)  3.3 (1.2–9.0)  3.2 (2.1–5.0) 
 Age adjusted  1.0  2.7 (1.6–4.7)  2.4 (1.5–4.0)  3.1 (1.1–8.3)  2.6 (1.7–4.1) 
 Age and SBP and anthperensive therapy  1.0  2.5 (1.4–4.3)  2.2 (1.3–3.7)  2.7 (1.0–7.6)  2.4 (1.5–3.8) 
 Age and total/HDL cholesterol ratio  1.0  2.8 (1.6–4.9)  2.1 (1.2–3.4)  2.9 (1.1–8.1)  2.3 (1.5–3.7) 
 Age and smoking  1.0  2.4 (1.4–4.1)  2.2 (1.4–3.7)  2.8 (1.0–7.5)  2.4 (1.5–3.8) 
 Age and diabetes and body mass index  1.0  2.5 (1.4–4.3)  2.2 (1.3–3.7)  2.7 (1.0–7.5)  2.4 (1.5–3.8) 
 Multivariable-adjusted a   1.0  2.2 (1.2–3.9)  1.7 (1.0–2.9)  2.4 (0.9–6.8)  2.0 (1.2–3.1) 

 Risk for offspring male 
 Unadjusted  1.0  2.7 (1.3–5.8)  3.2 (1.7–6.0)  4.3 (1.2–15)  2.9 (1.6–5.3) 
 Age adjusted  1.0  2.8 (1.3–6.1)  2.3 (1.2–4.5)  4.1 (1.1–15)  2.3 (1.3–4.3) 
 Age and SBP and anthperensive therapy  1.0  2.3 (1.1–5.1)  1.9 (0.9–3.7)  3.1 (0.8–12)  1.9 (1.0–3.6) 
 Age and total/HDL cholesterol ratio  1.0  1.9 (0.8–4.3)  2.0 (1.0–3.9)  3.8 (1.1–14)  1.9 (1.0–3.6) 
 Age and smoking  1.0  2.8 (1.3–6.0)  2.3 (1.2–4.4)  4.5 (1.2–17)  2.3 (1.2–4.2) 
 Age and diabetes and body mass index  1.0  2.4 (1.1–5.3)  2.2 (1.1–4.3)  3.5 (1.0–13)  2.2 (1.2–4.1) 
 Multivariable-adjusted a   1.0  1.7 (0.7–3.9)  1.7 (0.8–3.4)  2.8 (0.7–11)  1.7 (0.9–3.1) 

   CI  confidence interval;  CVD  cardovascular disease;  HDL  high-density ipoprotein;  OR  odds ratio;  SBP  systollic blood pressure 
 Adapted from Lloyd-Jones et al.  [  3  ] . Copyright 2004 by the American Medical Association 
  a Adjusted for age, total: HDL cholesterol ratio, SBP, antihypertensive therapy, diabetes body mass index and current smoking  

   Table 10.1    Risks for coronary heart disease relative to cardiovascular diseases and any other disease among men and women free of disease 
at 40 and 70 years of age   

 Remaining lifetime risk at age 40  Remaining lifetime risk at age 70 

 Diseases  Men  Women  Men  Women 

 Any CVD a   2 in 3  >1 in 2  >1 in 2  1 in 2 
 CHD  [  45  ]   1 in 2  1 in 3  1 in 3  1 in 4 
 AF  [  46  ]   1 in 4  1 in 4  1 in 4  1 in 4 
 CHF  [  47  ]   1 in 5  1 in 5  1 in 5  1 in 5 
 Stroke  [  48  ]   1 in 6 b   1 in 5 b   1 in 6  1 in 5 
 Dementia  [  48  ]   …  …  1 in 7  1 in 5 
 Hip fracture  [  58  ]   1 in 20  1 in 6  …  … 
 Breast cancer  [  59,   61  ]   1 in 1,000  1 in 8  …  1 in 14 
 Prostate cancer  [  59  ]   1 in 6  …  …  … 
 Lung cancer  [  59  ]   1 in 12  1 in 17  …  … 
 Colon cancer  [  59  ]   1 in 16  1 in 17  …  … 
 Diabetes  [  62  ]   1 in 3  1 in 3  1 in 9  1 in 7 
 Hypertension  [  63  ]   9 in 10 b   9 in 10 b   9 in 10 c   9 in 10 c  
 Obesity  [  64  ]   1 in 3  1 in 3  …  … 

  … indicate not estimated;  AF  atrial fibrillation 
 Adapted from Lloyd-Jones et al.  [  55  ] , p. e24. Copyright 2010 by American Heart Association 
  a  Personal communication from Donald Lloyd-Jones, based on FHS data 
  b  Age 55 
  c  Age 65  

 diabetes, hypertension, and asthma  [  24  ] . Of note, with variation of proband age, gender, and disease status, these individuals 
were able to easily identify disease in spouses but were unable to articulate the same in parents and siblings  [  24  ] . 

 An analysis in 2004 found conflicting results with Bensen et al.’s, concluding that few individuals in the USA are aware 
of specific health information needed to complete a family history  [  25  ] . Thus, whether or not patients are accurately report-
ing family history is still debatable. Whether or not clinicians are including family history as part of the equation in treating 
patients is also debatable. 

 The inability of some patients to properly assess family disease history illustrates an all-too-common problem in medi-
cine and other disciplines; important advances in research are not translated to practice.   www.hhh.umn.edu/people/bcrosby/
pdf/cv.pdf     (p. 7): “Rethinking Leadership,” with Robert Terry, in  Common Good: Ideas from the Humphrey Institute,  (John 
Brandl, ed. Minneapolis: Hubert H. Humphrey Institute of Public Affairs, 2006.). In policymaking – in essence, the relation-
ship between health-care provider and patient – it is essential to devise arrangements for the involved parties to do whatever 
it takes to manage responsibilities and accomplish desired goals. When the goal is to reduce CHD, a patient may simply not 
understand or know his/her family history, and thus, providers lose a large and potentially valuable clinical tool.  
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   Genetics and CHD 

 Genetics may provide an unbiased approach to fill this gap in family history and provide more information for both doctors 
and patients. Utilizing genetics shifts the emphasis from reaction to prevention. Genetic tests in the clinic in the setting of 
CHD also raise new ethical concerns. 

 How does the field of genetics impact our current understanding of CHD? The genetic code was discovered in 1967. The 
Human Genome Project began in 1989 to map what was then thought to be 100,000 genes of the human genome on indi-
vidual chromosomes. The first drafts of the human genome were published in 2001  [  26–  28  ] . 

 This project and similar large, collaborative efforts have resulted in continued evolution and advancement of the field 
while reducing the costs to sequence DNA. This led to genome-wide analysis of large numbers of individuals with CHD 
compared to individuals without disease. The studies involved isolating and hybridizing DNA to a chip or array platform to 
identify differences within the DNA that were associated with CHD. A limited number of variants in genes associated with 
increased risk of CHD have been identified and replicated to date. The human genome project has also increased our under-
standing of how genetics alters the efficacy of anticoagulant therapy and platelet inhibitors in individuals. 

 In contrast to genome-wide association studies (GWAS), more recent studies have focused on DNA sequencing of indi-
vidual patient genomes. A recent foray into individual DNA sequencing was published about a 40-year-old man with a 
family history of coronary artery disease and sudden death  [  29  ] . After blood was collected, DNA was isolated from cells 
and sequenced  [  29  ] . This technology is different from a chip platform in that every individual base pair is identified along 
the length of the input material. Analysis of this sequence data revealed 2.6 million single nucleotide polymorphisms (SNPs) 
and 752 copy number variations (CNVs)  [  29  ] . Data analysis was divided into four areas: (1) variants associated with genes 
for mendelian disease, (2) novel mutations, (3) variants known to modulate response to pharmacotherapy, and (4) SNPs 
previously associated with complex disease. 

 Next, a medically relevant posttest probability of disease was calculated. From this, clinical risk of major diseases was 
calculated, as shown in Fig.  10.1   [  29  ] . Three rare variants specific to CVD were identified and verified. Sixty-three clinically 
relevant pharmacogenomic variants were identified, and an assessment of SNPs previously associated with complex  diseases 

  Fig. 10.1    Clinical risk 
incorporating genetic 
risk-estimates for major 
diseases. Adapted from 
Ashley et al.  [  29  ] . Copyright 
2010 by [Elsevier 
Limited – ?]. FYI: Copyright 
holder based on:   http://www.
thelancet.com/
popup?fi leName=footer-
terms           
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was analyzed and a posttest probability calculated. Overall, this approach integrated new ways to approach disease risk in 
a clinically relevant context to deliver to the patient. As noted below, a comprehensive database of rare mutations would be 
a helpful resource.  

 In summary, a patient’s family history of CHD has been shown to be a major contributing risk factor to CVD independent 
of other risk factors. Unfortunately, many patients are unaware of familial disease history, and as a result, clinicians make 
health-care decisions without family history information. As the field of genetics continues to evolve and advance, and as 
the cost of individual genetic analysis continues to decrease  [  30  ]  – with individual analysis perhaps becoming common-
place – genetics may provide an unbiased approach to fill a gap in family history and provide more information for both 
doctors and patients. 

 There is a critical difference between using genetics as a tool to provide increased information for diagnosing disease, 
and as a tool for predicting disease. Growing evidence shows that genetic testing in the clinic for identifying underlying 
causes of disease has been useful, especially to identify both novel, common, and rare variants associated with disease. 
Examples include DNA variants in genes associated with sudden cardiac death  [  31,   32  ] . 

 By contrast, the use of genetics as a reliable predictor of common complex diseases has yet to be completely proven. 
Most associations between DNA variants and common diseases are weak and provide limited predictive power. Even if all 
genetic loci for a common disease were identified, it is believed that their predictive power would still be inadequate  [  29  ] . 
A recent study found that adding known genetic markers did not increase the ability to predict CVD in a prospective cohort 
of ~19,000 white women in the Nurses’ Health Study  [  33  ] . Thus, current claims for the ability of genetics to be used for 
prediction of common diseases such as CHD are not proven and can be misleading to the general public. This difference is 
significant for another reason. By blurring this distinction, the hype of raised expectations threatens to skew conversations 
between clinicians and patients  [  34,   35  ] .  

   Loci Associated with CHD 

   9p21.3 

 Independent of any standard risk factors, variations at the chromosome 9p21.3 have been shown to be associated with coro-
nary artery disease  [  36–  39  ] . Variants of 9p21.3 have not been shown to predict extent of coronary artery disease or myocar-
dial infarction  [  39  ] . Nearly 25% of the population carries two copies of the risk alleles leading to an increased risk of 
early-onset coronary artery disease that is 2 times as high as the risk among persons who do not carry these alleles  [  5  ] . 
McPhearson et al. found numerous SNPs at the 9p21 locus, most of which were found within 58kB of 9p21.3, and were 
shown to increase risk of CAD 15–20% for 50% of Caucasian individuals heterozygous for the allele, and increase risk 
30–40% in the 25% of individuals homozygous for the allele  [  37  ] . 

 The ADVANCE study expanded these findings beyond US Caucasians and analyzed the role of three SNPs (rs10757274, 
rs2383206, and rs10757278) in CAD in US Caucasians, US East Asians, US Hispanics, and US African-Americans  [  40  ] . 
Although the study is underpowered to detect differences in African-Americans (with only one SNP with a statistically 
significant  p  value of 0.04), it provides an early sense of genetic variations within diverse ethnic groups (Table  10.3 )  [  40  ] .  

 Baudhuin observed the presence of seven SNPs in a 76-kb region around 9p21 that had  p  < 10 −5  for major CHD and/or 
major CVD  [  41  ] . Abdullah et al. demonstrated that four SNPs within the 9p21 region were significantly ( p  = 6.61 × 10 −7  to 
1.87 × 10 −8 ) associated with premature and familial myocardial infarction and CAD (average age of onset 40.3 ± 5.1 years) 
 [  42  ] . Samani et al. analyzed two GWAS while Schunkert et al. undertook a meta-analysis with seven case control studies 
and found that SNP rs1333049 was uniformly associated with CAD with an increased OR of approximately 1.20 and 1.24, 
respectively  [  38,   43  ] . Leander found that when 9p21 is combined with other loci, including 1p13.3, 2q36.3, and 10q11.21, 
these loci have a cumulative effect of increasing coronary artery disease by 15%  [  13  ] . 

 Although the exact mechanisms through which 9p21.3 influences biological effects is unknown, Hannon and Beach 
revealed that the 3 ¢  end of  CDKN2B  (9p21.3) encodes the cyclin-dependent kinase inhibitor p15INK4B. This particular 
tumor suppressor is a dependent kinase involved in cell cycle regulation and cell cycle arrest  [  44  ] . Another gene encoding 
a large antisense noncoding RNA ( ANRIL ) suggests that transcription of the cyclin-dependent kinase genes may be regu-
lated, at least in part, by  ANRIL , establishing another possible link of the functions of 9p21 to cell cycle regulation and 
arrest  [  45  ] . 

 In summary, the data indicate a clear link between DNA variants of 9p21.3 and CHD. At this juncture however, the use 
of genetic testing for 9p21 in the clinic to improve medical decision-making is limited. It is unclear how one’s genetic 
makeup at this locus can best be used to determine disease risk or change in treatment. Participants in the Women’s Genome 
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   Table 10.3    Risk    of developing clinical coronary heart disease in carriers of high-risk alleles in 9p21 locus, compared with noncarriers in the 
ADVANCE study, as stratifi ed by race/ethnicity   

 Young  Older 
 Young and 
older combined   

 OR a   CI  OR a   CI  OR a, b   CI 
 OR c  AG 
vs. AA  CI 

 OR c  GG 
vs. AA  CI 

 White 
 rs10757274  1.29*  1.02–1.65  1.27**  1.10–1.47  1.28***  1.13–1.45  1.23  0.99–1.52  1.72***  1.35–1.20 
 rs2383206  1.26  0.99–1.61  1.27**  1.10–1.47  1.27***  1.12–1.44  1.25*  1.00–1.56  1.69***  1.32–2.16 
 rs10757278  1.28  0.99–1.61  1.29**  1.12–1.49  1.28***  1.13–1.45  1.24**  1.01–1.53  1.72***  1.35–2.20 

 Black 
 rs10757274  1.04  0.62–1.70  0.94  0.48–1.83  1.00  0.67–1.49  1.10  0.66–1.83  1.22  0.48–3.11 
 rs2383206  0.96  0.60–1.51  0.94  0.66–2.05  1.03  0.72–1.47  0.98  0.57–1.69  1.17  0.59–2.32 
 rs10757278  1.13  0.67–1.88  1.22  0.62–2.41  1.17  0.77–1.75  1.21  0.73–2.00  1.78  0.66–4.81 

 Hispanic 
 rs10757274  1.31  0.55–3.22  1.95*  1.10–3.60  1.73*  1.07–2.85  2.02  0.92–4.42  2.70*  1.09–6.66 
 rs2383206  1.84  0.78–4.62  2.27*  1.27–4.22  2.12*  1.31–3.53  2.88*  0.22–6.77  3.96*  1.49–10.5 
 rs10757278  1.86  0.80–4.65  2.02*  1.15–3.66  1.97*  1.23–3.22  2.58*  1.18–5.62  3.04*  1.22–7.53 

 East Asian 
 rs10757274  1.46  0.79–2.88  1.50  0.89–2.57  1.50*  1.0–2.26  1.66  0.80–3.44  2.57*  1.12–5.86 
 rs2383206  1.59  0.84–3.13  1.52  0.90–2.61  1.55*  1.03–2.35  1.69  0.81–3.51  2.80*  1.23–6.41 
 rs10757278  1.55  0.83–2.99  1.34  0.78–2.30  1.42  0.95–2.16  1.62  0.79–3.32  2.21  0.97–5.07 

 Admixed nonblack 
 rs10757274  1.78*  1.05–3.10  0.97  0.61–1.55  1.27  0.89–1.8  1.78*  1.02–3.11  1.54 d   0.80–2.95 
 rs2383206  1.49  0.84–2.60  0.86  0.54–1.38  1.08  0.75–1.54  1.24  0.68–2.27  1.26  0.64–2.47 
 rs10757278  1.81*  1.05–3.20  0.94  0.59–1.50  1.23  0.87–1.76  1.74  1.01–3.01  1.36  0.71–2.58 

 Admixed black c  
 rs10757274  –  –  1.22  0.63–2.44  –  –  1.43 d   0.66–3.10  0.44  0.13–1.51 
 rs2383206  –  –  1.28  0.68–2.44  –  –  1.79  0.77–4.15  0.88  0.32–2.41 
 rs10757278  –  –  1.70  0.82–3.78  –  –  1.35  0.63–2.89  0.98  0.24–4.10 

  Adapted from Assimes et al.  [  40  ] . Copyright 2008 by Oxford University Press 
 a Mean and standard deviation are presented 
 b Median and range presented, for all other variables counts and percentage are presented 
 c The age cutoff for a ‘young case’ was not the same for men (45 years) and women (55 years) 
 d Young cases may have had their qualifying coronary event as 1 January 1999, whereas all older cases had their qualifying coronary event after 
the start of recruitment in October 2001 
 e At event for cases, at study visit date for controls  

Health Study with 9p21.3 variation did not have a modified, predicated risk when such a mutation was added to traditional 
risk factors  [  33  ] . 

 Studies to date have not found genetic testing for 9p21 useful for predicting CHD. However, understanding the biological 
mechanism of 9p21.3 may enable the establishment of clinically useful tests that will provide better diagnostics and/or treat-
ment options.  

   12p24, 3q22 

 High levels of white blood cells have been identified as independent risk factors for CHD and myocardial infarction  [  46–  48  ] . 
Recent genetic studies have identified DNA variants that are risk factors for CHD and myocardial infarction, in particular the link 
to chromosome 12q24 – specifically, SNPs rs11066301 and rs11065987  [  49  ] . Although the etiology is not well understood, the 
variants associated with 12q24 are responsible for regulating mean platelet volume and platelet count  [  49  ] . An additional hema-
tological, chromosomal locus variation associated with increased CHD can be found on 3q22.3 MRAS  [  50  ] . Again, although the 
etiology is not well understood, the loci associated with 3p22 have a potential role in the processes of atherosclerosis. 

 As clinical indicators of heart care, measurements of white blood cells, red blood cells, and platelets continue to be used 
by physicians as clinical indicators for cancer and immune-related disorders. The HaemGen and Cohorts for Heart and 
Aging Research in Genome Epidemiology (CHARGE) consortia searched for genetic loci contributing to variation in hema-
tological parameters, and to assess if these parameters are linked with disease outcomes  [  49,   51  ] . The approaches used by 
these consortia differed. 
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 The HaemGen consortium used one of the many next-generation strategies employed in the post-GWA era, which is illus-
trated in Fig.  10.2   [  49  ] . The strategy included: (1) genomewide association (GWA) using multiple intermediate phenotypes (see 
white box in Fig.  10.2  for a table of intermediate phenotypes), (2) replication of selected loci, (3) testing association of validated 
SNPs with additional intermediate traits, (4) RNA analysis in blood cells and endothelial cells, (5) association with CHD, and 
(6) replication in five additional cohorts. The strengths of this approach are the power of a large consortium such as HaemGen 
and the multidimensional strategy described above. The outcome was the discovery of a long-range haplotype at 12q24 associ-
ated with CHD. This haplotype also contains known risk loci for type 1 diabetes, hypertension, and celiac disease.  

 Thus, the use of intermediate phenotypes led to successful identification of a region on chromosome 12q24 associated 
with CHD. Two SNPs were located ~800 kb apart and found to be high in LD in this region. (An overview of this region is 
shown in Fig.  10.3 ). This region contains 15 genes. An analysis of the mRNA expression data performed did not provide 
sufficient evidence to limit the pool of targets (Fig.  10.4 ).   

 The region covered by the haplotype includes other genes not assessed in this study which may play a causative role. 
Much remains to be explored. Previous work summarized in the literature showed that increased mean platelet volume is an 
independent predictor of postevent outcome in CAD  [  38,   49,   52–  54  ] . These studies now move closer to defining mecha-
nisms through which platelet volume may be unique in different individuals. 

 The CHARGE consortium used a more standard approach to identify DNA variants associated with erythrocyte phenotypes 
 [  51  ] . The consortium included five cohort studies, all of European ancestry. The SNPs identified in this first analysis were then 
brought forward for replication in the HaemGen consortium. The overlap of genes near the loci associated with the erythrocyte trait 
is shown in Fig.  10.5 . The 12q24 region identified as being associated with CAD  [  50  ]  was replicated in the study by Ganesh  [  51  ] .  

 The associations of these SNPs were then tested for associations with systolic blood pressure (SBP), diastolic blood 
pressure, and hypertension. Analysis identified the previous associations on 12q24.1, with the nearest candidate gene being 
SH2B3 as the most significant. It also identified the association between the region on chromosome 7q36.1 with the nearest 
candidate gene being PPKAG2. 

 One locus on chromosome 3q22.3 has been implicated as having an association with CHD. SNP rs9818870 is found in 
the 3 ¢  UTR of the MRAS gene  [  50  ] . The five exons in this region are responsible for coding the M-ras protein, a GTP bind-
ing protein, widely expressed in coronary vasculature. 

 In summary, studies have established a link between the immunologic system, hematologic system, and an increased risk 
of CHD. Specifically, mutations on or near loci 12q24 that regulate mean platelet volume and platelet count, as well as loci 
near 3q24, have a potential role in atherosclerosis. Although the genes and biology are not completely understood, further 
studies are needed for guiding treatment in a subset of patients.   

   Loci Associated with Modifiable Risk Factors for CHD 

 In the last 40 years, a shift has occurred in modifiable risk factors for CHD in the general population  [  55  ] . The prevalence 
of tobacco use has decreased, but high cholesterol and high blood pressure in the population have increased  [  55  ] . In addition, 
an increasing trend has been seen for obesity, type 2 diabetes, and high blood pressure in children  [  55  ] . How these changes 

  Fig. 10.2    Summary and 
overview of Soranzo et al. 
study design. Adapted from 
Soranzo et al.  [  49  ] . Copyright 
2009 by [Nature Publishing 
Group – ?]. FYI: Presumed 
copyright holder is from: 
  http://www.nature.com/
reprints/index.html           
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  Fig. 10.3    Overview of the 12q24 region. ( a–d ) The –log
10

  P  value for associations with plateiet counts ( a ), coronary artery disease ( b ), type 1 
diabetes ( c ) and celiac disease ( d ) are shown for two consecutive recombination intervals in a 1.6-MB region on chromosome 12 (Build 36 pos 
109,896,664–111,516,664). ( e ) The position of the 10 SNPs forming a high-frequency (MAF 40%) haplotype is highlighted by gray bars; this 
also displays the evolutionarly ancestral ( blue ) and derived ( red ) alleies at the 10 SNPs. ( f,g ) Signatures of positive selection obtained form 
Haplotter, including a graphical display of haplotypes at different distances form the lead SNP rs11065987 (f) and a plot marking the decay of 
extended haplotype homozygosity at different distances form SNP rs11065987 ( g )          
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will alter the prevalence, onset, and treatment of CHD in the next 50 years remains unclear. These modifiable risk factors 
will also likely influence the underlying DNA. For example, if a child harbored a mutation in 9p21, and this child’s diet 
resulted in obesity at a young age, this may modify the interaction of the mutation on CHD. 

 The American Heart Association’s “Strategic Impact Goal through 2020 and Beyond” includes a construct for ideal 
cardiovascular health  [  55  ]  (see Table  10.4 ). This construct lists seven components: smoking status, body mass index, physi-
cal activity, healthy diet score, total cholesterol, blood pressure, and fasting plasma glucose  [  55  ] . Four of these seven factors 
are hereditary: body mass index  [  55–  58  ] , total cholesterol  [  59–  63  ] , blood pressure  [  51,   64–  66  ] , and fasting plasma glucose 
 [  67  ] . A list of the loci identified to date that are associated with fasting plasma glucose, cholesterol and lipids, blood pres-
sure, and BMI is listed in Table  10.5 . This list is not meant to be exhaustive, but to highlight many of the major DNA variants 
identified to date in replicated studies with large cohorts.   

  Fig. 10.4    Heat map of 
mRNA expression in the 
12q24 region. Adapted from 
Soranzo et al.  [  49  ] . Copyright 
2009 by Nature Publishing 
Group       

  Fig. 10.5    Results of the 
CHARGE meta-analysis 
organized into a Venn 
diagram, demonstrating an 
overlap of loci meeting a 
genome-wide signifi cance 
threshold of  p  < 5 × 10 −8 . 
Adapted from Ganesh et al. 
 [  51  ] . Copyright 2009 by 
Nature Publishing Group       
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   Table 10.5    SNP, nearest gene, trait, and study for DNA variants associated with heredity risk factors associated with CHD   

 SNP  Nearest gene  Trait  Study 

 rs560887  G6PC2  Fasting glucose  Dupuis et al.  [  1  ]  Sabatti et al.  [  2  ]  
 rs10830963  MTNR1B  Fasting glucose  Dupuis et al.  [  1  ]  
 rs1447352  MTNR1B  Fasting glucose  Sabatti et al.  [  2  ]  
 rs7121092  MTNR1B  Fasting glucose  Sabatti et al.  [  2  ]  
 rs4607517  GCK  Fasting glucose  Dupuis et al.  [  1  ]  
 rs2191349  DGKB-TMEM195  Fasting glucose  Dupuis et al.  [  1  ]  
 rs780094  GCKR  Fasting glucose  Dupuis et al.  [  1  ]  
 rs11708067  ADCY5  Fasting glucose  Dupuis et al.  [  1  ]  
 rs7944584  MADD  Fasting glucose  Dupuis et al.  [  1  ]  
 rs10885122  ADRA2A  Fasting glucose  Dupuis et al.  [  1  ]  
 rs174550  FADS1  Fasting glucose  Dupuis et al.  [  1  ]  
 rs11605924  CRY2  Fasting glucose  Dupuis et al.  [  1  ]  
 rs11920090  SLC2A2  Fasting glucose  Dupuis et al.  [  1  ]  
 rs7034200  GLIS3  Fasting glucose  Dupuis et al.  [  1  ]  
 rs6544713  ABCG8  LDL  Kathiresan et al.  [  3  ]  
 rs1501908  TIMD4-HAVCR1  LDL  Kathiresan et al.  [  3  ]  
 rs6102059  MAFB  LDL  Kathiresan et al.  [  3  ]  
 rs2650000  HNF1A  LDL  Kathiresan et al.  [  3  ]  
 rs4844614  CR1L  LDL  Sabatti et al.  [  3  ]  
 rs5031002  AR  LDL  Sabatti et al.  [  2  ]  
 rs174547  FADS1,2,3  HDL  Kathiresan et al.  [  3  ]  
 rs2271293  LCAT  HDL  Kathiresan et al.  [  3  ]  
 rs471364  TTC39B  HDL  Kathiresan et al.  [  3  ]  
 rs1800961  HNF4A  HDL  Kathiresan et al.  [  3  ]  
 rs7679  PLTP  HDL  Kathiresan et al.  [  3  ]  
 rs2967605  ANGPTL4  HDL  Kathiresan et al.  [  3  ]  
 rs174547  FADS1,2,3  TG  Kathiresan et al.  [  3  ]  
 rs7679  PLTP  TG  Kathiresan et al.  [  3  ]  
 rs7819412  XKR6-AMACIL2  TG  Kathiresan et al.  [  3  ]  
 rs12740374  CELSR2,PSRC1,SORT1  LDL  Kathiresan et al.  [  3  ]  
 rs515135  APOB  LDL  Kathiresan et al.  [  3  ]  
 rs4420638  APOE-APOC1,C4,C2  LDL  Kathiresan et al.  [  3  ]  
 rs6511720  LDLR  LDL  Kathiresan et al.  [  3  ]  
 rs3846663  HMGCR  LDL  Kathiresan et al.  [  3  ]  
 rs10401969  NCAN,CILP2, PBX4  LDL  Kathiresan et al.  [  3  ]  
 rs11206510  PCSK9  LDL  Cohen et al.  [  4  ] , Kathiresan et al.  [  3  ]  
 rs173539  CETP  HDL  Kathiresan et al.  [  3  ]  
 rs12678919  LPL  HDL  Kathiresan et al.  [  3  ]  
 rs10468017  LIPC  HDL  Kathiresan et al.  [  3  ]  
 rs4939883  LIPG  HDL  Kathiresan et al.  [  3  ]  
 rs964184  APOA1, APOC3, A4, A5,  HDL  Kathiresan et al.  [  3  ]  
 rs2338104  MMAB, MVK  HDL  Kathiresan et al.  [  3  ]  
 rs1883025  ABCA1  HDL  Kathiresan et al.  [  3  ]  
 rs4846914  GALNT2  HDL  Kathiresan et al.  [  3  ]  
 rs964184  APOA1, APOC3, A4, A5,  TG  Kathiresan et al.  [  3  ]  
 rs12678919  LPL  TG  Kathiresan et al.  [  3  ]  
 rs1260326  GCKR  TG  Kathiresan et al.  [  3  ]  
 rs2954029  TRIB1  TG  Kathiresan et al.  [  3  ]  
 rs714052  MLX1PL  TG  Kathiresan et al.  [  3  ]  
 rs7557067  APOB  TG  Kathiresan et al.  [  3  ]  
 rs17216525  NCAN, CILP2,PBX4  TG  Kathiresan et al.  [  3  ]  
 rs10889353  ANGPTL3  TG  Kathiresan et al.  [  3  ]  
 rs10455872  Lp(a)  Lp(a)/CAD  Clarke et al.  [  5  ]  
 rs3798220  Lp(a)  Lp(a)/CAD  Clarke et al.  [  5  ]  
 rs1004467  CYP17A1  SBP  Levy et al.  [  6  ]  
 rs381815  PLEKHA7  SBP  Levy et al.  [  6  ]  

(continued)
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   LDL Cholesterol 

 Elevated low-density lipoprotein (LDL) cholesterol is associated with death from CHD. Recent GWAS have identified a 
number of DNA variants associated with changes in LDL, high-density lipoprotein (HDL), and triglycerides (Table  10.5 ). 
Recent work has found a significant association between two Lp(a) lipoprotein variants, increased Lp(a) levels, and CHD 
(Fig.  10.6 )  [  68  ] . Figure  10.6  shows a linear relationship between the odds ratio increasing for CHD with each copy of the 
risk allele, as well as an increase in the Lp(a) lipoprotein levels. The LPA locus is on chromosome 6. The rare alleles of 
SNPs in Lp(a) correlate with a smaller isoform size of the apolipoprotein (a) and a lower copy number  [  68  ] . Remarkably, 
these two variants describe 36% of the total variation in Lp(a) lipoprotein levels  [  68  ] . The biological mechanism(s) whereby 
increased levels of Lp(a) increase risk for CHD is not well understood. More studies will be needed in this area.  

 A recent analysis by Kathiresan et al. of data from second- and third-generation family members of FHS participants 
confirmed that eight of the hypothesized SNPs associated with increased lipid levels were in fact expressed and resulted in 
increased lipid levels in these populations  [  61,   63,   68,   69  ]  The SNP associated with LDL cholesterol is in/near SORT1  [  70  ] . 
A recent study further defining the biological mechanism through which this variant alters LDL cholesterol through the 
expression of SORT1 in the liver has been published (Musunuru, Natum, 2010   ). 

 SNPs in genes associated with MMAB/MVK and GALNT were replicated for HDL cholesterol  [  68  ] . The minor allele 
(G) for this SNP (rs2338104) was associated with a decrease in transcript level of MMAB in the liver and an increase in 
HDL cholesterol  [  68  ] . No association was identified between transcript expression levels in the liver of GALNT and the 
associated SNP in this gene. The confirmed SNPs for triglycerides were in/near the following genes: GCLR, TRIB1, 
MLXIPL, NCAN, and ANGPTL3. The risk allele associated with SNP rs10889353 in ANGPTL3 was associated with an 
increase in expression of ANGPTL3 in the liver and a decrease in circulating triglycerides. 

 Rare mutations in PCSK9 (proprotein convertase subtilisin/kexin type 9 serine protease gene), a glycoprotein found in 
the liver, kidney, and intestine, were originally identified and associated with high LDL cholesterol  [  70  ] . Additional sequencing 

Table 10.5 (continued)

 SNP  Nearest gene  Trait  Study 

 rs2681492  ATP2B1  SBP  Levy et al.  [  6  ]  
 rs17249754  ATP2B1  SBP/DBP  Cho et al.  [  7  ]  
 rs3184504  SH2B3  SBP  Levy et al.  [  6  ]  
 rs5068  NPPA/NPPB  SBP/DBP  Newton-Cheh et al.  [  8  ]  
 rs198358  NPPA/NPP  SBP/DBP  Newton-Cheh et al.  [  8  ]  
 rs17367504  MTHFR  SBP  Newton-Cheh et al.  [  9  ]  
 rs11191548  CYP17A1  SPB  Newton-Cheh et al.  [  9  ]  
 rs12946454  PLCD3  SBP  Newton-Cheh et al.  [  9  ]  
 rs16998073  PRDM8/FGF5/C4orf22  DBP  Newton-Cheh et al.  [  9  ]  
 rs1530440  c10orf107  DBP  Newton-Cheh et al.  [  9  ]  
 rs653178  SH2B3/ATXN2  DBP  Newton-Cheh et al.  [  9  ]  
 rs137842  CYP1A1/CYP1A2/CSK  DBP  Newton-Cheh et al.  [  9  ]  
 rs16948048  ZNF652  DBP  Newton-Cheh et al.  [  9  ]  
 rs9815354  ULK4  DBP  Levy et al.  [  6  ]  
 rs11014166  CACNB2  DBP  Levy et al.  [  6  ]  
 rs2681472  ATP2B1  DBP  Levy et al.  [  6  ]  
 rs3184504  SH2B3  DBP  Levy et al.  [  6  ]  
 rs2384550  TBX3-TBX5  DBP  Levy et al.  [  6  ]  
 rs6495122  CSK-ULK3  DBP  Levy et al.  [  6  ]  
 rs2681472  ATP2B1  Hypertension  Levy et al.  [  6  ]  
 rs9939609  FTO  BMI  Frayling et al.  [  10  ]  
 rs9930506  FTO  BMI  Scuteri et al.  [  11  ]  
 rs1421085  FTO  BMI  Dina et al.  [  12  ]  
 rs17817449  FTO  BMI  Dina et al.  [  12  ]  
 rs1421085  FTO  Obesity  Dina et al.  [  12  ]  
 rs17817449  FTO  Obesity  Dina et al.  [  12  ]  
 rs17782313  MC4R  BMI  Loos et al.  [  13  ]  
 rs10146997  NRXN3  BMI/obesity  Heard-Costa et al.  [  14  ]  
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of PCSK9 has revealed additional mutations that contribute to plasma LDL cholesterol levels (Kotowoski). A separate and 
distinct nonsense mutation in PCSK9 was found in African-Americans and was associated with a reduction in LDL choles-
terol as well as a reduction in the risk of CHD  [  60,   62  ] .  

   BMI 

 Very few identified loci have been reproducibly associated with body mass index (BMI), a risk factor for CHD (Table  10.5 ) 
 [  71  ] . The first loci identified was FTO (fat mass- and obesity-associated) on chromosome 16q12.2  [  52,   53  ]  (Fig.  10.7 ). SNPs 
in FTO in European cohorts have been associated with both increases in BMI and obesity in children and adults  [  52–  54  ] . 
FTO was replicated in a large GWAS of Asian populations  [  64  ] . In addition to FTO and MC4R, variants in NRXN3 have 
also recently been associated with obesity, waist circumference, and high BMI  [  72  ] .  

 Deletions on chromosome 16p11.2 were also recently associated with obesity  [  58  ] . In this study by Walters, Jacquemont, 
and colleagues, an alternative approach identifies variants associated with obesity  [  58  ] . The design was implemented in 
response to data from GWAS identifying numerous variants associated with obesity, but only accounting for a small fraction 
of the underlying heritability  [  58  ] . The hypothesis was that cohorts with extreme phenotypes that include obesity may be 
enriched for rare but potent risk variants  [  58  ] . To test this hypothesis, the authors tested a cohort with obesity as well as 
developmental delay and/or congenital malformations from three centers in the UK and France  [  58  ] . This resulted in iden-
tifying a region of heterozygous deletion on 16p11.2 in 9 individuals out of 312 (2.9%)  [  58  ] . Testing additional cases and 
included controls verified the association of this heterozygous deletion on 16p11.2 in additional cohorts and increased the 
significance to     p  < 10–9  [  58  ] . 

 To date, no published studies have identified direct associations between risk loci and any gene associated with BMI or 
obesity and coronary artery disease in large cohorts with replication.  

   Blood Pressure 

 Heredity is a component of blood pressure. However, the effect size of individual common allelic variants on systolic and 
diastolic blood pressure remain small – ~1 mmHg for systolic and about 0.5 mmHg for diastolic blood pressure  [  73  ] . 

 Levy et al. have recently analyzed blood pressure data from the CHARGE consortium  [  73  ] , which includes more than 
29,000 individuals of European ancestry from six separate studies, including Atherosclerosis Risk in Communities Study, 

  Fig. 10.6    This graph shows 
the signifi cant association 
between three Lp(a) 
lipoprotein variants, 
increased lipoprotein (a) 
levels, and odds ratio for 
coronary heart disease. 
Adapted from Clarke et al. 
 [  68  ] . Copyright 2009 by 
Massachusetts Medical 
Society       
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  Fig. 10.7    ( a ,  b ) Meta-
analysis polts for odds of 
( a ) overweight and ( b ) 
obesity compared with 
normal weight in adults for 
each copy of the A allele of 
rs9939609 carried. Bar charts 
depicting ( c ) DEXA-
measured fat mass in 
9-year-old children and 
( d ) DEXA-measured lean 
mass in older children – both 
from the ALSPAC study. 
Error bars represent 95% 
confi dence intervals. Adapted 
from Frayling et al.  [  53  ] . 
Copyright 2007 by the 
American Association for the 
Advancement of Science. 
FYI: Copyright info for 
Science from   http://www.
sciencemag.org/about/
copyright.dtl             

 



212 J.L. Hall et al.

the Age, Gene/Environment Susceptibility Reykjavik Study (AGES), Cardiovascular Health Study (CHS), FHS, Rotterdam 
Study (RS), and the Rotterdam Extension Study (RES). The top loci for SBP is on chromosome 12q21.23, rs2681492, in 
the gene  ATP2B1  (Table  10.5 )  [  43  ] .  ATP2B1  was also associated with hypertension and diastolic blood pressure (DBP)  [  43  ] . 
 ATP2B1  is a member of a family of ATPases that regulate calcium homeostasis. ATP2B1 mRNA is expressed in most 
 tissues. (The Web site   www.genecards.org     includes figures and tables of expression levels and updated publications). 

 The region containing SH2B3/ATXN2 was also identified by Newton-Cheh et al. in the Global BPgen consortia, which 
included 17 cohorts of European ancestry  [  74  ] . Participants’ mean age ranged from 38 years (Framingham Heart Study) to 
72 years (CHS). 

 Identifying mutations of genome-wide significance associated with blood pressure has appeared more difficult. The 
reasons are not fully understood, but may in part rest on the variability in measuring blood pressure. Thus, additional 
approaches have been adapted to move this field forward. One approach incorporated the use of an intermediate phenotype: 
circulating ANP/BNP. The loci associated with blood pressure include the well-known natriuretic peptides ANP and BNP. 
In a cohort of ~29,000 individuals of European descent, Newton-Cheh described a significant association between SNPs in 
both ANP and BNP with increased circulating levels of both neuropeptides and decreased systolic and diastolic blood pres-
sure  [  75  ] . A major difference in this study over prior studies was that an intermediate phenotype was used – circulating 
ANP/BNP – to preselect a collection of SNPs to carry forward for testing for associations with blood pressure. This distinc-
tion enhanced the power of the analysis. 

 In summary, a number of mutations have been associated with both systolic and diastolic blood pressure (Table  10.5 ). 
This list of genes includes signaling molecules, transcription factors that regulate neurogenesis, calcium-handling genes, and 
regulators of metabolism. Further studies are needed to determine the role of each of these mutations and genes in regulating 
blood pressure. The use of these mutations known to be associated with blood pressure in the clinic is not readily adaptable, 
given that they may alter blood pressure by only 1–2 mmHg.  

   Fasting Blood Glucose 

 Unregulated variations in fasting plasma glucose have been shown to be a modifiable risk factor for development of CVD. 
Adults with diabetes have heart disease death rates about 2–4 times higher than adults without diabetes. In 2004, heart 
disease was noted on 68% of diabetes-related death certificates among people aged 65 years or older  [  76  ] . The number of 
people with diabetes in the world is projected to rise from 171 million to an estimated 366 million by 2030  [  76  ] . 

 To further elicit the genetic underpinnings of diabetes, Dupuis et al. performed a meta-analysis of 21 GWAS involving 
insulin and glucose as well as indices of beta-cell function (HOMA-B) and insulin resistance. Of 25 loci studied in the 
76,558 subjects, 16 were associated with fasting glucose. This suggests that mutations in these genes may increase risk for 
altering blood glucose level. The role of many of these genes in regulating blood glucose is not well understood and will 
require a series of studies to determine the cells/tissues in which they are expressing, how they are regulated, and how muta-
tions in these genes regulate blood glucose levels (Table  10.5 ). 

 In summary, a number of loci have been associated with LDL cholesterol, BMI, fasting blood glucose, and blood pres-
sure. A critical question is how much of the heritability in these modifiable risk factors do genetic loci contribute? Very little 
at this point. However, if identifying these loci opens up new pathways toward drug discovery and cardiovascular health, 
then the area of genetics has served a worthy end.   

Fig. 10.7 (continued)



21310 Genetics and Coronary Heart Disease

   Pharmacogenomics/Tailored Therapeutics 

 The president and CEO of Eli Lilly and Company, John C. Lechleiter, PhD, recently stated (Personalized Medicine 
Coalition, Executive Director’s Report, 2010):

  The power in tailored therapeutics is for us to say more clearly to payers, providers, and patients, ‘This drug is not for everyone, but it is 
for you.’   

 Lechleiter was voicing one compelling argument for both conducting research on the relationship between medicines and 
individual response – pharmacogenomics – and about the emerging philosophy underlying the research and development 
strategy for pharmaceutical development  [  77,   78  ] . The Food and Drug Administration lists pharmacogenomic information 
on approximately 10% of approved drug labels  [  79  ] . 

 Of particular interest regarding the relationship of pharmacogenomics and CHD are two drugs commonly used to treat 
patients with CHD. Coumadin (warfarin) is the most widely prescribed oral anticoagulant in North America  [  80  ] . In 2007, 
clopidogrel, a platelet aggregation inhibitor, was the sixth-most-commonly-prescribed medication in America  [  81  ]  and the 
second best-selling drug worldwide  [  82  ] . In 2008, clopidogrel had US sales of $3.8 billion. 

 Cytochrome p450 enzymes are responsible for about 75% of the Phase 1 metabolism of clinical drugs  [  83  ] . DNA varia-
tion within the individual cytochrome P450 genes affects the ability of these enzymes to metabolize drugs, as do disease 
and environment. 

 Interest in the field of pharmacogenomics has led to the development of different gene chips and platforms in the clinical 
setting as “an aid in determining treatment choice and individualizing treatment dose for therapeutics that are metabolized 
primarily by the specific enzyme about which the system provides genotypic information” (FDA classification 21 CFR 
862.3360). In the research setting, these gene chips and platforms are used to determine how the genotypic footprint affects 
the metabolism of different drugs. 

 Two cytochrome P450 genes present on the clinical chips are CYP2C19, CYP2D6, and CYP2C9. CYP2C19 is one of 
the cytochrome P450 genes that metabolizes the antiplatelet drug clopidogrel. Drugs metabolized by CYP2C19 include 
celecoxib, codeine, diazepam, esomeprazole, nelfinavir, omeprazole, pantoprazole, rabeprazole, and voriconazole. Known 
drugs metabolized by CYP2D6 include the cardiovascular drugs carvedilol, metoprolol, and propranolol, as well as acet-
aminophen, aripiprazole, atomexetine, cevimeline hydrochloride, clozapine, fluoxetine HCl, olanzapine, propafenone, 
protriptyline HCl, risperidone, tamoxifen, terbinafine, thioridazine, timolol maleate, tiotropium bromide inhalation powder, 
tolterodine tartrate, tramadol, and venlafaxine. 

 The individual response of subjects receiving Coumadin have been shown to vary significantly based on genotype of 
CYP2C9 (CYP2C9*2 or CYP2C9*3), CYP4F2 (V433M), and VKORC1 (−1639 G > A allele). VKORC1 (responsible for 
vitamin K epoxide reductase and rate-limiting enzyme in the warfarin-sensitive vitamin K-dependent gamma carboxylation) 
CYP2C9, and CYP4F2 have polymorphism variability that, when present, leads to increased, active warfarin metabolites 
and decreases the warfarin doses necessary to research therapeutic treatment levels  [  29,   80,   84–  87  ] . 

 The effect of genotype on clopidogrel dose is mainly dependent on CYP2C19; however, CYP1A2, CYP2B6, CYP2B6, 
CYP2C9, and CYP3A4 also may play roles. The major enzyme CYP2C19, playing a role in both steps of drug metabolism, 
has been shown to have more than 25 polymorphisms  [  88  ] , the most common of which accounts for ~15–30% of the allelic 
frequency variation, and significantly decreases the metabolism of the drug, thus leading to decreased circulation levels and 
decreased therapeutic effects  [  88  ] . 

 Other polymorphic variations including CYP2C19*17 (allelic frequency 4–18%) have been shown to be so-called “ultra-
metabolizers,” increasing the amount of clopidogrel metabolite in the patient’s circulation. This increases the platelet inhibi-
tion beyond therapeutic levels, potentially causing increased risk of bleeding  [  88  ] . Additionally, other genes and allelic 
variations have been found to alter other complements of clopidogrel absorption (ABCB1) and biologic activity (P2RY12 
and ITGB3)  [  89  ] . 

 Clearly, individual genetic variations must be considered as we prescribe anticoagulant or antiplatelet treatments for 
patients with CHD. As Health and Human Services Secretary Kathleen Sebelius stated in testimony during her Senate con-
firmation hearings in 2009:

  Today, it is common for a medical product to be fully effective for only about 60% of those who use it. As the medical community is now 
learning, this in part reflects biological variation among individuals that affects the clinical response to medical interventions.   

 Challenges remain in sequencing the genome of every individual patient, but in doing so, we are provided very useful 
clinical information that often guides individually tailored medical therapeutics.  
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   Ethical, Legal, and Policy Considerations 

 Performing genetic, diagnostic testing in individuals at risk for coronary artery disease is a relatively new idea that is being 
implemented at select clinics and medical centers in the USA CAD and other countries to provide additional risk informa-
tion. Understanding the impact and ramifications this testing will have on patient care, health-care decision-making, and 
research regulations has been a challenge for many years, and remains a complex problem  [  90,   91  ] . 

 For example, results from studies designed to assess the early impact of genetic diagnostics are highly encouraging, but 
determining whether a newly identified biomarker will be clinically useful as a genetic test for an individual requires that 
many conditions be met. At the very minimum, one is statistical significance. Second, as pointed out by Hlatky and col-
leagues, the new risk marker must improve risk prediction beyond what is currently available with known approaches, as is 
the population prevalence of the risk marker  [  92  ] . 

 We know, however, that while availability of highly sensitive and specific tests is the goal of the “genomic revolution” – 
particularly, readily accessible and affordable tests – many factors are at play that may inhibit the speedy translation, from 
discoveries at the bench to treatments at the bedside, and then to availability in the community. Some of these factors are:

    • Managing patient expectations . When scientific discoveries are incompletely presented, the public is often at risk of the 
hype and hyperbole of science  [  35,   93  ] .  
   • Impact of health reform . While the USA is further along in guaranteeing access to more people to basic health care as a 
result of recent health reform, the implications for affordable access to potentially diagnostic biomarkers is less 
assured.  
   • Clinical genetics literacy . It is one thing to develop diagnostic biomarkers to discover mutations associated with disease, 
but another for clinicians to effectively and appropriately use these in daily clinical practice.     

   Summary and Conclusions 

 The impact of the human genome project on our understanding of the genetic basis of CHD has just begun to unfold. 
Questions have been voiced by patients, health-care workers, and insurance companies. Discussions are needed for scientific 
discoveries to be translated into clinical practice. Thus, progress is being made. 

 Family history remains a stronger factor than individual genetic information for specific genes associated with CHD. 
Identifying rare variants associated with CHD is in early stages. The advent of the technology and the systematic decrease 
in the cost of sequencing the human genome have led to the human exome project and a redesign and rethinking of original 
strategies – away from a focus on common variants and a shift to rare variants. 

 As a result of the human genome project, new, basic mechanisms of CHD will likely be identified in the next 10 years. 
Genetics will most likely play a role in helping to direct therapy for individuals.      
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      The endothelium is a cell layer that lines the blood vessels of the entire vascular tree, including arteries, veins, and 
 lymphatics  [  1  ] . Originally understood as an inert barrier, the endothelium is now appreciated as an organ that is distributed 
throughout all tissues with multiple important functions  [  2  ] . These functions include control of vascular tone, transport of 
cells and nutrients from the blood compartment to tissues, hemostasis, vascular repair after injury, and innate and adaptive 
immunity  [  3  ] . In addition to its role in health, the endothelium is also involved in the pathogenesis of a diverse set of dis-
eases, including atherosclerosis  [  4  ] , congestive heart failure  [  5  ] , valvular heart diseases  [  6  ] , pulmonary arterial hyperten-
sion  [  7  ] , erectile dysfunction  [  8  ] , sepsis  [  9  ] , and cancer  [  10  ] . 

 Understanding endothelial functions depends on discoveries over centuries, including William Harvey’s description of 
blood circulation between arteries and veins in 1628, the discovery of capillaries by Marcello Malpighi in 1661, the coining 
of the term “endothelium” by Wilhelm His in 1865, and the description of endothelial ultrastructure based on electron 
microscopy by Palade in the 1950s  [  2,   3,   11  ] . 

 With the exception of capillaries, all blood vessels comprise three layers: the tunica adventitia, composed mainly of 
connective tissue such as collagen and elastin; the tunica media, composed mainly of circumferentially oriented smooth 
muscle cells; and the tunica intima, formed by the endothelium and supporting connective tissue  [  12  ] . Muscular arteries 
are additionally characterized by lamina of elastic fibers: the external elastic lamina between the tunica adventitia and 
tunica media, and the internal elastic lamina between the tunica media and tunica intima. Veins are also characterized by 
the presence of valves, which extend into the lumen to prevent retrograde blood flow. 

 Capillaries lack adventitia and media, including vascular smooth muscle cells (VSMCs), but do have supporting cells 
called pericytes  [  13  ] . The endothelium is a cellular monolayer that lines arteries, veins, capillaries, and lymphatics, and 
represents the cellular interface between the blood and underlying tissues  [  14  ] . 

   Embryology 

 The endothelium forms early during development from primordial mesoderm with formation of nascent capillaries and 
appears even before the first heartbeat  [  15  ] . The development of the functioning cardiovascular system, including the heart, 
blood, and blood vessels, facilitates organogenesis  [  16,   17  ]  and the development of other organs, including the lungs  [  18  ]  
and nervous system  [  19  ] . A mesodermally derived precursor cell called the hemangioblast, with its ability to produce both 
blood cell lineages and angioblasts, is believed to be the source of fetal vascular endothelial cells  [  20,   21  ] . 

 In a process called vasculogenesis, in which de novo tubes are formed, angioblasts of the peripheral blood islands, head 
mesenchyme, and posterior lateral plate mesoderm connect to form a network of vessels and become endothelial cells  [  22  ]  
(Fig.  11.1a ). Endothelial cells, derived from paraxial mesoderm, migrate to form vessels of the kidney, limbs, and dorsal 
aorta. Endothelial cells from splanchnopleural mesoderm yield vessels of the solid organs and gut  [  23  ] .  

 Proper vasculogenesis depends on close proximity of endoderm to nascent endothelial cells  [  24  ] . Several signaling 
molecules important for vasculogenesis have been described, including fibroblast growth factor-2 (FGF-2)  [  25  ] , vascular 
endothelial growth factor-A (VEGF-A)  [  26,   27  ] , angiopoietin receptors Tie-1 and Tie-2  [  28,   29  ] , neuropilins 1 and 2  [  30  ] , 
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and hedgehog  [  31  ] , as well as signals derived from extracellular matrix  [  32  ] . Subsequent capillary formation occurs 
by angiogenesis, i.e., new capillary formation, and is initiated by existing capillaries  [  33  ] . This proceeds by either  sprouting 
angiogenesis , in which new capillaries branch off existing ones, or  intussusceptive angiogenesis , in which a capillary can 
subdivide into two capillaries  [  34  ]  (Fig.  11.1b ). 

 Angiogenesis and blood vessel maturation are complex and depend on recruitment of mural cells such as pericytes  [  35  ]  
to capillaries, and VSMCs  [  36  ]  to arteries and veins, as well as numerous signaling molecules such as transforming growth 
factor- b 1  [  37  ] , platelet-derived growth factor-B  [  38  ] , and the angiopoietin receptors  [  39  ] . Under the control of a series of 
signaling molecules, including hedgehog, VEGF-A, and Notch, an arterial as opposed to venous or lymphatic endothelial 
cell phenotype may be favored  [  16,   40  ] . 

 The processes of vasculogenesis and angiogenesis are augmented by branching  [  41,   42  ] , pruning  [  22,   33  ] , and remodeling 
 [  43  ] , including arteriogenesis  [  44  ] , to dynamically tailor the microcirculation to the physiology of the host organ, responding 
to local changes in flow  [  22  ] , oxygen tension  [  45,   46  ] , and paracrine signals from surrounding tissues  [  40,   43,   47  ] . The major 
epicardial coronary arteries do not form as outgrowths of the aorta, but instead form by vasculogenesis  [  48  ] . They connect 
to the aorta via selective apoptosis within the wall of the aorta  [  49  ] , allowing coalescence of penetrating capillaries  [  50  ] . 

   Translational Implications 

 The coordination and timing of the complex factors required to promote angiogenesis or vasculogenesis needs to be fully 
defined before clinical translation is attempted. For example, the view that supplementing a single factor like VEGF-A may 
promote angiogenesis in an ischemic organ quickly led to the realization that this may result in an increase in abnormal 

  Fig. 11.1    The coronary tree forms by the processes of vasculogenesis and angiogenesis. In vasculogenesis ( a ), de novo blood vessels are formed 
by the coalescence of angioblasts into tubules of endothelial cells. These tubules recruit pericytes, forming nascent capillaries. Investment of the 
capillaries with smooth muscle cells and connective tissue leads to formation of arterioles and veins. In angiogenesis ( b ), angiogenic stimuli 
activate endothelial cells of existing blood vessels, causing sprouting and development of new vessels directed at the angiogenic stimuli. In a 
complex process, these vessels mature into networks attached to the circulation. New vessels can also be formed by intussusception, in which one 
capillary divides into two       
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vessels. One example is “leaky” vessels that might cause adverse clinical outcomes. This “single-agent” approach favored 
by the industry supporting clinical trials of a patented single agent often ignores the complexity that developmental biology 
reveals. 

 Another important parameter often ignored in clinical translation is the regional metabolic and redox environment. This 
environment varies significantly from organ to organ and is intimately associated with the biology of the respective vascular 
beds. For example, the endothelium of the resistance pulmonary arteries is exposed to a PO 

2
  of >120 mmHg, the endothe-

lium of the proximal aorta is exposed to a PO 
2
  of ~100 mmHg, and the microvascular endothelium of a systemic organ like 

the heart or kidney is exposed to a PO 
2
  of <50 mmHg. 

 These differences in PO 
2
  translate to significant differences in oxidative stress. For example, a high oxidative stress (i.e., 

a result of the high levels of oxygen), which is normal for a resistance pulmonary artery or an aorta endothelial cell, may 
not be tolerated by the endothelium of a coronary or peripheral organ microvessel. Strategies using aorta endothelial cells 
or human umbilical vein endothelial cells studied in “normal” in vitro conditions may fail if they are extrapolated to different 
organs and under very different conditions in disease states.   

   Endothelium of the Heart and Coronary Tree 

 Within the heart are five distinct types of endothelial cells, including endocardial, coronary arterial, venous, capillary, and 
lymphatic  [  51  ] . The endocardial endothelial cells originate in the heart field mesoderm of the primitive streak along with 
cardiomyocytes  [  52,   53  ] . These endocardial endothelial cells are not contiguous with other endothelial cell types, separating 
the cardiac chambers from the coronary circulation. Epicardial coronary arteries do not form as outgrowths of the aorta, but 
instead, these vessels, including endothelial cells, fibroblasts, and VSMCs, are derived from an extracardiac mesoderm 
called the proepicardium  [  54–  58  ] . 

 While lymph vessels appear alongside coronary arteries and veins, the cardiac lymphatics do not appear to be derived 
from the proepicardium  [  59  ] . Whether bone marrow–derived stem cells contribute to the development of normal coronary 
circulation is unclear  [  51,   60,   61  ] . These epicardial coronary arteries also connect to small muscular arteries that penetrate 
the myocardium, linking to the capillary bed formed in part from primitive blood islands (hemangioblasts)  [  62,   63  ] . The 
myocardial capillary endothelial cells invest the cardiomyocytes and outnumber them 3:1  [  64  ] . As in other vascular beds, 
vasculogenesis, angiogenesis, and remodeling into arteries, capillaries, or veins are under the influence of stimuli such as 
hypoxia, shear stress, and growth factors, including various members of the VEGF family, members of the FGF family, the 
hedgehog system, the angiopoietins, and transforming growth factor (TGF)- b   [  65,   66  ] . 

   Translational Implications 

 The different embryological origin of the endothelial cells of the epicardial coronary arteries and the coronary microcircula-
tion is an important potential source for diversity in function between these two sites of the coronary tree. Endothelial func-
tion at one site may not reflect endothelial function at the other. Embryological differences may contribute to why diseases, 
such as atherosclerosis, preferentially affect certain segments of the vasculature. 

 Markers of vessel type–specific endothelial cells need to be discovered before animal or human tissue immunohis-
tochemistry data can be interpreted appropriately. For example, an endothelium marker like von Willebrand factor (vWF) 
will stain arteries, veins, and lymphatics – vessels that operate under very different metabolic environments and have dif-
ferent physiologic regulatory mechanisms. Thus, a measure of a nonspecific endothelial marker as an index of angiogenesis 
in the arterial circulation of an ischemic organ is too superficial and of unclear physiologic significance by itself.   

   Endothelial Diversity 

 A central feature of the endothelium is diversity, both in structure and function  [  3,   67  ] . Endothelial cells are diverse in size 
and range in thickness from 0.1  m m in capillaries to 1  m m in the aorta  [  68  ] . In a study of rat blood vessels, aortic endothelial 
cells were long and narrow, measuring 55 × 10  m m, while those of the pulmonary artery were broader and shorter, measuring 
30 × 14  m m  [  69  ] . In rat capillaries, the average endothelial cell thickness ranges from 0.1 to 0.3  m m, with the average lengths 
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and widths ranging from approximately 10 to 22  m m and 8 to 19  m m, respectively  [  70  ] . The endothelial cells of various 
vascular beds are diverse in shape: typically flat and aligned with the direction of flow in arteries  [  71  ] , while endothelial 
cells of postcapillary venules in lymphoid tissue are plump and cuboidal  [  72  ] . 

 Other structural differences of endothelial cells across vascular beds include various structures that facilitate endothelial 
permeability, including clathrin-coated pits and vesicles that facilitate endocytosis  [  73  ]  and membrane-bound vesicles called 
 caveolae  that participate in transcytosis  [  74  ] . Additional evidence of diversity includes differences in fenestrae  [  70  ] , which 
are transcellular pores ~70 nm in diameter that span the endothelial cell, with diaphragms across the pore entrance; and 
whether or not the endothelial layer is continuous or discontinuous  [  3  ] . For example, endothelium of the liver sinusoids is 
discontinuous, with large fenestrations of up to 200 nm in diameter that lack a diaphragm  [  75  ] , while the endothelium of 
the myocardium is nonfenestrated  [  70  ] . Lumenal glycocalyx varies in thickness across the endothelium  [  76  ] , as does the 
amount of surrounding supporting cells such as pericytes or smooth muscle cells  [  3  ] . 

 Endothelial cells are also diverse in terms of gene expression  [  77  ]  and endothelial cell surface markers  [  78  ] . For example, 
arterial and venous endothelial cells express different sets of molecular markers  [  12,   79  ] , which are different again from 
lymphatic endothelial cells  [  80  ] . Expression of vWF also varies across vascular beds in different organs and appears to be 
controlled by the endothelial local microenvironment  [  81  ] . Similarly, in pulmonary circulation, both constitutive expression 
and induced expression of tissue plasminogen activator appear confined to a subset of endothelial cells of intermediate-size 
arteries  [  82  ] . 

 The broad array of endothelial cells’ structural differences facilitates various functions of the endothelium. So diverse 
are endothelial cells that one investigator has argued that “it is not a stretch to imagine that each one of our approximately 
60 trillion ECs is phenotypically distinct  [  3  ] .” 

 One feature of this diversity is that endothelial cells appear to be “plastic” regarding phenotype and able to adapt to local 
changes in humoral and biochemical stimuli  [  83  ] . For example, cell culture conditions can dramatically alter endothelial 
phenotype in vitro  [  84  ] . In addition, although human saphenous vein bypass grafts have different endothelium than internal 
mammary arteries, characterized by reduced endothelium-dependent vasodilation but similar response to vasoconstrictors 
(Fig.  11.2 ), vein graft segments exposed to the arterial circulation can change phenotypically, or “arterialize  [  85  ] .”  

 The sources of endothelial diversity have been reviewed  [  86  ]  and include the influence of epigenetic programming of 
endothelial cells of a specific vascular bed to behave in certain ways  [  77  ] , as well as local signals from the extracellular 
environment, including blood shear stress and strain, pH, oxygenation, growth factors, cytokines, chemokines, hormones, 
serine proteases, lipoproteins, sphingolipids, nucleosides, complements, and components of the extracellular matrix  [  86  ] . 

   Translational Implications 

 A major feature of endothelial diversity is that the surface markers of endothelial cells differ across the vascular bed. For 
example, lectins, which are proteins that bind highly selectively to particular carbohydrate moiety, can be used to selectively 
bind to and target endothelial cells from particular segments of a vascular bed  [  87  ] . This technology can be used for molecu-
lar imaging, but in theory could also be used to target pharmacotherapy to particular segments of the coronary tree.   

  Fig. 11.2    Endothelium-
dependent vasodilation is 
reduced in human saphenous 
vein grafts compared to 
human left internal mammary 
arteries. Endothelial cell 
diversity may explain 
differential capacities of 
different vascular beds       
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   Normal Endothelial Function 

 Endothelial cells have many functions, although most are not universally shared. Instead, they are performed by specific 
subsets in particular vascular beds or organs. These functions include physiologic permeability, leukocyte trafficking, hemo-
stasis, vascular tone, angiogenesis, and innate and acquired immunity  [  3,   79,   88  ] . 

 The endothelium forms a physical barrier that separates blood from tissue  [  89  ]  but also is responsible for transcytosis, or 
transport across the endothelium in discrete membrane-bound vesicles, facilitating communication between the circulating 
blood and tissues  [  70  ] . Endothelial cells regulate leukocyte trafficking, matching vascular injury with inflammatory response 
 [  90  ] ; this process has significant implications for atherosclerosis  [  91  ] . In arteries, including the coronary tree, a major func-
tion of the healthy endothelium is maintaining vascular tone in order to match blood flow with local metabolic requirements. 
Furchgott and colleagues first observed that the endothelium has an obligatory role in the vasodilation of isolated arteries 
in response to acetylcholine  [  92  ] . 

 Subsequent investigators identified an endothelium-derived relaxing factor (EDRF)  [  93  ]  as nitric oxide  [  94  ] , which is 
produced within endothelial cells, hyperpolarizes adjacent smooth muscle cells in a paracrine manner, and induces blood 
vessel relaxation  [  95  ] . In addition to nitric oxide, vasodilating prostaglandins, such as prostacyclin, are also produced by 
endothelial cells  [  96,   97  ] . 

 In addition, various other mechanisms, collectively known as endothelium-derived hyperpolarizing factors, have been 
described in various vascular beds, including hydrogen peroxide, epoxyeicosatrienoic acids (EETs), potassium ions, and 
electrical communications through gap junctions  [  98  ] . These vasodilating substances, together with secretion of vasocon-
stricting substances such as endothelins, maintain vascular tone under basal circumstances and in response to stimuli, such 
as hypoxia or exercise  [  95,   98,   99  ] . 

 Nitric oxide, prostacyclin, and other endothelium-derived hyperpolarizing factors cause VSMC hyperpolarization by 
opening potassium channels in the VSMC plasma membrane (Fig.  11.3a ), decreasing VSMC intracellular calcium by clos-
ing voltage-sensitive calcium channels, and depriving actin-myosin complexes of calcium  [  99  ] . Nitric oxide binds with 
soluble guanylate cyclase within VSMCs and increases cyclic guanosine monophosphate (cGMP) levels, which activates 

  Fig. 11.3    Endothelium-dependent vasodilation involves signaling pathways that culminate in hyperpolarization of adjacent vascular smooth 
muscle cells (VSMCs), closure of L-type voltage-sensitive calcium channels, decreased levels of intracellular calcium, and relaxation ( a ). Nitric 
oxide interacts with soluble guanylate cyclase, increasing cyclic GMP levels and activating calcium-sensitive potassium channels (K 

Ca
 ). Similarly, 

prostacyclin increases cyclic AMP levels, activating ATP-sensitive potassium channels (K 
ATP

 ). There are several, putative “endothelium-dependent” 
hyperpolarizing factors, but ultimately, they all lead to VSMC hyperpolarization. For example, the molecule 11,12-epoxyeicosatrienoic acid is a 
putative endothelium-derived hyperpolarizing factor ( b )  [  102  ]        

 



224 M.S. McMurtry and E.D. Michelakis

calcium-activated potassium channels (K 
Ca

 ) in the VSMC plasma membrane, inducing VSMC hyperpolarization  [  100  ] . 
Similarly, prostacyclin increases cyclic adenosine monophosphate (cAMP) levels within VSMCs, activating adenosine 
triphosphate-sensitive potassium channels (K 

ATP
 ) and hyperpolarizing the VSMCs  [  101  ] .  

 Other endothelium-derived hyperpolarizing factors directly activate VSMC potassium channels; for example, 
11,12-epoxyeicosatrienoic acid directly activates the large-conductance, calcium-sensitive potassium channel (BK 

Ca
 ; 

Fig.  11.3b )  [  102  ] . These endothelium-based signaling pathways have been the target of a large number of routinely used 
cardiovascular vasoactive drugs, including nitrates, phosphodiesterase inhibitors, endothelin antagonists, and prostacyclin 
analogues. In the context of atherosclerotic coronary artery disease, endothelium-dependent vasodilation in response to 
stress or exercise may be insufficient to increase blood flow to meet metabolic demands because of a proximal stenosis, 
leading to ischemia. 

   Translational Implications 

 The targets of endothelium-derived vasodilators are often VSMC potassium channels. Because potassium channels are open 
at the resting membrane potential of most VSMC, their closure or opening determines whether the VSMC will hyperpolar-
ize (in which case the voltage-gated L-type calcium channels will be closed and the VSMC will relax) or depolarize (in 
which case the calcium channels will open, calcium will influx because there is a 10,000 fold increase in the extracellular 
vs. intracellular calcium), and the VSMC will contract. Potassium channels are very dynamically expressed proteins that 
can be altered by the activation of several transcription factors important in vascular disease, such as the nuclear factor of 
activated T cells (NFAT). 

 This important fact needs to be kept in mind when interpreting the response of vessels to endothelium-based vasodilators. 
For example, insufficient vasodilatation in response to pharmacologic or physiologic stimuli may be due to a downregula-
tion or abnormality of VSMC potassium channels, and not necessarily a problem with endothelial signaling.   

   Endothelial Dysfunction and Activation 

 Although the term “endothelial dysfunction” was coined in 1980 to describe hyperadhesiveness of endothelium to platelets 
 [  14  ] , human in vivo studies of acetylcholine-induced vasoconstriction of coronary arteries suggested a defect in the endothe-
lium-dependent vasomotor function  [  103  ] . This is the most common understanding of the term endothelial dysfunction, 
which usually refers to reduced endothelium-dependent relaxation of a blood vessel. 

 The term “endothelial activation” stems from in vitro studies that showed that certain stimuli, such as interleukin-1 or 
TNF- a , could induce the expression of antigens on the surface of endothelial cells, such as E-selectin. These changes are 
observed in humans in vivo  [  104  ]  and are associated with a procoagulant phenotype  [  14,   105  ] . Endothelial activation may 
also occur in response to shear stress, pressure, and hypoxia  [  106  ] . 

 This concept has led to an understanding that activated endothelial cells respond to a potentially injurious stimulus and 
have a procoagulant, proadhesive, and vasoconstricting phenotype, which is in turn implicated in atherogenesis  [  107  ] . 
Endothelial activation with proadhesive and procoagulant effects may be a later stage of endothelial disease that is first 
expressed as a relative imbalance of endothelium-derived vasodilators vs. vasoconstrictors. In other words, the ability to 
detect endothelium dysfunction based on vascular tone abnormalities, either by history or simple diagnostic tests, may be a 
powerful predictor of impending, severe, vascular disease. 

   Translational Implications 

 Because endothelial dysfunction could represent or evolve into a systemic disease, early diagnosis may predict the imminent 
expression of atherosclerotic disease. Similarly, recognizing signs of endothelial dysfunction in one vascular bed may pre-
dict the presence of vascular disease in other vascular beds. For example, erectile dysfunction is a well-known result of 
abnormal endothelium-derived vasodilation in penile circulation. Defective nitric oxide–dependent vasodilation in penile 
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arteries results in inability to increase the blood input to the penis and thus inability to achieve or maintain erection. This 
common problem can be detected with simple history taking, but is now known to strongly predict the coexistence of coro-
nary artery disease or diffuse atherosclerosis, and may facilitate early diagnosis of atherosclerotic vascular disease.   

   Assaying Endothelial Function in the Clinic 

 Ross proposed that endothelial injury led to smooth muscle cell proliferation, in turn leading to the arterial lesions of ath-
erosclerosis  [  108  ] . Systemic endothelial dysfunction is a key parameter associated with the pathogenesis  [  109  ]  and compli-
cations of atherosclerosis  [  4  ] . Endothelial dysfunction correlates with traditional risk factors, including hypertension  [  11  ] , 
hypercholesterolemia  [  110,   111  ] , diabetes  [  112,   113  ] , smoking  [  114  ] , and age  [  115  ] , and it may precede overt atheroscle-
rotic plaques  [  116  ] . When identifying patients with subclinical atherosclerosis or at risk for future complications of athero-
sclerosis, the term endothelial dysfunction primarily refers to loss of normal endothelium-dependent vasodilation  [  90  ] . It 
may also include aspects of endothelial activation  [  14  ] , including proinflammatory and procoagulant changes of the 
endothelium that promote atherosclerosis  [  107  ] . 

 Atherosclerotic coronary arteries fail to dilate during exercise  [  117  ] , and paradoxically constrict in response to acetylcholine 
 [  103  ] , contributing to impaired myocardial blood flow  [  118  ] . The degree of loss of endothelium-mediated vasodilation corre-
lates with the amount of coronary atherosclerosis  [  119  ] . Endothelial dysfunction, as well as atherosclerosis itself, is a systemic 
process  [  120  ] , and peripheral arterial vasomotor responses strongly predict coronary arterial vasomotor responses  [  121  ] . 

 Several techniques to evaluate endothelial function in humans have been developed, including intracoronary assessment 
of acetylcholine-induced vasomotion  [  103  ] ; assessment of myocardial blood flow in response to dipyridamole (coronary 
flow reserve) using positron emission tomography  [  122  ] ; impedance plethysmography  [  123,   124  ] ; ultrasound measurements 
of brachial artery flow-mediated vasodilation (FMD)  [  110  ] ; assessment of arterial stiffness  [  125  ] , including arterial pulse 
wave velocity (PWV); arterial compliance and analyses of arterial pulse waveforms; and laser Doppler flowmetry. Typically, 
these techniques involve comparing an index of endothelium-dependent vasodilation to an index of endothelium-indepen-
dent vasodilation. 

 For example, with brachial artery FMD, the diameter of the brachial artery is measured in response to increased flow due 
to 5 min of ischemia caused by blood pressure cuff occlusion (endothelium-dependent vasodilation). This measurement is 
compared with the diameter of the same brachial artery segment after 0.4 mg SL of nitroglycerin, which directly dilates the 
arterial smooth muscle independent of the endothelium (endothelium-independent vasodilation). Many of these techniques 
have been shown to complement traditional risk factor assessment in identifying subjects at risk for atherosclerotic events. 

   Intracoronary Assessment 

 The gold standard for coronary artery endothelial dysfunction testing is arguably intracoronary assessment  [  107  ] , in which 
coronary artery diameter is measured in response to stimuli such as infusion of acetylcholine, cold pressor testing (an 
extremity exposed to ice-cold water), increased blood flow, or nitroglycerine  [  103,   119  ] . Normal coronary artery endothe-
lium responds to intracoronary acetylcholine by releasing nitric oxide  [  94  ] , which diffuses to adjacent smooth muscle cells, 
stimulates soluble guanylate cyclases, causing increased levels of cGMP. The cGMP induces relaxation of the smooth 
muscle cell by activating potassium channels in the plasma membrane, leading to hyperpolarization, decreased calcium 
entry into the cell, and relaxation, as well as stimulating a cGMP-dependent protein kinase that activates myosin light chain 
phosphatase, also leading to relaxation  [  103,   126  ] . 

 Nitroglycerin (an NO donor) infusion bypasses the endothelium and induces smooth muscle cells to relax directly. In 
vessels with dysfunctional endothelium, this endothelium-dependent relaxation in response to acetylcholine is absent, but 
smooth muscle cell receptors for acetylcholine induce paradoxical vasoconstriction (Fig.  11.4a )  [  103  ] . In addition to angio-
graphic assessments of coronary diameter, blood flow can also be evaluated concomitantly using Doppler flow wires 
 [  127,   128  ]  (Fig.  11.4b ).  

 In a cohort of 147 patients with coronary artery disease, abnormal coronary artery vasodilation predicted symptomatic 
cardiovascular events over a follow-up period of 7.7 years independently of other risk factors  [  129  ] . Similarly, in a cohort 
of 308 patients, including 132 with coronary artery disease and 176 without coronary artery disease, coronary artery 
endothelial dysfunction predicted cardiovascular events independently of other risk factors  [  130  ] .  
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   Impedance Plethysmography 

 In 1975, Hokanson and colleagues described impedance plethysmography as a technique for measuring limb blood flow 
 [  123  ] . It involves measuring small changes in electrical resistance (impedance) of the limb that correspond to changes in 
blood flow. When a blood pressure cuff prevents venous return but not arterial inflow, the rate of increase in volume of the 
limb is proportional to arterial inflow. 

 In subjects not exposed for at least 12 h to substances that might affect endothelial function, including food, cigarette 
smoke, and vasoactive drugs, a brachial artery line is inserted for blood pressure measurement and infusion of drugs. 
A venous occlusion plethysmograph, calibrated in milliliter per 100 mL of tissue per minute, is applied to the limb. After 
steady-state heart rate and blood pressure is reached, each arm is supported above the heart level, and venous occlusion is 
achieved using a blood pressure cuff (approximately 35 mmHg). Blood flow is recorded at baseline and in response to intra-
arterial infusions of vasoactive drugs  [  124  ] . Endothelial function can be assayed using this technique, with intra-arterial 
challenges of methacholine or acetylcholine  [  124,   131  ]  or reactive hyperemia  [  132  ] . Endothelial dysfunction assayed by this 
technique has been demonstrated to predict cardiovascular complications in small cohorts  [  133–  136  ] .  

   Brachial Artery FMD 

 Arguably the most common in vivo measurement of endothelial function in humans, ultrasound measurements of brachial 
artery FMD were initially described by Celemajer and colleagues in 1992  [  110  ] . In essence, the diameter of the brachial artery 
is measured before and after peripheral ischemia induced by blood pressure cuff occlusion distal to the site of measurement 
(FMD) or oral nitroglycerin (pharmacologic vasodilation). This technique has been standardized, and guidelines  [  137  ]  exist to 

  Fig. 11.4    Acetylcholine can be used to identify endothelial dysfunction in humans in vivo ( a ). In normal coronary arteries, acetylcholine activates 
the M3 muscarinic receptor on endothelial cells and activates endothelial nitric oxide synthase (eNOS), inducing nitric oxide (NO) production, 
VSMC hyperpolarization, and relaxation. In dysfunctional endothelial cells, nitric oxide production is deficient. At higher concentrations of 
acetylcholine, the muscarinic receptors on the VSMCs are activated, leading to opening of L-type calcium channels and constriction. Changes in 
tone can be detected angiographically or using Doppler wires. ( b ) Coronary artery mean blood flow is measured in response to low- and high-dose 
nitric oxide with a Doppler wire. ( b ) Adapted from Chambers et al.  [  127  ] . Copyright 1996 by American Physiological Society       
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assist laboratories implement standard protocols. Occlusion proximal to the site of measurement is avoided in order to prevent 
any effect of ischemia on the vessel itself  [  138  ] . 

 As with impedance plethysmography, the patient is prepared by fasting and avoiding substances that affect endothelial 
function for at least 12 h  [  137  ] . Studies should be performed in a dimly lit, temperature-controlled, quiet room. The patient 
is positioned supine, and the brachial artery is imaged in the antecubital fossa using a high-frequency, linear ultrasound 
array. A segment with clearly visible anterior and posterior intimal surfaces is selected for continuous imaging; usually 2D 
imaging is used, as opposed to M-mode imaging. A blood pressure cuff occludes arterial blood flow in the forearm distal 
to the imaging site, and the limb is made ischemic for at least 5 min. Brachial artery diameter is measured offline either with 
electronic calipers or edge-detection software. Maximal change in brachial artery diameter is usually observed 45–60 s after 
release of the cuff. 

 When response to 0.4 mg sublingual nitroglycerin is measured, measurements are made 3–4 min after the dose is given 
(Fig.  11.5 ). This technique is able to measure interventions that either decrease or improve endothelial function in a nonin-
vasive, sensitive, and immediate way. For example, improvements in endothelial function can be measured within minutes 
of ingesting dark chocolate  [  139  ]  while worsening of endothelial function can be documented even after brief inhalation of 
secondhand tobacco smoke (Fig.  11.6 ).   

 The ease and sensitivity of this method make it very attractive for use in either the outpatient clinical or in research pro-
tocols, although the technique still suffers from reproducibility. Several cohort studies have demonstrated a significant 
association between ultrasound-demonstrated endothelial dysfunction and cardiovascular events  [  140–  145  ] .  

   Arterial Stiffness (Applanation Tonometry and Pulse Waveform Analysis) 

 Epidemiological evidence linking hemodynamic evidence of arterial stiffness, or wide pulse pressure, with adverse cardio-
vascular outcomes  [  146  ]  has led to the development of several techniques to measure arterial stiffness noninvasively  [  125  ] . 
Although arterial stiffness is a complex property that depends in part on arterial wall collagen, elastin, and smooth muscle 
bulk and tone  [  147  ] , endothelium-derived relaxation is an important regulator of arterial distensibility  [  148  ] . Arterial stiff-
ness may be considered an analogue of endothelial dysfunction. 

 Methods to measure arterial stiffness fall into three general groups: (1) measuring PWV, (2) relating intra-arterial pres-
sure changes to artery dimension changes (diameter or area), and (3) evaluating arterial pressure waveforms  [  125  ] . PWV, or 
the velocity of arterial wave propagation, correlates with arterial stiffness and can be measured using several techniques, 

  Fig. 11.5    A ratio of ultrasound measurements of the brachial artery before and after either 5 min of cuff-induced ischemia or 4 min of nitroglyc-
erin 0.4 mg SL yields the brachial artery flow-mediated vasodilation (FMD), a common index of endothelial dysfunction. The brachial artery is 
imaged with a high-frequency linear array ultrasound probe, and typically, the blood pressure cuff is placed distal to the brachial artery ( a ). The 
brachial artery diameter is measured from the lumen-intima interface at the same point of the cardiac cycle ( b ). After hyperemic stimulus or 
nitroglycerin, the brachial artery diameter increases. Adapted from Corretti et al.  [  137  ] . Copyright 2002 by American College of Cardiology 
Foundation       
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including pressure transducers  [  149  ] , Doppler ultrasound  [  150  ] , applanation tonometry  [  151  ] , and magnetic resonance 
imaging  [  152  ] . Arterial PWV increases with standard cardiovascular risk factors  [  125  ] , and increased PWV predicts cardio-
vascular events independently of traditional cardiovascular risk factors  [  153  ] . 

 Arterial distensibility curves, relating artery dimension to artery pressure, can be generated using blood pressure mea-
surements and imaging (usually with ultrasound  [  125  ] ), obtained either noninvasively  [  154  ]  or invasively  [  155  ] . Although 
arterial distensibility has not been evaluated in large cohorts as a predictor of cardiovascular risk, it can predict mortality in 
patients with advanced renal failure  [  156,   157  ] . 

 Arterial pulse waveforms can be measured both invasively with intra-arterial catheter and noninvasively, usually with 
applanation tonometry  [  125  ] . Systolic pulse contour analysis uses a transfer function to calculate central aortic waveforms 
based on those from a more distal artery, usually the radial artery  [  158  ] . From the central waveform, an augmentation index 
is calculated as the portion of central pulse pressure that results from arterial wave reflection, and is interpreted as an index 
of arterial stiffness  [  159  ] . In diastolic pulse contour analysis, the circulation is modeled as a modified windkessel, and com-
pliance of large and small artery beds is calculated  [  160,   161  ] . 

 As an alternative to measuring pulse waveforms in more proximal arteries, digital arterial pressure and volume wave-
forms are easily measurable. “Transfer functions” exist that relate digital waveforms to central waveforms  [  162  ]  and there-
fore arterial stiffness  [  163  ] . Digital pulse amplitude, measured using digital artery tonometry, correlates with cardiovascular 
risk factors  [  164  ] .  

   Digital Thermal Monitoring 

 Endothelial function can also be noninvasively assessed by measuring temperature changes digitally in response to reactive 
hyperemia due to 5 min of ischemia caused by cuff occlusion of an upper extremity  [  165  ] . Abnormal endothelial function 
detected using this technique correlates with extent of atherosclerosis  [  166  ]  and other measures of cardiovascular risk, 
including Framingham risk scores and coronary calcium scores  [  167  ] .  

  Fig. 11.6    Ultrasound measurements of brachial artery FMD is a sensitive technique to measure endothelial function in humans. Exposure to 
tobacco smoke, whether through active smoking or passive exposure, reduces brachial artery FMD (( a ) endothelium-dependent vasodilation), 
while the ability of the brachial artery to dilate in response to nitroglycerin is unchanged. Ingestion of dark chocolate can improve brachial artery 
FMD (( b ) endothelium-dependent vasodilation). Brachial artery FMD is a useful, noninvasive technique for assaying positive or negative changes 
in endothelial function. ( a ) Adapted from Celermajer et al.  [  220  ] . Copyright 1996 by Massachusetts Medical Society. ( b ) Adapted from 
Vlachopoulos et al.  [  139  ] . Copyright 2005 by Nature Publishing Group       
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   Biomarkers 

 Although endothelial dysfunction usually implies impaired endothelium-dependent relaxation, activated endothelium may 
change the rate of release of certain molecules. Altered levels of these molecules may be detected in the serum, facilitating 
early diagnosis of endothelial activation and subclinical atherosclerosis. The vWF, soluble thrombomodulin, adhesion mol-
ecules (including ICAM-1, VCAM-1, E-selectin, P-selection, soluble CD40 ligand), cytokines (including interleukins 6, 
TNF- a , and hsCRP), and circulating progenitor cells have all been proposed as markers of endothelial dysfunction  [  168–  170  ] . 
Of these, hsCRP arguably has been studied the most; increased levels of hsCRP are associated with higher rates of incident 
cardiovascular events  [  171  ] . While novel biomarkers and cardiovascular risk factors are a hot topic of research, so far, the 
contribution of biomarkers to predicting cardiovascular outcomes beyond standard risk factor assessment has been small.  

   Imaging 

 While not strictly measures of endothelial function, other methods of atherosclerosis imaging have come to complement 
standard risk factor assessment and measurement of endothelial dysfunction to predict cardiovascular risk. These techniques 
include carotid ultrasound measurements of intima-medial thickness (IMT), computed tomography coronary calcium 
scores, and other forms of noninvasive imaging of atherosclerotic plaques  [  172  ] . Of these, carotid ultrasound assessments 
of IMT  [  173  ]  and plaque  [  174  ] , as well as computed tomographic imaging of coronary calcium  [  175  ] , enhance cardiovas-
cular risk prediction beyond traditional risk factor assessment  [  176,   177  ] . Imaging techniques may complement measures 
of endothelial dysfunction in identifying patients at risk of complications  [  178  ] .  

   Limitations 

 Several of the listed techniques for measuring endothelial dysfunction in humans have limitations. Intracoronary techniques 
are invasive, expensive, and involve risk of significant complications, disqualifying them from routine use in ambulatory 
care. Similarly, impedance plethysmography involving brachial artery cannulation has attendant risks and arguably little 
utility beyond research laboratories. 

 Variability is a key limitation of all techniques of endothelial vasomotor response  [  107  ] . For example, despite rigorous 
attention to method and protocol, brachial artery ultrasound flow-mediated dilatation (FMD) assessments of endothelial 
function can vary by up to 25% from day to day  [  107  ] . Similarly, day-to-day variability limits the use of impedance plethys-
mography  [  179  ] . Compounding intralaboratory or intrasubject laboratory variability, differences in technical aspects of 
measurement implemented by different laboratories can result in marked differences across the published literature  [  180  ] . 
With respect to biomarkers, endothelial cell diversity, both across time and vascular beds, may limit the utility of global 
serum markers of endothelial dysfunction or activation  [  14  ] . 

 Finally, and perhaps most importantly, while there are data from large randomized controlled trials of therapies for estab-
lished cardiovascular risk factors, such as statins for dyslipidemia or angiotensin-converting enzyme inhibitors for hyperten-
sion, that demonstrate an association between improved endothelial function and lowered cardiovascular risk, it is unclear 
whether improved endothelial function is causal in reductions in atherosclerotic complications, or a by-product of less ath-
erosclerosis, and whether endothelial function should be a pharmacologic target per se. Despite these limitations, measuring 
endothelial function in humans is an important clinical and research tool. Of the techniques listed above, brachial artery 
FMD is the most commonly used.  

   Translational Implications 

 A comprehensive, university-based vascular medicine clinic should provide a comprehensive set of services to deliver excel-
lent clinical care and perform patient-centered translational research. These clinics should be prepared to evaluate and treat 
a diverse set of cardiovascular disorders, including atherosclerotic cardiovascular disease in any territory, venous throm-
boembolism, pulmonary hypertension, erectile dysfunction, aneurismal disorders, and vasculidities, as well as provide early 
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disease detection and primary prevention. This care may cross traditional medical subspecialty boundaries, with access to 
many medical specialties and nonphysician providers (nurses, pharmacists, and dieticians). Coordination between medical 
specialists, imaging specialists, endovascular specialists, and surgeons is essential. 

 In addition, noninvasive vascular testing, including vascular ultrasound, segmental Doppler, ankle and toe pressure mea-
surements, are required to evaluate the presence of vascular disease at the bedside. Access to more advanced imaging, 
including computed tomography and magnetic resonance angiography of the vasculature, is needed, as well as invasive 
angiography and endovascular therapies. 

 In order to facilitate early disease detection, an endothelial function assay is also required. Of the techniques available, 
brachial artery FMD is the most widely used and validated. 

 Facilities to obtain, process, and store human blood and tissue samples must be located in close proximity to clinical 
space to facilitate research. And a database is needed to log the clinical experience for research purposes.   

   Medical Therapy for Endothelial Dysfunction 

 Several interventions are known to enhance endothelial function, and many of these are associated with reductions in sub-
sequent cardiovascular events  [  4,   107,   132  ] . Therapeutic lifestyle changes, including smoking cessation  [  114,   181  ] , exercise 
 [  182  ] , and a low-cholesterol diet  [  183,   184  ] , improve both endothelial function and rates of cardiovascular outcomes. 
Antihypertensive therapy, in particular, inhibition of the angiotensin-converting enzyme or angiotensin receptor, is associ-
ated with both improved endothelial function  [  140,   185,   186  ]  and better cardiovascular outcomes  [  187,   188  ] . Similarly, lipid 
lowering with statins improves endothelial function  [  189,   190  ]  and cardiovascular outcomes  [  191  ] . Therapy with aspirin is 
similarly beneficial  [  192,   193  ] . 

 Not all interventions that improve endothelial function are associated with improvements in cardiovascular outcomes. 
For example, both estrogen  [  194  ]  and antioxidant vitamins  [  183,   195  ]  appear to enhance endothelial function, but neither 
has been demonstrated to improve cardiovascular outcomes in clinical trials  [  196,   197  ] . Supplementation with  l -arginine 
 [  198  ] , a substrate of nitric oxide synthase, also improves endothelial function.  

   Endothelial Progenitor Cells 

 Endothelial progenitor cells (EPCs) were first described in 1997, when Asahara and colleagues isolated cells from the 
human peripheral circulation using antigen-coated magnetic beads that had the potential to differentiate into endothelial 
cells in vitro and contribute to angiogenesis in animal models of ischemia  [  199  ] . Subsequent experiments demonstrated that 
these cells are derived from bone marrow and that postnatal neovascularization may rely in part on circulating EPCs incor-
porating into new blood vessel structures, as opposed to angiogenesis from preexisting capillaries only  [  200  ] . With the 
half-life of an adult endothelial cell estimated at about 3 years  [  201  ] , these EPCs may be an important mechanism for vas-
cular maintenance and repair  [  202  ] . 

 Many antigenic markers have been used to identify EPCs, including CD34, CD133, CD45, VEGFR-s, CD133, CXC 
chemokine receptor 4, CD14, and CD31  [  203  ] , but there is no consensus that a single marker or set of markers definitively 
identifies EPCs  [  204  ] ; this is an area of controversy and intense research. Understanding master transcription factors, such 
as Nkx2-5, may help elucidate how particular EPCs ultimately become functional endothelium  [  205  ] . Consensus parameters 
that will help identify putative EPCs include the capacity to mobilize from niches in response to vascular injury, and partici-
pation in neovessel formation  [  203  ] . 

 Despite the controversy of identity of EPCs, circulating (CD34/KDR–positive) EPCs are reduced in patients with CAD 
compared to controls  [  206  ] , and EPCs from subjects with risk factors have an impaired migratory response  [  207  ] . Major 
risk factors for atherosclerosis, including smoking  [  208  ] , hypertension  [  207  ] , dyslipidemia  [  209  ] , and diabetes  [  210  ] , are all 
associated with reduced EPC numbers or function, and EPC levels predict cardiovascular outcomes  [  211  ] . Defective EPC 
capacity can be considered a biomarker or an extension of endothelial dysfunction. 

 In addition to use as a biomarker to identify cardiovascular disease, EPCs may have promise as therapy  [  212–  214  ] . 
Although initially thought to engraft into forming or healing blood vessels, more recent studies attribute a substantive por-
tion of the therapeutic effect of EPCs on paracrine enhancement of angiogenesis and vascular repair  [  215–  217  ] . In this 
contemporary paradigm, bone marrow–derived EPCs, monocytic cells, and mature endothelial cells work together to effect 
blood vessel healing (Fig.  11.7 )  [  218  ] .  
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 In the early stage, circulating EPCs, perhaps monocyte-derived, adhere to lesion sites and initiate repair  [  218  ] . In the later 
phase, other circulating and “place-holding” EPCs within the vascular wall may support adhesion of EPCs and repair in a 
paracrine manner  [  218  ] . The details of these processes are areas of intense current research. While the potential of EPCs as 
therapy has yet to be realized, accomplishments such as the development of functional in vitro blood vessels attest to the 
great promise of progenitor cells  [  219  ] .  

   Future Directions 

 Despite advances in cardiovascular science and clinical care, cardiovascular diseases, including atherosclerotic coronary 
artery disease, remain an important source of morbidity and mortality worldwide. Improved understanding of endothelial 
biology may lead to better understanding of the role of the endothelium in the pathogenesis of coronary artery disease as 
well as significant improvements in cardiovascular care in the future. 

 Priorities for translational cardiovascular medicine include: (1) determining the therapeutic potential, if any, of endothe-
lial precursor cells; (2) better understanding the fundamentals of endothelial developmental biology and applying them to 
repairing vascular injury in vivo or ex vivo (i.e., artificial blood vessels and organs); and (3) taking advantage of endothelial 
diversity to develop novel imaging modalities to track response to therapy within a specific vascular bed or guide selective 
molecular therapies to a specific vascular bed.      
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  Introduction 

 Atherosclerosis is a complex, inflammatory disease involving medium and large arteries  [  1  ] . Beginning early in life as a 
benign fatty streak, it may progress over decades to become obstructive atheromatous plaque, culminating in acute myo-
cardial infarction (AMI) or stroke as a result of plaque rupture or erosion. A variety of mechanisms contributes to the 
development and progression of atherosclerosis including genetic and immunologic mechanisms, hemodynamic effects, 
and risk factors both known and unknown. However, a principal initiator of atherosclerosis appears to be the development 
of endothelial dysfunction following arterial injury. 

 Circulating stem cells and progenitor cells derived from the bone marrow and vasculature play critical roles in vascular 
repair and homeostasis and may serve to counteract the development of atherosclerosis following vessel injury  [  2  ] . Since 
the initial observation that circulating human CD34 + /KDR +  mononuclear cells assume an endothelial phenotype in culture 
and incorporate into newly formed vasculature in the ischemic hind limb  [  3  ] , a new paradigm for postnatal vasculogenesis 
was discovered. Multiple studies have since confirmed the importance of these putative endothelial progenitor cells (EPCs) 
and other bone-marrow-derived cells in promoting vascular health. This is supported, in part, by the relationship in many 
studies between the number of circulating EPCs and the development of atherosclerosis  [  4  ] . 

 Paradoxically, stem cells and progenitor cells may also contribute to the progression of atherosclerosis. The develop-
ment of transgenic animals that develop atherosclerosis – apolipoprotein E knockout (ApoE −/− ) mice – or express markers 
on bone-marrow-derived cells – green fluorescent protein (GFP) – has provided new insight into how vascular and bone-
marrow-derived stem cells and progenitor cells are involved in the biology of atherosclerosis. 

 Recent investigation has demonstrated that bone-marrow-derived EPCs and smooth muscle progenitor cells (SPCs) may 
play important roles in the biology of atherosclerosis and plaque rupture. EPCs may increase vascularization of the plaque 
that may increase the likelihood of plaque rupture  [  5  ] , while SPCs may increase plaque stability  [  6  ] . These seemingly 
contradictory roles of stem and progenitor cells in atherosclerosis are the subject of ongoing investigation.  

   Endothelial and Smooth Muscle Progenitor Cells 

 A prevailing dogma in vascular biology was that vasculogenesis was confined to the early embryonic period and that post-
natal vasculogenesis did not occur in the adult mammal. In 1997, Asahara et al.  [  3  ]  identified a mononuclear cell popula-
tion in the circulating blood of humans that carried the hematopoietic stem cell marker CD34 and/or the vascular 
endothelial growth factor (VEGF) receptor KDR (Fig.  12.1 ). In culture, these cells developed an endothelial phenotype, 
including uptake of acetylated low-density lipoprotein (AcLDL) in addition to expression of CD31 and endothelial nitric 
oxide synthase (eNOS). These cells were referred to as putative EPCs.  
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 Injection of these human cells into the ischemic hind limb of    athymic nude mice resulted in augmented neovascularization 
in the ischemic region with incorporation of these cells into newly formed capillaries by 6 weeks. The origin of these cells 
from the bone marrow was confirmed in a canine bone marrow transplant model by Shi et al.  [  7  ]  who demonstrated that 
circulating CD34 +  progenitor cells become endothelial cells in vitro and coat the luminal surface of an implanted prosthetic 
aortic graft. 

 Importantly, neither of these studies was able to directly demonstrate that the cells they identified in vitro were the identi-
cal cells that participated in the neovascularization process or colonization of the prosthetic graft. This distinction continues 
to be a source of controversy in EPC biology – that cells displaying the purported EPC phenotype do not necessarily have 
the actual vasculogenic properties that arise during culture. As a result, the identification of true EPCs in circulating blood 
has proven to be elusive despite their reported identification in multiple studies. Currently, no specific markers exist to 
identify authentic EPCs, and multiple cell types including hematopoietic precursors (macrophages) may express identical 
surface markers  [  8  ] . 

 Despite these limitations, it is widely believed that these cells likely play a significant participatory role in neovascular-
ization. However, the current inability to identify true EPCs may partially obscure their functional role in the biology of 
atherosclerosis. 

 SPCs represent a second class of progenitor cells involved in vascular repair that may have important biological effects 
in atherosclerosis. SPCs are found in circulating blood  [  9  ] , and their derivation from bone marrow has been confirmed in 
six mismatched bone marrow transplant studies  [  10  ]  (Fig.  12.2 ).  

 Human SPCs grown in culture appear to be principally derived from mononuclear (myeloid) cells and are characterized 
in culture by a variety of mesenchymal or smooth muscle markers including calponin, smooth muscle myosin heavy chain 
(MHC), and  a -smooth muscle actin (SMA)  [  11  ] . Currently, it is unclear how SPCs fully participate in vascular repair, 
although it is speculated that monocytes may initially adhere to injured or denuded endothelium, and acquire a smooth 
muscle phenotype in response to local cytokines and growth factors  [  11  ] .  

   Atherosclerosis: Potential Role of Endothelial and Smooth Muscle Progenitor Cell 

 In the vast majority of cases, AMI is precipitated by plaque rupture  [  5  ] . Although a variety of factors contributes to plaque 
rupture, common features include a thin, fibrous cap overlying a large, lipid-rich core that contains an increased density of 
microvessels  [  12  ] . These immature capillary structures are subject to intraplaque hemorrhage where the accumulation of red 

  Fig. 12.1    Scanning electron 
microscopy of rat carotid 
artery treated with localized 
VEGF gene therapy 3 days 
following balloon injury. The 
lower section, treated with 
VEGF, shows accumulation 
of putative EPCs contributing 
to restoration of endothelium. 
Photograph courtesy of 
Takayuki Asahara       
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blood cells may adversely affect plaque stability  [  5  ] . Intimal microvessels predominantly arise from the adventitia, develop 
with progressive luminal stenosis  [  13  ] , and are highly correlated with aortic plaque progression  [  14  ] . 

 The predominant mechanism of microvessel formation likely occurs via angiogenesis, although its regulation in athero-
sclerosis is not fully understood. Inhibitors of angiogenesis such as angiostatin have been shown to reduce atherosclerotic 
progression in ApoE mice and inhibit macrophage accumulation in the plaque  [  15  ] . An important stimulant of angiogenesis 
is thought to be hypoxia-induced activation of HIF-1 a  that arises from luminal diffusion limitations of oxygen through the 
thickening vessel wall  [  16  ] . 

 The complex role of stem and progenitor cells in atherosclerosis’ neovascularization process is not completely known. 
However, reports that infusions of EPCs and bone marrow mononuclear cells (BMCs) increase atherosclerotic plaque size 
suggest a possible role for EPCs in plaque neovascularization  [  17,   18  ] . In patients undergoing coronary bypass surgery, proxi-
mal aortic segments with early atherosclerosis were analyzed using immunofluroescence for the presence of progenitor cells 
 [  19  ]  CD34, VEGF2R, Sca-1, c-kit, and CD133. Although these cells were not common (<1% of total), the majority of progeni-
tor cells in fatty streaks and adventitia expressed CD34 +  and VEGF2R. Smaller contributions of Sca-1 +  and c-kit +  cells were 
also observed with the complete absence of CD133, a marker lost upon EPC differentiation into mature endothelial cells. 

 In normal arterial segments (internal mammary) harvested from the same patients, far fewer cells displayed progenitor 
cell markers. Although the source of these cells was not determined, these findings demonstrated for the first time the 
presence of progenitor cells in human atherosclerotic plaques and adventitia that could serve as a source for SMCs and 
endothelial cells. 

  Fig. 12.2    ( a ) Hematoxylin and eosin staining of atherosclerotic plaque in coronary artery from female patient who received a male bone marrow 
transplant. L, lumen;  filled arrowhead , internal elastic lamina. The  two boxes  indicate subendothelial intima and deep intima shown in ( b ,  c ). ( b ) 
Combined immunostaining for  a -smooth muscle actin (SMA) and FISH for Y chromosome showing clusters of male cells (blue DAPI-stained 
nuclei with green dot) surrounded by positive  a -SMA staining (red Cy-3 stain surrounding male nuclei,  white arrows ) in the subendothelial 
intima. ( c ) Male smooth muscle cells deeper within intima of plaque colabeling for  a -SMA and Y chromosome ( white arrows ). ( d ) Male smooth 
muscle cells in the media of coronary artery showing combined labeling for  a -SMA and Y chromosome. Inset: chromosomal multiploidy analy-
sis of male donor smooth muscle cells in female coronary artery showing diploid nature and lack of cell fusion. Shown are two separate nuclei 
showing single X chromosome (large red dot) and Y chromosome (green dot). Adapted from Caplice et al.  [  10  ] , p. 475x. Copyright 2003 by the 
National Academy of Sciences       
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 Zengin et al.  [  20  ]  identified a zone in the vessel wall of human internal thoracic artery segments between the smooth 
muscle and adventitial layer that served as a niche for EPCs (Fig.  12.3 ). These cells were CD34 + /CD31 − , which expressed 
VEGFR2 and TIE2, and formed capillary sprouts in culture. In vessel rings, these cells migrate through the vessel wall to 
the intima, forming capillary channels throughout the vessel. These findings support the earlier study of Ingram et al.  [  21  ]  
who described a complete hierarchy of EPC-like cells in human umbilical artery and vein segments.  

 Rauscher et al.  [  22  ]  hypothesized that the progression of atherosclerosis over time is related to an age-related decline in 
progenitor cells. Enriched hematopoietic and stromal cells from bone marrow of nonatherosclerotic young (4 weeks) and 
severely atherosclerotic old (6 months) ApoE −/−  mice were transplanted into ApoE −/−  mice fed a high-fat diet beginning at 3 
weeks of age. By 14 weeks, there was a marked reduction in atherosclerosis development in the recipients of young, but not 
old bone marrow. Rauscher et al. further observed a marked reduction of vascular progenitor cells (CD31 + /CD45 − ) from 
older mice, suggesting that vascular progenitor cells from young donors help repair areas of endothelial senescence as 
assessed by reduced telomere length. 

 George et al.  [  17  ]  observed that infusion of spleen-derived EPCs or bone marrow mononuclear cells (BMCs) to ApoE −/−  
mice resulted in a 34–54% increase in aortic plaque area with localization of the infused cells in the atherosclerotic lesions. 
EPC infusion resulted in smaller fibrous caps and increased lipid cores, consistent with an increase in plaque vulnerability, 
while BMC infusion resulted in decreased interleukin-10 (IL-10) levels and increased levels of IL-6 and monocyte chemot-
actic protein-1 (MCP-1), consistent with increased inflammation. Additionally, the EPC group was associated with increased 
levels of oxidized LDL, suggesting an elevation in oxidative stress. 

 SMCs also constitute an important component of atherosclerotic plaques that were assumed to be exclusively derived 
from the media of the vessel. In a mouse model of atherosclerosis, lethally irradiated ApoE −/−  mice that undergo bone 

  Fig. 12.3    ( a ) Localization of 
CD34  +   / CD31  −   cells in the 
transition area from smooth 
muscle to adventitia in 
human internal thoracic 
artery vessels. ( b ) Higher 
magnifi cation demonstrating 
proximity of CD34  +   cells to 
external elastic membrane 
( arrows ). ( c ,  d ) FACS 
analysis demonstrating 
CD34  +   cells partially positive 
for von Willebrand factor. 
( e ,  f ) Negative immunostain-
ing for  a -SMA in the CD34  +   
zone in the artery wall and 
vaso vasorum ( arrows ). 
Adapted from Zengin et al. 
 [  20  ] . Copyright [see   http://
dev.biologists.org/site/misc/
rights_permissions.xhtml    ]       
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 marrow transplantation from GFP mice develop significant accumulation of GFP +  cells in aortic atherosclerotic plaques  [  23  ] . 
The majority of these cells express  a -SMA consistent with smooth muscle cells, while many cells also expressed MOMA-
2, a macrophage marker. 

 These findings challenged the prevailing assumption at the time that SMCs in atherosclerotic plaques were exclusively 
derived from the outer medial layer. However, more recent studies have suggested that the homing of bone-marrow-derived 
cells to the intima only occurs over the first few days following arterial injury, are predominantly of monocyte/macrophage 
etiology, and are replaced by SMCs from the media  [  24  ] . In ApoE −/−  mice, Hu et al.  [  25  ]  observed that the aortic root is 
enriched in progenitor cells not derived from bone marrow, and display the markers Sca-1 + , c-kit + , and CD34 + . When Sca-1 +  
cells carrying the LacZ gene were applied to the adventitia of a transplanted, irradiated vein graft anastomosed to the carotid 
artery, significant accumulation of   b  -gal +  cells of a SMC phenotype were located within the atherosclerotic plaques. 
Although the possibility of cell fusion with intima SMCs could not be ruled out, these findings demonstrate that SMC pro-
genitor cells derived from the adventitia can migrate across the media or circulate in blood, contributing to the development 
of atherosclerosis. 

 Metharom et al.  [  11  ]  identified smooth muscle outgrowth cells from circulating human peripheral mononuclear cells. 
They noted that these cultured cells shared distinct myeloid markers (CD68 and CD14) of smooth muscle cells involved in 
developing microvessels (vasculogenesis) of the intima and adventitia of transplant gender-mismatched atherosclerotic ves-
sels. Their findings are consistent with the hypothesis that circulating mononuclear cells “home” to areas of vascular injury 
and differentiate into smooth muscle cells in response to local expression of cytokines and growth factors. 

 Smooth muscle cells also constitute an important component of the atherosclerotic cap, which has a direct bearing on 
plaque rupture. Human CD34 +  cells enriched from cord blood and cultured into two distinct populations characteristic of 
EPCs and SPCs were serially injected into immunodeficient ApoE −/−  RAG2 −/−  mice fed a high-fat diet  [  6  ] . In mice that 
received SPCs, the aortic plaque area decreased by 42% compared to control, accompanied by a marked increase in col-
lagen and SMC content, and a decrease in macrophage infiltration. No change was noted in those mice that received EPCs. 
These findings suggest that SPCs contribute to plaque stabilization either directly or indirectly through paracrine and anti-
inflammatory mechanisms.  

   Relationship Between EPCs and Coronary Artery Disease 

 Several clinical studies have investigated the role of circulating EPCs and their relationship to coronary artery disease 
(CAD), given their known beneficial effects on vascular repair and homeostasis. In general, the majority of these studies 
have observed that a person’s number of circulating EPCs carries an inverse correlation with their risk of cardiovascular 
events, and that the presence of CAD is associated with a reduced number of circulating EPCs. 

 Vasa et al.  [  26  ]  demonstrated that patients with CAD had reduced numbers of circulating EPCs and that their migratory 
capacity in response to VEGF was reduced compared to controls. Kunz et al.  [  27  ]  measured EPC colony-forming unit 
(CFU) counts in 122 patients undergoing diagnostic coronary angiography and observed a significant decline in EPC counts 
with increasing CAD severity. Hill et al.  [  4  ]  measured CFU levels of EPCs in peripheral blood and endothelial function in 
45 healthy men free of overt cardiovascular disease. They observed that CFU levels were significantly reduced with increas-
ing Framingham risk score and that endothelial function as measured by flow-mediated brachial artery reactivity strongly 
correlated with the number of endothelial CFUs. 

 Werner et al.  [  28  ]  measured EPCs in arterial blood at the time of angiography in 519 consecutive patients with CAD. 
EPCs were defined as mononuclear cells staining positive for CD34 +  and KDR +  using flow cytometry. The patients were 
stratified into low, medium, and high EPC levels. At 12-month follow-up, they observed that increasing EPC number was 
highly correlated with freedom from cardiovascular events, including death and revascularization (Fig.  12.4 ). Furthermore, 
the functional status of EPCs as assessed by CFU also correlated with EPC numbers in a subgroup of 203 patients. These 
findings suggest that EPC levels may be an important parameter in cardiovascular risk assessment.  

 In a cardiovascular screening study, Xiao et al.  [  29  ]  measured EPCs and CFU in 574 northern Italians. Mononuclear cells 
from venous blood were counted as EPCs if they took up both acetylated LDL and lectin following 5 days of culture; no anti-
body analysis was performed. They observed an age-related decline in EPC number and a reduced EPC count in postmeno-
pausal women compared to age-matched males. The authors noted the positive influence of medications such as statins, 
hormone replacement therapy, and ACEI/ARBs on EPC numbers. In contrast to the study by Hill et al.  [  4  ] , Xiao et al. found 
a positive correlation between EPC numbers and Framingham risk score, and noted no relationship between EPC numbers and 
the presence of CAD, although this may have been affected by their limited methods of EPC identification. Importantly, they 
noted a significant, 40–50% diurnal variation in circulating EPCs, suggesting that the timing of EPC collection is important. 
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 Guven et al.  [  30  ]  measured EPC numbers in 48 patients with CAD referred for coronary angiography. Importantly, they 
performed extensive culturing and labeling of circulating mononuclear cells in order to differentiate true, circulating EPCs, 
described as late-outgrowth cells (14–28 days of culture), vs. early outgrowth cells (7–12 days of culture) described as 
circulating angiogenic cells (CAC). EPCs had abundant expression of CD34 +  and CD31 + , but not CD45 + , and were much 
rarer than CACs. In contrast to previous studies, EPCs were observed to increase with CAD severity evaluated by angiog-
raphy, with the highest EPC numbers being in those patients referred for revascularization. 

 These results, which are in contrast to Werner et al.  [  28  ]  and others  [  26,   27  ] , are likely because of many patients having 
ongoing ischemia, a known stimulus for EPC mobilization  [  31  ] , and their more precise determination of an EPC-like cell. It 
is likely that many of the EPC determinations in previous studies were more representative of CAC cells described by Guven 
 [  30  ] , and not EPCs. Although the inconsistent findings in some of these studies reflect different patient populations and 
heterogeneity of EPC measurements, it highlights the critical need for the development of standards of EPC identification. 

 Much less information is known regarding the relationship between circulating SPC levels and atherosclerosis. In a clini-
cal study  [  6  ]  of patients presenting with acute coronary syndromes (ACS), it was observed that patients with stable CAD 
compared to patients with ACS had a significant decrease in the number of circulating progenitor cells with an SPC pheno-
type. These findings suggest that SPCs, in addition to EPCs, may have a clinical role in cardiovascular events.  

   Does Administration of Stem and Progenitor Cells Increase the Progression 
of Atherosclerosis in Patients? 

 Stem cells and progenitor cells secrete a variety of angiogenic cytokines such as VEGF that could promote neovasculariza-
tion and plaque rupture. Administration of VEGF to ApoE −/− /ApoB100 −/−  mice or rabbits fed a high-cholesterol diet results 
in a significant increase in atherosclerotic plaque area containing increased macrophage and endothelial cell content  [  32  ] . 
Infusion of unfractionated BMCs from wild-type mice into ApoE −/−  mice with hind limb ischemia improves neovasculariza-
tion and perfusion  [  18  ]  at the expense of significant increases in aortic atherosclerotic plaque area. 

 The use of stem cells in clinical trials involving patients with AMI and chronic ischemia is increasing throughout the 
world. To date, more than 2,000 patients with CAD have participated in cell therapy trials involving a variety of cell types, 
including mesenchymal stem cells (MSCs), EPC-like cells including CD34 +  and CD133 +  cells, and unfractionated BMCs. 

  Fig. 12.4    Cumulative 
event-free survival in an 
analysis of death from 
cardiovascular causes at 12 
months, according to levels 
of circulating CD34  +   / KDR  +   
endothelial progenitor cells 
(EPCs) at the time of 
enrollment. Adapted from 
Werner et al.  [  28  ] . Copyright 
2005 by the Massachusetts 
Medical Society       
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The vast majority of these patients have received intracoronary BMCs following AMI at a mean dose range of 68 × 10 6  to 
246 × 10 7  million cells. 

 Because BMCs contain small fractions of CD34 +  cells (<2.0% of the total cell count), CD133 + , and MSCs, these angio-
genic cells have the potential to accelerate atherosclerosis (target vessel revascularization (TVR)) as observed in animal 
models. Follow-up is now available from several large, randomized trials providing the opportunity to examine if this occurs 
in a clinical setting. Fortunately, the 1- and 2-year follow-up data from randomized trials using unfractionated intracoronary 
BMCs have found no increase in the incidence of TVR or myocardial infarction secondary to plaque rupture. 

 The largest of these trials, REPAIR-AMI  [  33  ] , observed that target (16 vs. 26) and nontarget (7 vs. 16) revascularization 
and recurrent MI (0 vs. 6) were significantly reduced at 1 year in 204 patients randomized to intracoronary BMCs, compared 
to patients receiving placebo, suggesting that cell therapy conferred a vasculoprotective effect  [  34  ] . This is supported by a 
substudy demonstrating that BMCs improved the coronary flow reserve to adenosine compared to placebo, consistent with 
BMCs improving endothelial function  [  35  ] . 

 Results from the BOOST trial  [  36  ]  showed no significant difference in TVR or AMI at 18 months of follow-up in 60 
patients. Similar findings were reported by the ASTAMI investigators in 100 patients at 1 year of follow-up  [  37  ] . These 
findings demonstrate that intracoronary infusion of unfractionated BMC is safe and does not appear to accelerate athero-
sclerosis or plaque rupture. 

 In hypercholesterolemic rabbits, intravenous infusion of MSCs (5 × 10 7 ) resulted in an increase in atherosclerotic plaque 
size and vasa vasorum vascularity of the aortic sinus  [  38  ] . However, in the OSIRIS trial  [  39  ] , 48 patients with AMI were 
randomized to intravenous allogeneic MSCs at a dose of 1–5 × 10 6 /kg vs. placebo. No increase in TVR or myocardial 
infarction was noted. In the ACT34 trial, 167 patients with refractory angina due to chronic ischemia were administered 
CD34 +  progenitor cells (1–5 × 10 5 /kg) or placebo by intramyocardial injections  [  40  ] . The investigators noted that TVR and 
AMI were reduced in the cell therapy group compared to placebo. Although both of these studies used an enriched cell 
population, they were not delivered by an intracoronary route so their effects on atherosclerosis and plaque rupture may 
have been mitigated. 

 In contrast, several studies illustrate the potential vascular complications that may arise when an enriched cell population 
of angiogenic cells is administered by an intracoronary route. The MAGIC trial  [  41  ]  investigated the intracoronary infusion 
of peripheral blood mononuclear cells enriched with CD34 +  cells following G-CSF administration (10  m g/kg × 4 days) vs. 
G-CSF therapy alone after stenting for AMI. At 6-month follow-up, quantitative coronary angiography (QCA) demonstrated 
a marked increase in in-stent restenosis in both groups of patients (7 of 10) compared to a control group. 

 Bartunek et al.  [  42  ]  infused high-dose CD133 +  cells (1.5 to 33.6 × 10 6 ) by an intracoronary route in 19 patients following 
PCI for AMI. By 4 months of follow-up, 2 patients had stent thrombosis, 7 patients had significant in-stent restenosis, and 
2 patients developed new coronary stenosis distal to the stent, requiring revascularization. In a control group of 16 patients, 
only 4 had developed restenosis, likely secondary to the use of bare-metal stents. Importantly, analysis by QCA demon-
strated significant late loss in the stented segments where the cells were infused but not in the contralateral vessels  [  43  ] . In 
a subset of patients who underwent intravascular ultrasound, a significant dose-related increase in the plaque burden was 
shown in those patients who received enriched CD133 +  cells. This increased plaque burden was associated with higher 
plasma levels of VEGF-A and lower levels of IL-10 compared to those patients without vascular complications. This impor-
tant study and its follow-up highlight the pernicious vascular, biologic effects of delivering enriched angiogenic cells in the 
setting of atherosclerosis.  

   Conclusions 

 The role of stem and progenitor cells in the biology of atherosclerosis is evolving. Much of the hypotheses derived to date 
rely on transgenic models of hyperlipidemia that may differ from the human condition. Furthermore, bone marrow trans-
plantation of labeled cells following whole body radiation may produce deleterious effects on resident progenitor cells in 
the recipient’s vasculature that could make them more reliant on bone-marrow-derived progenitor cells. 

 Many clinical studies reveal an inverse association between number of circulating EPC-like cells and severity of CAD or 
associative risk factors. However, because no true EPC marker has been identified, these studies show marked heterogeneity 
in the measurement and identification of EPCs. To date, the use of unfractionated BMCs containing small fractions of stem 
and progenitor cells in patients with CAD appears safe and is not associated with accelerated atherosclerosis or myocardial 
infarction. However, intracoronary administration of enriched progenitor cell populations may be associated with late lumen 
loss and increased target vessel revascularization.      
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        Embryonic Stem Cells 

 Embryonic stem (ES) cells are grown in culture from the inner cell mass (ICM) of blastocyst-stage embryos (Fig.  13.1 ). 
These small cells grow as tight, refractile colonies. ES cells are usually cultured on a feeder layer of mitotically inactive 
fibroblasts, which supply the cells with necessary growth factors and extracellular matrix support. Feeder cell-free cultiva-
tion is also possible. Mouse ES cells were first isolated in 1981  [  1,   2  ]  and human ES cells in 1998  [  3  ] .  

 Much debate has ensued about whether the phenotype of ES cells is closer to the ICM or the embryonic epiblast, and 
whether these are in fact the same cell type  [  4  ] . Various behavioral differences exist between mouse and human ES cells, 
and some believe the latter are closer to the epiblast phenotype  [  5,   6  ] . However, transcriptional profiling does show 
considerable affinity between human and mouse ES cells  [  7  ] . Ironically, whichever cell type is the true in vivo counterpart 
of the ES cell, it clearly does not function in a stem cell-like manner in vivo. Both the ICM, the epiblast, and all other early 
cell populations in the embryo are quite short-lived and soon develop into other cell types committed to form specific body 
parts or tissue types. So in this sense, ES cells are an in vitro artifact. However, this fact does not detract from their great 
importance for various applications. 

 In the appropriate media, mouse ES cells can be cultivated without limit. Differentiation can be prevented either by the 
feeder cells or by maintaining the cells in the presence of inhibitors of the FGF and Wnt signal transduction pathways  [  8  ] . 
When their feeder cells, or inhibitors, are withdrawn, ES cells are capable of differentiation into a wide range of cell types, 
representing most cell types of the normal mammalian body.Early on, mouse ES cells were shown to integrate into the 
ICM of a host embryo and form germ-line chimeras  [  9  ] . This property means that it is possible to carry out genetic manipu-
lations on the cells in vitro, reintroduce the cells into mouse blastocysts, grow the embryos to maturity in a foster mother, 
and then recover mice with the altered genetic constitution. In this way, ES cells have been enormously important in 
enabling the process of targeted mutagenesis  [  10  ] . This has made possible the study of the developmental role of many 
genes by production of loss-of-function mutants. It has also enabled the creation of a wide range of mouse models for 
human diseases. 

 The discovery of human ES cells created huge interest in the potential applications that they offered. Four distinct areas 
are currently envisioned:

    1.    First is the investigation of normal development. The availability of cells that will carry out some developmental steps 
in vitro offers a method of investigating certain aspects of normal human development which would not otherwise be 
accessible.  

    2.    Second is the study of cellular pathology for those human genetic diseases where the relevant cells can be obtained in 
vitro. While tissue samples may sometimes be obtained from affected individuals, ES cells of the appropriate genotype 
give access to embryonic and immature cell populations whose function may be compromised by the disease.  

    3.    Third is the possibility of obtaining normal or genetically abnormal human cells for drug screening. Some cell types, 
such as cardiomyocytes, are normally very diffi cult to obtain. Even human hepatocytes are in very short supply.  

    Chapter 13   
 Induced Pluripotential Stem Cells and the Prospects 
for Cardiac Cell Therapy       

         Jonathan   M.  W.   Slack and               James   R.   Dutton        



250 J.M.W. Slack and J.R. Dutton

    4.    Finally, and the most publicized in the general media, is the possibility of making differentiated cell populations for 
transplantation therapy  [  11  ] . Most of the common degenerative diseases that affl ict the western world involve the loss of 
or damage to certain specifi c cell populations. ES cells offer a source of healthy cells that could potentially be trans-
planted to repair damaged tissues or organs.     

 When plated without feeders in nonadhesive dishes, mouse ES cells will form embryoid bodies which, in some ways, 
resemble normal mouse embryos  [  12  ] . However, they are not quite the same as embryos. First, they are not enveloped by 
trophectoderm. The trophectoderm is the outer layer of the blastocyst and the first component of the future placenta to 
develop. Although mouse ES cells can form trophectoderm under some circumstances  [  13  ] , they do not normally do so. For 
this reason, they are described as “pluripotent” rather than “totipotent.” 

 Embryoid bodies have a certain internal structure, including a Wnt signaling center at one end of the cell mass  [  14  ] . 
However, they develop in a range of sizes. The different surface-volume ratios and spatial relationships between parts mean 
that the embryoid bodies in one dish can be quite diverse in structure and composition  [  15  ] . Over 2–3 weeks, embryoid 
bodies normally generate cell populations representing many of the major body parts, tissue types, and cell types formed in 
a normal embryo. However, the spatial pattern is variable and abnormal, and certain tissue types, such as skeletal muscle, 
are not normally formed. Embryoid body-like development can also occur in cell monolayer on adhesive plastic dishes. 
Human ES cells can form similar embryoid bodies  [  16  ]  although in this case, trophectoderm usually is generated. 

  Fig. 13.1    Properties of mouse embryonic stem cells (ES cells). The cells originate from in vitro culture of the inner cell mass (ICM) of preim-
plantation embryos, and can be expanded in pluripotent form. They will also differentiate in vitro, contribute to all tissues of developing mouse 
embryos, and form multitissue tumors (teratomas) as grafts in adult mice (Adapted from Slack)  [  86  ]        
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 When implanted into an immunocompatible adult animal, both mouse and human ES cells will form a type of tumor 
called a teratoma  [  3,   17  ] . It contains proliferating nests of cells similar to the original ES cells. The teratoma also contains 
zones of differentiation into many body parts and tissue types. Arrangement of the zones is generally highly chaotic and 
varies from one tumor to the next. Since it is impossible to implant human ES cells into human embryos in order to test 
their pluripotency, the teratoma assay is particularly important. The assay is usually performed by implanting ES cells 
into immunocompromised mice such as NOD-SCIDs. The ES cells being tested are presumed to be pluripotent if the 
resultant teratomas form tissues characteristically derived from all three embryonic germ layers: ectoderm, mesoderm, 
and endoderm. 

 The pluripotent character of ES cells is maintained by a network of transcription factors. Three critical factors are Oct4, 
Sox2, and Nanog  [  18,   19  ] . The factors upregulate each other and a whole range of target genes, resulting in a reasonably 
stable pluripotent state. Many of the developmental control genes required for formation of body parts and tissue types in 
an embryo are not active in ES cells. Instead, they are maintained in a state of competence by a “bivalent mark,” namely the 
presence of antagonistic pairs of modified histones that can activate or repress activity of the associated genes. For example, 
bivalent domains with histone methylation at both H3K27 and H3K4 have been described on many genes  [  20  ] . Bivalent 
chromatin domains are not, however, unique to ES cells.  

   Induced Pluripotent Stem Cells 

 A remarkable discovery concerning the biology of pluripotency was first published in 2006 by Yamanaka  [  21  ] . He showed 
that it was possible to make cells resembling ES cells by introducing four pluripotency genes into normal fibroblasts. He 
called these cells “induced pluripotent stem cells” or “induced pluripotential stem cells (iPS cells).” Although these initial 
iPS cells were probably not fully reprogrammed to an ES-like state, this work set off an explosion of activity around the 
world, and the technology of preparing iPS cells has since advanced very rapidly (Figs.  13.2  and  13.3 ). Human iPS cells 
were reported in 2007  [  22–  25  ] . Mouse iPS cells were soon shown to be capable of contributing to all tissues in mouse 
embryos, including the germ line. Thus, they really do resemble ES cells in this crucial respect. Mouse iPS cells also have 
ES-like patterns of DNA methylation and histone modifications  [  26,   27  ] . iPS cells can be made from cell types other than 
fibroblasts  [  28–  30  ] . Undifferentiated cells, such as tissue-specific stem cells, tend to give higher efficiencies of iPS colony 
formation, perhaps because of their more open chromatin state.   

  Fig. 13.2    Method for preparation of induced pluripotent stem cells (iPS cells). Not all colonies that develop are genuine iPS cells, so careful 
characterization is necessary       
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 Genes used to initiate iPS cell formation include representatives of those encoding the core group of pluripotency-regulating 
transcription factors active in ES cells: Oct4, Sox2, and Nanog. In addition, genes whose function is less clear, but which 
in some way improve the efficiency of the process, are usually included. These include genes encoding c-Myc, Klf4, and 
Lin28. Genes are delivered using retroviral vectors that insert their DNA into the genome of the cells. The usual procedure 
is infecting the target cells with all four retroviruses, then waiting a few days, and plating the cells onto feeders in ES culture 
medium. Under these conditions, ES-like cells will grow, but the parent fibroblasts will not. 

 Various selective systems can be used with mouse cells to ensure that ES-like cells will grow. One example is using mice 
with an antibiotic-resistance gene driven by one of the pluripotency gene promoters. Once iPS cell colonies have appeared, 
those resembling ES cells by morphology are picked and subcultured on fresh feeder cells. The efficiency of generating iPS 
cells is very low. Even among cells that express all four viral-encoded genes, only a small proportion will establish iPS colo-
nies. The critical event is establishing a stable web of activation of a set of pluripotency genes whose activity is mutually 
maintained and no longer dependent on the expression of viral transgenes. Many other types of colonies may develop, 
especially when the transforming oncogene  c-Myc  is included in the cocktail. So it is important to characterize iPS lines 
very carefully to make sure that they really do closely resemble ES cells, rather than being some sort of transformed colony 
with only superficial ES characteristics. 

  Fig. 13.3    iPS cells prepared by Dr. James Dutton, Stem Cell Institute, University of Minnesota. ( a – c ) Human iPS cell colonies. ( a ) Interference 
contrast. ( b ) Alkaline phosphatase histochemistry. ( c ) TRA 1-81 surface antigen stain ( green ) with DAPI ( blue ). ( d – g ) Mouse iPS cells. ( d ,  d’ ) 
iPS colonies made from  Oct4-GFP  mice: Green colonies are  Oct4  positive. ( e ,  e’ ) Expression of Nanog ( red ) in mouse iPS colonies. ( f ) Extensive 
differentiation of cardiomyocytes visualized by troponin T immunostaining ( green ). This monolayer culture showed spontaneous beating. 
( g ) Differentiation of neurons visualized by neurofilament 200 immunostaining ( green ). Scale bar 50 mm       
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   Testing iPS Characteristics 

 Tests normally carried out to characterize iPS cell lines are

    1.    Morphology: Genuine iPS cell colonies are refractile with a clearly defi ned edge. The cells have a large nucleus with 
prominent nucleoli and little cytoplasm. Human iPS cell colonies are fl atter than murine ones.  

    2.    Genuine iPS cells exhibit ES cell-like growth characteristics, proliferating as undifferentiated cells without passage limit.  
    3.    Expression of a range of pluripotency factors, including the endogenous counterparts of the genes used to induce the 

transformation.  
    4.    Expression of characteristic cell surface antigens (SSEA1 for mouse, and SSEA3 and 4, TRA 1-60, and 1-81 for human).  
    5.    An ES-like pattern of minimal DNA methylation in promoter regions of genes involved in maintaining the pluripotent 

state.  
    6.    A normal karyotype.  
    7.    Ability to form embryoid bodies in which the cells differentiate and produce tissues characteristically derived from all 

three embryonic germ layers.     

 In addition, mouse iPS cells should be able to form chimeras when injected into mouse embryos. Ideally, these should 
be germline chimeras – i.e., the resulting mice should be capable of reproducing and generating offspring of the iPS cell 
genotype. Even more demanding is the tetraploid rescue test  [  31  ]  where the host embryo becomes tetraploid by electrofu-
sion of the two cells of the two-cell stage into a single tetraploid cell. Tetraploid cells cannot contribute to the fetus, although 
they can still form extraembryonic structures. When good quality ES cells are injected into a tetraploid host embryo, they 
can form the entire fetus with no significant contribution from host cells. This has also been achieved with iPS cells, showing 
that it is possible to achieve complete pluripotency  [  32,   33  ] . 

 It is  not  possible to inject human iPS cells into embryos, so the standard approach is the teratoma assay. iPS cells are 
injected into an immunocompatible host, usually to a subcutaneous or intramuscular location  [  3,   17  ] . If the resulting tumors 
contain tissues characteristically derived from all three embryonic germ layers, then the cells are presumed to be pluripotent 
in character.   

   Patient-Specific iPS Cell Lines 

 Good quality iPS cells are virtually identical in their properties to ES cells. But the technology to create iPS cells has an 
important practical attribute that ES cells do not share. This is the ability to establish new cell lines from specific individuals. 
Speculation has been raised for years about the possibility of creating patient-specific ES cell lines. But this relied on the 
hope that somatic cell nuclear transfer of patient cell nuclei could be performed into donor oocytes to create preimplantation 
embryos of a genotype identical to the patient. This would be followed by derivation of an ES line from the embryos thus 
created  [  34  ] . This procedure has never actually been successfully achieved using human cells, although it is probably fea-
sible because it has been achieved in rhesus monkeys  [  35  ] . The main, practical problem is the low efficiency of cloning 
coupled with the extreme difficulty of obtaining sufficient human oocytes to make the experiments feasible. There are also 
ethical problems. The somatic cell nuclear transfer procedure is a form of whole organism cloning, and this provokes more 
ethical objections than the use of surplus human embryos to derive ES lines. Moreover, the procurement of human oocytes 
involves additional ethical problems due to issues of informed consent and payment of donors. 

 In contrast to the difficulties surrounding somatic cell nuclear cloning, many patient-specific iPS lines have already been 
made. These include cell lines from several patients with specific genetic diseases  [  36–  41  ] . The technology appears robust 
and has been used in many different laboratories. The attraction of a patient-specific cell line, of course, is that any differ-
entiated cells made from it will be a perfect, immunological match to the patient and, therefore, could potentially be grafted 
safely and without the use of immunosuppressive drugs.  

   Improved Methods of iPS Generation 

 In order to make patient-specific iPS preparation a reality, the efficiency of the process needs to improve. Moreover, the 
potential use of iPS cells for therapeutic transplantation has meant there is a great desire to find a routine way to make them 
without the use of insertional viruses. It is known that insertional viruses can create mutations during the integration process. 
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Moreover, silenced genes may become reactivated at low frequency and cause formation of tumors. This has happened 
frequently in mice grown from iPS cells  [  27  ] . So the ideal is to improve efficiency of generation from 10 −4  to 10 −5  up to 
about 10 −3 , and to do so using nonintegrating delivery vectors. 

 Because the critical processes occur in a small number of cells that cannot be identified until they form colonies, the early 
mechanisms of iPS cell formation are still obscure  [  42  ] . But some information has been obtained using cells from mice 
containing doxycycline-inducible copies of the four genes. This enables synchronous and uniform induction of the genes at 
a dose known to induce the iPS state. When cells from such mice are cloned, all clones can generate iPS cells, so the low 
efficiency of the process seems to be caused by unknown stochastic effects, rather than the presence of a small minority of 
susceptible cells in the animal  [  43  ] . iPS cell colonies from those mice do not become established unless the transgenes are 
active for about 8–12 days. Oddly, it seems that markers of the ES state, including alkaline phosphatase and SSEA1, are 
activated before Oct4 and Nanog, and before the iPS state is irreversibly established  [  44  ] . The genes introduced by the 
retroviruses became silenced in correctly reprogrammed iPS cell lines  [  27  ] . It has been established that the integration sites 
are not the same in different cell lines. These various pieces of information indicate that a high-level expression of the 
transgenes is required for about 12 days, after which, it should be completely shut off. 

 For the iPS cell phenotype to become established, the introduced gene products must locate their own binding domains 
in the DNA and activate the set of genes required to establish a stable pluripotency program. Some of the additional genes 
in the gene sets used ( c-Myc, Lin28, Klf4 ) may have rather nonspecific functions regarding general opening of chromatin to 
make gene targets more accessible. In addition, they may promote cell division, which is favorable for iPS cell generation, 
perhaps because genes become accessible during DNA replication. Certain small molecules that serve to open chromatin – 
for example, those inhibiting histone deacetylases – have also helped increase efficiency of iPS generation  [  45  ] . 

 Some researchers believe that all four genes used to generate iPS cells could be replaced by a judicious choice of small 
molecules. However, while a small molecule might increase efficiency by opening chromatin, it seems unlikely that it could 
fully mimic the effects of a transcription factor such as Oct4, with its sequence-specific binding both to DNA and to a variety 
of partner proteins. 

 Despite a strong desire to do so, it has proved difficult to make iPS cells using methods that do not involve genomic 
integration. The most efficient approach is to allow integration, but then excise the transgenes after they have had their effect 
 [  46,   47  ] . This is likely to prove difficult for routine applications, as guaranteeing complete excision requires knowledge of 
the sequence of the original integration sites. Methods involving the use of plasmids or nonintegrating viruses have been 
shown to work occasionally, but with significantly lower efficiencies than integrating viruses  [  48,   49  ] . Some limited success 
has also been reported using proteins equipped with cell-penetrating transduction domains but, presently, this also shows 
very low efficiency  [  50,   51  ] . 

 Fusaki, Ban, Nishiyama, Saeki, and Hasegawa described the successful use of Sendai virus vector  [  52  ] . This ribonucleic 
acid (RNA) virus undergoes RNA replication in the cytoplasm, and thus may be able to avoid the effects of dilution of the 
exogenous factors during cell division. 

 The need for continued expression of the transgenes during the prolonged period when prospective iPS cells are being 
reprogrammed, and before the iPS cell state is endogenously stable, suggests that this requirement may not be genomic 
integration per se. Instead, it may be maintenance of high transgene expression for the necessary period of time. In the 
future, a combination of nonintegrating gene delivery and chemical enhancement of reprogramming efficiency will probably 
allow routine generation of iPS cells in the absence of any gene integration.  

   Cardiomyocyte Differentiation Methods 

 The formation of cardiomyocytes and other cell types contributing to the structure of the heart has been a major research 
objective with ES cells for years. Lessons learned are now being applied to iPS cells. 

 Two strategies are used to control differentiation of ES cells:

    1.    One is to force development by introducing developmental control genes at an appropriate developmental stage. This 
has been done, for example, to promote the development of skeletal muscle from mouse ES cells, which is diffi cult 
to achieve by other means  [  53  ] . The use of inserted transgenes is discouraged for potential therapeutic applications, 
however, for the same reasons as their use to make iPS cells. These reasons are the risks of insertional mutagenesis or 
inappropriate reactivation of a potential oncogene following transplantation.  

    2.    The second and generally more practiced method attempts to recapitulate the normal steps in embryonic development 
by exposing the cells to a succession of embryonic-inducing factors such as FGFs, Wnts, activins, and BMPs, as well as 
a judicious selection of media and extracellular matrix components  [  11  ] .     
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 The earliest stages of heart development have been studied most thoroughly in chicks and mice  [  54–  56  ] . Fate mapping 
shows that the cardiogenic mesoderm originates in the epiblast lateral to the node. During gastrulation, it passes through the 
anterior third of the primitive streak, forming lateral territories which then move anteriorly to form two elongated strips on 
either side of the embryonic axis. Various transcription factors become expressed in an anterior crescent region, including 
Nkx2.5, GATA4-6, MEF2, Hand1, and Tbx5. From this stage on, the microsurgical interchange of regions or removal of 
explants in the chick blastoderm causes heart defects, so the appearance of the anterior crescent probably corresponds to the 
time of initial specification of the heart. 

 As the head lifts off the blastoderm surface, the heart rudiments move underneath it toward the midline. The two rudi-
ments fuse to form a single tube which has four layers: the endocardium; a layer of extracellular matrix called the cardiac 
jelly; the myocardium, which forms the actual cardiac muscle; and the pericardium, which becomes the thin, outer connec-
tive tissue sheath. Cre-lox labeling in mouse embryos, using the  Nkx2 .5 promoter to drive the  Cre  recombinase, shows that 
all heart tube layers are formed from cells that formerly had the  Nkx2 .5 promoter active. However, the cardiogenic cells 
begin to segregate into endocardial and myocardial populations during the migration phase. 

 The initially linear heart tube forms the two atria and the left ventricle, and as its regionalization and looping proceeds, 
a further recruitment of cells takes place into its anterior end. These cells come from what is now called the secondary heart 
field, which initially lies within the pharyngeal mesenchyme, and later anterior to the crescent region expressing the cardiac 
transcription factors. The secondary heart field is characterized by expression of the transcription factors Islet-1 and Hand2, 
and largely forms the right ventricle and outflow tract. In addition, neural crest cells migrate to the outflow tract and form 
the septum dividing the future pulmonary and aortic circulations. 

 This brief description indicates that even normal development of heart tissue is quite complex. Three regions of the 
embryo contribute to the heart: the anterior crescent, the secondary heart field, and the cardiac neural crest. During early 
heart development, the cells acquire a regional identity (ventricle, atrium, outflow tract), an inside-outside identity (endo-, 
meso-, pericardium), and a cell-type identity (cardiomyocytes, conduction system, smooth muscle, endothelium, septa). In 
view of this complexity, generating a complete heart from ES or iPS cells is unlikely. However, every possibility exists of 
generating quantities of cardiac tissue. In fact, cardiac tissue often develops spontaneously in embryoid bodies, or the 
equivalent monolayer cultures, to which no specific inducing factors have been applied. 

 ES and iPS cell differentiation studies have focused on the formation of cardiomyocytes. Results from clinical cell 
therapy trials (see below) have suggested that improvements in function may equally depend on improved angiogenesis, 
which may require an augmented supply of smooth muscle cells and endothelial cells. The exact specification state of cells 
at each stage of development, and in each position within the developing heart, is not well understood. Evidence does show 
the existence of progenitors that can form all three of the major cell types: cardiomyocytes, smooth muscle, and endothe-
lium. In addition, clonal cultures of Isl1-positive cells from embryos will form all three cell types  [  57  ] . It is likely that 
Nkx2.5-positive cells are also pluripotent to this degree  [  58  ] . 

   Generating Cardiomyocytes 

 Protocols for generating cardiomyocytes from human ES cells have been refined over the last few years. Mature organs do 
not contain the inducing factors required to drive ES cells through a sequential, multistep pathway of differentiation. For 
cardiac tissues, this sequence comprises ES cell to mesoderm, to anterior mesoderm, to primary or secondary heart field, 
to heart tube, and to specific cell types. If undifferentiated ES cells are grafted into the heart, they do not undergo this 
complex pathway of development, but simply form teratomas  [  59  ] . In contrast, multiple developmental stages seem to be 
achieved when ES cells are allowed to form embryoid bodies. Some spontaneously beating cardiomyocytes develop sim-
ply on embryoid body differentiation without additional treatments  [  60,   61  ] . The yield can be increased by various 
manipulations of conditions, such as reducing the concentration of serum  [  62  ] , adding TNFa  [  63  ] , or inhibiting p38 MAP 
kinase  [  64  ] . 

 An enrichment method favored in ES differentiation studies is selecting the population of cells required. For human 
ES-derived cardiomyocytes, one published method is to incorporate a lentiviral reporter consisting of eGFP driven by the 
myosin light chain 2V promoter  [  65  ] . More recent protocols seek a closer match to events of normal development and 
involve an initial treatment with Wnt, activin, and BMP to induce mesoderm formation. This is followed by inhibition of 
Wnt signaling to bias cells toward the anteroventral-type mesoderm  [  66  ] . In this study, cardiomyocytes from human ES cells 
were grafted into infarcted rat hearts (Fig.  13.4 ). This showed some survival of donor cardiomyocytes and a small improve-
ment in cardiac function, although interspecies grafts like this are compromised by the large difference in normal heart rate 
between rat (450 beats/min) and human (70 beats/min).  
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 Recently published studies show that cardiomyocytes can also be made from iPS cells. Similar protocols were employed 
as previously used for ES cells. Success was initially achieved with mouse iPS cells  [  67,   68  ] , followed soon after by human 
iPS cells  [  69–  71  ] . We can certainly expect more publications in the near future describing grafts of these cells to small and 
large animal models with studies of cell survival, cell differentiation, and host cardiac function. In addition, cardiomyocytes 
derived from iPS cells are likely to be important for physiological studies in vitro, especially studies of response to various 
drugs, and the effects of human genetic variation on these responses  [  69  ] .   

   Clinical Applications 

 The work described above with ES and iPS cells is devoted to creating cardiac tissues with a possible future application in 
clinical transplantation. But technical and regulatory issues will delay any use of ES- or iPS-derived cells for some years to 
come. Meanwhile, a substantial industry using clinical stem cell therapy of the heart has already become established. These 
therapies mostly involve the use of autologous bone marrow cells. The original rationale was based on studies indicating 
that bone marrow grafts between animals could populate the heart muscle and other nonhematopoietic-derived structures of 
the hosts  [  72–  74  ] . These studies have mostly proved irreproducible, and such positive results as could be reproduced are 
now ascribed to cell fusion  [  75  ] . So the original rationale for the clinical work has disappeared. 

 The clinical trials did produce abundant data indicating small but real, beneficial effects of autologous bone marrow 
grafts on cardiac performance  [  76–  78  ] . Given the source of the cells, and the results from similar grafts in animal models, 
it is unlikely that any graft cells actually become cardiomyocytes, but it is quite possible that the grafts contain endothelial 
and smooth muscle progenitors. They may also release substances which have a beneficial effect on recovery from ischemic 
attack. The current consensus is that the modest beneficial effects arise from some combination of reduced inflammation, 
immune modulation, and improved angiogenesis. 

 There are various important ways that ES or iPS cells might add to what has so far been achieved in the clinical domain. 
First is the potential to create genuine cardiomyocytes which could replace those that have been lost. These might be deliv-
ered by cell injection into the damaged region of the heart wall, or by catheter via coronary vessels, or be introduced into 
patches of extracellular material and used to make physical grafts to replace areas of damaged tissue. The utility of such 
patch grafts has been demonstrated in animal experiments  [  79  ] . Very sophisticated patches may be made using a decellular-
ization–recellularization procedure  [  80  ] :

    1.    It is now possible to remove all the cells from an animal heart – for example, that of a pig – and reintroduce human cells. 
These need not be cardiomyocytes. They could be smooth muscle and endothelial cells to line the blood vessels, which 
are still present and patent, or cardiac progenitor cells which have the potency to form all three major cell types and to 
undergo some self-organization on a suitable extracellular support. While it may be diffi cult to reconstruct a whole 
functioning heart by this method, it certainly has potential for producing “patches” with an appropriate structure and 
vascular supply.  

  Fig. 13.4    Human ES cell-derived cardiomyocytes grafted to the infarcted heart of an imicronsunodeficient rat. ( a ) Graft visualized by 
imicronsunostaining for human   b   -myosin heavy chain ( red ). Scale bar 100 microns. ( b ) Donor and host cardiomyocytes visualized together: both 
are stained red with an antibody to sarcomeric myosin; the human fibers are also stained green for human   b   -myosin heavy chain, making them 
yellow. Scale bar 100 microns. ( c ) Visualization of nuclear human Nkx2.5 protein ( red ) in the graft cells ( green ). Scale bar 50 microns (Adapted 
from Laflamicronse et al.)  [  66  ]        
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    2.    Second, stem cell biology provides the potential for achieving immunological tolerance of grafted cardiac cell types. 
With iPS cells, it has been shown possible to create lines from individual patients. These will be a perfect genetic match 
for the patient, but unlike the autologous bone marrow grafts currently used, they can be differentiated to produce car-
diac progenitor cells or the mature cardiac cell types. An alternative method of imparting tolerance to grafts does not 
require the preparation of patient-specifi c iPS lines. It involves creating hematopoietic stem cells (HSCs) from ES or iPS 
cells and making a graft of these to partially repopulate the immune system of the host. This procedure modifi es the 
mechanisms of central and peripheral tolerance that inactivate reactive T cells, and enables a subsequent graft from the 
same donor to be tolerated  [  81,   82  ] . This means that the same cell line could be used fi rst to make HSCs to induce toler-
ance, and then to make cardiac cells for a subsequent therapeutic graft. 

    Which of the two potential strategies for achieving tolerance is ultimately used in clinical practice likely depends on 
economics as well as technical feasibility. Many consider that bespoke iPS cell production from individual patients will 
prove much too costly for widespread use, and that economics will force the alternative approach of a panel of standard 
cell lines that can provide a reasonable HLA match for the majority of individuals. Estimates of the necessary size of 
such a panel depend on how good a match is required  [  83  ] . A panel with at least hundreds of lines is likely, especially 
in the United States, with its genetically very diverse population.  

    3.    A further dimension of the use of patient-specifi c iPS lines is the possibility for correcting genetic defects. Because the 
cells can be expanded without limit in culture, it is possible to introduce targeted genetic changes by homologous recom-
bination  [  40  ] . In a remarkable tour de force early in the development of iPS technology, the labs of Townes and Jaenisch 
achieved a cure for a mouse model of sickle cell anemia, which serves as proof of principle experiment applicable to a 
wide range of genetic diseases  [  84  ]  (Fig.  13.5 ). iPS cells were prepared from tail tip fi broblasts of mice homozygous for 
the  human beta-S  sickle cell hemoglobin allele. The genetic defect was repaired by introducing a good allele of  Hb beta  
and selecting for cells with homologous gene replacement. These cells were then used to generate HSCs, in this case by 
introducing the  HoxB4  gene, which drives their formation  [  85  ] . Then the sickle cell mice were lethally irradiated to 
destroy their own HSCs and engrafted with the iPS-derived HSCs. The modifi ed iPS cells were able to recolonize the 
bone marrow and reestablish a donor-derived hematopoietic system with a resulting cure of the sickle cell disease.      

 In reality, the technologies envisaged are too far off to make reliable estimates of feasibility or cost at the present time. 
It is true today that patient-specific cell culture is exceedingly expensive, but the history of all technology shows that once 
large companies compete to bring inventions to the mass market, they can achieve remarkable savings and produce complex 
and sophisticated products cheap enough for a broad base of consumers to buy and use.      

  Fig. 13.5    Scenario from the laboratories of Jaenisch and Townes showing a cure of a mouse model of human sickle cell disease using a combi-
nation of gene therapy and cell therapy. The method is described in Hanna et al.  [  84  ]        
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        Vascular Cell Development and Differentiation 

   Vasculogenesis vs. Angiogenesis 

 The earliest functional organ to form during development in the vertebrate embryo is the complex branched network of 
endothelial cells. This network is crucial for transporting oxygen and nutrients to the developing embryo as well as remov-
ing waste products from the tissues. The first blood vessels of the mouse embryo, presumptive blood islands, arise in the 
extraembryonic yolk sac from the in situ differentiation of mesodermal precursors at approximately embryonic day (E) 
7.0–E7.5. Between E8.0 and E9.0, endothelial progenitors or angioblasts, the cells comprising the outer layer of the blood 
island, differentiate into endothelial cells, while the inner cells differentiate into blood progenitors, in particular, primitive 
erythroblasts  [  1  ] . 

 Endothelial cells then assemble into cord-like vascular structures, with further formation of vascular lumens and orga-
nized vascular networks. This process is known as vasculogenesis  [  2–  4  ] . Slightly later in embryogenesis, angioblasts arise 
in the proximal lateral mesoderm and migrate to arrange themselves symmetrically at the lateral sides of the embryo. This 
arrangement establishes the two preendocardial tubes, which then fuse to form the primordial heart  [  5  ] . 

 Angiogenesis represents a distinct process that contributes to the vasculature. It involves the proliferation and migration 
of endothelial cells present in the primary vascular structures, which leads to sprouting and remodeling of the initially 
homogenous capillary network to form small and large vessels, such as the intersomitic arteries  [  6  ]  and the organs’ vessels. 
While vasculogenesis occurs primarily during early embryogenesis, angiogenesis is required for the normal growth of both 
embryonic and postnatal tissues and is also associated with pathological conditions, including tumor growth and wound 
healing  [  7–  9  ] .  

   Sites of Vasculogenesis and Origin of Endothelial Cells 

   Yolk Sac 

 In the early yolk sac, vasculogenesis begins with the formation of blood islands, which after extensive growth and fusion 
give rise to the capillary network structure. After the onset of blood circulation, this network differentiates into an arterio-
venous vascular system  [  4  ] . Angioblasts or endothelial progenitor cells (EPCs) are located at the periphery, while the 
hematopoietic progenitor cells are located in the center of the blood islands (Fig.  14.1 ).  

 The close spatial association between primitive hematopoietic progenitors and angioblasts prompted anatomists, more 
than a century ago, to hypothesize that these progenitor cells may derive from a common precursor, the so-called heman-
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gioblast  [  10–  13  ] . In addition to their proximity, these two lineages share common expression of crucial regulatory genes and 
antigenic determinants such as SCL  [  14  ] , Flk-1  [  15–  17  ] , endoglin  [  18  ] , PECAM  [  19  ] , and CD34  [  20  ] . 

 A cell with properties of the hemangioblast has been identified during in vitro differentiation of embryonic stem (ES) 
cells into embryoid bodies (EBs)  [  21  ]  and more recently in the primitive streak of the mouse embryo  [  22  ] . These authors 
have shown that hemangioblast formation within the mouse embryo is restricted to a narrow developmental window 
(approximately 12–18 h of mouse gestation) – initiated at the midstreak stage, peaking at the late streak/early neural plate 
and neural plate stages, and severely declining at the head-fold stage. The average number of hemangioblasts detected per 
embryo varied between 1 and 5. 

 These results indicate that bipotent progenitors exist in low frequency during embryogenesis, and that the initial stages 
of hematopoietic and endothelial commitment occur before, and not during, blood island development in the yolk sac, as 
previously thought  [  23–  27  ] . This supports the hypothesis that differentiated hemangioblasts, restricted hematopoietic, and 
vascular progenitor cells migrate from the primitive streak to the yolk sac, where these lineages become morphologically 
identifiable. Furthermore, clonal analysis experiments of early yolk sac reveal that blood islands have a polyclonal origin, 
deriving from multiple progenitors  [  28  ] . Therefore, it is likely that only a small population of hemangioblasts gives rise to 
the blood and endothelial lineages of the blood island, and that individual blood islands do not arise from individual 
hemangioblasts. 

 It is important to note that in addition to the blood islands, the yolk sac also contains vascular plexuses, located adjacent 
to the chorion (VPC) and the embryo (VPE), which are formed independently of hematopoietic cells  [  29  ] . These distinct 
types of vasculature, associated or not with the hematopoietic system, may be the result of distinct mesoderm origins. It has 
been suggested that splanchnopleural mesoderm gives rise to vasculature associated with hematopoiesis, while paraxial 
mesoderm generates vessels independent of the hematopoietic system  [  30,   31  ] .  

   Embryo Proper 

 The first intraembryonic endothelial structures observed during development are the endocardium and great vessels  [  23  ] , 
which are formed in the absence of hematopoiesis, suggesting that they arise solely from angioblasts  [  31  ] . Angioblasts that 
migrate from presomitic cranial mesoderm give rise to a vascular plexus next to the developing myocardium which, follow-
ing remodeling, forms the endocardial tube. 

 In parallel to heart development, vasculogenesis is also initiated within the aortic primordia, with the formation of the 
cardinal veins and dorsal aorta. After bidirectional remodeling, these vessels generate the bilateral embryonic aorta. 
Throughout development, the region in which this occurs is called the para-aortic splanchnopleural (PAS) and later, the 
aorta-gonad-mesonephros (AGM) region. 

 As the heart enlarges, passive diffusion of nutrients and waste becomes limiting, and a coronary vasculature is formed to 
supply the metabolically active heart tissue. At this point, proepicardium, consisting of angioblasts and smooth muscle cell 
progenitors, interacts with the developing heart tube and quickly spreads over the entire heart. Following epithelial-to-
mesenchymal transformation, these cells invade the underlying mesoderm, giving rise to the capillaries, veins, and arteries 
of the coronary vasculature  [  32  ] .   

  Fig. 14.1    Schematic 
representation of a blood 
island       
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   Molecular Regulation of Vasculogenesis and Angiogenesis 

 Tremendous knowledge has been gained since the 1990s about the molecular mechanisms that control vasculogenesis and 
angiogenesis. Figure  14.2  summarizes some of the major signaling pathways involved in these processes. Some pathways are 
specific to the endothelial lineage, while others have a broader effect on several cell types, including the endothelial lineage.  

   Vasculogenesis and Its Induction 

 The initial signals leading to specification of the endothelial lineage in the mammalian embryo primarily include members of 
the fibroblast growth factor (FGF)  [  33  ]  and bone morphogenetic protein (BMP)  [  34  ]  growth factor families. Indian hedgehog 
signaling from primitive endoderm has also been indicated to play a role in the activation of early vasculogenesis  [  35  ] . 

 Regardless of the upstream signals, vascular endothelial growth factor (VEGF) is one of the key cytokines involved in 
the process of vasculogenesis and angiogenesis. Accordingly, mice lacking the VEGF gene die early in development due to 
several defects in vasculogenesis  [  36,   37  ] . 

 VEGF signals through two tyrosine kinase receptors – Flk-1 and Flt-1 (VEGFR2 and VEGFR1, respectively) – which 
play a role in vasculogenesis, as embryos deficient in these receptors show impaired vessel formation  [  16,   38  ] . Lack of Flk-1 
leads to inappropriate endothelial cell differentiation; absence of Flt-1 results in thin-walled vessels of larger-than-normal 
diameter  [  16,   38  ] . This signaling pathway is also critical for angiogenesis, given that VEGF stimulates the migration, pro-
liferation, and tube formation of endothelial cells. High affinity binding of VEGF to the semaphorin receptor neuropilin-1 
(NP1) reportedly augments VEGF binding to Flk-1  [  39,   40  ] . Both of the neuropilin coreceptors, NP1 and NP2, are required 
for proper yolk sac vasculogenesis and embryonic angiogenesis  [  40  ] . 

 The bHLH transcription factor SCL, originally thought to be required solely for embryonic hematopoiesis  [  41–  43  ] , is 
also critical for vasculogenesis and proper vascular remodeling  [  44,   45  ] .  

   Angiogenesis 

 Another family of endothelial-specific tyrosine kinase receptors includes TIE1 and TIE2 (also called Tek). The TIE2 knock-
out mutation is embryonic lethal. Mice die around E9.5 and E10.5, while mice lacking TIE1 survive a little longer, dying 
between E13.5 and “birth (need to define “birth, as with “E?”)  [  46–  48  ] . Although both receptors are expressed early during 
development, they are not required for proper vasculogenesis. 

 Distinct from Flk-1 and Flt-1  [  16,   38  ] , the absence of TIE1/TIE2 leads exclusively to later defects in angiogenic pro-
cesses, including vascular remodeling and vascular integrity  [  46–  48  ] . Angiopoietin-1 (ANG1) was the first ligand to be 
identified for the TIE2 receptor  [  49  ]  and, as expected, plays a critical role in angiogenesis. ANG1-null embryos display clear 
defects in endocardial and myocardial development as well as defects in vascular branching and remodeling. This leads to 
a less complex vascular network in these mice, which usually die by E12.5  [  49  ] . Angiopoietin-2 (ANG2) has been identified 
as a natural antagonist for the TIE2 receptor, and its absence also leads to impaired angiogenesis  [  50  ] . 

  Fig. 14.2    Schematic 
representation of the 
molecular mechanisms 
controlling vasculogenesis 
and angiogenesis       
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 EphrinB2 and its cognate receptor EphB4 are expressed during early vasculogenesis, specifically in developing arterial 
and venous endothelial cells, respectively  [  51  ] . Gene disruption of ephrinB2  [  51  ]  or EphB4  [  52  ]  results in defective vascular 
remodeling of the yolk sac and embryo proper, with knockout mice dying by E10.5. Studies indicate that the Notch signaling 
pathway may act upstream to the ephrin signaling and thus play a critical role in establishing artery vs. vein fate  [  53  ] . 

 Platelet-derived growth factor (PDGF) BB and its receptor PDGFR b   [  54  ] , as well as signals from the transforming 
growth factor- b  (TGF b ) pathway  [  55–  57  ] , are involved in vessel maturation, which is dependent on the proliferation and 
migration of vascular smooth muscle cells and pericytes. 

  b -catenin, which mediates canonical Wnt signals, is important for appropriate vascular patterning and for maintaining ves-
sel integrity. Mice deficient in  b -catenin show defective vascular patterning and enhanced vascular fragility, which are restricted 
to specific areas, including the head’s vascular network, large vitelline and umbilical vessels, and the placenta  [  58  ] .    

   Sources of Vascular Cells in the Adult 

   Circulating Endothelial Progenitors 

 Although reports pointing to the presence of endothelial cells and their progenitors in the blood date from the 1930s  [  59, 
  60  ] , it was only in 1997 that this area of research really bloomed with the identification of circulating EPCs in adult human 
peripheral blood. This seminal study  [  61  ]  prompted the hypothesis that vasculogenesis and angiogenesis may occur simul-
taneously in adulthood. It is currently accepted that EPCs reside in adult bone marrow (BM) and are mobilized into peripheral 
circulation in response to tissue ischemia or cytokine treatment  [  62,   63  ] . 

 Transplantation of either culture-expanded EPCs or freshly isolated cells from adult hematopoietic sources (bone mar-
row, peripheral blood, and umbilical cord blood) results in enhanced blood flow  [  64,   65  ]  and improved function of ischemic 
tissues  [  61,   66–  71  ] . However, engraftment levels vary significantly among these studies. This variability is probably due to 
the heterogeneity of vascular precursor populations identified in hematopoietic tissues. 

 To date, a number of cell types obtained using different strategies have been referred to as EPCs, including differentiated 
endothelial cells  [  72–  74  ]  with more limited proliferation ability and cells associated with the myelomonocytic lineage 
 [  74–  77  ] . EPCs were first isolated from peripheral blood on the basis of their expression of VEGFR2 (KDR) or CD34 antigen 
 [  61  ] . The latter has been used by the majority of investigators as a marker for isolating EPCs  [  64,   68,   70,   78  ] . Although it 
is clear that CD34 purification enriches for EPCs, CD34 by itself is not a particularly good marker since it is also expressed 
in HSCs  [  79  ] , multiple hematopoietic progenitor cells  [  80  ] , and mature circulating endothelial cells (ECs) derived from the 
vessel wall endothelium  [  81  ] . This led investigators to raise the possibility that EPCs could be merely differentiated ECs, 
which also possess some proliferative potential  [  82  ] . 

 An elegant study  [  83  ]  has addressed this issue by analyzing blood samples from BM transplant patients who received 
gender-mismatched stem cells. These investigators found a significant, proliferative difference between vessel wall and 
BM-derived endothelial cells. It was shown that in vitro–derived endothelial cells from early phases (9 days in culture) 
undergo only sixfold expansion and are derived predominantly from the recipient vessel wall, whereas endothelial cells 
derived from late-outgrowth cells (27 days in culture) undergo 98-fold expansion and mostly originate from transplanted 
donor BM cells. This corroborates the premise of circulating angioblasts. In any case, CD34 does not distinguish these 
precursors from hematopoietic or mature ECs. The same applies for KDR (VEGFR2), the receptor for VEGF, which is also 
present in mature circulating endothelial cells  [  84  ] . 

 The hematopoietic stem cell marker CD133  [  85  ]  has been suggested as a useful antigen to provide better enrichment for 
endothelial progenitors since it is expressed in EPCs but downregulated in mature endothelial cells  [  86  ] . Consistently, a 
number of studies support the premise that the CD133 +  cell fraction is enriched for EPCs and provide evidence for superior 
perfusion following their transplantation in animal models of ischemia  [  87–  91  ] . However, given that CD133 is also present 
in early hematopoietic progenitors  [  85  ] , phenotypic distinction between hematopoietic and endothelial progenitors has been 
challenging. To date, it remains controversial whether the source of EPCs in hematopoietic tissues resides within the 
hematopoietic hierarchy or whether it represents an independent identity. 

 Recent studies comparing different culture methods suggest that true endothelial progenitors emerge from adherent 
mononuclear cell cultures after 1–3 weeks  [  92–  94  ] . These endothelial progenitors, also referred to as endothelial colony-
forming cells (ECFCs), differ from other cell types identified as such  [  73,   74,   76,   77  ]  in their proliferative capacity as well 
as the kinetics of their colony formation. Conflicting with the reports on CD133 +  cells described above, some investigators 
claim that these endothelial outgrowth cells are not derived from CD133 +  cells or CD45 +  hematopoietic precursors, but 
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originate independently from the hematopoietic lineage  [  94–  96  ] . However, the in vivo vascularization potential of these 
ECFCs has yet to be determined in animal models of ischemia. 

 Mouse-to-mouse transplantation experiments involving the analyses of mice that had been subjected to unilateral femoral 
artery occlusion following the engraftment of BM cells isolated from transgenic mice expressing enhanced green fluorescent 
protein (GFP) revealed that donor GFP +  cells fail to incorporate into the adult growing vasculature, but were detectable 
around growing collateral arteries  [  97  ] . A similar outcome was obtained following the transplantation of hematopoietic stem 
cells isolated from GFP transgenic mice directly into the ischemic myocardium of wild-type mice  [  98  ] . Although hematopoi-
etic stem cells maintained their hematopoietic cell fate in vivo, stem cell transplantation provided long-term benefit to a 
certain extent, as evidenced by less severe ventricular dilation and heart dysfunction following infarction  [  98  ] . 

 Thus, the mechanism behind these therapeutic effects might be associated with the secretion of growth factors by trans-
planted cells, which in turn stimulate endogenous angiogenesis  [  97  ] . This hypothesis is corroborated by recent studies 
involving the transplantation of human CD133 +  cells  [  99,   100  ]  or EPCs  [  101,   102  ] . The studies indicate that although donor 
cells tend to disappear of engrafted areas shortly after transplantation  [  101  ] , these cell types secrete angiogenic factors, 
including VEGF-A, ANG1, fibroblast growth factor-2 (FGF-2), placenta growth factor (PIGF), hepatocyte growth factor 
(HGF), and insulin-like growth factor-1 (IGF-1), among others  [  97,   101  ] .  

   Bone Marrow and Adipose Stromal Cells 

 In addition to hematopoietic cells, BM also contains a stromal cell population, known as mesenchymal stem cells or marrow 
stromal cells (MSCs), that is endowed with the ability to self-renew and differentiate into multiple mesenchymal lineages, 
including bone, fat, cartilage, and connective tissue  [  103–  106  ] . Some recent studies have suggested that these cells are also 
endowed with endothelial potential  [  107,   108  ] . Similar endothelial potential has been attributed to the stromal vascular frac-
tion (SVF) within the adipose tissue  [  109–  111  ] . 

 The SVF is well known as a heterogeneous cell population containing preadipocytes and mature microvascular endothe-
lial cells  [  112,   113  ] . Studies by Zuk et al. provide evidence for the presence of a multipotent progenitor able to differentiate 
into bone, cartilage, and muscle  [  114  ] . In this context, another study suggested that adipocytes and endothelial cells may 
share a common progenitor, and accordingly, cells within the SVF were capable of differentiating into endothelial cells in 
vitro as well as participating in the process of neovascularization upon injection into ischemic tissues  [  110  ] . 

 Since none of these experiments were performed at the clonal level, to date, there is no definitive proof for the existence of 
an early progenitor in the BM or adipose stroma that is able to differentiate toward the endothelial lineage. Yet there is increas-
ing evidence for a positive effect on perfusion and vascularization following the transplantation of BM or adipose stromal cells 
in several models of ischemia. This has been attributed to the secretion of angiogenic factors by these cells  [  111,   115–  118  ] .   

   Angiogenesis/Vasculogenesis and Ischemic Tissue Repair 

 Several of the studies using animal models of ischemia involved the transplantation of ex vivo expanded EPCs  [  70,   119, 
  120  ] . However, based on data from human EPC transplantation into nude mice, in order to obtain satisfactory reperfusion 
of the hind limb, 0.5–2 × 10 4  EPCs/g of body weight were required. Therefore, about 12 L of human blood would be needed 
to collect an equivalent dose of EPCs for a human patient  [  121  ] . This amount is not viable and suggests that expanded EPCs 
are not an ideal therapeutic cell population. 

 Although the identity of EPCs needs additional clarification, the evidence for bone marrow as a reservoir of EPCs 
prompted several groups of researchers to test the therapeutic effect of autologous cells of medullary origin in human isch-
emic disease  [  122–  130  ] . As summarized in Table  14.1 , these clinical trials were quite heterogeneous regarding protocol, 
including distinct sample size, duration of follow-up analyses, cell population and cell number transplanted, and timing of 
transplantation. Therefore, the extreme difficulty in reconciling diverse outcomes is not surprising. Preliminary data from 
these early clinical trials suggest that mononuclear cells injected locally in patients with lower limb or cardiac ischemia 
contribute to the regeneration of vasculature. A recent, systematic meta-analysis of 18 clinical trials including a total of 999 
patients suggested that bone marrow cell transplantation is safe. Although, overall, the improvements in terms of physio-
logic and anatomic parameters are modest in patients with both acute myocardial infarction and chronic ischemic heart 
disease, they are superior to conventional therapy  [  131  ] . Thus, these findings provide scientific rationale for the elaboration 
of larger randomized clinical trials to assess the long-term therapeutic effects of bone marrow cell transplantation.  
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 Since most of the therapeutic effects associated with stem cell transplantation rely on the secretion of angiogenic factors 
by engrafted cells, one promising future approach is delivering stem cells genetically engineered to produce angiogenic 
factors. This approach should provide better enhancement in angiogenesis  [  132  ] .      
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        Introduction    

 More than 16,500,000 Americans live with stable angina (SA), a chronic condition that represents the first clinical manifestation 
of ischemic heart disease (IHD) in 50% of the patients  [  1,   2  ] . In the Framingham Heart Study, the annual incidence of SA 
was 216 cases/100,000 persons  [  3  ] . 

 The direct and indirect costs of treating SA are measured in billions of dollars, and despite our best efforts, many patients 
remain severely disabled. In the BARI trial, 30% of patients never returned to work after “successful” revascularization  [  4  ] .  

   Diagnosis 

 The diagnosis of stable angina can be established on clinical grounds in the vast majority of patients. When there is diag-
nostic uncertainty, after a complete anamnesis and physical examination, judicious use of complementary studies can aid 
the clinician in detecting coronary artery disease while providing important prognostic information. 

  Typical angina  is characterized by left-sided substernal chest discomfort that is precipitated by physical or emotional stress, 
and relieved by rest or nitroglycerin.  Atypical angina  refers to any chest discomfort that has two of the three characteristics 
described for typical angina (location, triggers, or alleviating factors).  Noncardiac chest pain  denotes a syndrome where the 
typical features of angina are lacking and there are features to suggest an alternative diagnosis (e.g., pleuritic chest pain). 

 Diamond and Forrester  [  5,   6  ]  used angiographic data to determine the pretest probability of coronary artery disease on 
the basis of pain characteristics, age, and gender (Table  15.1 ). According to the “threshold theory of decision-making,” 
also known as Bayesian analysis, patients with pretest probability at the low extreme of the spectrum need no additional 
testing, whereas patients with intermediate probability of having obstructive coronary disease should undergo noninvasive 
evaluation (see section “Risk Stratification”).  

 Exercise electrocardiography is the preferred modality for patients who can perform exercise in the absence of specific 
contraindications that diminish the specificity of abnormal EKG findings. Examples include preexcitation, left ventricular 
hypertrophy, digitalis use, and paced rhythm or left bundle branch block  [  1,   7–  9  ] . The reported sensitivity and specificity 
of pharmacological and exercise stress testing coupled with various imaging techniques is presented in Table  15.2   [  1,   7  ] .   

   Pathophysiology 

 Angina results from an imbalance between myocardial oxygen supply and myocardial oxygen demand. The major deter-
minants of myocardial oxygen consumption are heart rate, loading condition of the left ventricle (afterload, preload), and 
contractility. Myocardial oxygen supply is determined by arterial content of oxygen and coronary flow. Unlike other 
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peripheral organs, the heart extracts about 70% of the oxygen it receives; therefore, every increase in myocardial oxygen 
demand should be matched with a similar increase in myocardial oxygen supply if ischemia is to be avoided. 

 Under normal circumstances, the  arterial content of oxygen  remains fairly constant and is determined by the concentra-
tion of hemoglobin and the partial pressure of O 

2
  in the artery (PO 

2
 a).  Coronary flow  is directly proportional to the pressure 

gradient between the aortic root and the right atrium, and inversely proportional to coronary resistance (Fig.  15.1 ). In a 
normal heart, perfusion remains fairly constant between ranges of physiologic arterial pressure, a phenomenon known as 
autoregulation. Therefore, regulation of coronary flow occurs by modulation of coronary resistance  [  10  ] .  

 Three serial resistances are in play in coronary physiology (Fig.  15.2 )  [  11  ] . Epicardial vessels (R1) offer little resistance 
under normal circumstances. The coronary microvasculature (vessel size <400  m m) is the site where coronary flow is regulated (R2) 

  Fig. 15.1    Determinants 
of myocardial oxygen supply       

   Table 15.1    Pretest probability 
of angiography-proven coro-
nary artery disease according 
to gender, age and pain 
characteristic   

 Age (years) 

 Nonanginal chest pain  Atypical angina  Typical angina 

 Men  Women  Men  Women  Men  Women 

 30–39   4   2  34  12  76  26 
 40–49  13   3  51  22  87  55 
 50–59  20   7  65  31  93  73 
 60–69  27  14  72  51  94  86 

  Data from  [  5,   6  ]   

   Table 15.2    Sensitivity and 
specifi city of noninvasive 
stress test modalities before 
and after correction for 
referral bias   

 Sensitivity  Specificity 

 Biased  Adjusted  Biased  Adjusted 

 Exercise SPECT  0.98  0.82  0.14  0.59 
 Dypiridamole SPECT  0.93  0.88  0.89  0.96 
 Exercise echo  0.78  0.42  0.37  0.83 

  Referral bias refers to those studies in which patients with “negative scans” did not undergo 
routine coronary angiography to confirm the findings of noninvasive stress test. After adjust-
ing for referral bias a significant drop in sensitivity with a concomitant increase in specificity 
is observed for both nuclear imaging and stress echocardiography  

  Fig. 15.2    Distribution 
of coronary resistance (adapted 
from “Myocardial blood fl ow 
and metabolism” in  [  11  ] , 
p. 337)       
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by paracrine release of adenosine in response to tissue hypoxia  [  12  ] . Adenosine leads to vasodilation of the coronary 
microcirculation, which in turn decreases coronary resistance and increases coronary flow. Finally, systolic compression of 
coronary vessels traveling through the myocardium, from epicardium into subendocardium, offers a considerable source of 
“extravascular” resistance (R3), particularly in the left ventricle, which has increased mass and thickness when compared 
to the right ventricle.  

 In the presence of significant (>70%) epicardial vessel atherosclerotic disease, R1 becomes the limiting factor for 
increasing coronary flow in response to increased myocardial oxygen demand. This leads to “effort angina,” which is the 
cardinal feature of stable coronary artery disease. A solid grasp of the pathophysiology of stable angina is crucial to under-
standing how various medical therapies and revascularization make an impact.  

   Risk Stratification 

 Despite the disabling nature of angina pectoris, the majority of patients with stable angina have a good prognosis, with 
predicted annual mortality rates of approximately 1–2%. Therefore, the role of risk stratification is to identify the minority 
of patients with high-risk features who benefit from more aggressive interventions such as coronary revascularization. 
Patients with expected annual mortality rates in excess of 3% generally represent a high-risk group, and those with expected 
annual mortality rates between 1 and 3% represent an intermediate-risk group. 

 The two most powerful predictors of long-term survival among patients with stable coronary artery disease are left ven-
tricular function and extent of coronary artery disease (Fig.  15.3 ). In the landmark Coronary Artery Surgery Study (CASS), 
patients with severe left ventricular dysfunction (EF < 35%) and severe triple-vessel coronary artery disease had survival 
rates at 12 years of less than 30%. Conversely, patients with single-vessel disease and preserved systolic performance had 
survival rates in excess of 70% at 12 years  [  13  ] . Other important, although less-powerful identifiers of poor prognosis 
include noncardiac comorbidities such as renal failure and diabetes, demographic factors such as advanced age and male 
gender, and advanced functional class (CCS III–IV)  [  14–  17  ] .  

 Noninvasive exercise testing, with or without an imaging modality, remains the most widely used tool to assess prognosis 
in patients with SA. Invasive angiography is usually reserved for patients with high-risk features on noninvasive imaging 
tests, or disabling angina, are sudden death survivors, or have heart failure with left ventricular dysfunction  [  1  ] . 

 Noninvasive angiography with multisliced CT has recently emerged as a powerful tool able to define the coronary anat-
omy, cardiac function, and noncardiac structures with acceptable levels of radiation and contrast exposure (Fig.  15.4 )  [  18  ] . 
Strengths of exercise testing include relatively high diagnostic accuracy, noninvasiveness, and that it is physiology-based, 
has a lower cost relative to invasive angiography, and a large body of evidence supporting its role in risk prediction. 
Limitations include false negatives, inability to localize ischemic territories when imaging is not applied, radiation exposure 
from nuclear imaging tests, and a lower technical success rate than invasive angiography for stress echocardiography 
 [  7,   19,   20  ] . The relative merits of stress echocardiography vs. myocardial perfusion imaging are summarized in Table  15.3 .   

 High-risk features of noninvasive imaging tests include angina and/or electrocardiographic ischemic changes (horizontal 
or downsloping ST depressions) at a low functional class, S3 or rales with exercise, multiple perfusion defects, or wall 

  Fig. 15.3    Predictors of 
long-term survival in the 
Coronary Artery Surgery 
Study (CASS) registry 
(adapted from  [  120  ] )       
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motion abnormalities in two or more vascular territories suggestive of multivessel or left main disease, low ejection fraction, 
ischemic transient dilatation of the left ventricular cavity, and thallium uptake in the lungs suggestive of exercise-induced 
pulmonary edema  [  1,   19–  21  ] . For patients undergoing an exercise stress test with electrocardiography monitoring and no 
imaging modality, the Duke treadmill score can be used to estimate disease severity and guide management (Table  15.4 ) 
 [  22  ] . For patients in the high-risk category (Duke score  £ −11), consideration should be given to coronary angiography and 
revascularization in addition to optimal medical therapy (OMT). Conversely, patients falling in the low-risk group (Duke 
score  ³ 5) should be managed medically and revascularization reserved only to control refractory or disabling symptoms. 
Patients in the intermediate-risk category (−10 to 4) may benefit from the addition of an imaging modality or coronary 
angiography to further risk-stratify and help make decisions regarding appropriateness of revascularization.  

 A summary of noninvasive criteria to assess risk in patients with chronic stable coronary artery disease is presented in 
Table  15.5 , and indications for coronary angiography in Table  15.6   [  1,   21  ] .    

   Therapy 

 The objectives of therapy in patients with chronic coronary artery disease are to prolong life and improve symptoms. 
Strategies to achieve these goals include risk factor modification, medical management of anginal symptoms, coronary 
artery revascularization, and experimental therapies (stem cell transplantation, angiogenesis, transmyocardial revasculariza-
tion with laser). Risk factor modification is described in detail in other chapters of this book. A brief summary of current 
recommendations regarding diabetes control, blood pressure management, diet, and exercise can be found in Table  15.7  
 [  23–  43  ] .  

  Fig. 15.4    Multislice computed tomography    ( a ) and invasive coronary angiography ( b ) in a patient with nonobstructive coronary artery disease 
of the mid-right coronary artery. Note that soft plaque and positive remodeling ( arrowheads ) can be appreciated in multislice CT images, but not 
in invasive arteriography (images courtesy of John Lesser, MD)       

   Table 15.3    Relative merits 
of different exercise-based 
imaging modalities to risk-
stratify patients with stable 
coronary artery disease   

 Stress-echocardiography  Myocardial perfusion imaging 

 Higher specificity  Higher sensitivity 
 Versatility  Higher technical success rate 
 Lower cost, no radiation  Longer follow-up prognostic data 

   Table 15.4    Survival accord-
ing to risk groups based on 
Duke treadmill scores   

 Risk group (score)  % of Total  4-Year survival  Annual mortality (%) 

 Low ( ³ 5)  62  0.99  0.25 
 Moderate (−10 to 4)  34  0.95  1.25 
 High (<−10)   4  0.79  5 

  The Duke treadmill score can be calculated using the following formula: Exercise duration (min) – 
ST-segment deviation (mm) ́  5 – angina index ́  4      . Angina index “0” no angina, “1” angina occurs, 
“2” angina reason for stopping the test  
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   Table 15.7    Cardiovascular risk reduction for patients with coronary artery disease   

 Risk factor  Recommendation  Benefit of treatment 

 Sedentary lifestyle  30–45 min of Physical activity 7 days a week 
(minimum 5 day/week) 

 Decreases mortality after MI 
 Decreases hospitalizations and revascularization 
 Improves exercise tolerance and helps control 

other risk factors 
 Overweight  BMI of 18.5–24.9 kg/m 2   Mortality reduction 

 Waist circumference of <89 cm in women and <102 cm in men 
 Smoking  Smoking cessation and avoidance to secondhand smoking  Mortality reduction 

 Reduction in nonfatal MI 
 Slow progression of atherosclerosis 

 Diabetes  Aim for Hb A1c level of <7% with lifestyle and pharmacotherapy  Reduction in nonfatal MI, stroke and CV death 
 Hypertension  Treat with beta-blockers and/or ACEI initially to target BP 

of <140/90 mmHg or <130/80 for patients with diabetes 
or kidney disease 

 Mortality reduction 
 Reduction in nonfatal CV events (stroke, MI, 

heart failure) 
 Regression of LV hypertrophy 

   Table 15.6    Indications for 
invasive coronary angiogra-
phy in patients with stable 
coronary artery disease   

 Disabling angina (CCS III or IV) 
 High-risk criteria on noninvasive testing 
 Sudden death survivors 
 Angina and heart failure 
 High-likelihood of multivessel disease 
 LV dysfunction 
 Inadequate noninvasive testing 

   Table 15.5    Criteria for 
noninvasive risk stratifi cation   

 High risk (>3% annual mortality) 
 Treadmill score  £ 11 
 Severe resting or exercise-induced LV dysfunction (EF < 35%) 
 Stress-induced large perfusion defect (particularly if anterior) 
 Stress-induced multiple perfusion defects of moderate size 
 Stress-induced moderate perfusion defect with LV dilatation or increased lung-uptake 

(thallium-201) 
 Echocardiographic wall motion abnormality involving two segments developing with 

low dose dobutamine ( £ 10 mcg/kg/min) or at a low heart rate (<120 bpm) 
 Stress echocardiographic evidence of extensive ischemia 

 Moderate risk (1–3% annual mortality rate) 
 Treadmill score −10 to 4 
 Mild/moderate resting LV dysfunction (LVEF: 35–49%) 
 Stress-induced moderate perfusion defect without LV dilatation or increased lung uptake 

(thallium-201) 
 Limited stress echocardiographic ischemia with a wall motion abnormality only with 

higher doses of dobutamine involving  £ 2 segments 

 Low risk (<1% annual mortality rate) 
 Treadmill score  ³ 5 
 Normal or small perfusion defect at rest or with stress 
 Normal stress echocardiographic wall motion or no change of limited resting wall 

motion abnormality during stress 

   Medical Therapy 

 The armamentarium to treat chronic stable angina has increased significantly over the last 4 decades. A look at the medical 
arm in clinical trials conducted in the 1970s reveals that coronary vasodilators, beta-blockers, diuretics, and digoxin were 
considered standards of care at that time  [  44–  47  ] . By contrast, the medical arm of the COURAGE trial (Clinical Outcomes 
Utilizing Revascularization and Aggressive Drug Evaluation) included aspirin, angiotensin-converting enzyme inhibitors 
(ACEI) or angiotensin-receptor blockers (ARBs), beta-blockers, calcium antagonists, nitrates, and statins  [  48  ] . 
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 Medical therapy has become the mainstay of therapy for stable coronary artery disease and has resulted in significant 
reduction in morbidity and mortality. Conceptually, drugs used to treat patients with stable coronary disease can be divided 
into antiischemic drugs, antiplatelet and anticoagulant agents, and vasoprotective agents. 

   Antiischemic Drugs 

 This group of drugs’ mechanism of action is reducing myocardial oxygen demand, primarily by reducing heart rate, but also 
by modifying the loading conditions of the ventricle (nitrates) and contractile state (beta-blockers, nondihydropyridine 
calcium antagonists). With few exceptions (beta-blockers post-MI with LV dysfunction, heart failure), this group of drugs 
does not lead to a mortality reduction. 

  Beta-blockers : Multiple clinical trials have assessed the role of beta-blockers in the treatment of stable coronary artery dis-
ease  [  49–  57  ] . Beta-blockers have been found to increase time to ST depression during treadmill ergometry, decrease the 
frequency and duration of angina, and reduce the incidence of cardiovascular events. In addition, among patients with left 
ventricular dysfunction postmyocardial infarction, beta-blockers have been shown to reduce mortality  [  58–  60  ] . All beta-
blockers appear to be equally effective as antianginal agents provided that they are titrated to reduce heart rate to 55–60 bpm 
and exercise heart rate to 75% of the heart rate response associated with angina. 

  Calcium antagonists : Both dihydropyridine and nondihydropyridine calcium antagonists are as effective as beta-blockers in 
relieving angina and improving exercise time to onset of angina or ischemia  [  61–  66  ] . Current recommendations stipulate 
that calcium antagonists be used in conjunction with beta-blockers or as an alternative to beta-blockers when contraindica-
tions exist  [  1  ] . In patients with vasospastic angina, calcium antagonists completely abolish or control angina in 90% of the 
patients and are the treatment of choice. Short-acting nifedipine in patients with recent, unstable presentation of coronary 
artery disease should be avoided as its use has been linked to excess mortality  [  67  ] . 

  Nitrates : Nitrates are endothelium-independent venodilators that reduce preload and also improve epicardial and collateral 
flow. Among patients with chronic stable angina, nitrates improve exercise tolerance and reduce the frequency and duration 
of ischemic episodes with a neutral effect on mortality  [  68–  75  ] . Tolerance to the effect of nitrates over time limits the useful-
ness of these drugs in the long term.  

   Antiplatelet and Anticoagulants 

 This group of drugs effectively reduces the risk of myocardial infarction and death by achieving platelet inhibition. 
Anticoagulants have not shown to be beneficial in the presence of antiplatelet therapy while significantly increasing the risk 
of stroke. 

  Aspirin : Aspirin (ASA) is an irreversible inhibitor of platelet thromboxane A2 production. In clinical trials, aspirin use has 
been associated with a 33% reduction in cardiovascular events, a 34% reduction in MI/sudden death rates, and a 32% reduc-
tion in secondary vascular events  [  76–  80  ] . Current guidelines recommend daily aspirin 75–162 mg in patients with stable 
coronary artery disease  [  1  ] . 

  Clopidogrel : Clopidogrel interferes with the P2Y
12

 receptor on the surface of platelets and leads to potent platelet inhibition. 
Although clopidogrel is usually recommended for patients with unstable coronary artery disease  [  81  ]  or after stent implantation 
 [  82  ] , its routine use in patients with chronic stable angina is not recommended unless there is a contraindication to aspirin. 

 In the CHARISMA study (Clopidogrel for High Atherothrombotic Risk and Ischemic Stabilization, Management, and 
Avoidance), 15,603 patients at risk of atherothrombotic events were randomized to aspirin, 75–162 mg/day monotherapy, 
or ASA plus clopidogrel 75 mg/daily  [  83  ] . Fifty percent of patients in CHARISMA had stable coronary artery disease. The 
incidence of the primary end point (composite of death from CV causes, myocardial infarction, or stroke) was no different 
between the two groups (6.8% vs. 7.3%,  p  = 0.22). It should be mentioned, however, that in a prespecified subgroup analysis 
of patients with symptomatic atherothrombosis, many of whom had stable angina, clopidogrel use was associated with a 
12% relative risk reduction in the primary end point. 

  Warfarin : Warfarin interferes with the production of vitamin K-dependent coagulation factors (II, VII, IX, and X) as well 
as proteins C and S. Although warfarin effectively reduces nonfatal cardiovascular events when compared to placebo in 
patients with stable coronary disease, it is not superior to ASA monotherapy  [  84  ] . Additionally, its use is associated with a 
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1.4% absolute increase in the risk of stroke. In the absence of specific indications (e.g., atrial fibrillation, LV clot), the use 
of warfarin is not recommended  [  1  ] .  

   Vasculoprotective Drugs 

 This group of drugs is believed to have effects beyond lowering blood pressure and reducing cholesterol levels. In effect, 
ACEI and statins have antiproliferative, antiaggregatory, and antithrombotic effects on the vasculature (i.e., pleiotropic 
effect). In at-risk populations, these drugs have led to significant reduction in mortality and morbidity and, along with ASA 
and beta-blockers, constitute the mainstay of therapy for patients with stable coronary disease. 

  ACEIs : By blocking the production of angiotensin II, ACEI therapy leads to blood pressure reduction and antiproliferative 
effects on the heart and vasculature. Three trials have evaluated the use of ACEI in patients with stable coronary artery 
disease  [  84–  86  ] . 

 In the HOPE (Heart Outcomes Prevention Evaluation) trial, 9,300 patients at risk for vascular events (80% had CAD) 
were randomized to either 10 mg of ramipril or placebo. The composite outcome of myocardial infarction, stroke, or death 
from vascular causes was reduced by 22% with ramipril. 

 In EUROPA (European Trial on Reduction of Cardiac Events with Perindopril in Stable Coronary Artery Disease), 
12,218 patients were randomized to either perindopril 8 mg/day or placebo. At 4 years, perindopril use was associated with 
a 22% reduction in the primary end point of cardiovascular death, MI, or cardiac arrest. 

 By contrast, trandolapril was not superior to placebo in the PEACE (Prevention of Events with Angiotensin-Converting 
Enzyme inhibition) trial in preventing deaths or vascular events. A post hoc analysis of PEACE showed a 27% relative risk 
reduction with trandolapril among patients with chronic kidney disease and creatinine clearance less than 60 mL/min. 

 Current guidelines recommend the use of ACEI (or ARBs) in patients with stable coronary artery disease and diabetes, 
LV dysfunction, or kidney disease. The use of ACEI in low-risk patients is “reasonable.”  [  1  ]  

  Statins : This group of drugs blocks HMG Co-A reductase, a critical step in the biosynthesis of cholesterol. Although in 
clinical trials, the degree of CV event reduction parallels the fall in LDL cholesterol (Fig.  15.5 ), similar reductions in LDL 
cholesterol by other lipid-lowering agents have not translated into similar positive results, which suggests LDL-independent 
properties of statins  [  87–  89  ] . Current guidelines advocate for LDL less than 100 mg/dL for patients with stable coronary 
disease, with an “optional” goal of LDL <70 mg/dL  [  40  ] .    

   Coronary Revascularization    

 The clinical indication to perform a revascularization procedure in patients with chronic stable angina, either with percutane-
ous coronary intervention (PCI) or coronary artery bypass graft (CABG), remains one of the most debated topics in clinical 
cardiology  [  90,   91  ] . Two elements are key in understanding the nuances and the two sides in this debate. 

  Fig. 15.5    Secondary 
prevention trials of statins 
in coronary heart disease. 
Coronary heart disease events 
are plotted against LDL 
levels (adapted from  [  40  ] , 
p. 1425. Copyright 2005 by 
Massachusetts Medical 
Society)       
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   Initial Optimal Medical Therapy 

 First, the results of two large and multicenter, strategy-based, clinical trials have recently been published  [  48,   92  ] . Both the 
COURAGE trial and BARI 2D (Bypass Angioplasty Revascularization Investigation 2 Diabetes) trial unequivocally have 
shown that a strategy of initial OMT is safe, and as effective, in reducing major cardiovascular events among low- to 
moderate-risk patients with chronic stable coronary artery disease (annual morality <3%).  

   Benefits of Coronary Revascularization 

 On the contrary, coronary revascularization has been shown to be superior to medical therapy in relieving angina and has 
provided a mortality reduction in patients at high risk of events based on noninvasive testing (moderate or large areas of 
reversible ischemia with or without LV dysfunction) or coronary angiography (left main or proximal left anterior descending 
artery disease)  [  44–  47  ] . It is, therefore, prudent to treat all patients with OMT and reserve invasive revascularization thera-
pies for those patients who remain symptomatic or have high-risk imaging or angiographic features.   

   Contemporary Trials of Optimal Medical Therapy vs. Revascularization 

   COURAGE 

 In COURAGE, 2,287 patients with stable coronary artery disease and evidence of myocardial ischemia were randomized to 
a strategy of OMT or PCI with OMT. The primary outcome was a composite of death or nonfatal myocardial infarction 
during a follow-up period of 2.5–7 years. After a median follow-up of 4.6 years, 211 events occurred in the PCI group and 
202 in the OMT group (19% vs. 18.5%; hazard ratio, 1.05; 95% confidence interval, 0.87–1.25;  p  = 0.62). There were no 
differences between the groups in rates of admission for acute coronary syndromes or the individual components of the 
primary end point (Fig.  15.6 ). COURAGE, therefore, confirms what other small clinical trials have previously shown 
(Table  15.8 ) – that a strategy of initial PCI is  not  associated with significant reductions in the rates of “hard” end points such 
as MI or death.   

 On the contrary, COURAGE has also shown that PCI is superior to medical therapy in providing angina relief and 
improving quality of life, although most of these differences attenuate over time, likely a reflection of disease progression 
in other vascular beds or restenosis of bare-metal stents, which were used in COURAGE. 

 In a subgroup that focused on a cost-effectiveness analysis of COURAGE, the authors found PCI not to be cost-effective 
 [  93  ] . The cost per patient for a significant improvement in angina frequency, physical limitation, and quality of life were 
$154,580, $112,876, and $124,333, respectively.  

  Fig. 15.6    In the Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation (COURAGE) trial, no significant difference was 
found between patients treated with optimal medical therapy (OMT) and those with percutaneous coronary intervention (PCI) and OMT regard-
ing the primary outcome of death or myocardial infarction (adapted from  [  48  ] , p. 1512. Copyright 2007 by Massachusetts Medical Society)       
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   BARI 2D 

 BARI 2D assigned 2,368 patients with type II diabetes mellitus and coronary artery disease to medical therapy or prompt 
revascularization in addition to medical therapy. The trial had a 2 × 2 factorial design to allow for a comparison of insulin-
sensitization vs. insulin provision. The primary end point of the study was a composite of death and major cardiovascular 
events (myocardial infarction or stroke) at 5 years. A strategy of prompt revascularization, either with PCI or CABG, did 
not reduce mortality (88.3% vs. 87.8%,  p  = 0.97) or have a beneficial effect on major cardiovascular events (77.2% vs. 
75.9%,  p  = 0.70) (Fig.  15.7 ).     

   Controversies 

   Misplaced Financial Incentives 

 Convincing evidence indicates that coronary angioplasty is overutilized in the United States  [  94,   95  ] . Revascularization rates 
also show wide fluctuations according to different geographic regions. For example, Florida has revascularization rates that 
are 83% higher than Oregon; the number of revascularization procedures correlates in part to the number of surgeons and 
interventional cardiologists in that particular region. Financial incentives may play a role in the overutilization of PCI  [  96  ] .  

   Table 15.8    Summaries of clinical trial comparing PCI and medical therapy for stable CAD ( n  > 5,000)   

 Trial  Mortality and MI  Angina relief  QOL  Repeat revascularization 

 RITA-2  No difference  PCI  PCI  PCI 
 ACME  No difference  PCI  PCI  PCI 
 ACME-2  No difference  PCI  PCI  NA 
 MASS  No difference  PCI  NA  No difference 
 MASS-II  No difference  PCI  PCI  No difference 
 AVERT  No difference  PCI  PCI  No difference 
 TIME  No difference  PCI  PCI  PCI 
 COURAGE  No difference  No difference  PCI  PCI 

  Fig. 15.7    In Bypass Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D), a strategy of prompt revascularization did not reduce 
overall mortality ( left ), nor the composite of death, MI, or stroke ( right ) (adapted from  [  92  ] , p. 2510. Copyright 2009 by Massachusetts Medical 
Society)       
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   Oculostenotic Reflex 

 Only 44.5% of patients have noninvasive stress testing before PCI in the United States  [  97  ] , with a marked variation accord-
ing to geography (22–71%). Although coronary angiography remains the gold standard to risk-stratify symptomatic patients 
with an abnormal imaging test or severe disabling symptoms, visual estimation of stenosis severity correlates poorly with 
functional assessment  [  98–  100  ] . It should not be used to decide on the need for PCI in lesions of intermediate severity 
(30–70%). Studies have shown that a fractional flow reserve (FFR) strategy is superior to an angiography-based strategy at 
selecting patients for PCI (Fig.  15.8 )  [  101  ] . Only patients with hemodynamically significant stenosis (FFR < 0.80) stand to 
benefit from PCI, whereas the prognosis of intermediate lesion with normal FFR is excellent  [  102  ] .   

   Ischemic Burden 

 The benefits of coronary revascularization relative to medical therapy should be considered in the context of the amount of 
viable myocardium at risk of ischemia. The greater the amount of inducible ischemia, the more likely that coronary revas-
cularization will result in improved clinical outcomes. Hachamovitch et al  [  103  ] . analyzed the outcomes of 10,627 patients 
with myocardial ischemia on SPECT and who had no prior history of myocardial infarction or coronary revascularization 
according to the therapy received within 60 days. They found that coronary revascularization compared with OMT had 
greater absolute and relative reductions in cardiac death among patients with moderate or large ischemic burden (>12.5% 
of the LV mass) (Fig.  15.9a, b ).   

   Ischemia Reduction 

 A substudy of the COURAGE trial compared reductions in ischemic burden with PCI vs. OMT among 313 patients under-
going nuclear myocardial perfusion imaging studies before and 6–18 months after the intervention  [  104  ] . The proportion of 
patients with  ³ 5% reductions in ischemic burden was greater with PCI as compared with OMT (33% vs. 19%,  p  = 0.004). 
When outcomes were plotted against reductions in ischemic burden, the authors found that patients with  ³ 5% reductions 
had a 50% reduction in composite death and MI when compared to patients with no ischemic reduction (Fig.  15.10 ). Other 
studies have shown better outcomes with complete coronary revascularization when compared to partial revascularization 
or no change in revascularization status  [  105,   106  ] .  

 Taken together, these observations suggest that perhaps a high-risk subset of chronic coronary disease patients with 
a large ischemic burden and suitable coronary anatomy may derive benefit from a strategy of coronary revascularization. 
A similar observation was made within the Coronary Artery Revascularization Trial (CARP) for patients with anterior wall 
ischemia undergoing abdominal aortic operations  [  107  ] . These observations highlight the importance of using clinical judg-
ment when applying strategy-based studies such as COURAGE into clinical practice.   

  Fig. 15.8    Fractional fl ow 
reserve vs. coronary 
angiography for guiding PCI, 
based on results from the 
FAME trial (adapted from 
 [  101  ] , p. 222. Copyright 2009 
by Massachusetts Medical 
Society)       
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   Early Trials of CABG vs. Medical Therapy 

 Soon after its inception by Favaloro  [  108  ] , the efficacy and safety of CABG surgery was studied in three large, pivotal, 
randomized clinical trials conducted in the 1970s  [  44–  47  ] . 

   VA Cooperative Study 

 The Veterans Administration Cooperative Study of Surgery for Coronary Arterial Occlusive Disease was conducted in 13 
Veterans Administration centers in the United States  [  44–  47  ] . Entry criteria included presence of stable angina for <6 
months, no contraindications to CABG, electrocardiographic evidence of myocardial infarction or ischemia, or a positive 
exercise test. A total of 1,015 patients were randomized to medical therapy ( n  = 508) or CABG ( n  = 507). Of these 1,015 
patients, 683 had abnormal left ventricular function. Randomization was stratified according to age (< or  ³ 50 years) and 
coronary angiography findings. 

 The first report of the VA cooperative study dealt with 113 patients with significant (>50%) left main disease. Despite a 
high surgical mortality rate in the first 2 years of the study (25%), a significant reduction in mortality was found with CABG 
(CABG, 20%, vs. medical treatment, 36%). For patients randomized in the latter 3 years of the study (surgical mortality, 
7%), the mortality difference in favor of CABG was even greater (CABG, 7%, vs. medical treatment, 29%). A preliminary 
report of the VA Cooperative Study of patients without left main disease showed no difference in mortality between the two 

  Fig. 15.9    Revascularization vs. medical therapy as a function of ischemic burden. ( a ) Cardiac death rates are lower for revascularization ( white 
bars ) than for medical therapy ( black bars ) when ischemic burden is moderate or large. ( b ) Hazard ratio for CV death becomes favorable for 
coronary revascularization above the ischemic threshold of 12.5% of LV mass (adapted from  [  103  ] , p. 2903. Copyright 2003 by American Heart 
Association)       

  Fig. 15.10    COURAGE Nuclear Substudy: Patients with >5% ischemic reduction had a 53% reduction in the composite of MI or death (adapted 
from  [  104  ] . Copyright 2008 by American Heart Association)       
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treatment arms, with better angina relief among surgically treated patients. A subsequent report showed improved mortality 
for patients with three-vessel disease when the three centers with the highest operative mortality were excluded.  

   ECSS Group 

 The European Coronary Surgery Study (ECSS) Group performed a randomized clinical trial in 12 centers to assess the effect 
of CABG on the incidence of death and myocardial infarction in patients with angina pectoris (42% with angina class III) 
 [  45,   47  ] . The study included 768 males with preserved systolic function who were randomized to medical therapy ( n  = 373) 
or surgery ( n  = 395). Survival was improved by surgery in the entire cohort, including patients with three-vessel disease and 
those with proximal left anterior descending disease as part of two- or three-vessel disease.  

   CASS 

 The CASS consisted of a patient registry (24,959 patients) and a randomized trial (780 patients)  [  46,   47  ] . Within the random-
ized component of the trial, patients were assigned to one of three possible clinical groups: (1) group A ( n  = 514): mild angina 
with normal left ventricular function, (2) group B ( n  = 106): mild angina with moderate left ventricular dysfunction, and 
(3) group C ( n  = 160): asymptomatic after myocardial infarction. The 5-year probability of remaining free of death or myo-
cardial infarction was 82% in the group assigned to medical therapy, and 83% in the group assigned to surgery. There was 
a trend toward better survival in patients with triple-vessel disease and moderate left ventricular dysfunction (group B).  

   Meta-Analysis of Seven Trials 

 Yusuf et al.  [  109  ]  conducted a meta-analysis of seven clinical trials that compared CABG with medical therapy to assess 
whether surgery conferred a survival advantage over medical therapy. In addition to the three pivotal trials, four smaller trials 
were also included. Collectively, these trials included 1,649 patients randomized to medical therapy ( n  = 1,325) or surgery 
( n  = 1,324). Overall, CABG was associated with a significant reduction in mortality at 5 years (OR: 0.61, 95% CI: 0.48–0.77, 
 p  < 0.001) and at 10 years (OR: 0.83, 95% CI: 0.70–0.98,  p  = 0.03) (Fig.  15.11 ).    

   Percutaneous Coronary Intervention vs. Surgical Revascularization 

 Since the introduction of coronary angioplasty by Andreas Gruentzig in 1977, the number of PCIs has continued to grow in 
the USA and worldwide. In 2006, 1,314,000 angioplasty procedures were performed in the USA compared with 448,000 
CABG procedures  [  110  ] . 

 Many clinical trials have compared the efficacy and safety of both techniques in patients with stable and unstable multi-
vessel coronary artery disease (Table  15.9 )  [  111–  117  ] . The evolution of these trials reflects dramatic changes in the practice 

  Fig. 15.11    Meta-analysis 
of seven clinical trials 
comparing bypass surgery 
with medical therapy. Surgery 
was associated with a 
mortality reduction that 
persisted at 10 years (adapted 
from  [  109  ] . Copyright 1994 
by The Lancet Publishing 
Group)       
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of interventional cardiology as well as cardiac surgery in the last 2 decades. Although it is useful to consider these clinical 
trials in the context of major technological or procedural breakthroughs (i.e., stents, internal mammary artery grafts), most 
of these strategy-based trials have yielded similar results, establishing equipoise for mortality and MI reductions with supe-
riority of CABG vs. PCI regarding repeat revascularization procedures.  

 Hlatky et al.  [  117  ]  conducted a collaborative meta-analysis of individual patient data ( n  = 7,812) from ten randomized 
clinical trials comparing CABG with either balloon angioplasty or bare metal stents. Mortality and myocardial infarction 
rates at 5 years were similar in the two groups (Fig.  15.12  and Table  15.10 ), whereas CABG was associated with a signifi-
cant reduction in repeat revascularization procedures.   

 In certain angiographic and clinical subgroups (i.e., left main coronary artery disease, diabetics with multivessel coronary 
disease, multivessel disease with reduced systolic performance, multivessel disease with proximal LAD disease), the supe-
riority of CABG over medical therapy has clouded a direct comparison with PCI. Some clinical trials, registry data, and a 
meta-analysis  [  117  ]  have suggested a reduction in death and MI rates with CABG over PCI among patients with diabetes 
and patients aged 65 years or older (Fig.  15.13 ).  

 Theoretical advantages of CABG in these angiographic subsets are more complete revascularization and superior long-
term patency for the internal mammary artery graft anastomosed to the left anterior descending artery  [  118  ] . Therefore, in 

  Fig. 15.12    Kaplan–Meier curves for mortality ( left ) and the composite of death and MI ( right ). Individual patient data was obtained from ten 
randomized clinical trials. No differences between coronary artery bypass graft (CABG) and PCI were detected (adapted from  [  117  ] . Copyright 
2009 by The Lancet Publishing Group)       

   Table 15.10    Comparison of CABG and PCI in patients with multivessel disease in a collaborative meta-analysis of ten randomized clinical trials   

 5-year event rate (% (95% CI)) 

 Hazard ratio (95% CI) a    p  Value  CABG  PCI 

 Death  8.4% (7.4–9.2)  10.0% (9.0–10.9)  0.91 (0.82–1.02)  0.12 
 Death or myocardial infarction b   15.4% (14.2–16.6)  16.7% (15.4–17.9)  0.97 (0.88–1.06)  0.47 
 Death or repeat revascularization c   9.9% (8.9–10.9)  24.5% (23.0–26.0)  0.41 (0.37–0.45)  <0.0001 
 Death, myocardial infarction, 

or repeat revascularization d  
 20.1% (18.7–21.4)  36.4% (34.8–38.0)  0.52 (0.49–0.57)  <0.0001 

  Event rates are unadjusted, 5-year Kaplan–Meier estimates 
  a  Hazard ratios for coronary artery bypass graft (CARG) vs. percutaneous coronary intervention (PCI) are based on the full duration of follow-up 
from all trials 
  b  No data were available on myocardial infarction from the Emory Angioplasty vs. Surgery Trial (EAST)  [  4  ]  
  c  No data were available on repeat revascularization from the Toulouse trial  [  10  ]  
  d  No data were available from the EAST  [  4  ]  and Toulouse  [  10  ]  trials  
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  Fig. 15.13    CABG vs. PCI among patients with multivessel disease and diabetes. ( a ) All patients from ten randomized controlled trials are 
included. ( b ) Patients from the BARI trial have been excluded. The differences in survival between PCI and CABG, however, persisted after 
exclusion of BARI patients (adapted from  [  117  ] . Copyright 2009 by The Lancet Publishing Group)       

the above-mentioned subsets, current guidelines recommend CABG as the preferred revascularization modality, whereas 
PCI remains an option for patients with prohibitive surgical risks  [  1  ] . The ongoing debate as to how to best treat these 
patients underscores the need for adequately powered randomized clinical trials.  

   Contemporary Trials of CABG vs. Stenting 

 The SYNergy between PCI with TAXus and Cardiac Surgery (SYNTAX) Trial randomly assigned 1,800 patients with three-
vessel or left main disease to undergo CABG or PCI  [  119  ] . All patients were considered to have suitable anatomy for either 
revascularization modality. At 12 months, the composite of death, myocardial infarction, or repeat revascularization was 
higher for the PCI group compared to the CABG group (17.8% vs. 12.4%,  p  = 0.002). The difference between the two groups 
was driven by higher repeat revascularization rates in the PCI group compared to the CABG group (13.5% vs. 5.9%, 
 p  < 0.001) with similar death (4.4% vs. 3.5%,  p  = 0.37) and MI rates (4.8% vs. 3.3%,  p  = 0.11) at 12 months (Fig.  15.14 ). 
Patients treated with PCI were less likely to have a stroke (2.2% vs. 0.6%,  p  = 0.003). The SYNTAX trial once again has 
confirmed that PCI and CABG are associated with similar rates of death and myocardial infarction in patients with multives-
sel coronary artery disease.  

 The superiority of CABG over PCI regarding repeat revascularization procedures remains in the drug-eluting stent era. 
Interestingly, this benefit is partially offset by an increased risk of stroke. The ongoing FREEDOM, CARDIA, and VA Cards 
trials are enrolling patients with diabetes and mutivessel coronary artery disease and randomizing them to drug-eluting 
stents vs. CABG.  

   Conclusions and Future Directions 

 The prognosis of the millions of patients who live with chronic stable angina has improved dramatically over the last 4 
decades. Annual mortality rates for medically treated patients with stable angina in the VA Cooperative Study and ECSS 
were 4.25 and 3.2%, respectively. By contrast, the COURAGE trial reported an annual mortality of 0.8% for the medical 
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arm. Likewise, improvements in surgical and interventional techniques have dramatically reduced the upfront risk of these 
interventions while improving the long-term patency of the conduits or stented vessels. For example, operative mortality in 
the VA Cooperative Study was 5.8% compared to 1.4%  [  44,   92  ]  in the recently reported BARI 2D trial. 

 Despite our best efforts, the incidence of chronic stable angina, as well as angina refractory to medical and revasculariza-
tion therapy, is likely to grow in the future as the population ages and risk factors for coronary heart disease increase in 
prevalence. A new wave of clinical trials is needed to assess the role of experimental therapies such as stem cells and hybrid 
revascularization procedures.      
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        Definition and Epidemiology 

 Sudden death can be defined as unexpected natural death occurring in an apparently healthy individual or in an individual 
whose illness is not so severe that death is not an expected outcome  [  1  ] . In the literature, the time from the onset of symp-
toms to death is a variable part of the definition  [  1,   2  ] . A few minutes up to 24 h have been suggested  [  1  ] . The extreme of 
a few minutes leaves out many deaths that should probably be classified as sudden, and the opposite extreme of 24 h is 
probably too inclusive. The interval of 6 h from onset of symptoms to a witnessed death, and less than 24 h from being 
seen in a stable condition to being found dead, has been suggested as a compromise  [  3  ] . 

 Sudden cardiac death is one of the causes of sudden death  [  4  ] . Most cases of sudden death fall under the jurisdiction of 
a medical examiner/coroner. The interval of symptoms to death is less relevant to the medical examiner/coroner  [  5  ] . An 
unexpected, natural death of a person not recently seen by a physician and without a medical diagnosis should be investi-
gated by the medical examiner/coroner. These investigations often include patients who collapse and are resuscitated, and 
later die in a hospital before a diagnosis is made. 

 Sudden death is estimated to comprise 15–20% of all natural deaths in industrialized countries  [  1  ] . Gillum indicated 
that more than 350,000 people die suddenly each year from cardiovascular disease (sudden cardiac death) in the United 
States  [  6  ] . In people between the ages of 35 and 74, the annual incidence of sudden death is estimated to be 191/100,000 
for men and 57/100,000 for women  [  1  ] . In the pediatric age group – from ages 1–20 years – 1.3–8.5/100,000 persons die 
suddenly each year  [  1,   7  ] , with many of these deaths attributed to a cardiac cause  [  7,   8  ] . One study of sudden death in 
subjects between the ages of 18 and 35 years cited 25% of the deaths were from coronary artery disease  [  9  ] . 

 The final, common pathway for most sudden cardiac deaths is an ischemic-induced arrhythmia  [  1,   3  ] . The exact cause 
of the arrhythmia is often unclear  [  5  ] . The majority of fatal arrhythmias are ventricular fibrillation, ventricular tachycardia, 
and asystole  [  1  ] . These fatal arrhythmias are most often preceded by recent or prior ischemic myocardial damage. 

 Less commonly, mechanical arrest from cardiac rupture can lead to sudden death  [  1  ] . Fifty percent of sudden cardiac 
deaths in adults older than 35 years are due to coronary disease. This percentage declines with age, with older patients 
dying more frequently from complications of heart failure rather than of sudden ventricular arrhythmias  [  3  ] . In the pediat-
ric age group, nonatherosclerotic coronary artery disease is more common. The etiology is often decreased regional blood 
flow leading to myocardial ischemia, causing a fatal arrhythmia  [  3  ] .  

   Atherosclerotic Coronary Artery Disease 

 Atherosclerotic coronary artery disease is the most common cause of sudden, natural death of adults in the United States. 
Coronary artery disease accounts for the vast majority of sudden unexpected cardiac death in adults autopsied in medical 
examiners’ offices. Sudden cardiac death may be the first indication of coronary artery atherosclerosis  [  10  ] . 
Approximately 25–50% of people dying suddenly from atherosclerotic coronary artery disease had no previous symp-
toms or diagnoses  [  11  ] . 
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   Acute Myocardial Infarct 

 Sudden death due to acute myocardial infarct (MI) is almost always due to critical narrowing of one or more coronary arter-
ies by atherosclerotic plaque. Invariably, the mechanism of death is myocardial ischemia leading to fatal arrhythmia. At least 
75% luminal narrowing by atherosclerotic plaque is required to account for sudden cardiac death due to atherosclerotic 
disease (Fig.  16.1 )  [  11,   12  ] . Acute plaque hemorrhage with or without rupture is identified in a reported 3–20% of cases 
 [  11  ] . In acute out-of-hospital deaths or in cases of sudden death with no symptoms or symptoms lasting less than 1 h, an 
acute infarction is seen in less than 25% of cases. Of those, 50% will have grossly visible, transmural infarcts (Fig.  16.2 ), 
and 50% will have subendocardial acute infarcts seen only histologically  [  11  ] .   

  Fig. 16.1    ( a ) Photo micrograph showing 70–75% narrowing of left circumfl ex coronary artery by minimally calcifi ed atherosclerotic plaque (H&E 
2×). ( b ) Photomicrograph showing 80–85% narrowing of left circumfl ex coronary artery by atherosclerotic plaque, with acute plaque rupture into 
lumen (H&E 2×). ( c ) Higher magnifi cation of ( b ) showing rupture into the lumen (H&E 4×). ( d ) Photomicrograph showing 95–99% narrowing by 
calcifi ed, complicated atherosclerotic plaque (H&E 2×)       

  Fig. 16.2    ( a ) Posterior wall infarct in a 76-year-old man who died suddenly the day after angioplasty. ( b ) Photomicrograph of 5–7-day-old 
infarct, with removal of myocytes, a cellular interstitial inflammatory cell infiltrate, and no collagen deposition (H&E 10×)       
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 The earliest histologic change seen in myocardial infarction (MI) is hypereosinophilia of myocytes. Survival of at least 
4 h is required to see these changes; if death occurs rapidly after the ischemic insult, the myocardium will appear normal 
by light microscopy  [  12  ] . In cases of sudden collapse, the survival interval is much too brief to see these histologic changes, 
and the diagnosis rests on the finding of critical narrowing of coronary arteries, diffuse or focal, in the absence of a compet-
ing cause of death. In some cases of sudden death, there may be a history of recent vague or nonspecific symptoms such as 
fatigue, heartburn, or flu-like symptoms. 

 A second population of sudden death patients may reportedly have classic symptoms of acute MI such as chest pain or short-
ness of breath in the days or hours leading up to their sudden collapse. Some may even progress to signs of congestive heart 
failure, including peripheral edema, increasing abdominal girth, and hemoptysis. In such cases, it is more common to find gross 
or histologic evidence of acute MI at autopsy, sometimes with associated ascites, hepatosplenomegaly, and pulmonary edema. 

 These two different presentations suggest that the mechanism of death due to atherosclerotic coronary artery disease may 
be either from a sudden arrhythmia or a myocardial infarct with subsequent heart failure. Often, patients in the second popu-
lation will have sought medical attention for their symptoms before dying of coronary artery disease, so their deaths do not 
fit the definition of “sudden death” and do not fall under the jurisdiction of the medical examiner.  

   Coronary Arterial Thrombi 

 The finding of coronary arterial thrombus is the exception rather than the rule in cases of sudden death, with a reported 
incidence of 8–19% among adults who collapse suddenly, are dead on arrival to an emergency department, or are found dead 
(Fig.  16.3 ). This contrasts with findings in hospitalized patients, where 87% of patients admitted with transmural acute 
myocardial infarcts demonstrate occlusive coronary thrombi on angiography  [  13,   14  ] .   

   Healed Myocardial Infarction 

 A frequent autopsy finding in sudden cardiac death is critical luminal narrowing of one or more coronary arteries associated 
with a healed infarct, or fibrous scar, in the myocardium (Fig.  16.4 ). A healed infarct is found in approximately 41% of sud-
den out-of-hospital deaths from coronary disease  [  11  ] . The previous infarction may have been clinically silent, or there may 
be a history of documented MI. On histologic examination, there is often no evidence of more recent infarction. Within the 
scar, there often are remaining islands of viable or chronically ischemic myocytes. These myocytes are potentially arrhyth-
mogenic foci, as they retain conductive activity but are isolated from other myocytes by the fibrous scar (Fig.  16.4 ).   

   Complications Following MI 

 A number of complications can follow acute MI; however, sudden death due to these complications in the absence of previ-
ous symptoms of myocardial ischemia is unusual. Ventricular free-wall rupture with hemopericardium and tamponade is the 
most common complication of acute MI in cases of sudden death (Fig.  16.5 ). It is an unusual finding in patients without 

  Fig. 16.3    ( a ) Photomicrograph of acute thrombus of right coronary artery (RCA) with intact and degenerating erythrocytes and leukocytes in an 
86-year-old man who died of sudden cardiac arrest (H&E 2×). ( b ) Organizing thrombus of left anterior descending (LAD) coronary artery consist-
ing of fibrin with early infiltration by fibroblasts (H&E 2×). ( c ) Organized thrombus of RCA containing multiple, recanalized vascular channels 
and numerous pigment-laden macrophages (H&E 4×)       
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apparent previous symptoms  [  15,   16  ] . The greatest risk of rupture is within 3–7 days postinfarct, with a subpopulation expe-
riencing ruptures in the first 24 h post-MI. Risk factors for ventricular rupture following MI include female sex, greater than 
70 years of age, first infarct, sustained hypertension following infarct, anterior wall infarct, and transmural infarct  [  12,   16  ] .  

 Septal rupture (Fig.  16.6 ), papillary muscle rupture (Fig.  16.6 ), or ventricular aneurysm with mural thrombus (Fig.  16.7 ) 
is less commonly found in those presenting with sudden collapse. Such complications may be seen in sudden death cases 
in patients without previously diagnosed MI, due to lack of medical care or “silent” MI.     

   Nonatherosclerotic Coronary Disease 

   Anomalies of Coronary Artery Ostia 

 Anomalies related to the origins of the coronary arteries are a known cause of sudden death, especially in the young. In a study 
of young athletes from the United States and Italy, coronary artery anomalies (CAAs) were the third most common abnormality 
associated with sudden death, after hypertrophic cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy  [  17  ] . 

  Fig. 16.4    ( a ) Healed fibrous scar in the anterior wall of the left ventricle in a 31-year-old man who collapsed suddenly the day after angioplasty. 
( b ) Photomicrograph of the healed infarct, demonstrating remaining islands of viable myocytes completely surrounded by the fibrous scar 
(Trichrome 2×)       

  Fig. 16.5    ( a ,  b ) Recent myocardial infarct (histologically, 3–5 days) with rupture of ventricular free wall in a 79-year-old man with sudden 
cardiac arrest       
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 The mechanism of sudden death and CAAs is most likely related to myocardial ischemia due to decreased blood flow. 
Although sudden death may occur while at rest, it is more commonly seen during or immediately after a period of intense 
exertion, even in someone who exercises regularly  [  9–  18  ] . 

 Postulated mechanisms of myocardial ischemia with CAAs include ostial obstruction by aortic wall flap, compression of an 
intramural segment of the coronary artery, and coronary arterial spasm; however, the exact mechanism is unknown  [  9,   19,   20  ] . 

  Fig. 16.6    ( a ) Left ventricular view of septal rupture of 7–10-day myocardial infarct creating an acquired ventricular septal defect in a 43-year-old 
male. ( b ) Recent myocardial infarction (histologically, 5–7 days) with complete rupture of posteromedial papillary muscle in a 60-year-old man       

  Fig. 16.7    Large aneurysm of the left ventricle with mural thrombus in an asymptomatic 62-year-old man who collapsed suddenly at work. 
Past medical history of myocardial infarction 12 years prior       
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On histologic examination in cases of sudden death associated with CAAs, the myocardium in the distribution supplied by 
the anomalous artery may show acute ischemic changes such as hypereosinophilic myocytes, wavy myocyte fibers and 
contraction bands, or chronic ischemic changes consisting of patchy areas of replacement fibrosis. Most commonly, how-
ever, no histologic changes of either acute or chronic ischemia are present. 

 Normally, coronary arteries arise from the central aspect of their respective aortic sinuses at or below the sinotubular 
ridge and with an angle of origin between 45° and 90°, although there is a spectrum of “normal angles.” 

 Some of the more common anomalies of coronary artery origins associated with sudden death include origin from the 
wrong sinus  [  21  ] , high angle of origin with ostial flap, and abnormal course of a coronary artery. Having a single coronary 
artery originate from outside the sinuses of Valsalva is uncommon, but may also cause sudden death  [  9,   17–  20,   22–  25  ] . 

  Origin from incorrect sinus  – Either the right coronary artery (RCA) or left coronary artery (LCA) may originate from the 
incorrect sinus. Often, the artery arises at a lateral angle from the incorrect sinus with the ostium more oval in shape 
(Fig.  16.8 ). There may be an obstructive flap over the ostium. Often, the proximal course of the coronary artery will be 
intramural within the aortic wall, and the coronary artery and aorta will share the media without an intervening adventitia 
(Fig.  16.9 )  [  17  ] . Although this pattern has been the most commonly reported one with sudden death in athletes  [  20  ] , the 
artery may also course anterior to the pulmonary artery, posterior to the aorta, or between the aorta and pulmonary artery 
but without an intramural segment (Fig.  16.10 )  [  17,   19,   24  ] .    

  One branch arises from incorrect sinus   –  Cases in which only one of the branches of the LCA – either left anterior descend-
ing (LAD) or left circumflex (LCX) – arises from the incorrect sinus and the other branch arises normally from the left sinus 

  Fig. 16.8    Left coronary artery (LCA) arising from the right sinus of Valsalva in 35-year-old female with sudden death. LCA ostium has a lateral 
angle of origin and proximal intramural course within the aorta       

  Fig. 16.9    ( a ) Photomicrograph demonstrating intramural aortic segment of proximal LCA (ELVG 2×). ( b ) Higher magnification of ( a ). Coronary 
artery courses within the aortic media; LCA and aorta share the adventitia (ELVG 10×)       
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of Valsalva do occur. Variants seen in association with sudden death include LAD from the right sinus of Valsalva with 
intramural course between the aorta and pulmonary artery, and left circumflex coronary artery arising from the RCA and 
coursing posterior to the aorta  [  17,   24,   25  ] . 

  Ostia with acute angles of origin  – Coronary artery ostia arising high above the sinotubular ridge often have an acute angle 
of origin between 15 and 45°. Angles between 15 and 35° are the most severe and more often related to sudden death. 
Often, there is a flap of the aortic wall over the inferior aspect of the ostium, resulting in a partial obstruction (Fig.  16.11 ) 
 [  17,   23,   25  ] .  

  Arteries not arising from aortic sinuses  – Coronary arteries arising from locations other than the aortic sinuses are uncom-
mon, with origin from the pulmonary artery the most common variant (Fig.  16.12 )  [  3  ] . Variants may be isolated or combined 
with other congenital abnormalities  [  17,   19,   23–  25  ] .   

   Spontaneous Coronary Artery Dissection 

 Coronary artery dissections may be spontaneous, trauma-induced, or iatrogenic. Spontaneous coronary artery dissection 
(SCAD) is a rare condition that was first described by Pretty  [  26  ] . Patients with SCAD may present with acute myocardial 
infarction or heart failure, although sudden death is often the initial presentation  [  27–  31  ] . 

 SCAD occurs in both men and women; however, it is more common in women. It is most often seen in young peripartum/
postpartum women with no prior cardiac history  [  27–  34  ] . SCAD can occur in pregnancy or in the postpartum period. 
Although the exact mechanism is unknown, hormonal factors are thought to play a role by creating changes in the arterial 
wall and extracellular matrix proteins  [  27–  30,   33  ] . 

  Fig. 16.10    ( a ) Single coronary artery ostium from the right sinus of Valsalva. Probe is in LCA. ( b ) LCA courses posterior to aorta above the 
anterior leaflet of the mitral valve       

  Fig. 16.11    ( a ) LCA ostium with acute angle of origin. LCA arises above the left sinotubular ridge. Possible obstructive aortic wall ostial flap 
over the inferior aspect of the ostium. ( b ) RCA ostium with acute angle of origin. RCA arises above right sinotubular ridge with aortic wall ostial 
flap over inferior aspect of ostium       
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 SCAD may occur in otherwise healthy individuals with no medical history of or risk factors for cardiovascular disease. 
SCAD has been seen in patients with atherosclerotic coronary artery disease, oral contraceptive use, connective tissue disor-
ders (Ehlers–Danlos syndrome, Marfan syndrome, and systemic lupus erythematosus), systemic hypertension  [  27,   28,   30,   33  ] , 
and with cocaine use  [  34  ] . 

 SCAD most typically involves a single artery, but multiple arteries may be involved. The LAD is the most commonly 
involved artery reported in the literature, especially in women, with the RCA reportedly more common in men  [  30–  33  ] . In 
our experience with 34 patients, SCAD was diagnosed in 30 females and 4 males.

   Twenty-six cases involved the left main coronary artery or LAD coronary artery.  • 
  Four involved the RCA only.  • 
  Two involved the posterior descending coronary artery only.  • 
  One case each involved only the left circumflex or obtuse marginal coronary artery.  • 
  Eleven cases involved multiple arteries.  • 
  Ten cases occurred in the peripartum/postpartum period.  • 
  In the four men, the artery involved was the RCA (1), obtuse marginal coronary artery (1), LAD coronary artery (1), and • 
LAD  and  first diagonal coronary arteries (1).    

 The dissection plane occurs between the outer one-fourth/one-third and the inner three-fourths/two-thirds of the media. 
Blood accumulates within the dissection plane or false channel and compresses the true lumen, leading to decreased myo-
cardial perfusion with subsequent myocardial ischemia (Figs.  16.13  and  16.14 ).   

  Fig. 16.12    ( a ) Right ventricular outflow tract with LCA arising from posterior left sinus of pulmonary artery in previously healthy 16-year-old 
male found dead in bed. ( b ) Left ventricular outflow tract with RCA arising from right sinus of Valsalva and absent LCA ostium       

  Fig. 16.13    ( a ) Spontaneous coronary artery dissection (SCAD) of left main coronary artery with extension into LAD and first diagonal coronary 
arteries in previously healthy 38-year-old female with no recent history of pregnancy. ( b ) Photomicrograph of coronary artery dissection of left 
main coronary artery. Blood accumulates within the media resulting in compression of the true lumen (H&E 2×). ( c ) Extension of the dissection 
into the LAD and first diagonal coronary arteries (H&E 1.25×)       
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 Histologic examination often demonstrates a large number of eosinophils in the adventitia (Fig.  16.15 ). Although vasculitis 
has been suggested by some, the inflammation may be a response to the dissection rather than an actual cause  [  31,   32  ] . 
Histologic examination of uninvolved coronary arteries with SCAD may show increased extracellular matrix proteins within 
the media (Fig.  16.16 ), but often are unremarkable  [  31  ] . Adventitial eosinophils are not seen in arteries uninvolved by the 
dissection.    

   Coronary Arteritis 

 Coronary arteritis is an uncommon condition and a rare cause of sudden death, especially in previously undiagnosed cases. 
The most commonly encountered coronary arteritis is Kawasaki disease, also called mucocutaneous lymph node syndrome. 
Kawasaki disease is seen most commonly in infants and children, and clinically is accompanied by fever, rash, cervical 
lymphadenopathy, and oral and cutaneous lesions. The etiology is unknown, although an immune-mediated reaction to an 
as-yet-unidentified antigen in genetically susceptible persons is speculated  [  35  ] . 

 The acute phase of the illness often involves a necrotizing panvasculitis with involvement of the epicardial coronary 
arteries, often with aneurysm formation, although aneurysms do not occur in all cases  [  36  ] . The healed phase is usually 

  Fig. 16.14    SCAD of left main coronary artery in a 34-year-old postpartum female. Dissection plane is within the media, resulting in accumula-
tion of blood in the false channel and compression of the true lumen (Trichrome 2×)       

  Fig. 16.15    ( a ) Adventitial eosinophils in LAD coronary artery from same case as Fig.  16.6  (H&E 40×). ( b ) Adventitial eosinophils in left main 
coronary artery from same case as Fig.  16.7  (H&E 40×)       
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characterized by fibrointimal proliferation with coronary artery stenosis. Myocardial ischemia, coronary artery aneurysm 
thrombosis, and aneurysm rupture are potential causes of sudden death (Fig.  16.17 )  [  36,   37  ] .  

 Takayasu arteritis and giant cell arteritis more commonly involve the aorta and larger-caliber branches; however, coro-
nary artery involvement is known to occur in up to 30% of cases of Takayasu arteritis (Fig.  16.18 )  [  38  ] . In the healed phase, 
fibrointimal proliferation without aneurysm formation is the most common histologic finding. Residual inflammation and 
giant cells may be present. The histologic features of other arteries, especially the thoracic aorta, in correlation with clinical 
history and age are important features in distinguishing the underlying disease process in coronary arteritis.  

 Coronary arteritis has been reported with other vasculidities (see Fig.  16.19 ) such as polyarteritis nodosa and thromboan-
gitis obliterans  [  39,   40  ] .   

   Dysplastic Coronary Arteries/Fibromuscular Dysplasia 

 Fibromuscular dysplasia is a noninflammatory, nonatherosclerotic disease of medium- to small-caliber arteries. It is seen 
more commonly in women of childbearing age, but can be present in either sex and at any age. The renal artery is most 
commonly involved, followed by cerebral arteries; however, femoral, iliac, splenic, mesenteric, and the aorta can be involved 
 [  41  ] . Coronary artery involvement has been reported, although it is rare  [  42–  45  ] . 

 Gross examination of the heart in cases with epicardial coronary arterial involvement by fibromuscular dysplasia shows 
the arteries are focally severely narrowed, often with only a pinpoint lumen. On cross-section, the artery wall is firm and white. 

  Fig. 16.16    Photomicrograph of RCA from same case as Fig.  16.7 . Media has pools of proteoglycans in artery not involved by the dissection. 
Adventitia is free of eosinophils (H&E 10×)       

  Fig. 16.17    ( a ) Giant coronary artery aneurysm of LCA in a 15-year-old male with sudden death while playing basketball, and no previous diag-
nosis of Kawasaki disease. ( b ) Photomicrograph of LCA aneurysm with occlusion by organizing thrombus (H&E 2×). ( c ) Trichrome stain of ( b ), 
demonstrating fibrous replacement of the artery wall ( green ) and thinning of the media (Trichrome 2×)       

 

 



30116 Pathology of Sudden Death in Coronary Arterial Diseases

  Fig. 16.19    ( a ) Active arteritis involving intramyocardial artery with intimal thickening and an acute inflammatory cell infiltrate within the artery 
wall (H&E 20×). ( b ) Arteritis involving intramyocardial artery with intimal proliferative-type fibrous thickening, luminal thrombus, and inflam-
matory cell infiltrate (H&E 20×)       

  Fig. 16.18    ( a ) Takayasu arteritis in a previously healthy 24-year-old male with witnessed collapse and sudden death. Photomicrograph of ascend-
ing aorta, demonstrating healed aortitis with medial fibrosis, inflammatory cell infiltrate, and endarteritis obliterans of vasa vasorum (H&E 10×). 
( b ) ELVG stain of ascending aorta, demonstrating the marked loss and fragmentation of elastic fibers (ELVG 10×). ( c ) Takayasu arteritis involve-
ment of RCA with destruction of the media, intimal fibrous thickening, and a residual inflammatory cell infiltrate (H&E 4×). ( d ) Higher magni-
fication of RCA, showing residual inflammation within the media and adventitia (H&E 10×)       
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Histologically, the media is more commonly involved. The media is thickened, with disorganization of the wall and 
increased proteoglycan deposition (Fig.  16.20 ). Blunting of the layers may occur, with thickening of both the media and 
intima, and adventitial fibrosis may be present. Rare cases have predominant or isolated intimal involvement. Concentric or 
eccentric intimal fibrous thickening is visible, along with numerous myofibroblasts  [  42,   43  ] .  

 Intramyocardial arteries may be involved and are best appreciated histologically  [  46  ] . Intramyocardial arterial involve-
ment has been reported in cases of hypertrophic cardiomyopathy and mitral valve prolapse  [  47–  49  ] , but can occur indepen-
dently. Dysplastic intramyocardial arteries are most commonly seen in left ventricular papillary muscles and the ventricular 
septal base. Isolated case reports of sudden death have been attributed to dysplastic intramyocardial arteries  [  46  ] , although 
this diagnosis is controversial. If dysplastic intramyocardial arteries are an isolated finding, it is insufficient as a sole cause 
of sudden death. Dysplastic intramyocardial arteries associated with significant myocardial fibrosis (Fig.  16.21 ) or dysplas-
tic atrioventricular nodal or sinoatrial nodal arteries (Fig.  16.22 ) may be a cause of sudden death  [  41,   50,   51  ] .    

   Myocardial Bridge 

 Myocardial bridge is a segment of coronary artery that is completely within the myocardium, creating a tunneled segment. 
Any of the myocardial arteries may be involved; however, the mid-LAD is the most common. The incidence of myocardial 

  Fig. 16.20    ( a ) Photomicrograph of proximal RCA with 80% luminal narrowing by abnormal media in a 21-year-old previously healthy female 
found dead at home (H&E 2×). ( b ) ELVG stain of RCA, demonstrating medial disorganization and abnormal elastic fibers (ELVG 10×). ( c ) 
Higher magnification of ( b ) (ELVG 20×)       

  Fig. 16.21    Dysplastic intramyocardial arteries with intimal and medial thickening with associated myocardial fibrosis ( upper right ) in a 29-year-
old female with sudden death (H&E 4×)       
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bridge in autopsy studies has been reported from 15 to 85% with an average of 33%, and 0.5–2.5% in angiographic studies 
 [  52  ] . This variation suggests that not all cases with a myocardial bridge are at risk for symptoms  [  52–  54  ] . In most instances, 
the myocardial bridge extends for a short distance (5–2 cm) and has a maximum depth within the myocardium of 1–2 mm. 

 In rare instances, myocardial bridge may be clinically significant and even result in sudden death  [  9,   55  ] . In these cases, 
the diagnosis is reserved for cases with a myocardial bridge in the absence of all other findings, including toxicology. In 
sudden death cases due to myocardial bridge, the myocardial bridge is often long (>2 cm) and/or deep within the myocar-
dium (>3 mm) (Fig.  16.23 )  [  17  ] . The intramyocardial segment of the artery is often free of atherosclerotic disease, although 
there may be significant disease proximally  [  56  ] . The mechanism of sudden death is believed to be ischemia or ischemic-
induced arrhythmia caused by compression of the tunneled segment by the overlying myocardium  [  52,   54  ] .   

   Coronary Artery Emboli 

 Coronary artery emboli occur from a variety of sources and are a rare cause of sudden death. Coronary emboli should be 
considered in cases of acute or healed myocardial infarction with normal coronary arteries. Potential sources of emboli 
include vegetations in infective endocarditis or nonbacterial endocarditis; calcific emboli from aortic or mitral valve stenosis 
(Fig.  16.24 ), or mitral valve annular calcification; emboli from a mural thrombus; or paradoxical thromboembolus and 
tumor emboli from cardiac tumors such as myxoma and papillary fibroelastoma  [  57  ] .        

  Fig. 16.22    ( a ) Dysplastic AV nodal artery with predominant intimal thickening in a 19-year-old male with witnessed collapse and sudden death 
(Trichrome 4×). ( b ) Higher magnification of ( a ) (H&E 10×)       

  Fig. 16.23    Myocardial bridge of LAD coronary artery in a 33-year-old male with sudden death. Myocardial bridge extended for 2.5 cm with a 
maximum depth of 6 mm within the myocardium. The bridged coronary artery is patent and there is myocyte disarray surrounding the artery 
(H&E 4×)       
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        The Etiology of ACS 

 Based on postmortem studies in the 1950s and 1960s, the cause of acute coronary syndrome (ACS) was believed to be 
intracoronary thrombosis related to an atherosclerotic plaque within the coronary lumen  [  1  ] . In the 1970s, investigators 
postulated that an intraluminal coronary clot was a postmortem event and proposed that the actual cause was an imbalance 
of myocardial oxygen supply and demand, whereby the supply was restricted by a worsening coronary stenosis. In the 
1980s and 1990s, definitive angiographic and pathology studies demonstrated conclusively that the  primary  cause of ACS 
is the rupture of an atherosclerotic, lipoprotein-laden plaque into the arterial lumen with subsequent thrombosis over the 
newly exposed, inflammatory plaque contents  [  2  ]    . 

 Relatively fresh atherosclerotic plaque is highly inflammatory and its contents are soft (Fig.  17.1 ). The plaque is often 
eccentrically positioned within the intimal layer of the artery, covering only a portion of the arterial cross-section. Plaque 
often develops at arterial bifurcation points.  

 In the initial steps of fresh plaque development, lipoprotein particles in the blood infiltrate the intima through “leaky” 
endothelium covering the artery  [  3  ] . Most risk factors for coronary heart disease – such as diabetes, smoking, elevated low-
density lipoprotein (LDL) cholesterol, and hypertension – are associated with increased endothelial permeability to these 
lipoprotein molecules. Macrophages engulf the lipoprotein particles but cannot digest them, leading the giant macrophages 
with lipid-laden vesicles. Macrophages rupture, releasing their contents. The plaque becomes rich in metalloproteinases and 
inflammatory cytokines which attract additional inflammatory cells. This creates an “atherosclerotic abscess.” 

 This fresh, inflammatory atherosclerotic plaque is often termed “vulnerable” plaque because it is prone to rupture into 
the arterial lumen  [  4,   5  ] . In addition to the inflammatory erosion of the intimal plaque, the plaque is subjected to the pul-
satile stress of arterial blood pressure  [  6  ] . Since the junction between the intimal cap over the abscess and the adjacent 
artery concentrates the fatigue-related stress of arterial pulsation, rupture is most likely to occur in this area. It has been 
postulated that this pulsatile stress is one factor leading to plaque rupture; that might explain the cluster of acute coronary 
events associated with sudden hypertension and tachycardia (which markedly increase the mechanical stress) seen after 
natural disasters. 

 When atherosclerotic plaque ruptures, the contact of its inflammatory constituents initiates platelet activation, and to a 
lesser extent, clotting factor coagulation (Figs.  17.2  and  17.3 ). This can be a fairly prolonged process whereby an initial 
layer or clump of platelets forms over the rupture site and then the surface of the clot becomes inactive  [  7  ] . This may end 
the process or the surface can reactivate, creating a new round of thrombosis. Urinary thromboxane B2 (the metabolite of 
thromboxane A2 liberated from platelets during activation) is elevated on days that patients with ACS have a flare of 
symptoms, suggesting that the waxing and waning of symptoms is driven by recurrent episodes of thrombosis  [  8  ] .   

 Eventually, the clot either completely occludes the artery, the clot dissolves through endogenous thrombolysis, or the 
clot organizes and heals into a fibrotic lesion. At autopsy, the thrombotic lesion leading to death can often be seen to have 
multiple layers, suggesting successive activations that eventually lead to lumen closure  [  9  ] . The etiology of the activations 
is not clear, but enhanced coagulation due to smoking, sympathetic nervous system activation, and systemic factors (e.g., 
surgery or injury-induced procoagulation, infection, or other inflammatory disorders) have been implicated. 
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  Fig. 17.1     Left : Cross-section of coronary artery showing an eccentric fresh atherosclerotic plaque with a fibrous cap.  Right : Cross-section of 
another coronary artery showing an eccentric fresh atherosclerotic plaque. The majority of the arterial cross-section has no plaque and is capable 
of vasoconstriction       

  Fig. 17.2     Left : A ruptured atherosclerotic plaque in a coronary artery of a patient with ACS (courtesy of Ehrling Falk, MD).  Right : A ruptured 
and thrombosed atherosclerotic coronary lesion with a clot adherent to the ulcerated rupture site       

  Fig. 17.3    A longitudinal section of ruptured and thrombosed atherosclerotic coronary lesion with a clot adherent to the ulcerated rupture site 
(courtesy of Ehrling Falk, MD)       
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   Associated Effects of Intracoronary Thrombosis 

 Thrombotic, inflammatory lesions also release vasoactive and procoagulant factors (thrombin, serotonin, and thromboxane 
A2) that lead to vasospasm at the site of the lesion and in the downstream microcirculation  [  10  ] . In a seminal study, Bertrand 
et al. found that 14–38% of lesions related to a thrombotic syndrome had vasospasm inducible with ergonovine at the site 
of the unstable lesion, as opposed to only 1% of patients with atypical chest pain  [  11  ] . 

 In addition to release of vasoactive material, most thrombotic coronary lesions have some degree of downstream clot 
embolization (Fig.  17.4 ). The size of these platelet-rich emboli is highly variable, but typically they are small. In some 
patients, the contents of the liquid-filled plaque also embolize. Occlusion of small branch vessels – often too small to be 
detected on angiography – with resultant microinfarction is the rule in patients with ACS.   

   Alternative Causes for ACS 

 In a smaller group of patients, symptoms may abruptly worsen due to changes in myocardial oxygen consumption or supply 
(e.g., acute anemia, marked tachycardia, or hypertension) or sudden sympathetic nervous system discharge in response to 
sudden emotional or physical stress, or pain. Acute or severe anemia can lead to angina in the presence of a coronary steno-
sis when the hemoglobin concentration falls below 10 g/dL, but typically much more severe levels of anemia are required, 
particularly if the anemia is chronic. This is because blood viscosity falls as the red blood cell concentration is reduced. The 
reduced oxygen-carrying capacity of the anemic blood is compensated in part by the lower viscous resistance of flow 
through the stenotic lesion. Typically, the anemia-related reduction in viscosity compensates for the reduced O 

2
 -carrying 

capacity to a hemoglobin concentration of 10 g/dL. Below that level, the reduction in oxygen delivery exceeds the improve-
ment in viscosity. 

 Other conditions can lead to an increase in myocardial oxygen demand which, in the presence of a flow-limiting coronary 
stenosis, can lead to accelerated angina symptoms. These conditions include hyperthyroidism, infection, sudden beta 
blocker withdrawal, and postoperative state. 

 Finally, coronary constriction, primarily at the microcirculatory level, can be induced by sympathetic discharge or exog-
enous catecholamine-like vasoconstrictors such as cocaine  [  12  ] . Systemic sympathetic discharge can be caused by extreme 
stress or fright, subarachnoid hemorrhage, or extreme pain. The myocardium is very densely innervated and release of large 
amounts of catecholamines can lead to marked microvascular constriction  [  13  ] . This leads to chest discomfort and loss of 
ventricular contraction, particularly involving the anterior and apical left ventricle. Although markers of necrosis are often 
elevated (e.g., troponin) and myocardial biopsy shows contraction band necrosis typical of catecholamine-induced myocar-
dial necrosis, recovery of left ventricular function after withdrawal of the stress is the rule.   

  Fig. 17.4     Left : A photomicrograph of a platelet embolus in the myocardium distal to a thrombotic coronary lesion associated with ACS.  Right : 
A microinfarction in the myocardium distal to a thrombotic coronary lesion associated with ACS       
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   Clinical Diagnosis and Natural History 

   Clinical Symptoms 

 As noted, the hallmark of ACS is the relatively sudden onset of ischemic symptoms such as angina or dyspnea. Since the 
thrombotic event plays out over time with cycles of clot activation and passivation, symptoms also wax and wane from day 
to day. The clinical presentation of ACS can be classified using the Braunwald criteria (Table  17.1 )  [  14  ] . The symptoms, 
however, can be nonspecific, leading to reliance on coronary risk-factors and laboratory data to make the diagnosis.  

 The likelihood that a patient’s symptoms of ischemia are due to a thrombotic coronary lesion must be interpreted in the 
context of other risk factors for atherosclerosis and thrombosis. Elevated serum LDL, low serum high-density lipoprotein 
(HDL), a family history of premature coronary disease, diabetes, smoking, and hypertension suggest that the individual is 
at increased risk of having the substrate for ACS – an unstable, ruptured atherosclerotic plaque. Smoking or working in a 
smoke-filled environment, having diabetes or one of several collagen-related vascular diseases places patients at higher risk 
of thrombosing a ruptured plaque (Fig.  17.5 ).   

   Laboratory Tests 

 The electrocardiogram (ECG) is an important but low-specificity tool for diagnosing ACS. In many patients, localized 
ST-segment depression or T wave inversion reflects recurrent ischemia or microinfarction in the affected perfusion field. 
The size of the perfusion field and the risk of a cardiac event is proportional to the number of leads showing ST-depression 
or T wave inversion, and the magnitude of ST-depression. ST-depression of  ³ 0.1 mV is associated with an 11% rate of death 
and myocardial infarction (MI) at 1 year. ST-depression of  ³ 0.2 mV carries about a sixfold increased mortality risk. 

 Two additional ECG findings have significance  [  15  ] . Transient ST-elevation is an ominous sign of impending ST-segment 
elevation MI (STEMI)  [  16  ] . Similarly, deep, symmetrical inversion of the T waves in the anterior chest leads is often related 

   Table 17.1    Braunwald classifi cation system for unstable angina   

 Severity  Clinical precipitating factor  Therapy during symptoms 

 Symptoms with exertion  Secondary  No treatment 
 Subacute symptoms at rest (onset 2–30 days prior)  Primary  Usual angina therapy 
 Acute symptoms at rest (<48 h)  Post-myocardial infarction  Maximal therapy 

  Adapted from Braunwald  [  14  ] . Copyright 1989 by the American Heart Association  

  Fig. 17.5     Left : A 54-year-old 
male smoker presented with a 
recent onset of episodic chest 
pain and nausea. ECG 
showed transient ST-elevation 
that normalized after 
nitroglycerin. The angiogram 
showed a large thrombus 
adherent to the mid-right 
coronary artery.  Right : After 
completion of the angiogram, 
the patient developed chest 
discomfort with inferior 
ST-elevation. The angiogram 
showed occlusion of the RCA 
at the site of thrombosis       

 



31117 Acute Coronary Syndromes

to a significant thrombotic lesion in the proximal left anterior descending coronary artery or left main lesion. This finding 
also predicts a poor prognosis without revascularization therapy  [  17  ] . 

 Serum biomarkers of myocardial infarction are commonly elevated in ACS and have a high level of sensitivity for making 
the diagnosis  [  18  ] . Thrombotic lesions are usually associated with some degree of downstream embolization and microinfarc-
tion. This  microinfarction  can now be detected with a high level of sensitivity using ultrasensitive measurements of serum 
troponin. Because troponin is very cardioselective and, under normal conditions, is present in vanishingly small concentra-
tions, even small elevations in serum level are indicative of cardiac myocyte necrosis. The weakness of troponin measurements 
is that a number of other factors, such as hypotension or sepsis, can lead to a very small, but measureable, rise. Due to this 
lack of specificity of small troponin elevations, it is necessary to evaluate its prognostic significance in the clinical setting. 

  Incidence and prognosis of ACS : ACS is common. In the United States alone, ACS accounts for more than 733,000 hospital 
admissions in 1 year  [  19  ] . In addition, approximately 57% of patients suffering out-of-hospital cardiac arrest are found at 
angiography to have a thrombotic coronary lesion as the culprit  [  20  ] . 

 ACS is associated with a significant risk of myocardial infarction and death in the 6 months after development of symp-
toms. Unlike STEMI, where the risk of death occurs soon after presentation, ACS-related death occurs cumulatively over 
the ensuing 6–9 months, likely reflecting the indolent nature of the thrombotic lesion. 

 Without revascularization, the aggregate risk of ACS appears to mimic or exceed the risk of STEMI, but the risk is spread 
out over a much longer time period. The in-hospital mortality risk of about 5% grows to about 13% during the 6 months 
after presentation. In addition, patients with ACS tend to be older and have more comorbidities than patients presenting with 
STEMI. This might account for the several-fold greater risk of cardiac death in the first 2–4 years after presentation.  

   ACS Risk Classification Methods 

 The risk of death or acute MI can be estimated from several “risk scores” that combine risk factors to determine the risk 
that an individual patient will suffer an adverse event (Tables  17.2 – 17.4 )  [  21–  23  ] . These risk scores can be useful in deter-
mining which patients likely have a thrombotic coronary lesion and would benefit from coronary angiography and revascu-
larization. In general, the risk is proportional to the number of risk factors for coronary atherosclerosis, and evidence of 
acute ischemia or infarction on the ECG, or elevated biomarkers.    

 Although counterintuitive, patients with a new onset of ischemic symptoms (Braunwald class III) have a higher risk of 
an adverse event or death than do patients with an abrupt worsening of preexisting ischemic symptoms  [  24,   25  ] . Two poten-
tial reasons for this difference are the development of collateral blood supply to the ischemic myocardium and myocardial 
preconditioning. 

 Collateral blood vessels develop or enlarge very rapidly after profound ischemic events. In one study, collateral blood 
flow could be detected in 46% of patients with an occluded coronary artery at presentation, and that rose to 92% within 
1–14 days. Of note, within 45 days, all patients had some degree of collateral blood flow to an occluded artery; 83% has 
Rentrop grade 2–3 collateral blood flow  [  26  ] . 

 Another potential explanation for the better prognosis associated with a longer duration of symptoms is a condition 
known as ischemic preconditioning  [  27  ] . Preconditioning is a process in which repetitive ischemic episodes cause a change 
in the cardiac myocyte physiology whereby the myocyte tolerates and survives longer periods of ischemia than it could prior 
to preconditioning. This process is quite rapid and can even be seen with progressive episodes of ischemia during balloon 
angioplasty. In that setting, the time required for ischemic ST-depression after balloon inflation progressively lengthens with 
each balloon inflation. Patients with repetitive ischemic episodes due to preexisting stable coronary atherosclerosis appear 
to develop a degree of preconditioning that protects the myocardium from the adverse events of repetitive ischemia associ-
ated with ACS.   

   Table 17.2    TIMI ACS risk 
score calculation   

 Add one point for each of the following (score range = 0–7) 
 Age  ³  65 years 
  ³ 3 risk factors for coronary disease 
 Coronary stenosis  ³ 50% 
 ST-segment deviation on ECG 
 Severe angina symptoms ( ³ 2 episodes within 24 h) 
 Use of aspirin in the prior 7 days 

 Elevated cardiac biomarkers (CK MB, troponin) 

  Modified from Antman et al.  [  21  ] . Copyright by the American Medical Association  
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   Table 17.4    Risk of a cardiac 
event based on different risk 
scores   

 Risk category  Score name  Score 
 Death in hospital 
to 30 days (%) 

 Death within 
6 months (%) 

 Low  GRACE  [  23  ]    £ 108  <1  <3 
 TIMI  [  21  ]   0/1  1.2 (14 day) 
 Troponin  [  18  ]   Normal  <2  <5 

 Moderate  GRACE  [  23  ]   109–140  1–3  3–8 
 TIMI  [  21  ]   2–4  1–2.5 

 High  GRACE  [  23  ]   >140  >3  >8 
 TIMI  [  21  ]   5–7  5.6–6.5 
 Troponin  [  18  ]   Elevated  15–20  25 

   Table 17.3       Calculation of 
the GRACE score to predict 
6-month mortality risk in 
patients with ACS a    

 Parameter  Points 

 Age (years)   £ 40  0 
 40–49  18 
 50–59  36 
 60–69  55 
 70–79  73 
 80–89  91 
  ³ 90  100 

 Heart failure  24 
 Prior myocardial infarction  12 
 Resting heart rate  12 
 Resting heart rate  50–69  3 

 70–89  9 
 90–109  14 
 110–149  23 
 150–199  35 
  ³ 200  43 

 Systolic blood pressure   £ 80  24 
 80–99  22 
 100–119  18 
 120–139  14 
 140–159  10 
 160–199  4 
  ³ 200  0 

 ST-segment depression on ECG  11 
 Initial serum creatinine  0–0.39  1 

 0.4–0.79  3 
 0.8–1.19  5 
 1.2–1.59  7 
 1.6–1.99  9 
 2.0–3.99  15 
  ³ 4  20 

 Elevated cardiac biomarkers  15 
 No PCI during hospitalization  14 

  Modified from Eagle et al.  [  23  ] . Copyright by the American Medical Association 
  a  Select the appropriate point score in each category and add them together to obtain 
the GRACE risk score  

   Angiographic Findings in ACS 

 McMahon et al. described the angiographic appearance of coronary lesions responsible for ACS  [  28  ] . They found that ACS 
lesions caused a severe obstruction of the coronary lumen (>85% stenosis, minimal cross-sectional area: <0.4 mm 2 ). 
Subsequent studies showed that not only do these “culprit” lesions usually cause severe coronary obstruction, they also have 
a morphology similar to that associated with acute myocardial infarction  [  29  ] . In such patients, the angiogram can have a 
high predictive value in determining the culprit lesion responsible for the abrupt change in symptoms. 
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 The angiographic appearance of thrombotic coronary lesions is characterized by:

   1.    Intraluminal fi lling defects (the tail of the clot projects into the lumen) (Fig.  17.6 )   
   2.    Indistinct or hazy outline of the vessel’s lumen  
   3.    The presence of an “ulcer crater” in the vessel wall, indicating a ruptured atherosclerotic plaque (Figs.  17.7  and  17.8 )    
   4.    Downstream abrupt occlusion of smaller branches due to clot embolization; these occlusions usually have an abrupt 

“soft” edge which distinguishes it from a chronic occlusion  
   5.    In some cases, complete occlusion of the parent artery at the site of plaque rupture, with the typical, abrupt “soft” edge 

which distinguishes it from a chronic occlusion     

 The risk of progression to acute infarction or death can be predicted from several factors, most of which relate to:

   1.    The likelihood that the symptoms are due to a thrombotic lesion  
   2.    The extent of myocardium served by the thrombotic coronary  
   3.    The vulnerability of the myocardium to ischemia     

  Fig. 17.6    An angiogram demonstrating an intraluminal filling defect ( arrow ) in the circumflex coronary artery. The clot is adherent to the coro-
nary wall and projects down the lumen       

  Fig. 17.7     Left : An angiogram obtained from a patient 1 day after a non-ST-elevation myocardial infarction of the posterior wall. A hazy stenosis 
of the proximal circumflex ( black arrow ) is visible.  Right : An angiogram from the same patient 1 week after treatment with heparin anticoagula-
tion shows an ulcerated lesion ( white arrow ) at the site of the prior smooth stenosis. Endogenous thrombolysis led to a reduction in stenosis and 
revelation of the ulcer crater       
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 Ambrose et al. developed a system for classifying coronary stenosis morphology based on its angiographic appearance 
(Fig.  17.9 )  [  30  ] . Lesions associated with acute thrombotic syndromes (unstable angina and infarction) were usually of Type 
II eccentric morphology, and in most thrombotic lesions, the edges were irregular and scalloped.  

 Visual interpretation of stenosis morphology is fraught with marked intraobserver and interobserver variability. For these 
reasons, quantitative indices of lesion irregularity applicable for use with computer-assisted quantitative angiography have 
been developed (Fig.  17.10 ). One such quantitative measure, the “Ulceration Index,” is defined as the diameter of the least-
severe narrowing within the lesion (the downward lip of the ulcer) divided by the maximum intralesional diameter. This 
index decreases as the irregularity increases, and is independent of stenosis severity (in terms of lumen obstruction). In one 
study of patients with stable angina, unstable angina, or recent myocardial infarction, the severity of the coronary lesion 
measured either as percent stenosis, or in absolute terms as minimal cross-sectional area was similar in all groups, although 
lesions causing unstable angina tended to be more severe (Fig.  17.11 )  [  31  ] . The Ulceration Index, however, was significantly 
lower in lesions causing unstable angina (0.62 ± 0.05) or infarction (0.61 ± 0.03), than in lesions causing stable angina 
(0.90 ± 0.01) ( N  = 351).   

  Fig. 17.8    An angiogram 
obtained from a 62-year-old 
man presenting with abrupt 
onset of angina and deep 
symmetrical T wave 
inversion in the anterior 
precordial leads. The 
proximal left anterior 
descending artery has a 
severe ulcerated stenosis 
characteristic of ACS       

  Fig. 17.9    The Ambrose 
classifi cation of coronary 
lesion morphology. Type IIB 
is associated with the 
eccentric, thrombotic lesions 
characteristic of ACS       
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   Coronary Imaging in ACS 

 Intravascular ultrasound (IVUS) of unstable plaque shows a relatively echolucent area inside the plaque and a thin intimal 
covering that separates the inflammatory “abscess” from the vessel lumen  [  32  ] . The thickness of the intimal cap over the 
plaque varies significantly  [  33  ] . The thinner the intimal covering, the more likely is the plaque to rupture. With time, the 
intimal thickness increases, reducing the likelihood of rupture (see Fig.   21.12    ). 

 Optical coherence tomography (OCT) imaging, using near-infrared (NIR) reflectance, provides images of the coronary 
wall similar to IVUS, but with much greater spatial resolution  [  34  ] . This enables more accurate measurement of the thick-
ness of the cap on atherosclerotic plaque  [  35  ] . In addition, the structure of the contents of the plaque can be better visualized 
and the constituents of the plaque contents can be better predicted from the high-resolution images. The disadvantages, 
however, are its shallow depth of imaging penetration of the arterial wall and the need for a saline flush into the coronary 
artery during imaging to remove the blood. (The infrared light is absorbed by the red cells). Like IVUS, OCT shows that 
plaque lesions associated with ACS have semiliquid contents and a thin tissue cap. 

 Intracoronary temperature measurements made using thermistors mounted on a catheter show that these inflammatory 
plaques have elevated temperatures typical of inflamed tissue  [  36  ] . In one study, temperature heterogeneity in the arterial 
wall indicated a higher risk of a subsequent cardiac event. 

 NIR spectroscopy obtained using a catheter inside the coronary lumen can provide an automated, detailed image of the 
location and chemical characteristics of lipid core plaque  [  37  ] . NIR light is absorbed or scattered by certain chemical groups. 
Measurement of this absorption or scatter can provide a “chemical signature” of the constituents of atherosclerotic plaque. 

  Fig. 17.10    A quantitative 
angiographic diagram 
(Brown-Dodge method) of 
the angiographic characteris-
tics of ulcerated coronary 
lesions and calculation of the 
Ulceration Index       

  Fig. 17.11    A diagram of the 
angiographic characteristics 
of uncomplicated and 
complicated (ulcerated) 
coronary lesions and 
calculation of the Ulceration 
Index       
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Fresh inflammatory plaque has a different infrared signature from established, fibrotic plaque. Image maps called “chemograms” 
of the artery generated by the InfraReDx catheter system show the localization of fresh plaque within the lumen (Fig.  17.12 ).  

 Coronary plaque can also be imaged less invasively using computed tomography (CT) coronary angiography. CT angiog-
raphy, unlike invasive, catheter-based angiography, displays images of the coronary wall in addition to the lumen (Fig.  17.13 ) 
“Soft plaque” is relatively radiolucent compared to fibrotic or calcific plaque. Thrombi can be difficult to delineate with 
certainty, but the marked luminal obstruction associated with ACS can be defined with a high level of accuracy using CT 
angiography  [  38,   39  ] .    

   Treatment of ACS 

   Antithrombotic Treatment 

 Treatment of ACSs centers on passivation of the thrombotic lesion and relief of the coronary obstruction. Anticoagulants, 
particularly antiplatelet agents, are the cornerstone of therapy  [  40  ] . Theroux et al. showed definitively in 1988 that aspirin, 
intravenous unfractionated heparin, or both are effective in reducing the subsequent incidence of acute infarction  [  41  ] . 

  Fig. 17.12    Near-infrared 
chemograms taken from the 
LAD of two patients. ( a ) An 
angiogram showing moderate 
diffuse disease in the 
mid-LAD. ( b ) The associated 
chemogram shows minimal 
lipid content of the LAD 
plaque, suggesting low risk 
(courtesy of Emmanouil S. 
Brilakis, MD, Dallas TX). 
( c ) An angiogram from 
another patient showing 
similar, moderate diffuse 
disease in the mid-LAD. 
( d ) The associated chemo-
gram showing marked lipid 
accumulation in the plaque, 
suggesting that the plaque is 
vulnerable to rupture and 
poses a higher risk of ACS 
(courtesy of David Rizik, 
MD, Scottsdale, AZ)       

  Fig. 17.13    A CT coronary 
angiogram demonstrating a 
“soft” plaque in the proximal 
LAD (hypodense area,  black 
arrow ) with calcifi c plaque 
on both sides ( white arrows ) 
(courtesy of Uma Valeti, MD, 
University of Minnesota)       
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Compared to either agent alone, however, the combination of heparin and aspirin increased the risk of bleeding without a 
reduction in the risk of adverse event. Low-molecular weight heparin (LMWH) appears to be as effective as unfractionated 
heparin, but has a lower risk of bleeding  [  42  ] . Concerns about its long therapeutic half-life and use in patients subsequently 
undergoing angiography or percutaneous coronary intervention (PCI) have limited its use. 

 More recently, the CURE trial demonstrated that the addition of clopidogrel, an ADP platelet receptor-mediated anti-
platelet agent, to aspirin significantly reduced the likelihood of an adverse event for as long as 9 months after the initial 
presentation  [  43  ] . In contrast, the powerful intravenous 2B3A antiplatelet agents (e.g., abciximab, tirofiban, and integrilin) 
and their oral counterparts appear to have no beneficial effect in patients with ACSs, and one (abciximab) may be harmful, 
due to increased risk of infarction after cessation  [  44  ] .  

   Additional Medical Therapy 

 Additional medical therapy usually consists of drugs to reduce myocardial oxygen consumption (beta adrenergic receptor 
antagonists and antihypertensive drugs) and drugs that limit arterial spasm (nitrates and calcium channel antagonists)  [  45  ] . 
Beta receptor antagonists reduce heart rate and blood pressure. Use of these drugs may reduce progression to STEMI, but 
there is no clear evidence that they reduce mortality. Similarly, nitrates can reduce ischemic symptoms, but there is no defini-
tive evidence that they alter outcomes of ACS  [  46  ] . 

 In distinction to vasoactive drugs, emerging evidence indicates that statin-type medications do reduce the risk of ACS 
 [  47  ] . These drugs have anti-inflammatory properties (e.g., inhibition of matrix metalloproteinases) that may lead to more 
rapid resolution of inflammatory plaque. Administration at hospital admission and use in high doses appears to reduce the 
risk of a cardiac event.  

   Revascularization 

 The first significant trial of revascularization for patients with ACS was the VA Cooperative Trial on Unstable Angina. 
Patients presenting with ACS were randomized to treatment with bypass surgery or medical therapy (at the time, consisting 
of aspirin, beta blockers, and nitrates). Patients with reduced left ventricular ejection fraction had a clear survival advantage 
if they were revascularized with surgery. Patients with normal LV function, however, had similar mortality regardless of 
therapy. Of note, 43% of patients failed medical treatment and crossed over to surgery. 

 Subsequently, numerous clinical trials have compared PCI to medical therapy alone for patients with ACS  [  48–  50  ] . Taken 
as a whole, these trials show a reduction in mortality and recurrent ischemia in the groups treated with PCI compared to 
medical therapy (Fig.  17.14 )  [  51  ] . In addition, the cost of revascularization appears to be less than the cost of therapy needed 
for recurrent infarction and hospitalization associated with medical therapy alone.  

 PCI of these lesions can be complicated by embolization of thrombus and plaque material, vasospasm, and enhanced 
rethrombosis of the PCI site. Balloon inflation in the thrombotic lesion causes platelet barotrauma, causing the platelets to 
release their alpha granules filled with thromboxane A2 and serotonin. These cause local and downstream vasospasm and 
slow, transient blood flow in the artery, often leading to immediate ischemia (with symptoms and ST-segment changes on 
the ECG). In addition, the release of procoagulant agents from the plaque (such as tissue factor) and further tissue trauma 
exposing collagen can lead to marked thrombosis at the site of dilation. 

 The incidence of balloon dilation-induced embolization, thrombosis, and vasospasm has been reduced by the use of intra-
venous or intracoronary-administered 2B3A platelet receptor antagonists and by pretreatment with clopidogrel antiplatelet 
therapy. Trials of embolic protection devices have not proven effective in treatment of native coronary-related ACS  [  52  ] .  

   Coronary Bypass Surgery 

 About 10% of patients presenting with ACS subsequently undergo coronary bypass surgery  [  53,   54  ] . Compared to patients 
undergoing PCI, patients revascularized with bypass surgery have a higher incidence of more widespread coronary athero-
sclerosis and a higher incidence of diabetes. 
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 Performing bypass surgery soon after presentation with myocardial infarction has been associated with a higher mortality 
risk  [  55  ] . The risk of bypass surgery and the timing relative to symptom onset of ACS (without ST-elevation MI) have been 
controversial. In the VA Cooperative Trial, bypass surgery was delayed by a mean of 9 or more days from presentation, and 
the overall operative mortality was 3%  [  56  ] . In the more recent VANQWISH trial, patients revascularized with surgery 
(performed an average of 8 days after presentation) had a 7.7% risk of mortality, compared to no mortality in the patients 
treated with PCI  [  57  ] . The mechanism for this early risk is unclear but may involve microcirculatory injury related to the 
upstream lesion, and the pro-inflammatory and procoagulant effects of bypass surgery. No such time-dependency of risk 
occurs for patients treated with PCI  [  58  ] .       
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      Definition 

 Complications of acute myocardial infarction include mechanical failure, arrhythmia, thromboembolism from the heart, 
and pericarditis. Circulatory failure from severe left ventricle (LV) dysfunction or one of the other mechanical complica-
tions of acute myocardial infarction accounts for most fatalities.  

   Mechanical Complications 

 Mechanical complication of acute myocardial infarction (MI) include left ventricular failure and cardiogenic shock, 
 cardiac rupture, and mitral insufficiency. 

   Left Ventricular Failure 

 The degree of LV pump failure is generally related to the size of the perfusion field distal to the thrombotic coronary occlu-
sion. Infarction of more than 40% of the LV muscle mass usually results in cardiogenic shock and death. Prior infarction, 
mitral insufficiency, an acquired left-to-right shunt (usually from an infarct-related rupture of the ventricular septum 
[VSD]), or large aneurysm potentiate the effects of acute infarction on overall pump function, dramatically increasing the 
risk of death. 

 Other conditions not immediately related to the myocardial infarction, such as chronic pulmonary disease, non-infarct 
related valvular heart disease, left ventricular hypertrophy, and hypertension further increase the risk of heart failure and 
shock. Before reperfusion therapy was available large infarcts often resulted in death due to low cardiac output or intrac-
table arrhythmia. While these patients are still very ill, prompt reperfusion and temporary circulatory support can some-
times allow the muscle time to recover function and sustain life. 

 In instances where extensive myocardial infarction is responsible for LV failure, the infarction may be both acute and 
healed, in part. When the infarction is only acute, LV failure usually means that the infarction is transmural, and involves 
an extensive portion of the LV. Less commonly, the LV failure results from extensive, acute subendocardial infarction 
(circumferential infarction). When lesser amounts of acute myocardial infarction are present, LV failure may result from 
the acute infarction damage plus extensive damage from an old myocardial infarction. Preexisting diastolic noncompli-
ance, much more common in women and patients with hypertension, doubles the risk of heart failure after MI. Conversely, 
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patients with small, more distal infarctions may have discrete regional wall motion abnormalities with preserved overall LV 
function because of compensatory hyperkinesis of unaffected segments. 

 In their landmark research published in 1967, Killip and Kimball demonstrated increased mortality among hospitalized 
patients who had acute myocardial infarction with greater degree of congestive heart failure (CHF) severity  [  1  ] . The authors 
developed a classification scheme to categorize patients’ prognosis based on their hemodynamics profile. Patients were 
classified into four subgroups, from “no evidence of congestive heart failure (CHF)” to “cardiogenic shock” (Table  18.1 ).     

 CHF occurs in approximately 15–25% of patients who experience MI and is associated with an in-hospital mortality rate 
of 15–40%. In their 2002 report based on the Second National Registry of Myocardial Infarction (NRMI-2), Wu et al. ana-
lyzed the outcomes for patients with ST-elevation MI with CHF (Killip classes II and III), and they found that 19% had CHF 
on admission  [  2  ] . Patients presenting with CHF were older, more often female, had longer time to hospital presentation, and 
higher prevalence of anterior/septal AMI, diabetes, and hypertension. They also had longer lengths of stay and greater risk 
for in-hospital death. Patients with CHF were less likely to receive aspirin, heparin, oral beta-blockers, fibrinolytics, or 
primary angioplasty, and more likely to receive angiotensin-converting enzyme inhibitors. CHF on admission was one of 
the strongest predictors of in-hospital death.  

   Left Ventricular Failure and Cardiogenic Shock 

 Cardiogenic shock is defined as a state of inadequate tissue perfusion resulting from severe impairment of ventricular pump 
function in the presence of adequate intravascular volume. It is the leading cause of death for patients with acute myocardial 
infarction. 

 Despite advances in the treatment of myocardial infarction, the incidence of cardiogenic shock has remained at 7–10% 
during the last 25 years. In a prospective study of 293,633 patients with ST-elevation myocardial infarction (STEMI), 
Babaev et al. found that 8.6% had cardiogenic shock  [  3  ] . Hospital mortality was about 90% in the 1970s. It has improved 
over the years, but in-hospital mortality is still estimated to be about 50%  [  3  ] . For persons older than 75 years, the mortality 
rate is higher. The short-term survival rate has increased in recent years – at the same time that use of coronary reperfusion 
and temporary circulatory support strategies have increased. 

 The vast majority of patients with cardiogenic shock have LV failure; in about 12% of cases, cardiogenic shock is related 
to other infarct-related mechanical causes, including acute mitral insufficiency, ventricular septal rupture, and ventricular 
free wall rupture. 

 Risk factors for developing cardiogenic shock include older age, anterior myocardial infarction location, hypertension, 
diabetes mellitus, multivessel coronary artery disease, prior MI, prior CHF, ST-elevation MI, or left bundle branch block 
(LBBB). All of these risk factors are correlated with either a large perfusion field distal to the thrombosed coronary lesion 
or to reduced diastolic compliance of the ventricle. 

 Most patients develop cardiogenic shock because of extensive myocardial ischemia or necrosis, which directly impairs 
myocardial contractility and results in diminished stroke volume and arterial pressure. On a mechanical level, a marked 
decrease in contractility, reduced ejection fraction and cardiac output, and ultimately ventricular failure, result in systemic 
hypotension and/or pulmonary edema. 

 Varying pathological stages of infarction confirm the stuttering and progressive nature of the myocardial necrosis. 
A combination of new and old infarctions consistently involves at least 40% of the myocardium. 

 A systemic inflammatory response syndrome-type mechanism has been implicated in the pathophysiology of cardiogenic 
shock. Elevated levels of white blood cells, interleukins, and C-reactive proteins are often seen in large infarcts. Inflammatory 
nitric oxide synthetase (iNOS) is also released in high levels and induces nitric oxide (NO) production, which may uncouple 

   Table 18.1    Killip 
 classifi cation of degree 
of CHF severity   

 Class  Characteristics 

 I  No evidence of CHF 
 II  Rales, jugular venous distension, or S3 
 III  Pulmonary edema 
 IV  Cardiogenic shock 

  Adapted from Killip and Kimball  [  1  ] . Copyright 1967 by Elsevier Ltd.  
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calcium metabolism in the myocardium, resulting in stunned myocardium. Additionally, iNOS leads to the expression of 
interleukins, which may themselves cause hypotension. 

 Elevated sympathetic neural tone and elevated circulating catecholamines increase systemic vascular resistance, cause 
pulmonary vein constriction, and may reduce blood flow to non-infarct related coronary perfusion fields. The result can be 
a limitation of hyperemic blood flow to the remaining muscle, exhibiting compensatory hyperkinesis to make up for the loss 
of function in the infarct zone. All of these factors and the diminished coronary artery perfusion from hypotension trigger 
a vicious cycle of further myocardial ischemia and necrosis, resulting in even lower blood pressure, lactic acidosis, multiple 
organ failure, and ultimately, death. 

 Patients in cardiogenic shock generally will have a sustained blood pressure less than 90 mmHg (or 30 mmHg below 
baseline mean arterial pressure) for at least 30 min, or the need for vasopressors or intra-aortic balloon pump (IABP) counter 
pulsation to maintain the systolic blood pressure above 90 mmHg  [  4  ] . These patients may have a cardiac index less than 
2.2 L/min/m 2  not related to hypovolemia (pulmonary artery wedge pressure less than 12 mmHg), arrhythmia, hypoxemia, 
acidosis, or atrio-ventricular block. Outcomes significantly improve only when rapid revascularization can be achieved. The 
Shock Trial Registry demonstrated that overall mortality when rapid revascularization occurs is 38%. When rapid revascu-
larization is not attempted, mortality rate approaches 70%  [  5  ] . 

 Patients in cardiogenic shock generally have severe orthopnea, dyspnea, and oliguria, and may have altered mental status, 
as well multisystem organ failure from hypoperfusion. Additionally, an S3 gallop, pulmonary rales, and elevated jugular 
venous pressure are common findings on physical examination. 

 Patients with cardiogenic shock caused by acute myocardial infarction generally have extensive electrocardiographic 
changes demonstrating a large infarct, diffuse ischemia, or multiple prior infarcts. Chest radiography likely reveals pulmo-
nary edema. Laboratory tests may demonstrate lactic acidosis, renal failure, and arterial hypoxemia. 

 Two-dimensional echocardiography and pulsed-wave and color Doppler imaging provide a comprehensive assessment 
of the anatomic and hemodynamic status at the bedside. They also help identify other mechanical complications of myocar-
dial infarction that may contribute to cardiogenic shock. 

 In a small fraction of patients, hypovolemia (e.g., from vomiting or lack of oral intake) in the setting of acute MI can 
cause hypotension. When the intravascular volume status is unclear, patients in cardiogenic shock pulmonary artery wedge 
pressure should be assessed. This may help distinguish between primary LV failure and other mechanical causes of cardio-
genic shock. 

   Illustrative Case: Left Ventricular Failure and Cardiogenic Shock Resulting 
from Healed Anterior and Acute Inferior Infarction 

 The case portrayed in Figs.  18.1–  18.7  is one of extensive loss of muscle incidental to an acute myocardial infarction com-
plicating a healed infarction and a dilated LV. The combination resulted in death attributed to the ventricle’s grossly inad-
equate pump function.        

 The patient was a 49-year-old man with a history of episodes of acute myocardial infarctions 1, 3, and 7 years previously. 
Angina pectoris persisted and he was admitted to the hospital for surgery. A recent ECG showed evidence of an old 
anteroseptal myocardial infarction (Fig.  18.1 ). A coronary arteriogram revealed occlusion of the left anterior descending 
(LAD) artery (Fig.  18.2 ). On the third day in the hospital, the patient developed new episodes of chest pain, and enzyme 
and ECG changes that indicated an acute posteroinferior myocardial infarction. During the next few days, he experienced 
recurrent thoracic pain, supraventricular tachycardia (rate, 150), followed by hypotension (BP, 80–90, systolic), and signs 
of LV failure, including shortness of breath and pulmonary edema. During further study, hypotension continued and oliguria 
developed. His extremities were pale and cold, and a gallop rhythm with a third sound developed. The patient died in a state 
of cardiogenic shock on the seventh day of illness. 

 On pathologic examination, the heart was hypertrophied (700 g). Atherosclerosis was widely distributed in the three main 
coronary arteries. The LAD was occluded proximally by organized thrombi (Fig.  18.3 ) and a recent thrombus was present 
in the intermediate segment of the RCA (Fig.  18.4a ). The CX showed moderate disease (Fig.  18.4b ). 

 The anteroseptal region of the LV showed extensive scarring related to a healed myocardial infarction, and the postero-
medial papillary muscle was scarred as part of another healed myocardial infarction (Fig.  18.5a ). The inferior wall of the 
LV and juxtaposed ventricular septum were the sites of acute transmural myocardial infarction consistent histologically with 
7 days’ duration (Fig.  18.5b ). 

 The lungs showed extensive pulmonary edema (right lung, 1,000 g; left lung, 800 g) (Fig.  18.6 ). The liver showed central 
hemorrhagic necrosis (Fig.  18.7 ). Hydrothorax of about 1 L was present in each pleural cavity.   
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  Fig. 18.1    ( a ) ECG on day 1 shows changes typical of an old, anteroseptal myocardial infarction: left axis deviation and nonspecific T-wave 
changes in the left precordial leads. ( b ) Day 3: ECG shows additional changes, typical of acute inferior wall myocardial infarction and disappear-
ance of the left axis deviation. ( c ) Day 5: Evolutionary changes of the inferior myocardial infarction are apparent with a slight increase in the 
intraventricular conduction defect, in which the fault in the posterior fasciculus predominates, giving rise to a definite right axis shift          

 



  Fig. 18.2    ( a ) LC arteriogram in RAO view 4 months before death shows occlusion of the LAD. ( b ) Postmorten LC arteriogram shows the LAD 
occluded shortly after its origin       

  Fig. 18.3    Photomicrographs of LAD. ( a ) Proximal segment with the arterial lumen occluded by dense fibrous tissue considered to represent an 
old, organized thrombus. Elastic tissue stain: 15×. ( b ) Artery distal to site of organized thrombus shows extensive atherosclerosis. Elastic tissue 
stain: 18×       

  Fig. 18.4    ( a ) RC approximately 7 cm from origin showing atherosclerosis and occlusion by a recent thrombus. Hematoxylin and eosin stain: 
18×. ( b ) CX 3.5 cm from origin shows moderate narrowing. Elastic tissue stain: 55×       
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  Fig. 18.5    ( a ) Cross sections of ventricular portion of heart show evidence of healed anteroseptal and acute inferior myocardial infarction. 
( b ) Photomicrograph of inferior wall of LV. At periphery of myocardial infarction there is removal of tissue, a picture consistent with an infarction 
of 7 days duration. Hematoxylin and eosin stain: 69×       

  Fig. 18.6    Photomicrographs of lung. ( a ) Congestion and edema. Hematoxylin and eosin stain: 45×. ( b ) Dilatation of lymphatics. Hemosiderosis 
as sign of LV failure. Hematoxylin and eosin stain: 98×       

  Fig. 18.7    Photomicrograph of liver, showing central hemorrhagic necrosis. Hematoxylin and eosin stain: 67×       
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   Cardiac Rupture 

   Rupture of the Free Wall of the LV 

 Rupture of the free wall of the left ventricle is found in less than 1% of living patients with an acute myocardial infarction 
 [  6  ] , but myocardial rupture was a frequent cause of death in those patients dying in the acute or early phases after their first 
myocardial infarction  [  7  ] . 

 The profile of rupture of the heart following infarction has certain characteristics:

   1.    Age 70 or older  
   2.    Female gender  
   3.    Preexistent hypertension with little or no ventricular hypertrophy  
   4.    Transmural MI  
   5.    Myocardial rupture that may occur from 1 day to 3 weeks after infarction (vs. most ruptures, which occur 3–5 days after 

infarction)   
   6.    The rupture site is devoid of scars, although scars from previous infarctions may be present in other areas  
   7.    The rupture occurs in the periphery of the infarction near the non-infarcted muscle  
   8.    Poor collateral vessels     

 An additional potential risk – and one that is controversial – is thrombolytic therapy. Honan et al.  [  8  ]  studied the relation-
ship between the risk of cardiac rupture and the timing of thrombolytic therapy for acute MI. Thrombolytic therapy early 
after MI improves survival and decreases the risk of cardiac rupture. Late administration of thrombolytic therapy also 
appears to improve survival, but may increase the risk of cardiac rupture. The risk of myocardial rupture was significantly 
decreased by successful angioplasty in all age groups studied. In a retrospective study review of 2,209 patients with acute 
MI treated with percutaneous coronary intervention (PCI), the risk of cardiac rupture was 0.7% when successful reperfusion 
was achieved within 12 h, 0.9% when reperfusion occurred within 12–24 h, and 3.8% after failed reperfusion  [  9  ] . Prompt 
reperfusion with PCI appears to have reduced the incidence of rupture. 

 Specific types of rupture of the heart include rupture of the ventricular septum, of a papillary muscle, and of the free wall 
of the LV. 

 When the free wall of the LV ruptures, the lesion represents laceration of the wall’s endocardium with secondary extrava-
sation of blood through the free wall and into the pericardial sac. Typically, rupture of the free wall of the LV is associated 
with hemopericardium, pericardial tamponade, and cardiogenic shock, but cases of incomplete rupture or rupture without 
hemopericardium have been reported. Many autopsy specimens show abundant epicardial fat, which has been postulated to 
contain the tear and prevent hemopericardium. As to sites of infarction which underlie rupture of the free wall, Van Tassel 
and Edwards  [  10  ]  found equal distribution of cardiac rupture of the anterior, lateral, and posterior wall of the LV. The high 
incidence of rupture through the lateral wall of the LV compared to relatively low incidence of isolated transmural infarction 
in this area is of interest. It suggests that the zone of the LV between the papillary muscles, when infarcted, is more suscep-
tible to the forces leading to rupture than is the case with other sites of myocardial infarction. 

 Early diagnosis of myocardial rupture is crucial if life saving therapy is to be applied. Recent chest pain with further 
ST-segment elevation, hypotension, and cardiogenic shock in the setting of an acute or recent myocardial infarction should 
alert clinicians to the possibility of this complication, particularly in patients with an extensive transmural (Q-wave) infarc-
tion. Transthoracic or transesophageal echocardiography (TEE) affords a rapid, potentially definitive diagnostic tool. 
Pericardial fluid can be visualized, overall LV function assessed, the area of infarction localized, and the presence of psudoa-
neurysm or true aneurysm revealed. 

 Definitive treatment is surgical, with infarctectomy, if possible, to repair the rupture. Coronary bypass may or may not 
be necessary. Before surgery, hemodynamic monitoring and stabilization with appropriate fluids, vasopressors, and inotro-
pic agents should be promptly initiated. Pericardiocentesis can provide temporary relief of hemodynamic compromise. 
Intra-aortic balloon counterpulsation has been used for emergency stabilization, but its role is controversial.  

   Illustrative Case: Rupture of the Free Wall of the LV 1 Day Following Onset of Infarction 

 The case shown in Figs.  18.8–  18.10  illustrates an uncommon event: rupture of the free wall occurring approximately 24 h 
after the onset of myocardial infarction. The patient was an 83-year-old woman with mild diabetes known for 40 years. 
On admission, she felt weak and appeared anorexic, and substernal pain had been present for some hours. Physical 
examination revealed BP of 148/72; pulse, 100 and irregular. No murmurs were detected. Blood sugar was 285 mg/dL. 
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  Fig. 18.8    ECG on admission. Taken approximately 20 h after the onset of symptoms, shows tachycardia, presumably atrial fibrillation, left axis 
deviation, and Q and ST abnormalities characteristic of anterolateral acute myocardial infarction       

  Fig. 18.10    ( a ) Photomicrograph of the LV’s anterior wall shows signs of early acute myocardial infarction; the mobilized leukocytes have not 
yet penetrated the individual muscle fibers. In the original section, the involved muscle fibers showed a high degree of eosinophilia. Hematoxylin 
and eosin stain: 73×. ( b ) Photomicrograph of LAD 2.5 cm from its origin. Lumen narrowed by atherosclerosis has been occluded by a recent 
thrombus. Hematoxylin and eosin stain: 15×       

  Fig. 18.9    ( a ) External view of heart showing laceration to the left of the anterior interventricular sulcus. ( b ) Interior of LV. A zone of discoloration 
in the anterior wall represents acute transmural myocardial infarction. The site of internal tear of the LV lies between the  arrows        
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Several hours after admission, she complained of further pain in the neck, throat, upper chest, and back. The ECG was 
interpreted as indicating acute myocardial infarction (Fig.  18.8 ). About 7 h after admission, the patient’s cardiovascular 
status rapidly deteriorated and death occurred.    

 Pathological examination revealed hemopericardium. The cardiac weight was normal (250 g). An acute infarction 
involved the anterolateral region of the LV associated with laceration leading to the hemopericardium (Fig.  18.9 ). Each of 
the three coronary arteries showed zones of severe narrowing and a recent thrombus was present in the LAD approximately 
2.5 cm beyond its origin (Fig.  18.10b ).  

   Illustrative Case: Rupture of the Free Wall of the LV 3 Days Following Onset of Infarction 

 The case shown in Figs.  18.11–  18.13  is more typical, in that rupture of the free wall of the LV occurred about 3 days after 
the onset of myocardial infarction.    

  Fig. 18.11    ( a ) The ECG first day post-resuscitation shows segmental changes characteristics of injury to the posteroinferior wall and apex of the 
LV. ( b ) On the second hospital day, a moderate decrease in ST-segmental changes is visible. ( c ) The tracings on the third hospital day (day of death) 
show further increase in the injury effect (ST shift and Q waves in leads II, III, and aVF), with a nearly monophasic-appearing potential in leads 
aVF and V6. The prominent P waves in leads II and III are also noteworthy and may reflect pulmonary hypertension consequent to LV failure          
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 The patient was a 65-year-old woman admitted after a few hours of unrelenting thoracic pain, nausea, and dyspnea. The 
previous day, while walking in the snow, she experienced severe chest distress from which she recovered after going indoors, 
warming, and resting. On the day of admission, an ECG performed in the emergency room (showed) ST-segmental depres-
sion. Initially, the patient’s condition was satisfactory, but after a few hours, an episode of ventricular fibrillation occurred. 
Following defibrillation, ECG features of classical acute posteroinferior and lateral myocardial infarction were present 
(Fig.  18.11 ). Cardiac enzymes were elevated. The patient’s condition was relatively stable until the third day, at which time 
she become comatose and BP was undetectable. 

 Pathologic examination showed distention of the pericardium with blood. The heart weighed 240 g. The lateral wall of 
the LV had a small perforation (Fig.  18.12 ). The coronary arteries showed marked narrowing by atherosclerosis. The CX 
was occluded by a thrombus about 1.5 cm from its origin (Fig.  18.13a ). The myocardium was discolored near the LV rup-
ture. The myocardial infarction was concentrated in the lateral and apical region. 

  Fig. 18.13    ( a ) CX 1.5 cm from its origin shows relatively mild atherosclerosis with occlusion of the lumen by a thrombus. Elastic tissue stain: 
16×. ( b ) Photomicrograph of lateral wall of the LV. Leukocytic infiltration is prominent, while evidence of removal is absent. The picture is 
compatible with an infarction of 3-day duration. Hematoxylin and eosin stain: 122×       

  Fig. 18.12    Gross photograph of sagittal section of heart viewed from behind. The discolored area involves the lateral wall of the LV and represents 
the site of acute infarction. The rupture tract begins ( arrow )    near the upper portion of the periphery of the infarction       
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 Histologic examination of the myocardium showed increased eosinophilia with heavy leukocytic infiltration in the 
periphery of the infarcted zone. No removal of muscle fibers was evident. The histologic age was compatible with an infarc-
tion of 3 days duration (Fig.  18.13b ).  

   Rupture of the Free Wall of the Left Ventricle Formation of False or Pseudoaneurysm 

 In exceptional instances of rupture of the free wall of the LV complicating acute myocardial infarction, the leak is restricted. 
The pericardial hematoma is contained and the patient survives. With time, the periphery of the hematoma becomes orga-
nized to form the wall of a false aneurysm. The latter maintains communication with the cavity of the LV. A false aneurysm 
may mimic classical LV aneurysm clinically, and usually shows a relatively narrow communication with the cavity of the 
LV. This feature contrasts with that of a true aneurysm, in which, characteristically, a wide communication is present 
between the aneurysm and the LV cavity. The tendency for false aneurysm to rupture contrasts with the very low tendency 
for a true ventricular aneurysm to rupture  [  11  ] . 

 False aneurysm may be associated with pericardial effusion. Some patients may have recurrent tachyarrythmia, systemic 
embolization, and heart failure. Patients may have systolic, diastolic, or to-and-fro murmurs related to the blood flow across 
the narrow neck of the false aneurysm  [  12  ] . A chest radiograph may show cardiomegaly, with an abnormal bulge on the 
cardiac border. There may be persistent ST-segment elevation on the ECG. The diagnosis of false aneurysm can be con-
firmed by echocardiography, MRI, or CT angio. See Fig.   3.14     – an echocardiogram showing rupture of the free wall of the 
LV contained by a hematoma and formation of a pseudoaneurysm. 

 Features of rupture of the free wall of the LV and formation of pseudoaneurysm can be clearly defined with multidetector 
computed tomography angiography (MCTA), as shown in Figs.  18.14  and  18.15 .   

 Spontaneous rupture can occur without warning in approximately 45% of patients with false LV aneurysms, even when 
small  [  11  ] . Therefore, surgical intervention is recommended for all patients, regardless of symptoms or the size of the aneu-
rysm, to prevent sudden death  [  13  ] .   

   Angiographic Demonstration 

 Angiographic features in a case of false left ventricular aneurysm are shown in Fig.  18.16 .  

  Fig. 18.14    Multidetector 
computed tomographic 
angiography (MCTA) long 
axis view illustrates a case 
with inferobasal pseudoaneu-
rysm of the LV, complicating 
myocardial infarction. Image 
courtesy of Dr. John R. Lesser, 
Minneapolis Heart Institute       
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  Fig. 18.15    From the case shown in Fig.  18.14 , MCTA long axis view at end-diastole and systole. Image courtesy of Dr. John R. Lesser, Minneapolis 
Heart Institute       

  Fig. 18.16    ( a ) Lateral view of LV shows a distinct “neck” between the LV and the aneurysm. Note the unusually thick wall of the false aneurysm. 
( b ) LC arteriogram in lateral view shows severe disease in the proximal segment of the LAD and occlusion in the proximal portion of the CX. 
( c ) Thoracic roentgenogram in frontal view shows a large protrusion from the anterolateral aspect of the LV       
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   Illustrative Case with Postmortem Study 

   Rupture of a Large False Aneurysm of the Left Ventricle 

 Figures  18.17–  18.20  show images from a patient hospitalized for acute myocardial infarction  [  14  ] . Two and one-half months 
later, the patient was readmitted because of increasing dyspnea and findings of pericardial effusion and cardiac tamponade. 
Pericardiocentesis removed 200 mL of bloody fluid. Clinical improvement occurred following the procedure. Two weeks 
after the second admission, the patient suddenly become hypotensive, dyspneic, and cyanotic, and died.     
 At autopsy, the pericardium was distended with blood. A large aneurysmal deformity of the LV (11 × 5 cm) was discovered 
(Fig.  18.20 ). A narrow neck connected the aneurysm with the LV wall. The site of the narrow neck is interpreted as that of 
rupture of the free wall, which communicated with a false aneurysm.  

   Rupture of a Small False Aneurysm of the Left Ventricle 

 The case shown in Fig.  18.21  illustrates that false aneurysm may rupture, even when small. A 70-year-old man was found 
dead. The autopsy revealed hemopericardium resulting from rupture of one or two small aneurysms of the LV. Each was 
considered a complication of myocardial infarction.   

  Fig. 18.17    From a 65-year-old man hospitalized for acute myocardial infarction. ( a ) ECG on first admission shows signs of acute anteroseptal 
myocardial infarction, probably extensive, with involvement of the apex and lateral wall. ( b ) ECG 2-½ months after the onset of acute myocardial 
infarction shows signs of old, anterior myocardial infarction with persistent ST elevation. The QRS voltage is low, consistent with pericardial 
effusion, but the nature of the ST segments primarily in leads V4 and V5 suggests LV aneurysm       
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  Fig. 18.20    ( a ) Interior of the 
LV and false aneurysm. 
The characteristic narrow 
neck connecting the false 
aneurysm with the LV cavity. 
 AA  ascending aorta. 
( b ) Close-up view of the 
pericardial surface of the 
false aneurysm shows the 
extensive laceration which 
led to fatal hemopericardium. 
Adapted from Gobelet al. 
 [  14  ] . Copyright 1971 by 
American College of Chest 
Physicians       

  Fig. 18.19    Thoracic 
roentgenogram taken during 
the patient’s second 
admission, before 
pericardiocentesis, shows 
enlargement of the cardiac 
silhouette – in part, the result 
of hemorrhagic pericardial 
effusion       

  Fig. 18.18    ( a ) Roentgenogram 
of thorax from patient 
illustrated in Figs.  18.14  
and  18.15 , taken 2 months 
before fi rst admission. It 
shows normal features. ( b ) 
Roentgenogram taken during 
fi rst admission shows mild 
cardiac  enlargement. Adapted 
from Gobel et al.  [  14  ] . 
Copyright 1971 by American 
College of Chest Physicians       
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   Rupture of the Ventricular Septum 

 Ventricular septal rupture in acute myocardial infarction is a well-recognized mechanical complication associated with a 
very high mortality. The use of thrombolytic agents seems to have reduced the incidence from 1 to 2%, to 0.2%. Most septal 
ruptures now occur in patients who present very late (>24 h) after infarction. Septal rupture typically occurs 3–5 days after 
onset of symptoms. Overall mortality at 30 days is 73.8%  [  15  ] . 

 Patients selected for surgical repair of VSD had better outcomes than patients treated medically. Patients treated medi-
cally have a 30-day mortality of about 97%, compared with about 47% for patients treated surgically. Advanced age, anterior 
infarction, and female sex are risk factors for infarct-related VSD. 

 Two types of rupture: are recognized: simple rupture, with direct, through-and-through defects, and complex ruptures, 
associated with serpiginous dissection tracts remote from the primary site of tear of the ventricular septum. Ruptures that 
involved the inferobasal portion of the septum are more likely to be complex than ruptures in other locations  [  16  ] . 

 Early in the disease process, patients with a septum rupture may appear relatively asymptomatic, followed by rapid recur-
rence of angina, hypotension, shock, or pulmonary edema. Rupture of the ventricular septum is often accompanied by a new, 
loud, pansystolic border and a systolic thrill at the left lower sternal border. The ECG often shows a new conduction defect 
(LBBB, Mobitz 2, or complete heart block). 

 Transthoracic and TEE with color Doppler are the best methods for diagnosing rupture of the ventricular septum (see 
Fig.   3.5    ). Echocardiography can define LV and RV function, important determinants of mortality, as well as the size of 
defect and degree of left-to-right shunt by assessing flow through the pulmonic and aortic valves. 

 Features of rupture of the interventricular septum complicating acute myocardial infarction can be clearly defined with 
cardiac magnetic resonance imaging (CMRI), as shown in Fig.  18.22 .  

 Early surgical closure is the treatment of choice, because it is associated with a lower mortality rate than conservative 
treatment  [  17  ] . Mortality is higher when repairing an inferior myocardial infarction (70%) compared to anterior infarction 
(30%) because of increased technical difficulty and the frequent need for mitral valve repair when septum rupture is associ-
ated with mitral regurgitation. A high surgical mortality rate is associated with cardiogenic shock and multisystem failure. 

 Early surgery improves survival, but long-term outcome depends on residual shunting and left ventricular function. 
Sutures may tear early from an acutely infarcted area. Residual shunting because of patch dehiscence is common despite an 
apparent successful closure, and may require reoperation. 

 Alternative treatment with transcatheter closure of residual (VSD) has been reported successful in selective cases. The 
method is most successful in (VSDs) that are less serpiginous and located away from the mitral apparatus.    

  Fig. 18.21    Two small false 
aneurysms from a case of 
sudden death. Section 
through the lateral wall of the 
LV shows the upper 
nonruptured and the lower 
aneurysm (containing probe). 
The aneurysm had ruptured. 
Adapted from Vlodaver et al. 
 [  11  ] . Copyright 1975 by 
American Heart Association       
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   Pathological Demonstration 

 Figures  18.23–  18.25  pertain to a patient hospitalized for acute inferior wall myocardial infarction and complete AV dissocia-
tion as indicated on ECG (Fig.  18.23 ). On the third day, a new, loud, pansystolic murmur at the left sternal border was heard. 
The patient’s condition deteriorated, he developed cardiogenic shock, and death occurred on the fourth day of 
hospitalization.    

 Pathologically, a thrombus was found in the RC. The inferior wall of the LV showed transmural myocardial infarction. 
An irregular tract led from the infarcted area through the ventricular septum, allowing communication between the two 
ventricles (Fig.  18.24 ).  

   Mitral Insufficiency 

 Mitral insufficiency following acute MI can occur as a result of a number of mechanisms, including mitral valve annular 
dilation secondary to LV dilatation; papillary muscle dysfunction with associated ischemic regional wall abnormality in 
close proximity to the insertion of the posterior papillary muscle; or by partial or total rupture of papillary muscle and 
chordae. 

 Mild- to moderate-degree mitral regurgitation is not uncommon following acute MI. It is mostly transient and asymp-
tomatic, resulting from hypokinesis of the papillary muscle or surrounding myocardium, or dilation of the LV cavity. Mitral 
insufficiency caused by papillary muscle rupture, however, is a life-threatening complication of acute myocardial infarction. 
Rupture of papillary muscle is associated with severe (3+ or 4+) mitral regurgitation, pulmonary edema, and cardiogenic 
shock, and prompt intervention is required for survival. 

 Papillary muscle rupture occurs in 5% of all fatal myocardial infarctions  [  18  ] . Approximately two-thirds of ruptures 
involve the posterior papillary muscle and nearly all ruptures occur within 7 days of the infarct. In cases of papillary muscle 
rupture, patients become short of breath and rapidly develop pulmonary edema and hypotension. 

 Most patients with mitral insufficiency have a loud, apical, holosystolic murmur that radiates to the left axila. Many 
develop cardiogenic shock, characterized by systemic hypotension, oliguria, acidosis, and poor peripheral pulse and perfu-
sion. Frequently, patients with ruptured papillary muscle have ECG evidence of an inferior acute infarction. Chest X-rays 
nearly always show signs of pulmonary congestion, interstitial pulmonary edema, and pulmonary venous engorgement. The 
heart may or may not be enlarged. 

  Fig. 18.22    SSFP (steady 
state free precession) MRI 
image in end-diastole; the 
short axis plane shows 
features of inferoseptal 
rupture 1 week post-
 occlusion of the RCA and 
acute myocardial infarction. 
Image courtesy of Dr. John 
R. Lesser, Minneapolis Heart 
Institute          
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  Fig. 18.23    Images from a 64-year-old man with rupture of the interventricular septum, complicating acute myocardial infarction. ECG day 1: 
The demand type-R innervated pacemaker is in position. The QRS complexes simulate left bundle branch block with prolonged QRS duration 
(0.20). The marked segmental change in leads III and aVF is noteworthy.    Day 2: Sinus rhythm. The ST-segmental elevation in leads II, III, and 
aVF indicates an acute inferior myocardial infarction. Right bundle branch block is also present. Day 4: The signs of right bundle branch block 
and acute inferior infarction persist, with ST depression in leads V1 through V5 supporting true posterior infarction. Evidence of incomplete heart 
block and sequences of junctional rhythm with retrograde conduction to the atria are present.       

  Fig. 18.24    ( a ) RV view. The  arrow  points to the rupture tract within the ventricular septum. ( b ) Inferior wall of LV, with zone of discoloration and 
the beginning of a tract ( arrow ), representing the LV aspect of ventricular septum rupture          

 Transthoracic echocardiography (TTE) confirms wall motion abnormalities, assesses the degree of mitral regurgitation, 
and often demonstrates flail mitral leaflets. TEE is the diagnostic imaging tool of choice, and is more definitive for evaluat-
ing the degree of mitral regurgitation and the status of the posterior papillary muscle. Color flow velocity mapping docu-
ments the presence of mitral regurgitation and (semiquantitative evaluation of its severity) (see Figs.   3.6    a, b). Prompt surgery 
is the best choice for survival for most patients with acute severe mitral regurgitation postinfarction  [  19  ] . A few highly 
screened patients without papillary muscle rupture early in their presentation have been treated by emergency percutaneous 
transluminal coronary angioplasty (PTCA) in an attempt to reduce the size of the infarct and, thereby, reduce mitral 
regurgitation.  
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  Fig. 18.25    ( a ) Photomicrograph of RCA shows extensive atherosclerosis with numerous cholesterol crystals. The narrowed lumen is occluded 
by a recent thrombus. Elastic tissue stain: 9×. ( b ) Photomicrograph shows lining of tract leading through ventricular septum. The tract is lined 
with infarcted myocardial tissue in which interstitial leukocytes have infiltrated. Hematoxylin and eosin stain: 80×       

   Pathological Demonstration 

   Rupture of a Papillary Muscle 

    (a)    The classical situation involves rupture of the entire posteromedial papillary muscle.  
   (b)    An unusual situation is rupture of the anterolateral papillary muscle.     

 In each case, the flail papillary muscle has looped through the interchordal space.  

   Rupture of a Papillary Muscle and of the Left ventricle’s Free Wall 

 Figures  18.26  and  18.27  pertain to a patient admitted from a nursing home because of sternal pain of 3-day duration and 
diagnosis of acute inferior myocardial infarction. On the day after admission, the patient developed hypotension, tachycardia 
(120), and signs of LV failure, and a systolic murmur was noted for the first time. The patient was treated with digitalis and 
diuretics, but she remained in a state of cardiac failure. On the tenth day of the initial symptoms, cardiac arrest occurred and 
resuscitation was unsuccessful.   

 Pathologically, the pericardial sac was distended. The heart weighed 425 g. The epicardium showed a fibrinous reaction 
and rupture of the posterolateral wall of the LV was identified. The myocardium was discolored, indicative of acute myo-
cardial infarction. The posteromedial papillary muscle of the LV was ruptured. The coronary arteries showed obstructive 
lesions and there was a recent thrombus in the CX. Pulmonary edema was also present.   

   Rupture of a Papillary Muscle: Chronic Mitral Insufficiency    

 The case in Figs.  18.28–  18.30  illustrates the uncommon phenomenon of chronic mitral insufficiency from rupture of a papil-
lary muscle  [  20  ] .    

 A 70-year-old man was admitted because of shortness of breath. Two months before admission, he had noticed a feeling 
of sudden tightness in his chest associated with shortness of breath. He was treated for CHF; improvement resulted. 
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  Fig. 18.26    Image from an 86-year-old woman with a ruptured papillary muscle of the mitral valve complicating acute myocardial infarction. 
Interior of the LV shows the posteromedial papillary muscle rupture (near probe).       

     Fig. 18.27    ( a ) Exterior of inferior aspect of LV. The laceration of the posterolateral wall of the LV represents rupture of the free wall. 
( b ) Photomicrograph of the CX 4 cm from its origin. In addition to atherosclerotic thickening of the intima, the lumen is occluded by a thrombus. 
Elastic tissue stain: 16×       

 Physical examination revealed a systolic thrill at the cardiac apex associated with a loud grade 3+ holosystolic murmur, 
which was transmitted to the axilla. An ECG showed ST changes suggestive of subendocardial ischemic injury plus possible 
digitalis effect. A thoracic roentgenogram revealed LV and LA enlargement, and pulmonary congestion. 

 Cardiac catheterization showed the pulmonary arterial pressure to be elevated (75/23). The pulmonary arterial wedge 
pressure was characterized by a huge cv wave (70 mm). The cardiac index was 2.1 and systemic arterial saturation was 96%. 
A cardiac shunt was excluded. Left ventriculography showed gross mitral regurgitation with systolic expansion of the LA. 
Both left-sided chambers were moderately enlarged; ventricular contractions were vigorous. 

 The patient was referred for surgery. The surgeon reported a rupture on the head of the posteromedial papillary muscle. 
The mitral valve was resected and replaced with a prosthetic valve. Histological examination of the ruptured segment of the 
papillary muscle showed signs of myocardial infarction with phagocytes and fibroblastic reaction. 

 The patient died suddenly about 7 months after replacement of the mitral valve. No specific cause for the sudden death 
was found at autopsy other than existing coronary disease. The heart was moderately enlarged, weighing 415 g. The poste-
rior wall showed extensive scarring. Sections of the coronary arteries showed severe atherosclerotic lesions compromising 
all three main vessels.  
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  Fig. 18.28    From a case with chronic mitral regurgitation following rupture of a papillary muscle. ECG taken 2 months after the onset of chest 
pain and when mitral insufficiency was apparent shows ST changes suggestive of subendocardial injury and possibly associated digitalis effect. 
Adapted from Lee et al.  [  20  ] . Copyright 1970 by Elsevier       

  Fig. 18.29    ( a ) Lateral view of left ventriculogram shows signs of mitral insufficiency. ( b ) Pulmonary arterial wedge pressure; huge cv wave       
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  Fig. 18.30    ( a ) The surgical 
specimen of resected mitral 
valve shows the ruptured 
head of the posteromedial 
papillary muscle. 
( b ) Photomicrograph of the 
excised fl ail head of the 
papillary muscle at the 
junction of infarcted muscle 
and phagocytic and 
fi broblastic reaction in which 
removal of muscle has 
occurred and fi brosis has 
developed. Hematoxylin 
and eosin stain: 73×       

   Arrythmias 

 Ventricular arrhythmia is a common complication of acute myocardial infarction, occurring in most patients experiencing an 
MI. It is related to formation of reentry circuits at the confluence of the necrotic and viable myocardium. Premature ventricu-
lar contractions (PVCs) occur in about 90% of patients. The incidence of ventricular fibrillation is approximately 2–4%. 

 The significance of ventricular fibrillation in myocardial infarction has been reevaluated in the context of the interaction 
between severe systolic dysfunction and the potential for sudden cardiac death. Although implantable defibrillators have 
been shown to reduce mortality in patients with an ejection fraction less than 30%, regardless of the presence of ventricular 
dysrhythmia, their placement in the first month after MI has not proven beneficial, in part because many patients given 
prompt reperfusion have a significant recovery of LV function in that time period  [  21  ] . These patients also have a lower risk 
of serious dysrhythmias later on. 

 Supraventricular arrythmias (mainly atrial fibrillation) occur in fewer than 10% of patients with acute myocardial infarc-
tion. These patients tend to have more severe ventricular dysfunction, and potentially, a worse outcome. 

 Bradyarrythmias, including AV block and sinus bradycardia, occur most frequently with inferior myocardial infarction. 
Complete AV block occurs in about 20% of patients with right ventricular infarction. These episodes of heart block are 
usually associated with a narrow QRS complex; the site of conduction block is in the AV node. Infranodal conduction dis-
turbances with wide, complex ventricular escape rhythms occur most often in large anterior myocardial infarction and 
portend a very poor prognosis. 

   Illustrative Case: Subendocardial Infarction 

 The case portrayed in Figs.  18.31–  18.33  is an example of acute myocardial infarction in a 69-year-old man that was com-
plicated early by ventricular arrythmias which, in turn, led to the patient’s death.    

 Following the episode of bradycardia that was not responsive to atropine and isoproterenol, a pacemaker was inserted. 
Fourteen hours after the initial event, the patient experienced cardiac arrest from which he could not be resuscitated. 

  Pathological findings :

   The heart weighed 550 g.  • 
  Each of the three main coronary arteries showed multiple, severe atherosclerotic lesions. The LAD, additionally, showed • 
a focus of intimal hemorrhage beyond which the lumen was occluded by a blood clot containing cholesterol crystals, a 
process suggesting embolism from an atheroma at a proximal level.  
  The anteroseptal segment region of the LV showed healed subendocardial infarction, and in a circumferential manner • 
there was eosinophilia involving the subendocardial region of the anterior, lateral, and inferior walls of the LV.    

 The overall picture was that of an acute myocardial infarction consistent with the history of about 14-h duration.   

 



  Fig. 18.31    Images from a 60-year-old man with early arrythmias complicating acute myocardial infarction. ( a ) Admission ECG shows atrial 
fibrillation, signs of an anteroseptal myocardial scar, and classical ST-segmental shift of ischemic injury involving the inferior and anterolateral 
walls. ( b ) ECG taken a few hours after admission (11:15  a.m .) with ventricular tachycardia present at the time of circulatory collapse. At 1:15  p.m ., 
after resuscitation from previous episode, bradycardia developed, presumably atrial fibrillation and bigeminy       

  Fig. 18.32    Low-power photomicrograph of anterior wall of the LV. The  dark areas  represent scarring of the healed myocardial infarction. Some 
retained muscle among the scar tissue showed eosinophilia without leukocytic infi ltration, a picture interpreted as that of early acute myocardial 
infarction. Elastic tissue stain: 12×       

   Thromboembolism 

 Thromboembolic complications may be either systemic or pulmonary.  

   Systemic Thromboembolism 

 Systemic thromboembolic complications occur in fewer than 2% of acute myocardial infarctions  [  22  ] . The overall incidence 
of mural thrombus complicating myocardial infarction is approximately 20%. Mural thrombus with embolism occurs in the 
setting of a large, especially anterior ST-segment elevation acute MI and heart failure, associated with extensive wall motion 

 

 



34318 Complications of Acute Myocardial Infarction

abnormalities or aneurysm. Atrial fibrillation in the setting of ischemia may also contribute to systemic embolism. The 
widespread use of anticoagulation during the first treatment of acute infarction with reperfusion therapy may have dimin-
ished the incidence of intracardiac thrombosis and embolism. 

 The most common clinical manifestation of embolism is stroke, although patients may have limb ischemia, renal infarc-
tion, or intestinal ischemia. Most episodes of systemic embolism occur in the first 10 days after acute myocardial infarction. 
Arterial embolism can cause dramatic clinical events such as hemiparesis, loss of pulse, ischemic bowel, or sudden hyper-
tension, depending on the regional circulation involved. 

 TTE remains the imaging modality of choice and is 92% sensitive and 89% specific for detecting LV thrombus (see 
Fig.   3.15     showing LV protruding thrombus in a case with acute myocardial infarction). Sensitivity and specificity increase 
with transesophageal echo or MRI with contrast. Their use is indicated when diagnosis with routine transthoracic echo is 
not definitive.  

   Pulmonary Embolism 

 Pulmonary embolism, most often resulting from thrombus in the leg veins, previously was the cause of death in about 4% 
of fatal cases of acute myocardial infarction. Current management with anticoagulants for patients with acute myocardial 
infarction have resulted in marked reduction of the incidence of pulmonary embolism as a complication of acute MI. 

   Illustrative Case: Thromboembolism Complicating Myocardial Infarction 

 Figures  18.34–  18.37  portray thromboembolic complications of myocardial infarction in a 75-year-old man who was 
 admitted because of vague discomfort in the upper abdomen for 1 week. He had no pain or dyspnea.     

 Physical examination revealed BP of 130/80, atrial fibrillation (rate, 110), and rales over the pulmonary bases. An ECG 
showed evidence of anteroseptal infarction of uncertain age consistent with either recent infarction or an older lesion with 
aneurysm formation. On day 2, signs of CHF became apparent, and on day 3, pain appeared in the lower right extremity. 
Examination showed a cold, pulseless lower right extremity. Femoral thrombectomy was performed. Postoperatively, ven-
tricular tachycardia occurred followed by the appearance of pulmonary edema and, finally, ventricular fibrillation. 

 Pathologic examination revealed cardiac hypertrophy (550 g). Focal scars were apparent in the inferior wall of the LV 
and acute transmural anteroseptal myocardial infarction. Mural thrombi were present at the apex of the LV and in the LA 
appendage. The LC showed moderate narrowing of its lumen by grade II atherosclerosis, while the RC and LAD showed 
marked narrowing by grade III + atherosclerosis. 

  Fig. 18.33    ( a ) Photomicrograph of proximal segment of LC. Rupture of an atheroma is visible with extrusion of atheromatous material into the 
lumen. Elastic tissue stain: 18×. ( b ) Photomicrograph shows LAD distal to the lesion in ( a ). The lumen is occluded by thrombotic material in 
which foam cells and cholesterol crystals are present. The lesion is considered to be embolic from the site of atheroma rupture shown in 
( a ). Hematoxylin and eosin: 18×       
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 Histologic examination of the infarcted anteroseptal region showed necrotic muscle associated with early removal. The 
LV thrombus was undergoing organization. A recent infarction was apparent in the lower lobe of the left kidney. 

 It is believed that an embolism from thrombi either in the LV or LA had occurred to the left kidney and to the left femoral 
artery. In addition, extensive ulcerative atherosclerosis with thrombosis of the aorta was visible. This case indicates that 
myocardial infarction and thromboembolic complications may, at times, be the result of coincident atherosclerotic disease 
of other organs. In this instance, however, the femoral artery occlusion and renal infarction were believed to have resulted 
from emboli originating in the heart.    

  Fig. 18.34    From case with thromboembolism complicating acute myocardial infarction. ( a ) ECG day of admission shows atrial fibrillation and 
changes typical of anteroseptal myocardial infarction, the age of which is not clear. The  bottom panel  shows ( b ) ventricular tachycardia (3 h before 
death) followed by ( c ) ventricular fibrillation (at death)          

  Fig. 18.35    Cross sections of ventricular portion of the heart. The anteroseptal region shows discoloration of acute myocardial infarction. Mural 
thrombosis is present in the LV apex. Focal scars are present in the inferior wall of the LV at its base       
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  Fig. 18.37    ( a ) Abdominal aorta and terminal branches. Extensive thrombotic atherosclerosis is present. ( b ) Photomicrograph of left kidney shows 
acute infarction. Hematoxylin and eosin stain: 8×       

   Right Ventricular Failure 

 Right ventricular infarction is almost invariably caused by thrombotic occlusion of the right coronary artery proximal to the 
RV branches in the setting of inferior wall infarction. Hemodynamically significant RV dysfunction occurs in only 10% of 
patients with inferior or inferoposterior wall infarction. Despite the younger age, lower rate of anterior myocardial infarc-
tion, and higher prevalence of single-vessel disease of the RV compared with LV shock patients, mortality is unexpectedly 
high and similar to patients with LV shock  [  23  ] . 

 Most acute “RV infarctions” are initially diagnosed by right-sided ST-elevations (typically, lead V4R). Interestingly, they 
generally do not progress to myocardial necrosis and subsequent scar formation. This accounts for the far lower percentage 
of autopsy-reported RV infarcts than clinically suspected infarcts. The latter group includes many patients with a stunned 
or hibernating RV free wall, which recovers more readily than a similarly injured LV wall. This more rapid recovery occurs 
in part because of the rich collateral perfusion of the RV free wall and septum from the LC, and the relatively greater pen-
etration from the blood cavity by the thebesian veins  [  24  ] . 

  Fig. 18.36    ( a ) Photomicrograph of anterior wall of the LV. At the periphery of the infarcted myocardium is a zone of removal of tissue. 
Hematoxylin and eosin stain: 40×. ( b ) Junction of LV wall and mural thrombus ( below ). The process of organization of the thombus is faily 
extensive and suggests an older age than the related myocardial infarction. This, in turn, suggests that the patient may have been suffering from 
ventricular failure before the onset of myocardial infarction. Hematoxylin and eosin stain: 23×       
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 Approximately one-third to one-half of patients with acute inferior LV infarction and accompanying RV infarction will 
show the effects of LV volume underload  [  25  ] . The hemodynamic effect may include elevated jugular venous pressure and 
a noncompliant pattern of the right atrial pulse wave form similar to that of constrictive pericarditis. Reduced RV contractil-
ity may lead to a serious deficit in LV preload with a resultant drop in cardiac output and consequent hypotension that will 
require vigorous fluid administration. Cases with occlusion of the proximal segment of the RC can compromise the blood 
supply of the sinus node and AV node, producing sinus bradycardia, atrial infarction, AV block, or atrial fibrillation. The 
triad of hypotension, jugular venous distension with clear lungs, and absence of dyspnea has high specificity but low sensi-
tivity for RV infarction. 

 A rare but clinically important complication is right to left shunting secondary to increased pressures in the RA and RV, 
and opening of the foramen ovale, resulting in systemic hypoxemia unresponsive to supplemental oxygen. 

 Echocardiography is the diagnostic study of choice for RV infarction. It demonstrates inferior wall motion abnormalities 
in conjunction with dilated RV and hypokinetic RV walls. 

 Hemodynamic monitoring with a pulmonary artery catheter reveals high right atrial pressure with low pulmonary capil-
lary wedge pressure (PCWP), unless severe LV dysfunction is also present. Cardiac output is often depressed.      
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        Ischemic Heart Failure 

 Among the most important clinical determinants of prognosis in HF is the etiology of LV dysfunction. Hypertension and 
valvular heart disease have been replaced by coronary artery disease (CAD) as the most common cause of HF in the 
Western world. The term “ischemic cardiomyopathy” is now commonly used to describe patients with HF and concomitant 
CAD or a history of myocardial infarction, although this can lead to an incorrect assignment. The coronary angiogram as 
the sole arbiter can be wrong, possibly because of coronary recanalization after infarction  [  1  ] . Gadolinium-enhanced mag-
netic resonance imaging (MRI) indicating epicardial scar formation may be a better arbiter than coronary angiography, but 
the two imaging tests are quite complimentary. 

 Heart failure due to an ischemic etiology is known to be independently associated with a poorer long-term outlook than 
for patients with HF from other causes  [  2,   3  ] . Moreover, HF due to myocardial ischemia may impact the decision to pursue 
coronary revascularization or use certain therapies. The mode of death in patients with so-called ischemic HF may also be 
quite different than in patients with nonischemic dilated cardiomyopathy, as acute coronary events may more often trigger 
sudden death in patients with ischemic cardiomyopathy  [  4  ] . 

 Despite lingering uncertainty about the definition of ischemic cardiomyopathy or ischemic HF, the diagnosis is impor-
tant because substantial prognostic and therapeutic implications are attached. The presence of CAD and HF is not the 
equivalent of ischemic HF. True ischemic HF is associated with a worse prognosis and a shortened survival relative to 
nonischemic HF  [  5  ] . It is important to remember that a patient with single-vessel coronary disease not involving the proxi-
mal left anterior descending or left main coronary artery who manifests no history of myocardial infarction or coronary 
revascularization despite a poorly functioning, dilated LV probably does not have ischemic HF  [  4  ] . 

 CAD and dilated cardiomyopathy are both common disorders, and may sometimes simply coexist in patients by random 
chance, with no clear causal relation. In an estimated 15% of patients with HF and CAD, the CAD plays no etiologic role 
in the development of HF. The patient with true ischemic HF typically has severe CAD involving a single large area of the 
LV or substantial scar involving several distributions of blood flow. In most cases, one or more acute myocardial infarctions 
(AMIs) is documented, an epicardial scar is visible by MRI, and Q waves are present on the electrocardiogram (EKG). 
Such patients manifest a dilated LV chamber with impaired systolic performance with signs and symptoms of HF. An 
estimated 50% of incident HF in the general population is due to CAD  [  6  ] , and CAD is the underlying etiology of HF in 
nearly 70% of patients  [  7  ] , at least in the Western world. 

 The case illustrating HF and CAD shown in Figs.  19.1 – 19.6  is of a 55-year-old man who had experienced acute 
anteroseptal myocardial infarction 3 months before death. While in the hospital convalescing from the acute event, he was 
diagnosed with a large pulmonary embolus and prescribed anticoagulants. One month after discharge, the patient was 
readmitted because of HF and for consideration of special studies. Selective coronary arteriography revealed occlusion of 
the proximal portion of the proximal LAD (Fig.  19.2 ). LV ventriculography showed akinesis of the apex of the LV and 
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mitral insufficiency. The left ventricular end-diastolic pressure (LVEDP) was elevated to 26 mmHg and the ejection fraction 
was 20%. The patient’s HF progressed. Pulmonary edema and distended neck veins appeared, and he died suddenly, about 
3 months after the onset of AMI.   

 The autopsy revealed coronary arterial lesions consistent with those demonstrated angiographically. The heart showed 
hypertrophy (650 g) and a greatly enlarged LV (Fig.  19.3 ). The anteroseptal region revealed a large, transmural scar with 
moderate bulging of the ventricular septum toward the RV. The papillary muscles were neither infarcted nor scarred. Mural 
thrombi were found in both ventricles and in the right atrial appendage (Figs.  19.3  and  19.4 ). Other signs of HF were sup-
ported by chronic passive congestion of the liver (Fig.  19.5 ), and spleen and bilateral pleural effusion. There were no signs 

  Fig. 19.1    ECGs. ( a ) First day after onset of myocardial infarction. There are right bundle branch block, junctional, and ventricular ectopic beats 
(retrograde conduction to atrium), and evidence of acute anteroseptal myocardial infarction. ( b ) On the third day after the onset of acute myocar-
dial infarction, classic changes of acute anterior infarction are visible (Q wave in leads V1 through V4, and ST-segment elevation). ( c ) Ten weeks 
after the onset of myocardial infarction, a left axis deviation (anterior fascicular block) and return of R waves in the right precordial leads are 
visible. A prominent Q wave and ST-segment elevation persist in left precordial leads       

 



  Fig. 19.2    LC arteriogram in 
RAO view. Occlusion of the 
proximal LAD       

  Fig. 19.3    Interior of LV. 
Scarring of the thinned 
anterior wall and bulging 
of the interventricular septum 
toward the RV. Mural 
thrombus in the apex. 
The papillary muscles 
are not infarcted       

  Fig. 19.4    RV. Mural 
thrombus at apex – an 
important anatomic signs 
of congestive heart failure       
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of AMI grossly or microscopically. The myocardium beyond the gross scar showed no scarring histologically. Pulmonary 
emboli of varying ages were present (Fig.  19.6 ). The degree of pulmonary arterial obstruction seemed of such magnitude as 
to have been a significant factor contributing to the right heart failure.     

 Trends in HF have changed in recent decades  [  8  ] . CAD has clearly increased as a cause of HF in the Framingham cohort 
 [  8  ] , whereas valvular heart disease has markedly declined as a causal factor. The data on hypertension and HF are less clear. 
More recently, hypertension has appeared to play a diminished causal role in the Framingham population  [  8  ] . The reduced 
prevalence of left ventricular hypertrophy with more effective treatment of hypertension has paralleled the declining inci-
dence of HF in various treatment trials, and may underlie the declining causal role of hypertension as a cause of heart failure. 
This is in contrast to the prevalence of diabetes mellitus, which is clearly rising in the HF population. In the Framingham 
cohort, the rate of increase in diabetes is 20% per decade  [  8  ] . Reduced glucose tolerance and insulin resistance favor the 

  Fig. 19.6    Right lung. The 
main pulmonary artery of this 
lung is occluded by 
organizing thrombus       

  Fig. 19.5    Liver. Prominent 
central zones characteristic of 
chronic passive congestion of 
the organ (so-called “nutmeg 
appearance”)       
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development of HF. Diabetes mellitus is associated with the development of atherosclerosis, and atherosclerosis accounts 
for up to 60% of deaths from diabetes. Overall, CAD, hypertension, and diabetes mellitus account for most of the HF in the 
western world.  

   Systolic Heart Failure: Heart Failure with Reduced Left Ventricular Ejection Fraction 

 For years, systolic heart failure was the main type of HF familiar to cardiologists. It is classic HF characterized by a reduc-
tion in systolic performance from a myriad of causes, leading to increased filling pressures, shortness of breath, and, in the 
later stages, is accompanied by a low cardiac output, fatigue, and edema. The primary feature is progressive remodeling of 
the heart so that it assumes a more spherical, globular shape. The LV internal dimension increases in size, and the LV ejec-
tion fraction is reduced. Essentially, the heart does not empty its contents with sufficient force and power. The afterload 
increases commensurate with the increase in LV radius and wall tension, and the preload rises commensurate with the 
increase in filling pressures. For any given increase in sarcomere length, there is little or no further development of contrac-
tile force (reduced Starling effect). 

 The combination of perverse loading conditions and reduced contractile strength are responsible for impaired systolic 
function  [  9  ] . In chronic ischemic HF or ischemic cardiomyopathy, contractile tissue is partially replaced by noncontractile, 
dense scar tissue. Acute myocardial ischemia may be superimposed on chronic ischemic HF, and can lead to further reduc-
tions in contractile muscle strength. 

 Chronic myocardial under-perfusion of the heart can lead to a condition known as “hibernating myocardium.” In this 
state, the metabolism of the myocardium is reduced to a lower level of activity, presumably in an adaptive attempt to con-
serve energy, resulting in a less forceful contraction  [  10  ] . This is a potentially reversible condition, and serves as part of the 
basis for revascularization therapy. Hibernating myocardium can be diagnosed by a combination of coronary arteriography 
and positron emission tomography, which has emerged as an important step in the identification of chronically ischemic but 
viable myocardium  [  11  ] . 

 In some patients with chronic ischemic HF and extensive hibernating myocardium, revascularization can occasionally 
lead to spectacular improvement in LV function. For some, the combination of an angiotensin-converting enzyme inhibitor 
(ACEi), angiotensin receptor blocker (ARB),  β -adrenergic blocker, aldosterone receptor blocker, or diuretic and coronary 
revascularization can relieve at least some of the signs and symptoms of chronic ischemic HF  [  12  ] . The development of HF 
leads to activation of the renin-angiotensin-aldosterone axis and the sympathetic nervous system, and these contribute 
importantly to the remodeling process  [  13  ] . Blocking these systems pharmacologically with ACE inhibitors or ARBs, 
 β -blockers, and aldosterone inhibitors slows progressive remodeling and improves survival in patients with HF  [  14  ] . When 
LV scarring is extensive, however, and little myocardium is viable, there may be a poor response to either medical, device, 
or revascularization therapy  [  15  ] . 

 Patients who develop systolic HF in the setting of a healed myocardial infarction have an annual mortality of 8–20% per 
year, depending on NYHA class, duration of symptoms, age, severity of LV dysfunction, and comorbidities. Sudden unex-
pected death occurs in 30–50% of these patients, depending on how one defines sudden death. The sudden death rate has 
probably been reduced by the widespread use of implantable cardioverter-defibrillators (ICDs), cardiac resynchronization 
therapy (CRT), and improved medical therapy over the past few decades. Still, the relative importance of an acute coronary 
event as a trigger for sudden death in patients with ischemic cardiomyopathy is high, as acute coronary findings are frequent 
in these patients at autopsy, even though they are not usually clinically diagnosed  [  16  ] . 

 Recurrent myocardial infarction is likely a frequent cause of terminal HF in patient with chronic CAD. Therefore, 
improved strategies to prevent or treat acute myocardial ischemia are still very important in this patient group. 

 Acute systolic HF syndromes occur in patients with CAD and healed myocardial infarction, and may take many forms. 
These syndromes are defined as a rapid or gradual change in signs and symptoms in patients with chronic HF or new-onset 
HF that requires urgent therapy  [  17  ] . Such episodes may present as acute coronary syndromes, often with some element of 
mitral regurgitation, and usually require investigation that includes coronary arteriography. 

 The in-hospital mortality rate varies from 4 to 7%, and the rehospitalization rate is quite high – 30% in the first 90 days 
after discharge  [  18  ] . Treatment usually consists of optimal medical HF therapy, optimal medical therapy for CAD, control 
of cardiac risk factors, and myocardial revascularization. Treatment, of course, must be tailored to the individual patient, 
and must take into account multiple variables such as the patient’s age, expectations, and desires, and is influenced greatly 
by concomitant comorbid conditions. Previous heart surgery, the presence or absence of mitral regurgitation, the size and 
the performance of the LV, and the extent of myocardial viability are of major importance when considering revasculariza-
tion strategies.  
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   Diastolic Heart Failure: Heart Failure with Preserved Ejection Fraction 

 About 40% of patients with HF have a normal or near-normal ejection fraction, but estimates vary widely. Of course, the 
two conditions of systolic and diastolic HF may coexist to some extent in some patients. Predominant systolic HF results in 
impaired ventricular pump performance, whereas predominant diastolic heart failure results in impaired ventricular filling 
 [  19,   20  ] . Patients with diastolic HF often have underlying CAD, hypertension, and diabetes mellitus. It is more common in 
elderly women. 

 The two conditions cannot be easily distinguished by history and bedside examination, so echocardiography is usually 
performed to help diagnose diastolic HF. Other cardiac imaging techniques and cardiac catheterization can also be used to 
distinguish these two basic types of HF. Typically, the LV ejection fraction is 40% or more in patients with diastolic HF. 
The LV in these patients may be stiffer than normal, and less compliant. This can be caused by fibrosis from a previous but 
now healed myocardial infarction, or from a restrictive or infiltrative form of cardiomyopathy. Wall thickness may be 
increased, and the internal LV chamber size may be normal or even smaller than normal. Left ventricular hypertrophy is not 
infrequently present, usually from long-standing, poorly controlled hypertension, or in response to previous myocardial 
infarction. Therefore, any given LV end-diastolic volume may be higher than normal, thus, in some cases pushing the filling 
pressures above normal, and creating the sensation of dyspnea for the patient. Although cardiac output may be intact, the 
full-blown syndrome of HF can ensue, with all its typical signs and symptoms. Biomarkers such as brain natriuretic peptide 
(BNP) rise in the serum in response to increased LV wall tension, similar to but less robustly than with systolic HF. 
Neurohumoral systems are activated, very similar to that which occurs with systolic HF. 

 The prognosis for patients with early diastolic HF in its pre-hospitalization stage may be somewhat better than that of 
systolic HF, but once patients with diastolic HF are hospitalized for decompensated heart failure, that early advantage is lost 
in a few months  [  21  ] . Moreover, treatment with ACE inhibitors, ARBs, or  β -blockers does not improve post-discharge 
outcomes for patients with diastolic HF over the short term. Clinical trials indicate that treatment with an ARB  [  22  ]  or an 
ACE inhibitor  [  23  ]  also failed to provide long-term survival benefit. Spironolactone, an aldosterone receptor inhibitor, is 
presently being studied as possible therapy for diastolic HF. For now, treatment includes control of hypertension, optimal 
medical therapy for comorbidities, revascularization for CAD, and diuretics to control fluid overload.  

   Cardiac Resynchronization Therapy 

 CRT has emerged as an important form of device therapy for patients with NYHA class III or ambulatory class IV systolic 
HF who manifest cardiac dyssynchrony despite standard pharmacologic therapy  [  24  ] . CRT improves symptoms and quality 
of life, and reduces complications and the risk of death. In the United States, CRT is often implanted with an ICD  [  25  ] ; in 
Europe, CRT is often used as a single device  [  24  ] . Guidelines require that its use be restricted to patients with an LV ejection 
fraction  £ 35%, a QRS duration  ³ 120 ms, and sinus rhythm  [  26  ] . 

 Mechanical dyssynchrony can lead to marked disparities in regional LV loading. Regions activated earlier are under less 
load because their shortening reciprocally stretches the still-inactive opposing wall. In contrast, late-stimulated regions must 
operate at higher loads because of pre-stretch and late contraction against an already stiffened muscle. Such unequal loading 
can affect localized expression of genes that control myocyte size and function. 

 The rationale behind CRT is that reversal of LV dyssynchrony leads to reversal of disparate regional loading conditions, 
reverse remodeling with improvement in LV ejection fraction, less mitral regurgitation, and a smaller LV cavity  [  27,   28  ] . 
However, selection of patient responders to CRT is not always possible despite careful preimplantation echocardiography 
 [  29  ] . Moreover, not all patients with left bundle branch block (LBBB) have mechanical dyssynchrony  [  30  ] . Additionally, 
viable muscle and location of the pacing lead in the appropriate position in the coronary sinus seems necessary. This can be 
an obvious problem in patients with HF due to a healed myocardial infarction or ischemic cardiomyopathy, where large 
amounts of fibrous tissue or a strategically placed scar may preclude the benefit of CRT. 

 Very dilated ventricles are unlikely to respond to either revascularization or CRT. Patients with a narrow QRS, right 
bundle branch block (RBBB), diastolic HF, or atrial fibrillation may not respond to CRT. Current iterations of echocardio-
graphic and tissue Doppler-based indices of mechanical synchrony are unsuited to everyday clinical use in CRT selection. 

 The QRS width is probably the single most important factor in predicting which patient with systolic HF is going to 
respond to CRT. More recently, NYHA class II patients appear to gain a survival benefit from CRT  [  31,   32  ] , as well as dem-
onstrate reversal of LV remodeling  [  33–  35  ] , thus expanding the potential utility of this evolving form of device therapy.  



35519 Healed Myocardial Infarction

   Thrombus in the Chambers 

 The incidence of left ventricular thrombus formation after ST-elevation myocardial infarction (STEMI) appears to have 
dropped from about 20 to 5% with more aggressive use of antithrombotic strategies. When a mural thrombus does develop 
within 48–72 h of a STEMI, the prognosis is poor because of complications of a large infarction such as shock, reinfarction, 
rupture, and ventricular arrhythmia rather than emboli from the LV thrombus. Factors that predispose to thromboembolic 
events in patients with HF include low cardiac output, relative stasis of blood in the cardiac chambers, very impaired myo-
cardial performance, regional wall motion abnormalities, and concomitant atrial fibrillation. Myocardial thrombi are most 
commonly seen in the LV apex. 

 Figure  19.7  shows an echocardiogram from a patient with a history of extensive anteroseptal infarction and LV apical 
thrombus. Figure  19.8  illustrates a large thrombus in the LV apex.   

 An estimated 10% of mural thrombi result in systemic embolization. Heart failure is believed to be a hypercoagulable 
state, with impaired endothelial function in the heart’s chambers and peripheral vasculature. It is clear that patients with HF 
and atrial fibrillation benefit from therapy with warfarin, but the role of anticoagulation with antiplatelet drugs and/or war-
farin for patients with HF and normal sinus rhythm (NSR) remains understudied. 

 Although left ventricular thrombus is well-known to form acutely on the endocardial surface of the heart in patients with 
AMI, approximately 20–40% undergo spontaneous resolution without anticoagulant therapy in the first year, and another 
42–88% resolve with anticoagulant therapy. Persistence of LV thrombus is more common when anticoagulant therapy is not 
used  [  36  ] . 

 Thromboembolic events occurred at a rate of about 1.7% per year in patients entering the relatively recent Sudden 
Cardiac Death in Heart Failure Trial (SCD-HeFT)  [  37  ] . Older retrospective natural history studies reported an annual inci-
dence of thromboembolic events in patients with HF at 2.7–3.5% per year. To this day, it is not certain that patients with HF 
who are in NSR clearly benefit from anticoagulation with aspirin, warfarin, or clopidogrel  [  38  ] . Randomized clinical trials 
such as the Warfarin and Antiplatelet Therapy in Chronic Heart Failure (WATCH) Trial demonstrated relatively few throm-
boembolic events, were slow to enroll patients, and have generally not provided clear and convincing evidence to justify 
warfarin, aspirin, or clopidogrel use on a routine basis for patients with HF and impaired LV function who are in NSR. 

 The use of aspirin for these patients remains controversial. Current clinical practice guidelines recommend antiplatelet 
therapy for patients with HF and CAD. However, patients randomized to aspirin in WATCH had a higher hospitalization 
rate for HF. Nevertheless, the study does not have the power to refute or recommend its routine use. Aspirin may be benefi-
cial in patients who have HF with recent myocardial infarction or multiple vascular risk-factors.  

  Fig. 19.7    Two-dimensional 
echocardiogram, apical 
two-chamber view. Mural 
thrombus in the LV apex 
( arrow )       
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   Left Ventricular Aneurysm 

 The term “LV aneurysm” or “true aneurysm” implies a discrete, dyskinetic area of the LV wall with a wide “neck” that is 
observed months or years after a STEMI. It should be differentiated from the far more common dyskinetic or akinetic areas 
of the left ventricle that occur early after STEMI and that may resolve or improve over time. Poorly contracting areas of the 
LV that are frequently seen early after STEMI are referred to as regional wall motion abnormalities and not LV aneurysms. 
In fact, true LV aneurysms develop in only about 5% of patients with STEMI, and are most commonly seen after large 
anterior myocardial infarction  [  39  ] . 

 The wall of a true aneurysm is “old,” thinned out, and composed of a combination of fibrous tissue, necrotic muscle, and, 
occasionally, some viable myocardium. True LV aneurysms vary in size, but can be up to 8 cm in diameter. After many 
years, they may become somewhat calcified. Unlike false aneurysms, they rarely rupture. This is especially the case when 
they are quite old. One feature of true LV aneurysms is that they are usually subserved by a totally occluded coronary artery 
and have no collaterals, or are very poorly collateralized. 

 Although true LV aneurysms are relatively inert, they can be a source of lethal ventricular arrhythmias  [  40  ] . When death 
occurs, it can be sudden. Such aneurysms can also be a source of mural thrombus and systemic embolization. 

 The cases shown in Fig.  19.9a, b  portrays anatomic features of LV aneurysm. From a pathologist’s point of view, a true 
aneurysm is characterized by extreme thinning of the cardiac wall with a convex distortion of the external contour, corre-
sponding to the zone of previous infarction.  

 Figure  19.10  illustrates the echocardiographic features of LV apical aneurysm. The echocardiographic finding is a thin 
wall that fails to thicken during systolic contraction, producing a “bulge” during systole and diastole.  

 The case shown in Figs.  19.11  and  19.12  portrays several features of an LV aneurysm. These are the suggestive ECG, 
the finding of mural thrombus in the aneurysm, and calcification. The terminal complication was gangrene of a lower 
extremity associated with heart failure.   

 The patient was a 65-year-old man with a “heart attack” 16 years prior. He was admitted with signs of early gangrene of 
the right leg. Physical examination revealed signs of congestive HF and tachycardia. BP was 140/100, roentgenogram 
showed enlargement of the LV with calcification, and central pulmonary venous congestion. Arteriogram revealed occlusion 
of the right superficial femoral artery and occlusion of the popiteal, tibial, and peroneal trunk. Sudden death occurred on the 
fifth hospital day. 

  Fig. 19.8    True aneurysm of 
anteroseptal region. Frontal 
section of the heart. The 
apical and septal walls of the 
LV are thin and show an 
aneurysm bulge. The cavity 
of the aneurysm is fi lled with 
thrombus. Characteristically, 
this example of a true 
ventricular aneurysm shows 
a wide neck leading into the 
fundus       

 



  Fig. 19.9    LV aneurysm of 
the inferior type. ( a ) View of 
the heart from left, showing a 
bulge in the posterobasal 
region of the LV. ( b ) Interior 
of the LA and LV, showing 
the aneurysm bulge 
externally. Aneurysms in this 
location are frequently 
associated with infarction of 
papillary muscles, as is 
present here       

  Fig. 19.10    Two-dimensional 
imaging in the four chambers 
apical view, demonstrates a 
thin distal septum and 
dilatation of apical LV 
segment ( arrows ). A hinge 
point demarcates the 
transition from contractile 
area to the aneurysmal 
segment       

  Fig. 19.11    ECG. QS deflection is shown in leads I and AVL, minimal R waves in lead V5 with negative T wave, slanting ST-segment elevation 
in leads V2 through V4 indicative of healed lateral apical transmural myocardial infarction       
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 Some physicians favor long-term anticoagulation with warfarin in these patients. Surgical aneurysmectomy is rarely 
performed today, unless contractile performance in the remaining ventricle is relatively preserved, and the patient has refrac-
tory angina, heart failure, arrhythmias, or systemic embolization. 

 Figure  19.13  portrays calcification in the wall of an LV aneurysm observed in a plain X-ray film and correlated with coro-
nary arteriography (Fig.  19.14 ).   

 Another case of LV aneurysm shown in Figs.  19.15  and  19.16  illustrates not only distortion of the LV shape, as seen in 
left ventriculograms, but also the lack of visualization of small vessels over the zone of aneurysm, as shown in the coronary 
arteriogram.   

 A pseudoaneurysm or false aneurysm is much different than a true aneurysm. It is basically a contained, incomplete 
myocardial rupture, and typically has a narrow neck. Pseudoaneurysm occurs when an organizing hematoma and thrombus, 
along with the pericardium, essentially seal off a myocardial rupture of the LV and prevent the development of a hemoperi-
cardium. Over time, a pseudoaneurysm forms a narrow “neck” that maintains communication with the LV cavity. 

  Fig. 19.12    ( a ) LV. At the 
apex of the LV is an 
aneurysm containing a 
thrombus. ( b ) Roent-
genogram of specimen of 
heart showing calcifi cation at 
the base of the LV thrombus       

  Fig. 19.13    Frontal view of 
thoracic roentgenogram 
shows slight distortion of the 
LV contour, associated with 
calcifi cation       
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  Fig. 19.14    Lateral view of LC arteriogram shows occlusion in the midportion of the Cx and severe stenosis of the LAD. Dense calcifi cation in 
aneurysmal wall ( arrows )       

  Fig. 19.16    LC arteriogram in lateral view. The LAD is occluded. There is paucity of small vessels over the entire anterolateral aspect of the LV, 
the latter being an indirect sign of the presence of extensive scarring. Severe disease in the Cx is also present       

  Fig. 19.15    Left ventriculogram in RAO view during systole. A distorted enlargement of an akinetic apical portion of the LV is visible – the 
characteristic appearance of an LV aneurysm       
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 A pseudoaneurysm can become quite large. It may contain a thrombus, which can be a source of systemic emboli. The 
diagnosis of a pseudoaneurysm or false aneurysm can be made by contrast ventriculography or echocardiography, but dif-
ferentiation from a true LV aneurysm can be difficult. Because rupture of a pseudoaneurysm can occur at any time and is 
not infrequent, prompt elective surgery is usually indicated.  

   Mitral Insufficiency 

 Mitral insufficiency stems from a structural problem involving the “mitral valve”; this can include the subvalvular apparatus, 
the annulus, the valve leaflets’ chordae tendineae, papillary muscles, and left ventricular wall  [  41  ] . While there are many 
causes of mitral insufficiency, it is a well-known complication of AMI. 

 Mitral regurgitation as a consequence of AMI can be acute, where it can be associated with acute pulmonary edema and 
cardiogenic shock, or it can be chronic and lead to progressive LV remodeling and chronic congestive HF. Acute mitral 
regurgitation can result from ischemic or infarcted papillary muscle, ruptured chordae tendineae, or even ruptured (infarcted) 
papillary muscle. Ruptured papillary muscle is usually a catastrophic event, not infrequently leading to torrential mitral 
insufficiency, shock, and death, unless surgically repaired on an urgent basis. What happens more commonly, especially 
following a large STEMI, is that LV remodeling occurs as a response to the acute myocardial injury  [  42  ] , the LV changes 
shape (becomes more spheroid) and dilates, the papillary muscles are displaced to some extent, and mitral regurgitation 
more gradually ensues. Such cases are referred to as “functional” mitral insufficiency to distinguish them from mitral insuf-
ficiency as a consequence of structural abnormality of the mitral leaflets themselves, as might occur in mitral valve prolapse. 
So-called functional mitral insufficiency can become quite severe and can cause signs and symptoms of HF, requiring coro-
nary artery bypass grafting (CABG) and repair or replacement of the mitral valve. 

 Preoperative echocardiography often indicates papillary muscle dyssynchrony, widened vena contracta, mitral valve tent-
ing, alteration of the mitral regurgitation color flow jet area to the left atrial area ratio, displacement of mitral leaflet coapta-
tion, and often an eccentric mitral regurgitant jet. Echocardiographic features of “functional” mitral regurgitation from a 
patient with a history of previous inferior myocardial infarction and chronic heart failure is illustrated in Fig.  19.17 .  

 With mitral insufficiency, the LV internal chamber dimension is usually increased and the LV ejection fraction may be 
diminished. The left atrium may be enlarged if the mitral insufficiency has been chronic. Preoperative LV viability studies 
are needed to plan surgical intervention, as the surgery can be high risk and some patients do not derive obvious benefit. 

 The case selected to show mitral insufficiency as a complication of healed myocardial infarction is that of a 55-year-old 
man who exhibited progressive dyspnea on exertion and angina following AMI 2 years previously. Physical examination 
revealed a systolic murmur of mitral insufficiency. An ECG at this time suggested a healed posterior myocardial infarction 
and the voltage features of LVH (Fig.  19.18 ). A left ventriculogram showed gross mitral insufficiency with moderate 
enlargement of the LA and the LV (Fig.  19.19 ).   

 The patient’s symptoms deteriorated and the mitral valve was replaced the following year with a prosthetic mitral valve. 
After surgery, the patient developed LV failure, hypotension, and tachycardia, and ECG signs suggesting acute infarction of 
the posterior wall. Five days after surgery, the patient developed signs of acute cholecystitis and pyelonephritis. Despite 
antibiotic therapy, he died 3 days later. 

 Autopsy showed the heart to be enlarged (600 g). Its posterior wall showed transmural healed infarction (Fig.  19.20a, b ). 
Both papillary muscles were scarred and atrophic. Scarring and a recent myocardial infarction were found in the lateral wall 
of the LV. A myocardial infarction had occurred in the early postoperative period. Severe obstructive disease was noted in 
the RC, LAD, and CX (Fig.  19.20c ). Acute cholecystitis (nonruptured) and acute pyelonephritis were present.  

 Whether mitral insufficiency is due to a dilated mitral annulus or distortion of LV geometry is a matter of some contro-
versy, as is the architecture of the subvalvular apparatus. Although both mechanisms may be operative, it is likely that LV 
geometric distortion and ischemia/infarction of the LV wall and the subvalvular apparatus are primarily responsible for the 
functional mitral insufficiency that occurs in patients with healed myocardial infarction and ischemic cardiomyopathy. Some 
element of mitral annular dilation may be present in patients with extremely dilated left ventricles, but for the most part, this 
probably plays a minor role in the genesis of functional ischemic mitral insufficiency. 

 Another myth is that surgically correcting the mitral insufficiency will mitigate the low pressure circuit into the left 
atrium, thus causing an acute afterload stress on the heart and acute left HF following surgery. Although this can probably 
occur when there is little or no contractile reserve, more often than not, the wall stress (afterload) is actually  reduced  fol-
lowing correction of severe mitral insufficiency. As progressive LV remodeling is abrogated, the LV actually becomes 
smaller, and the wall stress diminishes gradually over time. 
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  Fig. 19.17    Two-dimensional 
imaging in the apical 
two-chamber view, 
demonstrating an eccentric 
jet of mitral regurgitation 
(arrow) caused by the 
incomplete mitral leafl et 
closure from a patient with a 
history of previous inferior 
myocardial infarction and 
chronic heart failure          

  Fig. 19.18    ECG taken approximately 1 year before death and 2 years after the initial myocardial infarction. This shows features of healed infe-
rior-posterior myocardial infarction, as well as signs of LV and LA enlargement       

 Evidence from observational studies suggests that surgical intervention is beneficial  [  43  ] . Depressed LV function is an 
independent predictor of poor outcomes but is not a contraindication to mitral valve repair. In fact, earlier surgery seems 
to be creeping into our consideration of surgical treatment for this condition. It is unclear if asymptomatic patients with 
severe mitral insufficiency who demonstrate no LV dysfunction or dilatation, atrial fibrillation, or pulmonary hypertension 
should undergo early surgery. Improved preoperative viability testing, better anesthesia, intraoperative transesophageal 
echocardiography, better control of rapid perioperative atrial fibrillation, and the ability to repair the mitral valve in most 
cases has, in recent years, led to improved survival for patients undergoing mitral valve surgery for functional ischemic 
mitral insufficiency.      
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        Coronary Vasospasm 

 Spontaneous coronary vasospasm leads to an anginal syndrome (often referred to as Printzmetal angina), occurring at rest 
or with exertion. Coronary spasm occurs in two broad settings – spasm associated with atherosclerosis or other arterial 
diseases, and spasm that occurs in the absence of identifiable arteriopathy  [  1–  5  ] . The former is common, but the latter is 
not  [  1  ] . Bertrand administered ergonovine, a compound that precipitates spasm in predisposed individuals, to 1,089 
patients undergoing coronary arteriography and found that spasm was relatively common in patients with recent coronary 
thrombosis (Fig.  20.1 )  [  3  ] . Vasospasm could be induced in 20% of patients with a recent infarction and 38% of patients 
with unstable or rest angina, but in only 4.3% of patients with stable, exertional angina. Equally important, only 1.2% of 
patients with chest pain atypical for angina had inducible spasm, emphasizing that spasm is not a common cause of atypical 
chest pain.  

 Patients with inducible vasospasm and a significant (>75%) stenotic lesion have a higher incidence of death, infarc-
tion, and atherosclerosis progression than patients with isolated stenotic lesions without inducible vasospasm or vasos-
pasm alone  [  6–  8  ] . Harding et al.  [  9  ]  retrospectively analyzed ergonovine provocative studies and found that smoking 
(odds ratio 4.7–7.7:1 compared to nonsmokers) and atherosclerosis were significant risk factors for inducible spasm  [  9, 
  10  ] . More recently, vascular inflammation, polymorphism of eNOS genes, and enhanced phospholipase C activity have 
been linked to coronary spasm  [  11,   12  ] . The diagnosis of coronary vasospasm can be made at the time of angiography 
by giving drugs that provoke spasm or occasionally by observing spontaneous spasm  [  1,   2,   13–  18  ] . The most commonly 
administered agent is an ergot derivative, usually ergonovine maleate or ergometrine, although methacholine was used 
to induce vasospasm in pioneering studies in the catheterization laboratory. Ergot derivatives are potent constrictors of 
vascular smooth muscle. Muscarinic receptor agonists (acetylcholine and methacholine) appear to cause vasospasm in a 
large fraction of patients with ergonovine-induced spasm  [  19  ] . Other agents have also been reported to induce spasm 
(cold pressor test, histamine, hyperventilation), but not enough information is known to assess the potency and specificity 
of these agents  [  20,   21  ] . 

 Prior to a provocative test for vasospasm, an electrocardiogram should be obtained and a coronary arteriogram should 
show the absence of severe coronary obstruction. When vasospasm is suspected, acetylcholine or ergonovine generally is 
given in incremental intravenous doses – starting at 50  m g and increasing doses until a total dose of 350–400  m g intrave-
nously is reached for ergonovine. Although ergonovine appears safe in doses up to 800  m g, the vast majority of patients 
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with vasospastic angina develop spasm at doses of <200  m g  [  1,   2,   15–  17,   22  ] . More recently, intracoronary acetylcholine 
(25–50  m g and an intracoronary bolus) has been used to provoke spasm  [  23  ] . 

 In normal patients, ergonovine causes mild, diffuse coronary constriction in the epicardial arteries (10–20% decrease in 
diameter)  [  16  ] . The response is more pronounced in the distal vessels. In patients with vasospastic angina, ergonovine or 
acetylcholine causes focal, usually severe, large-vessel coronary constriction – frequently leading to transient, total coro-
nary occlusion (Fig.  20.2 ). The peak response occurs 2–5 min after administration, although onset of spasm 15–20 min 
later has been reported. In its classical description, coronary spasm leads to chest pain, ST-segment elevation on the elec-
trocardiogram, increased left ventricular end-diastolic pressure, and myocardial lactate release  [  18  ] . In as many as half of 
patients with vasospastic angina, the response to ergonovine is less intense. ST-segment depression (rather than elevation) 
is often observed in patients with incomplete coronary occlusion with spasm, in patients with collateral arteries to the 
ischemic bed, and if spasm occurs in a small vessel  [  23–  28  ] . Most would consider the test positive if the patient’s symptoms 
are reproduced, if focal spasm >75% is demonstrated, and if there are electrocardiographic changes (ST-segment elevation 
or depression)  [  1  ] .  

 Coronary spasm may be slightly more likely in the right coronary artery (RCA), followed by the left anterior 
descending (LAD) and circumflex arteries (CX). Vein bypass grafts also can exhibit spasm, but rarely do  [  29  ] . Patients 
with vasospastic angina appear to have more constriction in nonspastic coronary segments, suggesting a generalized 
coronary abnormality, and also may have enhanced resting tone, as evidenced by a greater degree of relaxation after 
nitroglycerin  [  30–  33  ] . 

  Fig. 20.1    The frequency of 
coronary vasospasm induced 
by ergonovine in 1,089 
patients undergoing cardiac 
catheterization. The incidence 
of provokable spasm was 
high in patients with angina 
at rest and recent myocardial 
infarction, but uncommon in 
patients with chest pain, 
which is atypical for 
myocardial ischemia       

  Fig. 20.2    An angiogram from a patient with vasospasm induced by ergonovine.  Left : Before ergonovine, there is a 50% diameter stenosis in the 
proximal LAD.  Center : After ergonovine (100  m g intravenously), the LAD develops spasm at the site of the lesion ( arrow ), with minimal ante-
grade blood flow.  Right : After nitroglycerin (200  m g intracoronary), the spasm is relieved and blood flow is restored       
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   Catheter- and Device-Induced Vasospasm 

 Coronary cannulation can cause vasospasm at the catheter tip, usually thought to result from mechanical traction on the 
artery. Catheter-induced spasm is much more common in the right compared to the left coronary artery, and rarely, may 
occur distal to the catheter tip or in vein grafts  [  34,   35  ] . It may occur more frequently in patients with vasospastic disease 
in other coronary segments, but an association with clinical vasospasm is very uncommon. Implanted devices such as coro-
nary stents can also cause diffuse coronary spasm resulting in symptoms  [  36  ] .   

   Spontaneous Coronary Artery Dissection 

 Isolated spontaneous coronary artery dissection is a rare event that occurs in all coronary arteries with approximately equal 
incidence  [  37–  42  ] . It occurs most frequently in young women, particularly in the peripartum period, but may be associated 
with blunt chest trauma, atherosclerosis (possibly related to plaque rupture), obstruction immediately above the aortic valve 
(e.g., an obstructed prosthetic ball valve), and from iatrogenic complications of coronary artery cannulation  [  38,   43–  47  ] . 
Coronary dissection also occurs in conjunction with aortic dissection and involves the RCA more often than the left. 
Histological examinations have shown a variety of abnormalities  [  38,   40,   42,   45  ] . The most common observation is a hema-
toma within the arterial media and luminal compression (Fig.  20.3 )  [  38,   42  ] . A rent in the intima leading to the medial 
hematoma is observed inconsistently, as are changes of cystic medial necrosis  [  40  ] . Atherosclerosis with aneurysm or plaque 
rupture has been reported  [  40  ] . Perivascular eosinophilia has also been found late after dissection, but it is not clear whether 
eosinophils were related to the cause or occur as a response to the dissection  [  48  ] .  

 At angiography, spontaneous dissection appears as a radiolucent linear filling defect that spirals down the coronary artery 
 [  37,   39,   42,   49–  51  ] . After intracoronary contrast injection, contrast material frequently persists in the false lumen. The dis-
section may be complicated by total thrombotic coronary occlusion (Figs.  20.4  and  20.5 ). Distal emboli with abrupt vessel 
cut-offs are common  [  42  ] . Unless complicated by lumen thrombosis or death, most spontaneous dissections heal, but per-
manent true and false channel lumens may persist  [  44,   49–  51  ] . A similar dual-lumen vessel can be seen late after angio-
plasty complicated by a spiral dissection. In one series of patients with spontaneous dissection, the mortality rate was 18% 
 [  37  ] . Thrombolytic therapy has been used successfully to treat acute coronary occlusion related to spontaneous dissection 
 [  52  ] , but stenting is now the therapy of choice if the operator can negotiate through the true lumen to place the stent  [  53  ] . 
Recurrent dissection in another artery is uncommon, but may occur more frequently in women.   

 Figures  20.6  and  20.7  illustrate two cases with iatrogenic coronary dissection following cannulation (Fig.  20.6 ) and 
postcoronary arteriography (Fig.  20.7 ).    

  Fig. 20.3    Photomicrograph 
is from a 48-year-old female 
with sudden death and 
spontaneous dissection 
of the LAD, with acute 
thrombus within a false 
channel compressing the 
true lumen. Hematoxylin 
and eosin stain: 2×       

 



  Fig. 20.5    Serial angiograms obtained from a patient with spontaneous dissection of the LAD.  Left : An angiogram obtained before presentation 
revealed mild, diffuse narrowing of the LAD.  Center : After developing signs of acute myocardial infarction, the angiogram revealed subtotal 
occlusion of the LAD and a linear intraluminal filling defect along the occlusion ( arrow ).  Right : Angiography months after presentation and 
treatment with streptokinase showed healing of the dissection and minimal stenosis       

  Fig. 20.6    An example of 
intramural hematoma of the 
ML following aortic valve 
replacement with cannulation 
of the ML. Elastic tissue 
stain: 11×       

  Fig. 20.4    A 67-year-old 
male with spontaneous LAD 
dissection shown in this RAO 
cranial projection. The 
dissection originates in the 
mid-LAD ( arrows ) and 
extends all the way into the 
apical LAD with distal 
occlusion ( white arrow ). 
The circumfl ex artery had an 
anomalous origin from the 
right coronary cusp (courtesy 
Dr. Abhiram Prasad. Mayo 
Clinic)       
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   Myocardial Infarction in Patients with Angiographically Normal 

   Coronary Arteries 

 One percent to 16% of patients with documented acute myocardial infarction are found at angiography to have normal or 
nearly normal coronary arteries  [  54–  57  ] . Coronary embolism, in situ coronary thrombosis with spontaneous lysis, stress-
induced cardiomyopathy (takotsubo syndrome), and vasospasm have been proposed as possible mechanisms  [  58–  61  ] . 

 Compared to patients with infarction associated with coronary atherosclerosis, those with a normal coronary angiogram 
after infarction tend to be younger (16–22% of patients are under 35 years of age) and have fewer antecedent symptoms of 
angina and fewer risk factors for atherosclerosis  [  62,   63  ] . In contrast to the male predominance of atherosclerosis-associated 
infarction, men and women are approximately equally affected  [  60,   63  ] . Associations with tobacco smoking, a prior history 
of migraine headaches, Raynaud phenomenon, mitral valve prolapse, cocaine abuse, and birth control pill use have been 
reported  [  63–  65  ] . Cocaine, sumatriptan, nifedipine, or excessive alcohol use also may precipitate infarction, presumably by 
causing vasospasm or transient thrombosis. . Coronary spasm induced by ergonovine can be demonstrated in a minority of 
patients, but no definitive underlying mechanism can be found in most  [  60  ] . 

 Sudden sympathetic discharge (e.g., with emotional stress, shock, or postoperative pain) has also been associated 
with transient anterior wall dysfunction, chest pain, and deep T-wave inversion across the precordial leads on the ECG 
in the presence of normal coronary angiography (Fig.  20.8 ). Although blood markers of infarction are elevated, nearly 
all patients have recovery of ventricular function. Myocardial biopsies have shown contraction band necrosis, which 
is pathognomonic of catecholamine excess-mediated infarction. This syndrome associated with sudden sympathetic 
discharge has been underappreciated and may actually account for the majority of cases of infarction with normal 
angiography  [  66,   67  ] .  

 Infarctions associated with a normal coronary angiogram tend to be smaller than those associated with atherosclerosis, 
and their mortality rate may be lower  [  63  ] . The long-term prognosis is generally good in terms of mortality, but recurrent 
infarction and stroke may be more common than in patients with atherosclerosis  [  56,   63  ] . 

 Patients with stress cardiomyopathy who underwent myocardial biopsy have shown interstitial infiltrates primary of 
mononuclear lymphocytes, leukocytes, macrophages, myocardial fibrosis, and contraction bands (Fig.  20.9 ). The inflamma-
tory changes and contraction bands in stress cardiomyopathy distinguish it from myocardial infarction showing coagulation 
necrosis resulting from coronary artery occlusion.   

  Fig. 20.7    A 46-year-old 
woman with fi bromyalgia 
and atypical anginal 
symptoms underwent a 
coronary CT angiogram that 
was normal. She presented to 
another hospital 2 weeks later 
with atypical symptoms and 
underwent a coronary 
angiogram that revealed no 
coronary disease, but resulted 
in a large, spiral coronary 
dissection extending into the 
distal RCA, requiring 
stenting ( arrows )       
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   Microcirculatory Coronary Disease 

 Studies in highly selected patient populations suggest that microvascular coronary dysfunction may be a frequent cause of 
symptoms in the 10–25% of patients undergoing coronary angiography for chest pain, but in whom no significant obstruc-
tion to blood flow is found in the epicardial vessels  [  68–  71  ] . Of patients with angiographically normal coronary arteries, 
Cannon reported that 71% had abnormal microvascular function  [  72  ]  and Geltman found reduced coronary flow reserve in 
50%  [  73  ] . It is now accepted that microvascular dysfunction can cause clinically important myocardial ischemia, including 
anginal syndromes, exertional dyspnea, and left ventricular dysfunction, but the mechanism(s) and incidence are unclear 
 [  70,   71,   74  ] . 

 A number of diseases are associated with or cause microvascular dysfunction. These include prolonged hypertension, 
cardiac hypertrophy, cardiomyopathies, collagen vascular diseases, and atherosclerosis  [  74–  78  ]  – diseases associated with 
endothelial dysfunction. Although common entities, these specific disease entities are present in less than half of patients 
found at catheterization to have microvascular disease. Hence, it is likely that other, still uncharacterized syndromes alter 
microvascular function in these patients. 

  Fig. 20.8    A 67-year-old woman experienced stress cardiomyopathy after the unexpected death of her son. Panel ( a ) shows the left ventricular 
end-diastolic image on LV angiogram and ( b ) shows the left ventricular end-systolic image. The anterolateral wall, apex, and mid inferior wall 
in ( b ) do not contract, resulting in appearance of an apical balloon (or Takosubo, a Japanese narrow-necked pot-like device used to capture an 
octopus). Patient had normal coronary arteries          

  Fig. 20.9    Photomicrograph 
from a 28-year-old female 
with features of contraction 
band necrosis with focal 
area of hypereosinophilic 
myocytes and mixed 
infl ammatory cell infi ltrate. 
Hematoxylin and eosin 
stain: 20×       

 

 



37120 Nonatherosclerotic Ischemic Heart Disease

 The functioning of the microcirculation can be tested in several ways at the time of angiography, although the clinical 
significance of any abnormalities found in the absence of symptoms is not yet certain. Maximal coronary conductance can 
be assessed by measurements of coronary flow reserve, the ratio of peak hyperemic blood flow to resting flow  [  79–  82  ] . 
In patients with a severe epicardial coronary stenosis (e.g., atherosclerotic stenosis), treadmill exercise performance is 
reduced proportionately to coronary reserve  [  83  ] . Patients with fixed microvascular disease may have similarly reduced 
coronary reserve, suggesting a fixed reduction in maximal coronary conductance. 

 Endothelial dysfunction may play an important, etiologic role in microvascular disease syndromes  [  84  ] . The functional 
integrity of the endothelium can be tested at the time of angiography by measuring the amount of large-vessel dilation and 
change in blood flow (i.e., microvascular dilation) during intracoronary infusion of pharmacologic agents that normally 
elicit the release of endothelial dilating factor(s). When normal endothelium is present, acetylcholine causes a dose-dependent, 
epicardial, coronary, and microvascular dilation  [  85  ] . In the absence of endothelium, acetylcholine causes short-acting 
 constriction. Hence, the response to intracoronary acetylcholine infusion (dilation or no change/constriction) is one marker 
of endothelial function that can be tested in humans (Fig.  20.10 ).  

 The acetylcholine response is abnormal in several diseases with known endothelial dysfunction (atherosclerosis, trans-
plantation)  [  86,   87  ] . The endothelial response to acetylcholine also was abnormal in both the large conduit coronary arteries 
and the coronary microcirculation (i.e., constriction or subnormal dilation) in a series of nine patients with anginal symp-
toms and normal coronary angiography, even though the response to nonendothelial-dependent pharmacological vasodila-
tors was preserved  [  88  ] . These suggest that functional as well as fixed abnormalities in the coronary microcirculation may 
be causes of ischemia in the absence of epicardial atherosclerosis.  

   Radiation-Induced Coronary Artery Disease 

 Chest irradiation can lead to narrowing or occlusion of the epicardial and intramural coronary arteries, typically presenting 
several months to 12 years after the exposure  [  89–  99  ] . Radiation-induced injury usually leads to adventitial fibrosis, smooth 
muscle cell loss in the media, and intimal proliferation  [  89,   92  ] . Atherosclerotic changes have also been observed, although 
lipid deposition is less marked than in patients with typical atherosclerosis. The angiographic findings are similar to athero-
sclerosis  [  94  ] . The coronary lumen can be diffusely narrowed or occluded entirely from radiation-induced fibrosis (Fig.  20.11 ). 
Acute myocardial infarction following radiation is reported  [  97  ] . The proximal vessels are more commonly affected.  

 Generally, a dose over 3,000R is associated with increased risk of radiation-induced coronary disease. In one series of 
16 patients <33 years of age who had received >3,500R to the heart, six had severe, focal, epicardial coronary stenoses 
 [  94,   95  ] . In another series, patients treated for Hodgkin disease with mantle radiation had a 2.7-fold increase in risk for 
coronary disease  [  91  ] .  

  Fig. 20.10    A 45-year-old woman with persistent anginal symptoms with normal coronary arteries noted on coronary CT angiography. Evaluation 
with invasive angiography before ( a ) and after infusion of intracoronary acetylcholine ( b ) revealed obvious endothelial dysfunction with diffuse 
epicardial coronary vasoconstriction ( arrows ,  b ) with infusion of acetylcholine and focal spasm ( white arrow ,  b )       
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   Transplant-Related Arteriopathy    

 The most persistent problem in patients surviving more than 1 year after heart transplantation has been the development of 
coronary arteriopathy characterized by diffuse intimal thickening of the transplanted arterial wall  [  100–  104  ] . The process 
extends from the large conduit arteries into smaller branch vessels >400  m m in diameter. In its classical angiographic 
description, transplant vasculopathy is characterized by diffuse luminal obliteration, which is most marked in the smaller 
branch vessels seen during angiography (Fig.  20.12 ).  

 The intimal thickening process affects the entire conduit artery. Focal stenoses in the large epicardial arteries – similar 
in angiographic morphology to atherosclerotic lesions – are not infrequent (Fig.  20.13 ). The typical angiographic patterns 
of transplant vasculopathy were described by Gao et al.  [  105  ]  (Fig.  20.14 ). Of note, the angiographic hallmarks of beaded 
vasculitis are absent.   

 Serial angiographic studies demonstrate the development of luminal irregularities or frank stenosis within 3 years of 
transplantation in 25–45% of patients  [  106–  113  ] . Serial angiographic measurements of coronary luminal cross-sectional 
areas using quantitative angiography show that the large conduit arteries decrease in diameter by 6–10% in the first 
year after transplantation, but thereafter, the lumen diameter remains fairly stable until more advanced vasculopathy 
occurs  [  109  ] . 

 Angiographic studies underestimate the frequency of arteriopathy because they detect only narrowing of the coronary 
lumen, and not increased coronary wall thickening  [  104  ] . Intravascular ultrasound (IVUS) imaging of transplanted coronary 
arteries generally demonstrates a substantially greater degree of intimal thickening than is observed using angiography  [  114, 
  115  ] . Many angiographers routinely image the coronary arteries using IVUS at the time of angiography. Development of 
angiographically detectable vasculopathy is associated with shortened survival  [  113  ] . Endothelial function is frequently 
abnormal in transplanted coronary arteries  [  116  ] . In many patients, intracoronary acetylcholine administration fails to elicit 
the expected coronary dilation and increase in blood flow, suggesting a failure of the endothelium to normally release 
endothelium-derived relaxing factor (nitric oxide)  [  117  ] . Some transplant recipients have frank vasoconstriction in response 
to acetylcholine  [  27  ] . Epicardial coronary tone is also reduced in the first several months after transplantation  [  118  ] , but 
returns to normal by 1 year after transplantation. Diffuse coronary constriction due to elevated vascular tone can be misin-
terpreted as diffuse intimal thickening. Nitroglycerin should be administered immediately prior to angiography to enable a 
true assessment of the lumen caliber. 

 Histological features of transplant arteriopathy are marked intimal thickening in the coronary arteries with epicardial 
inflammatory changes (Fig.  20.15 ).    

  Fig. 20.11    A 60-year-old woman underwent chest radiation for breast carcinoma presented with severe angina and biventricular heart failure and 
ascites. Coronary angiography revealed severe ostial stenosis of the left main coronary artery ( a ) and the right coronary artery ( b ,  arrows ). Also 
visible is severe anterior pericardial calcification ( white arrow ) that correlated with hemodynamics consistent with constrictive physiology       
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  Fig. 20.12    An angiogram of 
the left coronary artery of a 
patient with transplant-related 
vasculopathy. The left 
anterior descending (LAD) 
artery is occluded ( open 
arrow ) and fi lls distally by 
faint collaterals ( solid arrow ). 
The remainder of the 
coronary tree has diffuse 
irregularities and pruning 
of the distal brunches       

  Fig. 20.13    A 52-year-old male, s/p postheart transplant, had idiopathic, dilated cardiomyopathy with normal coronary arteries on angiography 
( top left ) and IVUS ( top right ) 3 months after transplant. He subsequently developed moderate posttransplant coronary arteriopathy 4 years post-
transplant as shown on angiography of the LAD artery ( bottom left ) and IVUS ( bottom right ) (courtesy Dr. Abhiram Prasad. Mayo Clinic)       
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   Coronary Abnormalities Associated with Vasculitis 

 Coronary vasculitis can result from vascular infection or collagen-related vascular diseases. It causes four angiographically 
detectable coronary abnormalcies: focal stenotic lesions, diffuse narrowing, thrombosis, and late aneurysmal dilation 
 [  40,   41  ] . Lesions may be located from the aortic origin of the coronary arteries to the microcirculation. Aortitis associated 
with syphilis, Takayasu arteritis, and more rarely, tuberculosis can cause stenosis of the coronary ostia  [  42  ] . Involvement of 
the larger epicardial coronary arteries is reported, but is rare  [  40,   43  ] . 

 Of the collagen-related vascular diseases, systemic lupus erythematosus most commonly involves the angiographically 
visible epicardial coronary vessels, although large coronary involvement can be seen in polyarteritis nodosa, progressive 
systemic sclerosis, and more rarely, giant cell arteritis and rheumatoid arthritis  [  44–  48  ] . The epicardial lesions associated 
with vasculitis typically resemble atherosclerotic lesions  [  41  ] . Diffuse luminal narrowing is less common and the typical 
beaded appearance of beaded vasculitis seen in other vascular beds is notably absent, although one case of a huge coronary 
aneurysm associated with systemic lupus erythematosus is reported  [  44,   46,   49  ] . Thrombosis of vasculitic segments can 
occur, leading to total arterial occlusion or the typical angiographic appearance of a thrombotic lesion. 

  Fig. 20.14    Angiographic 
morphologies of coronary 
lesions associated with 
transplant vasculopathy. 
Lesion type A: discrete 
tubular or multiple stenoses. 
Lesion type B1: distal 
concentric narrowing and 
obliterated vessels with 
sparing of the proximal 
vessel. Lesion type B2: 
Diffuse concentric narrowing. 
Lesion type C: Narrow 
irregular distal branches with 
abrupt terminations. Adapted 
from Gao et al.  [  105  ] . 
Elsevier Inc.       

  Fig. 20.15    Photomicrograph 
of epicardium of a 3-year-old 
male, 2 months following 
transplantation and acute 
cellular rejection, showing 
LAD coronary artery with 
marked intimal thickening 
and epicardial infl ammation. 
Hematoxylin and eosin 
stain: 2×       
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 The incidence of coronary vasculitis is probably underestimated by angiography because the findings are so similar to 
atherosclerosis  [  44  ] . In young patients with systemic lupus erythematosus and no important risk factors for atherosclerosis, 
coronary lesions and myocardial infarction should be assumed to be due to vasculitic involvement of the coronary arteries 
until shown otherwise, although accelerated atherosclerosis due to corticosteroid therapy may also account for angiographi-
cally detected lesions. Late aneurysmal dilation of the large coronary arteries, especially in periarteritis nodosa, has been 
reported to occur in nearly all of the vasculitic syndromes, and rupture of the aneurysm has been reported as a rare conse-
quence  [  44,   46,   50  ] . 

 Microcirculatory vasculitis occurs frequently in patients with systemic lupus erythematosus, scleroderma, and rheuma-
toid arthritis. In these patients, coronary flow reserve is typically reduced and ischemia due to microvascular obstruction or 
dysfunction has been proposed as the cause  [  51,   52  ] . 

 The most common infectious agent to involve the angiographically visible coronary vessels is Kawasaki disease (muco-
cutaneous lymph node syndrome). It is characterized by coronary aneurysmal dilation, stenosis, and thrombosis occurring 
primarily in the proximal coronary arteries  [  53  ] . The aneurysms can be huge (Figs.  20.16  and  20.17 ). Late after the acute 
illness, about one-half of the aneurysms present during the initial febrile episode resolve  [  54,   55  ] . In angiographic studies 
of 1,100 patients at an average of 25 months after disease onset, Suzuki et al. found that 36% had frank aneurysms, 28% 
had coronary dilation, 24% had localized coronary stenosis, and 8% had an occluded coronary artery  [  56  ] . Aneurysmal 
calcification can occur  [  57  ] .   

 Most of the Kawasaki disease-associated aneurysms appear in the proximal coronary arteries, but about 1 in 5 are in the 
more distal vessels. Large aneurysms (>9 mm in diameter) are particularly prone to occlude or develop stenotic lesions  [  58  ] . 
Rarely, aneurysms can rupture. Basal coronary blood flow is usually normal, but coronary flow reserve is usually reduced 
in the microvascular bed of arteries affected by Kawasaki disease. Kawasaki disease should be considered in the differential 
diagnosis of young adults presenting with aneurysmal coronary artery disease or myocardial infarction. 

 The most prominent histopathological feature of late coronary artery lesions in Kawasaki disease is intimal thickening, 
which consists of extracellular matrix and smooth muscle cells that probably migrated through the disrupted internal elastic 
lamina. Destruction of the arterial wall leads to aneurysm formation and thrombosis occluding the lumen of the vessel 
(Figs.  20.18  and  20.19 ).   

 In polyarteritis nodosum, widespread necrotizing vasculitis occurs, most commonly involving medium-sized arteries, 
usually in a patchy segmental pattern. Small aneurysms may develop and may either rupture or become thrombosed. 
Myocardial infarction may be the presenting manifestation of polyarteritis nodosa. Figure  20.20  shows the histological 
features of acute and healed coronary arteritis.   

  Fig. 20.16    Patient with 
Kawaski vasculitis and giant 
coronary artery aneurysms in 
the LAD artery shown in this 
RAO projection (courtesy 
Dr. Abhiram Prasad. Mayo 
Clinic)       
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  Fig. 20.17    Patient with 
Kawasaki vasculitis and giant 
coronary artery aneurysms in 
the LAD artery shown in this 
coronary CT angiogram. ( a ) 
and ( b ) ( arrows ) (courtesy 
Dr. Szilard Voros. Piedmont 
Heart Institute)          

  Fig. 20.18    Coronary arteritis involvement in healing phase of Kawasaki disease. From a 15-month-old male with sudden death. ( a ) Cross-section 
of epicardial coronary artery showing marked intimal thickening. Hematoxylin and eosin stain: 4×. ( b ) Higher magnification of ( a ), showing 
proliferative fibrous intimal thickening. Residual inflammation is within the media. Hematoxylin and eosin stain: 10×       

  Fig. 20.19    Acute coronary 
arteritis involvement in 
Kawasaki disease from a 
6-month-old child. 
An epicardial artery with 
aneurismal dilatation and 
lumen occluded by organized 
thrombi. Elastic tissue 
stain: 10.6×       
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   Coronary Artery Aneurysms 

 The angiographic morphology of coronary aneurysms can be saccular or fusiform (Fig.  20.21a ). They frequently contain 
thrombotic material laminated against the borders of an aneurysm that may not be identifiable on the angiogram. 
Occasionally, most of the aneurysmal cavity can be filled with thrombus, leaving the angiographic appearance of a relatively 
normal artery. After angioplasty or thrombolytic drug treatment, a portion of the aneurysm cavity can be revealed and at 
first may resemble a coronary perforation. Pseudoaneurysms can occur after coronary rupture from balloon dilation 
(Fig.  20.21b )  [  68  ] .  

 True aneurysms of the coronary arteries are associated with thinning of the tunica media and are very uncommon, but 
when present, can reach more than 2 cm in diameter  [  59–  61, 119  ]  (Fig.  20.22 ).  

 Aneurysms can be congenital in origin, or result from atherosclerosis, inherited diseases of connective tissue (e.g., peri-
arteritis nodosa, systemic lupus erythematosis), inflammatory arteritis (e.g., Kawasaki disease), mycotic-embolic events 
 [  61  ] , or coronary trauma, usually iatrogenic. True atherosclerotic coronary aneurysms are very uncommon, occurring in 
only 0.2% of coronary arteriographic studies  [  59,   61  ] . The overall incidence from all causes ranges from 0.5 to 1.1% of 
coronary angiographic studies  [  62  ] . When associated with atherosclerosis, coexistent stenotic lesions are usually present in 

  Fig. 20.20    An epicardial 
artery and a major branch 
are each occluded by fi brous 
tissue considered to be 
organized thrombi from 
a 60-year-old woman with 
polyarteritis nodosa. 
Elastic tissue stain: 14×       

  Fig. 20.21    ( a ) A large fusiforme aneurysm of the LAD considered to be a true or congenital aneurysm ( arrow ). ( b ) Left coronary arteriogram of 
a patient who underwent angioplasty 6 months previously and developed an irregular, saccular pseudoaneurysm at the site of dilation ( arrow )       
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multiple vessels. Atherosclerotic aneurysms almost never rupture, but they may contain thrombotic material and can cause 
myocardial infarction by in situ thrombosis or embolization. Dissection of atherosclerotic aneurysms has been reported, but 
also is uncommon  [  120  ] . 

 Congenital disorders of connective tissue are associated with multiple aneurysms, particularly of the proximal arteries. 
Ehlers-Danlos syndrome type IV is characterized by dilation of the proximal and midcoronary arteries  [  63  ] . One case of 
rupture and another of thrombosis have been reported. Both angiography-related dissection of the coronary ostium and 
peripheral vascular pseudoaneurysm have been linked to the syndrome. 

 Interventional coronary artery procedures also can result in true coronary aneurysms, including laser angioplasty, 
atherectomy, stent placement, and balloon dilation  [  64,   65,   121  ] . One report suggests that use of corticosteroids around the 
time of stent placement may promote aneurysm formation  [  121  ] . Aneurysms have also developed at the site of coronary 
anastomosis of vein bypass grafts  [  122  ] . Paclitaxel-coated stents have rarely caused aneurysms  [  68  ] .  

   Cocaine and Other Drug-Induced Ischemic Heart Disease 

 Many studies reported the link of cocaine use to myocardial ischemia and myocardial infarction. Various studies revealed a 
6% rate of myocardial infarction in patients who presented to the Emergency Department with chest pain after cocaine 
ingestion  [  123  ] . Cocaine has multiple cardiovascular and hematologic effects that contribute to the development of ischemia 
and/or myocardial infarction Potential factors include:

   Increasing myocardial oxygen demand caused by increased heart rate, blood pressure, and contractility  • 
  Decreasing oxygen supply caused by vasoconstriction  • 
  Inducing a prothrombotic state by stimulating platelet activation and altering the balance between procoagulant and • 
anticoagulant factors  
  Accelerating atherosclerosis  [  • 124  ]     

 The majority of patients with cocaine-associated myocardial infarction are young (mean age, 38 years), nonwhite (72%), 
and smokers (91%) and had a history of cocaine use in the preceding 24 h (88%)  [  125  ] . 

 Frequent symptoms among cocaine users are chest pain perceived as pressure-like in quality, dyspnea, and diaphoresis. 
Cocaine-associated myocardial infarction shows equal distribution between anterior and inferior wall, and most are a non-
Q-wave infarction. 

 An acute pulmonary syndrome called “crack lung” involves hypoxemia, hemoptysis, respiratory failure, and diffuse 
pulmonary infiltrates and occurs after inhalation of freebase cocaine  [  126  ] . 

  Fig. 20.22    A 59-year-old 
man with pulmonary 
emphysema and in whom an 
aneurysm of the bifurcation 
of the LC was an incidental 
fi nding. ( a ) Left lateral aspect 
of the heart and ascending 
aorta. At the bifurcation of 
the LC is an aneurysm 
considered to be a true or 
congenital aneurysm. 
( b ) Photomicrograph of the 
aneurysm with atrophy of the 
media. Elastic tissue stain: 5×       
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 Cocaine-associated myocardial infarction appears to occur most often within 3 h of cocaine ingestion; however, the onset 
of ischemic symptoms could still occur several hours after cocaine ingestion, when blood concentration is low or undetect-
able. These findings are attributed to cocaine metabolites which rise in concentrations several hours after cocaine ingestion, 
persist in the circulation for up to 24 h, and may cause delayed or recurrent coronary vasoconstriction  [  127  ] . 

 About one third of patients admitted for cocaine-associated myocardial infarction had cardiac complications including 
heart failure and arrhythmias. 

 The use of cocaine can be diagnosed by self-report or by urine analysis. Qualitative immunoassay detection of the 
cocaine metabolite benzoylecgonine in the urine is the most commonly used laboratory method. Cocaine use is reported as 
positive when the level of benzoylecgonine is above 300 ng/mL. 

 Abnormal ECG results have been reported in about 75% of patients with cocaine-associated chest pain, but the sensitivity 
of an ECG revealing ischemia or myocardial infarction to predict a true myocardial infarction in the COCHPA study was 
only 36%. Many of these patients are young and may have the normal variant of early repolarization, which may be inter-
preted as an abnormal ECG finding. 

 Cardiac troponins are the most sensitive and specific markers for diagnosing cocaine-associated myocardial infarction. 
 Long-term cocaine use appears to be associated with concentric LV hypertrophy. Echocardiography will reveal informa-

tion regarding LV systolic and diastolic function, and the presence of wall motion abnormalities. 
 Of patients with cocaine-associated myocardial infarction, 77% had significant coronary artery disease on coronary angiog-

raphy. Of patients without myocardial infarction, only 35% had significant coronary disease  [  128  ] . Patients with cocaine-
associated chest pain, unstable angina, or myocardial infarction should be treated similarly to those with traditional acute 
coronary syndrome or possible acute coronary syndrome. In addition, cocaine users should be treated with benzodiazepines 
as early management for relieving chest pain and for its beneficial cardiac hemodynamics effects. Benzodiazepines decrease 
the central stimulatory effects of cocaine and often lead to resolution of anxiety, hypertension, and tachycardia  [  127  ] . 

 Few reports indicate the safety and efficacy of phentolamine, an alpha-antagonist, for treating cocaine-associated acute 
coronary syndrome  [  129  ] . Instead, routine administration of aspirin is recommended, as is unfractioned heparin or low-
molecular-weight heparin for patients with cocaine-associated MI, unless there is a contraindication  [  125  ] . 

 Cessation of cocaine use should be the primary goal of secondary prevention. Recurrent chest pain is less common, and 
myocardial infarction and death are rare among patients who discontinue cocaine.  

   Coronary Embolism 

 A variety of conditions may be sources of embolism, including bacterial endocarditis, left-sided bland mural thrombi or 
vegetations, left-sided intracavitary tumors, and particles from calcified valves. Emboli may involve either the epicardial 
trunks or the intramyocardial arteries. The former tend to be solitary, while the latter frequently are multiple. In some set-
tings where myocardial infarction occurs, the underlying basis seems reasonable on the basis of embolism, even though the 
latter process may not be proved. Angiography soon after embolization of the coronary circulation can reveal abrupt occlu-
sion of a coronary artery with persistence of contrast media proximal to the occlusion (usually to the nearest proximal 
branch) or a filling defect with the coronary lumen (Fig.  20.23 ).  

   Coronary Embolism from Bacterial Endocarditis 

 Figure  20.24  pertains to a 70-year-old man with calcification of the aortic valve and staphylococcal bacterial endocarditis. 
The myocardium showed numerous emboli of vegetations containing bacteria. With this high degree of virulence of organ-
isms, the embolic lesions became abscessed.   

   Coronary Embolism from Marantic Valvular Vegetations 

 A second valvular condition that may be responsible for coronary embolism is marantic vegetation. This process tends to 
occur in individuals with wasting disease, commonly malignant tumors. The vegetative process is composed of fibrin and 
platelets, but no bacteria are present. The vegetations of marantic nature usually involve the left-side valves, occasionally 
occurring on the right-side valves (Fig.  20.25 ).  
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  Fig. 20.23    From a 26-year-old male with lateral ST elevation myocardial infarction. Coronary angiography revealed an abrupt occlusion of the 
proximal circumflex with large thrombus burden (arrow) ( a )   . After aspiration with a thrombectomy catheter, the underlying coronary artery was 
noted to be widely patent ( b ) without any atherosclerotic plaque on intravascular ultrasound. Patient was noted to have a patent foramen ovale 
with a prominent right to left shunt and a DVT. He underwent successful closure of the PFO       

  Fig. 20.24    Photomicrograph of the myocardium. Two arterioles contain obstructive emboli composed of bacteria.    An abscess surrounds this 
process. Hematoxylin and eosin stain: 92×       

  Fig. 20.25    A 32-year-old woman with carcinoma of the breast and marantic vegetations involving the aortic and mitral valves and vegetative 
material occluding the posterior descending coronary artery and intramyocardial branches. Acute myocardial infarction was present in the distri-
bution of the PDA. ( a ) PDA. The lumen is occluded by vegetative material. Hematoxylin and eosin stain: 61×. ( b ) A branch of the PDA shows 
occlusion by a process similar to that shown in ( a )       
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 Figure  20.25  is from a 32-year-old woman with carcinoma of the breast and marantic vegetations involving the aortic 
and mitral valves, and vegetative material occluding the posterior descending coronary artery (PDA) and intramyocardial 
branches. Acute myocardial infarction was present in the distribution of the PDA.  

   Coronary Embolism from Calcified Valves 

 Calcification of valves, particularly the aortic valve, is a source of coronary embolism. This may occur spontaneously or be 
a complication of surgical replacement of the diseased valves (Fig.  20.26 ).  

 Figure  20.26  is from a 50-year-old man with calcific aortic stenosis who died suddenly. An embolus of calcific aortic 
material was found in the PDA adherent to the wall. 

 In association with aortic valve replacement, coronary embolism of fragments of calcific material may occur at the time of 
operation. In other circumstances, late thrombosis in relation to the prosthesis may serve as a basis for coronary embolism.  

   Coronary Embolism from Calcification of the Aortic Wall 

 The section in this book dealing with coronary ostial stenosis described a condition of Ao calcification at the junction of its 
tubular and sinus portion. The calcific material may occlude a coronary ostium, particularly the right, and may also serve 
as a basis for embolism to a coronary artery. The latter situation is interpreted as having occurred in the case illustrated in 
Figs.  20.27  and  20.28 .    

   Coronary Embolism from Left Atrial Myxoma 

 Figure  20.29  illustrates left atria myxoma in a 42-year-old woman who died suddenly.   

   Coronary Embolism Complicating Cardiac Catheterization 

 Coronary embolism may follow right-sided cardiac catheterization in individuals with septal defects. Figures  20.30  and 
 20.31  are from a 16-year-old girl with persistent truncus arteriosus who experienced an episode of hypotension 8 h after 
cardiac catheterization. Death occurred 8 days later. The autopsy showed persistent truncus arteriosus, as well as an acute 

  Fig. 20.26    A 50-year-old man with calcific aortic stenosis who died suddenly. An embolus of calcific aortic material was found in the PDA 
adherent to the wall. ( a ) Calcified and ulcerated aortic valve. ( b ) Photomicrograph of PDA. Fragments of calcific material are adherent to the wall 
of the artery. Elastic tissue stain: 16×       
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  Fig. 20.27    The patient was 
a 53-year-old man in whom 
extensive coronary athero-
sclerosis was associated with 
healed myocardial infarction. 
The origin of the RC was 
occluded by a calcifi c 
embolus, which was 
considered to have originated 
in the calcifi c process 
involving the aortic wall. 
Acute myocardial infarction 
was present in the 
 distribution of the RC. 
( a ) Photomicrograph of the 
right aortic cusp and related 
aortic wall. A residual calcifi c 
lesion is present at the 
junction of the sinus and 
tubular portions of the aorta. 
( b ) Higher magnifi cation of 
the calcifi c area in the aortic 
wall shown in Fig.   19.27    a. 
Elastic tissue stain: 32×       

  Fig. 20.28    From patient 
illustrated in Fig.   19.27    . 
Slightly atherosclerotic 
segment of RCA shows 
occlusion by a calcifi c mass 
considered to be an embolus 
from the aortic lesion. Elastic 
tissue stain: 24×       

 

 



  Fig. 20.29    From a patient 
with left atrial myxoma. 
( a ) LA and LV. A large 
polyploid left atrial myxoma 
partially obscures the mitral 
valve. ( b ) Photomicrograph 
of an intramyocardial 
coronary artery. An embolus 
of myxomatous tumor 
is present. Numerous 
 microinfarcts were present 
in the LV myocardium. 
Hematoxylin and eosin 
stain: 54×       

  Fig. 20.30    A 16-year-old girl 
with persistent truncus 
arteriosus who experienced 
an episode of hypotension 8 h 
after cardiac catheterization. 
Death occurred 8 days 
later. ( a ) Base of the RV. 
A persistent truncus 
arteriosus arises above a 
VSD (D). ( b ) LV. 
Discoloration in apical 
portion is that of acute 
myocardial infarction       

  Fig. 20.31    From case 
illustrated in Fig.  20.30 . 
LAD. The lumen is occluded 
by thrombotic material 
considered to be an embolus. 
Elastic tissue stain: 32×       
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myocardial infarct at the LV apex. Histologically, the infarct was estimated to be between 7 and 10 days old. A mass of 
thrombotic material occluded the lumen of the LAD. No intracardiac or venous thrombi were found. The thrombotic lesion 
in the LAD was believed to result from embolism of material which had formed on the surface of the catheter during the 
procedure.   

 Embolism from an infected mitral or aortic valve can lead to mycotic aneurysm formation and rupture. Embolism should 
be suspected in patients with an acute ischemic syndrome, otherwise normal coronary arteries with a smooth luminal sur-
face, and a source of emboli (e.g., abnormal native or prosthetic valves with thrombus or infectious vegetation, and left atrial 
or ventricular thrombus, or atrial fibrillation)  [  130–  133  ] . Additionally, embolism should be considered in patients with 
multiple acute coronary occlusions and in patients with acute vascular occlusions in other beds (e.g., stroke).   

   Coronary Changes in Congenital Conditions 

 Among certain congenital diseases, the coronary arterial wall may be altered in some conditions, including supravalvular 
aortic stenosis (Fig.  20.32a ), Marfan syndrome (Fig.  20.32b )   , and Hurler syndrome (Fig.  20.33 ).        

  Fig. 20.32    ( a ) In a case of supravalvular aortic stenosis, the media of the LC shows major hypertrophy with numerous elastic tissue fibers pres-
ent in the thickened layer. Elastic tissue stain: 28×. ( b ) In a case of Marfan syndrome showing an epicardial coronary artery, the intima is greatly 
thickened with mucoid connective tissue causing luminal narrowing. Elastic tissue stain: 15×       

  Fig. 20.33    In a case with 
Hurler syndrome, the lumen 
is markedly narrowed by 
loose connective tissue that 
thickened the intima. Elastic 
tissue stain: 20×       
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        Balloon Angioplasty 

 Balloon angioplasty, also referred to as POBA (“plain old balloon angioplasty”), is a method of enlarging the lumen of 
coronary arteries by stretching the narrowed segment of the artery with a balloon. Typically, a guiding catheter is advanced 
from the femoral, brachial, or radial arteries to the ostium of the left or right coronary artery (Fig.  21.1 ). Once the ostium 
is engaged, a 0.014-in diameter, radiopaque guidewire is advanced through the guide catheter into the narrowed artery. The 
wire is steered through the stenotic lesion and the wire tip is “parked” in the distal vessel. Next, a balloon catheter is slid 
over the guidewire and positioned across the narrowed portion of the artery. The balloon is then inflated with a radiopaque 
fluid for 20–60 s, stretching the artery and enlarging the narrowed lumen. The arterial lumen at the stenotic site increases 
in diameter immediately, although there usually is some degree of elastic recoil that can be seen minutes to hours after the 
procedure.  

 Balloon angioplasty causes a semicontrolled dissection of the artery (Fig.  21.2 )  [  2  ] . Typically, the atherosclerotic plaque 
is fractured and split. The internal elastic lamina of the artery is also torn and often is accompanied with a small hematoma 
in the media of the artery. The increase in lumen caliber is the result of three factors: enlargement of the outer diameter of 
the artery (accounting for 57% on average), compression of the plaque material (some of which probably embolizes down-
stream), and eventual reabsorption of plaque by the healing process that ensues after dilation of the artery  [  3  ] .  

 The improvement in arterial caliber varies, but averages 250% (minimum stenosis diameter 0.8–2.0 mm, percent steno-
sis 90–36%). With that increase in arterial cross-sectional area, the translesional pressure gradient falls from an average of 
56–13 mmHg, and coronary flow reserve improves from 1.6 to 4.3  [  4  ] . Of interest, coronary flow reserve continues to 
improve for several weeks after the procedure, possibly due to continued remodeling of the arterial lumen and improve-
ment of the downstream microcirculation  [  5  ] . Nuclear perfusion studies often normalize late after the procedure as well 
 [  6  ] . Symptoms of angina improve almost immediately after the procedure, although the artery can be prone to spasm at 
the site of the dilation for several weeks  [  7  ] .  

   Complications of POBA 

 The most important immediate complications of POBA are related to vascular trauma from the guiding catheter, balloon 
catheter, or guidewire; inadvertent injection of air into the coronaries; and embolization of a clot or atheromatous 
material. 

 Balloon dilation initiates a disruption of the arterial intima that extends into the media. A large dissection can cause a 
blind pocket or flap that leads to arterial closure. Untreated, and in the absence of significant collateral blood flow, closure 
usually causes a myocardial infarction of the downstream perfusion field. Large dissections often cause immediate arterial 
close, but in some cases, the closure can occur 1–2 days after the procedure. The likelihood of closure is related to the size 
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of the dissection and the presence of a blind pouch identified by persistent contrast staining after an angiographic injection. 
Dissections are graded using a standard National Heart, Lung, and Blood Institute (NHLBI) dissection scale  [  8  ] . 

 Arterial perforation by the balloon or the guidewire can lead to anything from a localized hematoma on the epicardial 
surface of the heart to frank bleeding into the pericardial sac and cardiac tamponade. Balloon-initiated perforation occurs most 
commonly when the artery is overdilated (balloon:artery diameter >1.1). It is usually treated by immediate reinflation of the 
balloon to tamponade the bleeding from inside the arterial lumen, and reversal of the anticoagulants (if possible) (Fig.  21.3 ). 
Prolonged balloon inflation – 10–30 min – can often allow the vessel to seal itself. Definitive treatment is either placement 
of a stent covered with polytetrafluoroethylene (PTFE) or other impermeable material, or open-chest cardiac surgery  [  9  ] .  

 The guiding catheters used to deliver intracoronary guidewires and balloons can also cause injury to the ostium of the 
coronary arteries, usually leading to a dissection flap. During percutaneous coronary intervention (PCI), the guide catheters 
often need to be manipulated so that they are pushed against the ostium or threaded partially down the artery being treated 
to provide more “back-up” force to advance the balloon catheter or other device through a narrowed or tortuous segment 
downstream. Since the guide catheters have a thin wall thickness and a wide mouth, they can dig into the arterial wall as 

  Fig. 21.1    Typical technique of balloon angioplasty and stenting. ( a ) A guide catheter is advanced to the coronary ostium. ( b ) A small radiopaque 
guidewire is advanced through the stenotic area of the artery. ( c ) A balloon catheter is advanced over the guidewire to the stenotic portion of the 
artery and inflated. ( d ) The balloon is withdrawn, leaving the dilated artery       

  Fig. 21.2    A micrograph of an artery subjected to balloon dilation. The thickened, atherosclerotic, intimal layer has been dissected off of the media 
by balloon infl ation       
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  Fig. 21.3    Balloon coronary 
angioplasty. ( a ) A stenotic 
lesion is present in the 
mid-LAD ( arrow ). ( b ) After 
balloon angioplasty, the 
stenosis is reduced to 30% 
( arrow )       

they are advanced. This can lead to a closure of the ostium or a spiral dissection down the entire length of the artery. In rare 
cases, the dissection can extend backward into the sinus of Valsalva and up the aorta. Ostial dissection is usually treated 
with stenting of the dissection. In severe cases, coronary bypass surgery or aortic root replacement can be required  [  10  ] . 

 The Achilles’ heel of balloon angioplasty is that the violent stretching of the artery results in a fibrotic healing response 
of variable magnitude (Fig.  21.4 )  [  11  ] . The initial gain in lumen cross-sectional area is usually reduced by 30%, but the 
response can vary from a slight, further improvement in the lumen caliber with healing, to severe or complete obliteration 
of the lumen by the fibrotic response.  

 Histologically, the response to injury is characterized by smooth muscle cell transformation into fibroblasts, with migra-
tion of these cells from the arterial media through the torn internal elastic lamina to the intima, where they lay down colla-
gen-based scar tissue. At the same time, monocytes from the luminal blood and arterial media set up an inflammatory 
reaction that results in reabsorption of the torn arterial intima and media. These cells also transform into fibroblasts and 
participate in the fibrotic response  [  12  ] . 

 Predictors of restenosis after balloon angioplasty are (1) small vessel size (diameter of the normal portion of the artery), 
(2) an initial poor result (>50% diameter stenosis after POBA, residual pressure gradient >15 mmHg, or FFR < 0.90), (3) 
the presence of diabetes, and (4) prior restenosis of the same segment after POBA  [  13  ]  (Fig.  21.5 ).   
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   Stenting 

   Bare-Metal Stents 

 The stents used initially for coronary revascularization were composed of stainless steel fashioned into a tubular structure 
that could be crimped onto a balloon, passed into the narrowed portion of an artery, and then deployed by inflation and defla-
tion of the balloon, leaving the expanded stent in place to prevent any recoil and seal the disrupted arterial intima  [  14  ]  
(Fig.  21.6 ). The initial generation of stents had several problems. First, they were bulky and could not always be delivered 
to the narrowed portion of the artery, even when the lesion had been predilated with a balloon. That problem was reduced by 
changing the design to a slotted, laser-cut tube with improved longitudinal flexibility and by changing the material to a cobalt 

  Fig. 21.5    Coronary stent restenosis with restenting. A 65-year-old man had stenting of the distal and mid-RCA with 3.0 and 2.5 mm everolimus 
drug-eluting stents (DESs). Eight months later, he had reonset of chest discomfort with exertion and a presyncopal spell with bradycardia after 
exertion. ( a ): Angiography showed in-stent restenosis of the distal RCA, ( arrow ), likely related to the small diameter of the implanted stent (for 
the size artery) and fibrosis. ( b ) Angiogram of the RCA after implantation of two 3.0 mm stents and high-pressure (19-bar) dilation       

  Fig. 21.4    Restenosis after coronary angioplasty. ( a ) The patient presented with recent onset of exertional and rest angina. The proximal LAD 
was found to be completely occluded ( arrows ). ( b ) After angioplasty and stenting, the LAD is fully patent ( arrows ). The patient’s symptoms 
resolved entirely. ( c ) Seven months after angioplasty, the patient had recurrence of symptoms. Angiography showed severe restenosis ( arrows )       
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chromium alloy. Its greater radial strength allowed a reduction in stent wall thickness. The second problem with stents is that 
they often initiated a thrombotic reaction within the artery, leading to acute myocardial infarction from vessel closure.  

 Although most of these closures occurred within several days of stent placement, a disturbing minority occurred up to 
several months after placement. The incidence of thrombosis is reduced markedly by combination antiplatelet therapy (a 
theinopyridine and aspirin) and better dilation of the stents so that they are better apposed to the vessel lumen through cor-
rect sizing and high-pressure balloon dilation. Renal failure, hypercoagulable states (e.g., malignancy, very recent surgery) 
and extensive stenting (e.g., bifurcation lesions) increase the risk of thrombosis. 

 The third problem with bare-metal stents is that, although the lumen cross-sectional area after stenting was substantially 
larger than after POBA, the fibrotic response and late lumen loss was more intense  [  15  ] . Bare-metal coronary stents usually 
develop a 400- m m-thick layer of fibrotic tissue within the stent, reducing arterial diameter by 800  m m. Because the initial 
improvement in lumen caliber was so great, however, the incidence of clinically relevant restenosis was still somewhat less 
than that after POBA. This problem was solved in large part by drug-eluting stents (DESs).  

   Drug-Eluting Stents 

 A number of antiproliferative drugs can reduce the fibro-proliferative response to arterial dilation when applied locally in 
the correct concentration for a defined time  [  16  ] . The challenge of placing these drugs on a stent was identifying the con-
centration and exposure time needed to reduce scarring, but not so much as to cause drug-induced arterial injury, leading to 
aneurysm formation or vessel necrosis. To meet this challenge, stents were covered with a drug-embedded polymer that 
controlled the drug’s time-release kinetics. Two families of drugs are used today: the immunosuppressant “limus” family 
(sirolimus, everolimus, zotarolimus) and the cancer chemotherapy drug paclitaxol. These DES have reduced late-diameter 
lumen loss from about 800  m m with bare-metal stents to 150–300  m m  [  17  ] . The incidence of clinically relevant restenosis 
has likewise fallen from about 20% with bare-metal stents to about 4–8% with DES. Moreover, when restenosis occurs in 
a DES, it is usually much more focal and easy to treat with restenting. 

 The primary concern about DES is that the delay in arterial healing induced by the drug can lead to increased vulnerabil-
ity to stent thrombosis for at least a year after placement  [  18–  20  ] . The incidence of thrombosis is markedly reduced by dual 
antiplatelet therapy, but interruption in antiplatelet agents, and the hypercoagulable states induced by noncardiac surgery 
and cancer, can lead to thrombosis (Fig.  21.7 ).    

   Thrombectomy 

 Coronary lesions causing the acute coronary syndromes of unstable angina and acute myocardial infarction result from 
atherosclerotic plaque rupture and subsequent coronary thrombosis. PCI of thrombotic coronary lesions can lead to embo-
lization of a clot to the downstream vessel, sometimes further extending the infarct (Fig.  21.8 )  [  21  ] . In addition, the PCI 
activates the existing clot at the site of the lesion, leading to release of platelet products that cause intense microvascular 
constriction in the downstream bed and accelerated thrombosis within the lesion. Transcatheter removal of the thrombus can 
reduce the complications and lead to a lower mortality risk. There are two basic methods of thrombectomy (1) using a 
simple aspiration catheter and (2) using a catheter that mechanically aspirates and disrupts the clot.  

  Fig. 21.6    A diagram of 
coronary stenting. ( a ) A stent 
crimped onto a balloon is 
passed through the stenotic 
area of the artery. The 
balloon is then infl ated, 
defl ated, and withdrawn. 
( b ) The stent left in place 
prevents elastic recoil 
of the artery       
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  Fig. 21.8    A 56-year-old man presented with an acute anterior STEMI. ( a ) Emergency angiography showed acute occlusion of the proximal LAD 
( arrow ). The left main and all three coronary arteries were severely and diffusely narrowed. ( b ) Simple aspiration thrombectomy restored blood 
flow ( arrow ). ( c ) The LAD was balloon dilated, stabilizing the artery. The patient later had bypass surgery. ( d ) A photograph of the thrombus 
aspirated from the LAD       

  Fig. 21.7    A 42-year-old man with multiple myeloma presented with an abnormal stress myocardial perfusion scan (anterior wall defect). 
( a ) Angiography showed a long stenosis of the mid-LAD. ( b ) After stenting with a 3.5 × 28 mm DES, vessel patency was restored. ( c ) One month 
later, he presented with an anterior STEMI and hypotension. Angiography showed complete proximal stent thrombosis ( arrow ). ( d ) After throm-
bectomy and restenting, arterial patency was restored       
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 Simple aspiration thrombectomy is carried out using a thin-wall catheter that rides on a standard coronary guidewire 
(Fig.  21.9 ). The catheter has one or more large holes at the distal lumen. When the catheter is positioned just in front of the 
thrombotic lesion, a syringe aspirates the clot as the catheter is advanced forward.  

 The other method uses a device (AngioJet ® , MEDRAD, Inc.) that consists of a catheter that has a lumen for a high- pressure 
saline jet released entirely within the distal lumen of the catheter (Fig.  21.10 ). This jet causes suction within the catheter tip. 
A clot aspirated into the tip is then macerated by the jet, and the clot and fluid are continuously aspirated by a mechanized 
console. This device has been generally less effective  [  22  ]  in improving outcomes, compared to a simple thrombectomy.   

  Fig. 21.9    A 58-year-old man presented with recent onset angina and new T-wave inversion in the inferior ECG leads. Creatine-kinase-MB was 
elevated. ( a ) Angiography showed a clot adherent to the proximal vessel at the site of moderate stenosis ( arrow ). After balloon dilation, the patient 
developed angina and inferior ST elevation on the ECG. Angiography showed occlusion of an RV marginal branch ( b)  ( arrow ), and very slow 
blood flow in the distal vessel with persistent hang-up of contrast ( c ) ( arrows )       

  Fig. 21.10    A composite of “ancillary” devices used for percutaneous coronary intervention (PCI). ( a ) A Rotablator ®  burr (Boston Scientifi c, 
Natick MA). ( b ) A FilterWire EZ™ embolic protection device (Boston Scientifi c, Natick MA). ( c ) A Cutting Balloon™ (Boston Scientifi c, Natick 
MA). ( d ) AngioJet ®  thrombectomy device (Possis/Medrad, Minneapolis, MN)       
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   Atherectomy 

 Atherectomy catheters remove intraluminal tissue by cutting or abrasion (Fig.  21.11 ). The most commonly used device is 
the Rotablator ®  rotational atherectomy system (Boston Scientific, Natick, MA)  [  23  ] . The Rotablator consists of an olive-
shaped, diamond-encrusted burr attached to a long, hollow drive shaft. The Rotablator catheter is passed into the coronary 
artery over a special guidewire. When positioned above the lesion, the burr is rotated by a gas-driven console at 140,000–
160,000 rpm and the burr is slowly advanced in and out of the coronary narrowing, “sanding off” the inner layer of 
intima.  

 As a standalone device or when used routinely, the Rotablator has not improved outcomes. However, the Rotablator is 
particularly useful in pretreating calcified, rigid arteries that are difficult to balloon dilate and stent. Outcomes are improved 
when more than 240° of the arterial cross section is calcified, as assessed by intravascular ultrasound, or when significant 
intraluminal surface calcium spicules are present. The Rotablator is limited to a 2.25 mm maximum burr diameter. A newer 
rotational atherectomy device from Cardiovascular Systems, Inc., that rotates in an off-center ellipse may allow removal of 
more tissue using a small burr size  [  24  ] . 

 The cutting atherectomy devices developed in the late 1980s and 1990s – used in “directional atherectomy” – have been 
abandoned because of a higher complication rate and poor outcomes  [  25  ] . Newer devices, however, are under 
development.  

  Fig. 21.11    Directional 
atherectomy of an occluded 
LAD. ( a ,  b ) A patient with 
exertional angina was found 
to have an occluded LAD 
( arrow ). ( c ) After crossing 
the occlusion with a 
guidewire and predilating 
with a 2.0 mm balloon, a 
directional atherectomy cutter 
was advanced across the 
stenotic segment. Multiple 
passes with the cutting device 
yielded a white, fi brotic 
material that was packed into 
the nose cone of the device. 
( d ) After atherectomy, the 
artery was fully patent 
( arrow ) and symptoms abated       
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  Fig. 21.12    A typical example 
of an intravascular ultrasound 
image from a patient with 
coronary atherosclerosis. 
The medial layer is 
 echolucent and appears black. 
Inside the media, the intima 
is thickened       

  Fig. 21.13    Analysis of IVUS 
images of the coronary artery. 
The inner circle of the arterial 
lumen is used to derive the 
lumen cross-sectional area 
and diameters. The other 
circle is drawn at the intimal 
medial border to defi ne the 
area within the internal 
elastic lamina (the “normal 
artery cross-sectional area”). 
The difference between the 
two areas is the “plaque 
area.” By measuring the 
plaque area along the length 
of the artery, plaque volume 
can be calculated       

   Intravascular Ultrasound 

 Intravascular coronary ultrasound (IVUS) is a catheter-based ultrasound system that enables the operator to obtain a cross-
sectional ultrasound of a coronary artery. Two types of ultrasound systems are used: mechanical transducers and solid state 
transducers. Mechanical transducers operate at 20–40 MHz and are located at the end of a monorail-style catheter. The 
transducer consists of a fixed piezoelectric crystal and an ultrasound “mirror” that rotates within the end of a catheter. Solid 
state transducers consist of an array of 32–64 piezoelectric crystals near the catheter tip. The resultant image is an ultrasound 
cross section of the arterial lumen and coronary wall. 

 Typical measurements are shown in Figs.  21.12  and  21.13 , and consist of the arterial lumen diameters and cross-sectional 
area (CSA), internal elastic lamina CSA, and external elastic lamina CSA. Indicators of the quantity of disease are measures 
of intima thickness and volume (also known as plaque volume). The difference between the internal elastic lamina CSA and 
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the lumen CSA defines the cross-sectional area of plaque. Using an automated pullback device to obtain a 3D view of the 
vessel, plaque volume can be quantified  [  26  ] . In addition, the presence of calcium deposits within the plaque or muscular 
layer can be detected as bright, ultrasound reflectors that cause ultrasound shadowing (Fig.  21.14 ). The presence of severe 
calcification increases the risk of PCI. Pretreatment with rotational atherectomy can improve outcomes in such cases. In 
addition, disease unappreciated on an angiogram can frequently be seen clearly on IVUS (Fig.  21.15 ).     

 IVUS measurements can be useful when choosing the size of an interventional device (balloon, Rotablator burr, stent) to 
match the size of the adjacent “normal artery.”  [  27  ]  In addition, the physiologic significance of a stenosis (its ability to 
impair myocardial blood flow under physiologic circumstances) can be predicted by measuring the minimal CSA of the 
artery and matching that to the arterial segment. For example, a minimum CSA <4.0 mm  [  2  ]  in the proximal LAD is a sur-
rogate for a flow-limiting lesion. 

  Fig. 21.14    An intravascular 
ultrasound of a coronary 
segment with a large 
atherosclerotic plaque. Using 
“virtual histology” analysis 
of the plaque composition, 
the plaque is composed of 
fi brofatty tissue ( green ) and 
necrotic core ( red ). The white 
areas represent calcifi cation       

  Fig. 21.15    Transplant arteriopathy detected by intravascular ultrasound (IVUS). ( a ) An angiogram of the left coronary artery from a patient 
3 years after cardiac transplantation, showing minimal luminal obstruction. ( b ) An IVUS image from the proximal LAD around the area of the 
diagonal take-off, showing a large atherosclerotic plaque not apparent on the angiogram ( black arrows ). ( c ): IVUS examination of the mid-LAD 
showing diffuse luminal thickening ( black arrows )       
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 IVUS can also be quite helpful during and after PCI to assess the result. Incomplete stent apposition to the vessel wall, 
untreated dissections (often immediately proximal or distal to a stent), and intraluminal filling defects have all been associ-
ated with suboptimal outcomes after PCI  [  28  ] .  

   Special Cases 

   Acute Coronary Syndromes 

 Acute coronary syndromes (ACSs) are usually caused by rupture of a fresh atherosclerotic plaque into the coronary lumen, 
leading to in situ thrombosis and subtotal occlusion of a coronary artery. In most cases, some downstream embolization of 
platelet clumps occurs, causing microinfarction and a rise in biomarkers of infarction (troponin and creatine kinase-MB 
fraction, Fig.  21.16 ). Less common causes of acute coronary syndromes are an increase in oxygen demand (usually marked, 
sustained tachycardia), severe anemia or hypotension, or marked sympathetic neural overdrive (stress cardiomyopathy).  

 Angioplasty and stenting reduce the mortality and incidence of recurrent myocardial infarction in patients with ACS 
(Fig.  21.17 ). The technical challenge with angioplasty of these lesions is that the thrombus within the artery is prone to 
embolize and the barotrauma of the clot associated with balloon dilation leads to release of very potent microcirculatory 
vasoconstrictors, such as thromboxane A2 and thrombin. Pretreatment with glycoprotein 2A3B receptor antagonists such as 
abciximab or eptifibatide reduces the incidence of slow flow and the complications of PCI of thrombotic lesions. In addition, 
thrombectomy can be of considerable value when there is a large thrombus load.   

   Acute Myocardial Infarction 

 ST-segment elevation acute myocardial infarction (STEMI), one of the final pathways of ACS, is caused by complete throm-
botic occlusion of a coronary artery (Fig.  21.18 ). Rapid reopening of the artery with PCI and stenting reduces mortality and 
improves ventricular function. Thrombectomy prior to definitive stenting of the thrombotic lesion further reduces mortality. 
Adjunctive therapy with pretreatment using a platelet ADP-receptor antagonist such as clopidogrel or a glycoprotein IIb/
IIIa platelet receptor antagonist probably reduces slow flow after stenting and mortality  [  29  ] . Embolism protection devices, 
however, have not been shown to benefit patients with STEMI, perhaps in part because the bulky devices take time to set 
up (delaying reperfusion) and can lead to embolization as they are advanced across an acutely thrombotic lesion.   

   Chronic Total Occlusion 

 Chronic total coronary occlusion (CTO) –remains one of the most difficult problems to address with transcatheter revascu-
larization  [  30  ] . CTO typically consists of a coronary lumen that is completely obliterated by fibrotic tissue. Often, the artery 
proximal to the occlusion is reduced in caliber (so-called “negative remodeling”) due to a reduction in antegrade blood flow. 

  Fig. 21.16    A photomicro-
graph of a platelet clump 
embolized into the distal 
microcirculation from a 
proximal thrombotic 
epicardial coronary lesion       
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  Fig. 21.17    An 81-year-old woman with abrupt onset of angina, inferior T-wave inversion on ECG, and small rise in serum troponin level. 
( a ) A right coronary angiogram showing a subtotal stenosis of the distal RCA due to a ruptured atherosclerotic plaque and intraluminal thrombus 
( arrow ). There is TIMI 2 reduced blood flow distally. ( b ) After thrombectomy and stenting, the artery has no residual stenosis ( arrow )       

  Fig. 21.18    A 68-year-old 
woman presented with an 
acute anterior ST-segment 
elevation myocardial 
infarction (STEMI). 
( a ) Angiography showed 
complete occlusion of the 
mid-LAD ( arrow ). ( b ) An 
AngioJet ®  thrombectomy 
catheter was passed into the 
LAD over a guidewire. A clot 
was extracted from the site of 
occlusion. The ST-segment 
elevation normalized and the 
chest pain dissipated. 
( c ) Repeat angiography 
shows restoration of LAD 
patency ( arrow ). ( d ) After 
stenting, there is minimal 
stenosis ( arrow ), and 
resolution of symptoms       
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The length of the total occlusion, and the position and caliber of the distal vessel can be assessed by retrograde filling of the 
distal artery by collateral filling. 

 In many cases, a stiff, hydrophilic guidewire can be used to work through the occlusion and be positioned in the distal 
vessel – particularly if the length of the occlusion is short (<10 mm). Simultaneous injection of contrast into the artery, 
providing collateral flow, can aid in determining if the distal end of the guidewire is intraluminal. Once a guidewire is in 
place, the artery can be dilated with a small balloon and be treated in the usual fashion. 

 The likelihood of successful recannulation is dependent on the duration of occlusion, the length of the occlusion, and the 
presence of a “nipple” at the proximal edge, where the tip of a wire can be engaged  [  31  ] . Overall, about 50% of CTOs are 
not amenable to percutaneous revascularization. The major risk is perforation of the coronary artery and late reocclusion. 
Owing to limited means of assessing the position of the guidewire in the CTO and distal vessel, entry into the medial and 
adventitial layers of the artery is frequent, although bleeding into the pericardial space is not. Most perforations result in an 
epicardial hematoma. Reocclusion after recannulation can be mitigated by stenting, particularly with a DES. Reocclusion 
remains more frequent than with nonoccluded arteries, possibly due in part to the higher distal collateral pressure, which 
favors cessation of blood flow with relatively less proximal occlusion. 

 Several tools have been developed to assist in reopening CTOs. The Bridgewater device helps the user create a tunnel 
with the guidewire through the wall of the artery and around the CTO, and then reenter the distal lumen. Another approach 
involves passing a guidewire through a contralateral collateral artery retrograde through the CTO, which is usually easier 
to pass retrograde. Finally, a new, forward-looking intracoronary ultrasound device from Volcano, Inc., may assist the opera-
tor by enabling better negotiation of the occluded lumen.  

   Severe Calcification 

 Severe coronary calcification complicates PCI by two mechanisms: making passage of catheters though the lumen difficult 
and preventing effective luminal expansion  [  32  ] . Intracoronary ultrasound can be very helpful by imaging the position and 
extent of calcification. If catheter passage is difficult, surface calcification should be treated with rotational atherectomy 
 [  33  ] . With extensive calcification of the arterial intima and media (>240° arc), rotational atherectomy can reduce the likeli-
hood of dissection and incomplete dilation.  

   Aneurysmal Disease 

 Ectasia and aneurysmal disease can complicate percutaneous treatment. First, stenotic lesions frequently occur at the inflow 
or outflow of ecstatic segments  [  34  ] . Stenting these lesions requires very precise placement so that the stent is not “hanging” 
into the ecstatic segment, where it will not be apposed to the vessel wall and will be a risk for thrombosis. The second 
problem with aneurysmal segments is that they are prone to thrombosis due to the low flow and stasis at the edges of the 
aneurysm. Distal embolization from an in situ clot or catheter and guidewire movement can cause distal occlusion. Stenting 
with covered stents can seal the aneurysmal segment and prevent thrombotic closure, but presently available covered stents 
have some risk of occlusion from restenosis. In general, the risk of coronary aneurysm rupture is low – less than 1% of 
atherosclerotic aneurysms.   

   Bypass Grafts 

 PCI of vein bypass grafts is common but can be complicated by distal embolization and slow graft blood flow, leading to 
myocardial infarction  [  35  ] . To prevent embolization, two types of devices have been developed: filters and aspiration 
devices (Fig.  21.19 )  [  36  ] . The most commonly used are filter devices, which are usually deployed over a guidewire distal 
to the target lesion  [  37,   38  ] . Once the deployment catheter is in the distal graft, the filters are unsheathed and provide a 
100–150- m m-diameter blood filter to catch embolized fragments. After PCI, the devices (with the emboli caught in the 
filter) are resheathed in a retrieval catheter and pulled out using the guiding catheter. These devices reduce the incidence of 
infarction after vein graft PCI, but smaller emboli can pass through or around the filter. In addition, the initial passage of 
the filter delivery catheter through the vein graft can cause embolization.  



402 R.F. Wilson

 The second category of devices occludes the artery during the intervention. Medtronic’s GuardWire ®  uses a small balloon 
on a 0.014-in. guidewire. It is passed beyond the lesion and inflated at low pressure, stopping blood flow. The intervention 
is then carried out over the same wire. At the end of the intervention, a catheter is advanced to aspirate the blood and emboli 
in the work zone. 

 All of the devices discussed require a certain length of undiseased bypass graft distal to the lesion where the embolism 
protection device can be “landed.” The The Proxis™ catheter (St. Jude Medical, Maple Grove, MN), a proximal embolic 
protection system, occludes the graft proximally using a low-pressure balloon around a guide catheter  [  39  ] . The interven-
tion is performed through the device, while liberated emboli are aspirated retrograde. This obviates the need for a distal 
landing zone.      
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   History    

 Development of coronary angiogram by Sones at the Cleveland Clinic during the early 1960s made possible precise 
 identification of anatomical coronary artery disease and laid foundation for modern coronary artery surgery  [  1  ] . In 1967    
Favaloro at the Cleveland Clinic began performing coronary artery bypass grafting (CABG)    with reversed vein grafts  [  2  ] . 
In 1968 Green et al.  [  3  ]  at New York University used a dissecting microscope to perform anastomosis of the internal 
mammary artery (IMA) to the left anterior descending artery (LAD). Largely overlooked by the western world is the first 
CABG, in which an IMA was anastomozed to the LAD, was performed by Russian surgeon Kolessov  [  4  ]  prior to 1967. 

 Between the 1970s and early 1980s, the CABG technique was made simpler and safer especially with the introduction 
of potassium cardioplegia for myocardium protection. A few landmark studies of CABG such as the Veterans Administration 
Study, the European Coronary Cooperative Study, and the Coronary Artery Surgery Study (CASS) have demonstrated the 
efficacy and safety of CABG to treat CAD  [  5,   6  ] . Prior to 1990s most CABG techniques were performed using saphenous 
veins only and at 10 years after surgery majority of vein grafts were occluded or had significant stenoses. In 1986 Loop 
et al.  [  7  ]  reported the long-term result of CABG and found that, at 10 years after surgery the longevity was much better in 
patients who had the IMA as one of the bypass grafts compared to those who had only vein grafts. This important report 
has led to widespread use of IMA and the use of IMA in CABG is considered the standard practice worldwide  [  8  ] .  

   Indications for CABG 

 The main goals of treating CAD are to improve the patient’s quality of life (i.e., relief of angina and increased exercise toler-
ance), and prolong the patient’s survival. The indications for CABG are established based on the comparative benefits and risks 
of surgery relative to those of medical treatment or percutaneous coronary intervention (PCI) to achieve the above goals. There 
is a large body of literature comparing medical management with CABG, medical management with PCI, and CABG with 
PCI. Although useful, the data must be interpreted critically in the context of the selection and exclusion criteria of patients 
within the trials. The impact of recent technological advances in both interventional cardiology and cardiac surgery on the 
selection of treatment modality needs to be factored in as well. However, there is a general consensus among cardiac surgeons 
that CABG should be the treatment of choice for CAD with the following pathologies: (1) left main stenosis, (2) triple-vessel 
disease, (3) double vessel disease with proximal LAD stenosis, (4) impaired left ventricular function, and (5) diabetes. 

 Based on the original American College of Cardiology (ACC)/American Heart Association (AHA) guidelines for 
Coronary Artery Bypass Graft Surgery published in 1999, a joint ACC/AHA task force on practice guidelines revised the 
existing guidelines in 2004  [  9  ] . The current common class I indications for CABG are outlined as follows:

   For Stable Angina

   1.    CABG is recommended for patients with stable angina who have signifi cant left main coronary artery stenosis (greater 
than 50% stenosis); who have left main equivalent: signifi cant (greater than or equal to 70%) stenosis of the proximal 
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LAD and proximal left circumfl ex artery; who have three-vessel disease (survival benefi t is greater when LVEF is less 
than 0.50); who have two-vessel disease with signifi cant proximal LAD stenosis and either EF less than 0.50 or demon-
strable ischemia on noninvasive testing ( Level of Evidence: A ).

     2.    CABG is benefi cial for patients with stable angina who have one- or two-vessel CAD without signifi cant proximal 
LAD stenosis but with a large area of viable myocardium and high-risk criteria on noninvasive testing ( Level of 
Evidence: B ).      

  For Unstable Angina/Non-ST-Segment Elevation MI

   1.    CABG should be performed for patients with unstable angina/non-ST-segment elevation MI with signifi cant left main 
coronary artery stenosis; with left main equivalent: signifi cant (greater than or equal to 70%) stenosis of the proximal 
LAD and proximal left circumfl ex artery ( Level of Evidence: A ).  

   2.    CABG is recommended for unstable angina/non-ST-segment elevation MI in patients in whom revascularization is 
not optimal or possible and who have ongoing ischemia not responsive to maximal nonsurgical therapy ( Level of 
Evidence: B ).      

  For ST-Segment Elevation MI (STEMI) 

 Emergency or urgent CABG in patients with STEMI should be undertaken in the following circumstances: (a) Failed angio-
plasty with persistent pain or hemodynamic instability in patients with coronary anatomy suitable for surgery. (b) Persistent 
or recurrent ischemia refractory to medical therapy in patients who have coronary anatomy suitable for surgery, who have 
a significant area of myocardium at risk, and who are not candidates for PCI ( Level of Evidence: B ).  

  For Poor LV Function 

 CABG should be performed in patients with poor LV function who have significant left main coronary artery stenosis; who 
have left main equivalent: significant (greater than or equal to 70%) stenosis of the proximal LAD and proximal left circum-
flex artery; who have proximal LAD stenosis with two- or three-vessel disease ( Level of Evidence: B ).  

  Life-Threatening Ventricular Arrhythmias 

 CABG should be performed in patients with life-threatening ventricular arrhythmias caused by left main coronary artery 
stenosis and by three-vessel coronary disease ( Level of Evidence: B ).     

   Contraindications to Operation 

 In the last 30 years the advancement of medical knowledge and technology has made CABG a routine and safe operation. 
In elective operation the patient is medically optimized prior to surgery. Improvement in cardiopulmonary bypass (CPB) 
support and myocardium preservation has minimized ischemia-reperfusion injury. Vigorous training and high volume of 
CABG have made cardiac surgeons technically skilled. The cardiac ICU care and cardiac rehabilitation have reduced the 
postoperative complications and shortened the postoperative recovery time. Current operative risk for CABG is low, with a 
national average mortality rate of 2.5% based on STS data  [  10  ] . 

 Virtually no absolute contraindications to CABG exist. The following conditions are generally considered high risks for 
CABG: recent stroke, acute MI within 2 weeks, ongoing sepsis, severe chronic congestive heart failure, pulmonary hyper-
tension, severe chronic obstructive pulmonary disease, coagulopathy due to liver failure. Since the introduction of mini-
mally invasive cardiac surgery technique and the increased use of mechanical circulatory support, advanced age and poor 
left ventricular function are not considered as serious risks as they were used to. 

   Preoperative Preparation 

 Most patients who come for elective CABG are taking B-adrenergic receptor or calcium channel blocking agents, angioten-
sion converting enzyme (ACE) inhibitors, and platelet antiaggregating drugs. The above medications except antiplatelet 
agents are continued to operative day. Clopidogrel (Plavix) is discontinued for 5 days prior to surgery if feasible while 
aspirin is typically continued to operative day. For patients with unstable angina, intravenous heparin is continued up to 
surgery. Intra-aortic balloon pump is indicated for patients who have critical left main disease, unstable angina that fails to 
respond to medical therapy and who are unstable hemodynamically.   
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   Operative Technique 

   Operative Strategy 

 Most patients undergoing CABG have three-vessel disease, many of them with impairment of LV function and diabetes. 
The primary goal of CABG is to revascularize all coronary artery branches completely with significant stenosis (i.e., more 
than 50% of luminal narrowing). At least one of the IMAs is used as bypass conduit and left IMA (LIMA) is routinely 
anastomozed to LAD. At least one or more saphenous vein grafts are bypassed to the remaining left and right coronary 
arteries. A typical CABG with three-vessel grafting is illustrated in Fig.  22.1 .  

 At present, CABG with the use of CPB through a full sternotomy remains the most widely used surgical technique, 
comprising 80% of total CABG performed in the US. About 20% of total CABG is performed through a full sternotomy but 
without CPB (OPCAB). A small portion of CABG is performed without sternotomy, with or without the use of CPB (MIDCAB) 
 [  11  ] . Robot is recently introduced into the field of cardiac surgery and is being increasingly used in MIDCAB  [  12,   13  ] . The 
choices of above approaches are made typically based on the institutional and individual surgeon’s experience and preference.  

   Choices of Bypass Conduits 

   IMA 

 Multiple clinical studies have clearly demonstrated that the patency rate of pedicled LIMA bypassed to LAD is over 90% 
after 10 years and such patency rate is maintained up to 15 years. The early and late patient survival benefits have been 
observed in patients who had a pedicled LIMA to LAD as compared to only vein grafts. Furthermore, the patient’s survival 
rate is higher and reoperative rate lower if both IMAs are used. Bilateral IMAs are used in patients who are young and have 
inadequate veins or whose radial arteries are not suitable for use. If the IMA is injured or is not long enough to reach the 
target vessel, it can be used as a free graft. Diabetes, obesity, severe COPD, and chronic renal insufficiency pose increased 
risk of sternal infection if both IMAs are harvested. There is some evidence to suggest that harvesting of IMA with skeleton-
ized technique might preserve blood supply to sternum and reduce sternal infection (Fig.  22.2 ). IMA can be harvested 
through sternotomy (Fig.  22.3 ), thoracotomy, and more recently endoscopic Robot.    

  Fig. 22.1    Typical three-
vessel coronary artery 
bypass grafting (CABG) 
 confi guration with left 
internal mammary artery 
(LIMA) to left anterior 
descending artery (LAD) and 
saphenous veins to obtuse 
marginal artery and right 
coronary artery       
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  Fig. 22.2    Anatomy of LIMA 
and its relation with the 
sternum       

  Fig. 22.3    Technique used to 
harvest LIMA via sternotomy 
which causes trauma in the 
sternum       

   Vein Grafts 

 The greater saphenous vein remains the primary source of free grafts. If it is absent or inadequate, the lesser saphenous vein 
can be used. The main advantages of the vein graft include that it provides excellent blood flow to the target arteries and 
has lower flow resistance and higher flow compared to arterial grafts initially; it is easy to harvest and handle the vein 
including sewing and it is long enough to reach most target vessels   . The disadvantages of vein graft are that its quality varies 
among individuals and it has a tendency to develop early degenerative change and has poor long-term patency rate. The 
average patency rate of vein graft is about 50% in 10 years. At 10 years of bypass most vein grafts would develop significant 
atherosclerotic disease and stenoses (Fig.  22.4 ). Saphenous vein can be harvested through conventional incision (Fig.  22.5 ), 
mini bridge incisions, and endoscope (Fig.  22.6 ).     
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   Radial Artery 

 Radial artery is typically harvested in the patient whose saphenous vein is inadequate. Though it has a lower rate of graft 
failure than that of vein graft in the short and intermediate term, it has a tendency to develop spasm in the early postopera-
tive phase and develops “string sign.” It works better when it is bypassed to a large target vessel (>1.5 mm) with more than 
70% of stenosis. Radial artery however has a lower graft patency rate than that of the IMA. It has different histological 

  Fig. 22.4    Gross view of a 
segment of saphenous vein 
graft 10 years after CABG. 
Severe degenerative change 
is noted inside the lumen 
of vein       

  Fig. 22.5    Harvesting of 
saphenous vein with 
conventional open technique. 
A large scar is noted       
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characteristics from that of IMA. Intimal changes and the presence of atheromatous plaque are observed in coronary and 
radial arteries, but very rarely in the IMA. Like coronary artery, radial artery is muscular artery and aging results in thicken-
ing and fibrosis of the intima and media of the wall. IMA has no such changes even after years of bypass.  

   Gastroepiploic Artery 

 Its harvesting is achieved through laparatomy and mobilization of the greater curvature of the stomach. It can be used as a 
pedicled graft as well as a free graft. It has a patency rate of >80% at 5 years. Due to limitations on length, tendency to 
spasm, inconsistent availability, and small caliber and tedious dissection, this artery is infrequently used. However, it can 
become very useful for reoperation bypass to the inferior target vessel, which can be performed off pump without 
sternotomy.    

   Coronary Artery Bypass Grafting 

 A median sternotomy is made and at the same time a segment of great saphenous vein or radial artery is harvested. Before 
the pericardium is opened the LIMA is fully mobilized. The LIMA is dissected out together with its accompanying veins 
and a 1 cm chest wall muscle pedicle. Heparin (300 units/kg) is administered and the LIMA is divided distally just above 
the bifurcation. The proximal LIMA is occluded by a bulldog clamp and distal LIMA is cut to the appropriate length and 
prepared. The pericardium is opened and the heart is inspected for target vessels. The ascending aorta is palpitated to detect 

  Fig. 22.6    Harvesting of 
saphenous vein with an 
endoscope. A small incision 
in noted       
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potential plaques and select a cannulation site. We place two 2-0 braided purse-string sutures in distal ascending aorta. 
A 20–22 Fr Medtronic metal-tip aortic cannula (Medtronic, St Paul, MN) is inserted into the aorta and connected to the 
arterial limb of the CPB circuit. For isolated CABG we use a single dual-stage cannula (32/34 Fr) for venous drainage and 
the venous cannula is inserted into the inferior vena cava through a 2-0 braided purse-string suture placed in the right atrial 
appendage. If other cardiac procedure such as mitral valve repair is anticipated in addition to CABG, two separate single 
stage venous cannulae are inserted into the superior vena cava and inferior vena cava separately for venous drainage. Two 
catheters for administering cardioplegia solution are inserted into the ascending aorta and coronary sinus separately. Once 
the activated clotting time (ACT) of over 500 s is achieved, the CPB is initiated. The CPB flow is maintained from 1.8 to 
2.2 L/min/m 2  with a target mean arterial pressure of 50–60 mmHg. The aorta is clamped and cold blood cardioplegia is 
given via antegtrade and retrograde routes. The heart is covered with cold saline during administration of cardioplegia. The 
setup of CPB is illustrated in Fig.  22.7 .  

 The heart is lifted toward the head of the patient and rotated toward his left shoulder to expose distal right coronary artery 
or posterior descending artery (PDA). A vein graft or radial artery is brought over the heart and the distal end of the graft is 
spatulated. An arteriotomy is made in the target segment of coronary artery and the distal end of the vein graft or radial 
artery is anastomozed to the arteriotomy in an end-to-side manner with a running 7-0 prolene suture. A dose of cardioplegia 
is given to the graft to check the flow and bleeding in the anastomosis. High pressure in the graft flow suggests poor distal 
target vessel run-off, poor graft quality and/or technique error of anastomosis. The bleeding from the anastomosis and graft 
can be identified and repaired easily. The graft is then distended with cardioplegia, positioned along the right atrium up to 
the right side of the ascending aorta, and transected at the point where it touches the aorta. The proximal end of the graft is 
spatulated for proximal anastomosis later. 

 The heart is then retracted to the patient’s right shoulder to expose the obtuse marginal branches of the circumflex artery. 
A separate vein graft or radial artery is brought to the operative field and its distal end is anastomozed to the targeted mar-
ginal branch using similar technique described above. The graft is properly oriented to avoid twisting, and the heart is placed 
back into the pericardial sac. The graft is distended by infusing cardioplegia and cut to the appropriate length while the heart 
is distended to its natural size. The graft is positioned along the atrioventricular groove and anterior to pulmonary artery to 
reach the ascending aorta. The proximal end of the graft is spatulated. 

  Fig. 22.7    Setup of 
 conventional 
cardiopulmonary bypass 
(CPB) and myocardial 
preservation during CABG       
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 The LIMA is cut to the appropriate length and its distal end is saptulated. The proper orientation of LIMA is ensured. 
The heart is gently rotated to the right side to bring the LAD to the center of operative field. A 6-mm anterior arteriotomy 
is made in the targeted segment of LAD and the distal end of LIMA is anastomozed to the LAD in an end-to-side manner 
with a running 8-0 prolene suture. The bulldog clamp on the LIMA is temporarily released to check the bleeding at the 
anastomosis. The muscle pedicle of LIMA is sutured to the epicardium near the anastomosis to maintain the proper orienta-
tion of the LIMA graft and release the tension on the anastomosis. The pericardium is incised laterally and proximal LIMA 
is placed laterally outside pericardium to ensure proper alignment of the LIMA with LAD and to prevent possible injury to 
the LIMA should a redo sternotomy is needed in the future. 

 The aortic clamp is removed and a partial occluding clamp is placed on the anterior wall of ascending aorta. Two or more 
5 mm openings are made in the occluded aortic wall by a punch. The proximal ends of the vein or radial artery grafts are 
anastomozed to the aortic openings with running 6-0 prolene sutures. The clamp is then removed and the air inside the vein 
or radial artery grafts is evacuated with a fine tip needle. If the atherosclerotic or calcified ascending aorta is noted or sus-
pected, the partial aortic clamping is avoided and the proximal anastomoses are performed with the heart arrested using the 
single aortic cross clamp technique (Fig.  22.8 ). Once the aortic cross clamp is removed, the heart should be perfused on 
CPB for adequate time until it is beating well. Once the systemic rewarming is completed CPB is terminated and the can-
nulae are removed. The protamine is given and the hemostasis is achieved. The mediastinal and pleural drainage tubes are 
placed and the sternum is closed with wires. The rest of incision is closed with Vicryle sutures (Fig.  22.9 ).    

  Fig. 22.8    View of heart after 
a three-vessel CABG. LIMA 
to LAD and two vein grafts 
are seen. The arterial and 
venous cannulae are used 
during CPB       

  Fig. 22.9    The chest incision 
after a conventional CABG 
via full sternotomy. Three 
mediastinal drainage tubes 
are noted coming out under 
the xyphoid       

 

 



41322 Surgical Treatment of Coronary Artery Disease

   Less Invasive CABG 

 For years, CABG has been performed routinely with CPB and sternotomy by cardiac surgeons worldwide. Though it is 
considered somewhat standardized by most cardiac surgeons, continued improvements as well as recognition of the impor-
tance of postoperative recovery and quality of life remain significant concerns for patients as well as physicians. In recent 
years, there has been a major push to develop and provide “less invasive CABG” as an alternative or standard care. 

 Four major steps used in conventional CABG contribute to the majority of its complications. Any of these steps can 
impose significant risks or adverse effects.

   1.    Full Sternotomy: It typically requires over 8 weeks for bone to heal. It can cause deep wound nonhealing or infection 
especially in diabetic and COPD patients. It can also create a noticeable scar, and occasionally cause chronic pain. For 
years, the physical and emotional impact of a large incision on the individual patient has been ignored by most cardiac 
surgeons. Historically, adequate exposure of the target tissues or organs through large skin incisions took priority over 
concern about incision size; this mindset remained unchallenged until the early 1990s. Since 2000 partial sternotomy or 
nonsternotomy approaches have been increasingly used by cardiac surgeons and various studies have reported the advan-
tages of such approaches in terms of pain, blood loss, postoperative respiratory function, time to recovery, infection, and 
cosmesis  [  14,   15  ] .  

   2.    Cardiopulmonary Bypass: CPB has been associated with a complex systemic infl ammatory reaction in the host patient. 
The hallmarks of this reaction are typically increased microvascular permeability in multiple organs, resulting in an 
increase in interstitial fl uid and the activation of humoral amplifi cation systems. This infl ammatory response can affect 
multiple organs, examples of this systemic response can vary: (1) from transient subtle cognitive impairment to a perma-
nent stroke; (2) from coagulopathy requiring transfusion of blood products to disseminated intravascular coagulation; (3) 
from pulmonary edema to adult respiratory distress syndrome requiring prolonged ventilation support; (4) from low car-
diac output to acute heart failure requiring inotropic or mechanical circulatory support; and/or (5) from transient kidney 
insult with increased creatinine to permanent kidney failure requiring hemodialysis. Any of these, or a combination 
thereof, commonly results in prolonged intensive care unit stays requiring intense monitoring and often increased patient 
mortality  [  16–  21  ] .  

   3.    Arresting the Heart by Administering Cardioplegia: Cardiac arrest is initiated with infusion of cardioplegia to the myo-
cardium during conventional CABG. Unfortunately, subsequent reperfusion of the heart can cause ischemic reperfusion 
injury to the myocardium and result in depressed cardiac function which can be more detrimental to the hearts with 
chronic impairment  [  17  ] .  

   4.    Manipulating the Ascending Aorta: Coronary artery disease is often considered as a component of systemic vascular 
disease. The same risk factors that contribute to coronary artery disease, such as smoking, diabetes, hypertension, and 
hyperlipidemia, also contribute to carotid artery disease and atherosclerotic changes in the aorta, especially in the ascend-
ing aorta. Atheroma in the aorta can present with calcifi ed plaques or with “cheese like” soft plaques, which can be dis-
rupted (dislodged) during: (1) cannulation of the ascending aorta for CPB, (2) cross-clamping in general; and/or (3) 
side-clamping of ascending aorta for attachment of proximal anastomoses of bypassed grafts. The mobilized plaques can 
then cause microembolization or macroembolization of brain vessels, resulting in neurologic defi cits  [  22,   23  ] .     

 In the last 15 years less invasive CABG has emerged with the goal to minimize or eliminate complications that may occur 
relative to each or all of the above four steps commonly used in conventional CABG. The initial efforts were made to avoid 
CPB by performing CABG without CPB, i.e., off-pump CABG (OPCABG). Subsequent efforts were made to avoid full 
sternotomy by performing OPCABG via left thoracotomy (minimally invasive direct coronary artery bypass, MIDCAB). 
About 5 years ago endoscopic Robot was subsequently introduced to facilitate MIDCAB. More recently a hybrid approach 
to treat CAD with Robotic assisted CABG (Rob-CABG) and drug eluting stents (Hybrid Rob CABG) has been started in a 
few centers in the US.  

   OPCABG 

 In contrast to conventional CABG, OPCABG is performed without CPB. Special instruments are employed to stabilize 
the targeted vessel when the heart is beating. The instruments are composed of a suction cup to hold the heart to a desir-
able position and a myocardium stabilizer to compress the area of myocardium where the targeted coronary vessel is 
located. Compared to conventional CABG lower dose of Heparin is administered to achieve a goal ACT of 300–400 s. 
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A pair of elastic tapes are encircled proximally and distally to the site of arteriotomy of targeted artery. The artery is 
temporally occluded and a 6 mm arteriotomy is made. An intracoronary shunt can be placed to enhance visualization of 
the target lumen and to maintain distal myocardium perfusion which can be crucial in performing bypass to a vessel 
supplying a large territory of myocardium. The anastomotic sewing technique and sutures used in OPCABG are similar 
to that in conventional CABG. The graft length and positioning and proximal anastomosis of OPCABG are similar to 
that of conventional CABG. One main challenge of OPCABG is to maintain hemodynamic stability during positioning 
of the heart to expose the target vessel. Anesthetic management plays an important role in stabilizing the patient’s hemo-
dynamics during OPCABG. Close communication between surgeon and anesthesiologist is essential for the success of 
the surgery. 

 An increasing number of studies, including prospective randomized studies, have demonstrated that when compared 
to conventional CABG, OPCABG procedures result in: (1) a lower incidence of postoperative neurologic deficits; (2) 
fewer blood transfusions; (3) shorter intubation times; (4) less release of cardiac enzyme; (5) less renal insult; (6) 
shorter ICU stays; (7) less release of cytokines IL8 and IL10; and/or (8) lower mortality  [  21,   24–  26  ] . It should be noted 
that the difference in these parameters between OPCABG and CABG procedures mostly ranges from 2 to 10%. In most 
OPCABG procedures, however, there has been the tendency to bypass fewer vessels; this may result in an incomplete 
revascularization. Moreover, certain anatomic locations and the nature of target coronary arteries may preclude safe 
and reliable anastomoses with OPCABG, e.g., arteries located in the posterolateral wall of hypertrophied hearts, 
intramyocardial arteries, and severely calcified arteries. Furthermore, with today’s available methodologies, OPCABG 
is more challenging technically for most cardiac surgeons. It should also be noted that emergency conversion of 
OPCABG to conventional CABG because of hemodynamic instability carries a significantly higher morbidity and 
mortality rate than conventional CABG (about 6 times higher mortality); fortunately the overall conversion is rare, with 
a rate of only 3.7%  [  27  ] . 

 Though OPCABG surgery took off rapidly in the earlier part of the last decade, the initial enthusiasm for OPCABG has 
cooled down in recent years due to the lack of highly anticipated “drastic” clinical benefits of OPCABG over conventional 
CABG and the additional technical challenges the surgeons have to face. Currently OPCABG comprises 20–25% of all 
CABG procedures performed in the US which has not changed much compared to 5 years ago. Yet although isolated centers 
perform virtually all CABG procedures off pump, in many centers OPCABG is a seldom-used procedure. Such a large 
discrepancy appears to be from the lack of effective education of practicing surgeons and a steep learning curve to master 
the tricks of performing OPCABG.  

   Aortic Nontouch Technique 

 Several methodologies have been described to avoid disrupting plaques when working in the region of the ascending aorta. 
For example, topical ultrasound devices have been used to identify hidden plaques, especially the soft types. In addition, a 
single aortic cross-clamp technique has been shown to reduce the risk of plaque disruption during conventional CABG 
surgery  [  28  ] . 

 Aortic cross-clamping or side-clamping can be avoided by using proximal anastomotic devices during OPCABG. 
Boston Scientific Inc.’s Heartstring proximal seal system is a facilitator for proximal hand-sewn suture anastomosis. It 
temporarily occludes aortotomy during direct suture anastomosis of the proximal vein graft to the aortotomy; yet, to date, 
one of the major drawbacks of its use is that the suture can catch the device, which requires that the anastomosis be 
redone. 

 A newer proximal anastomotic device, PAS-Port (Cardica Inc., Redwood City, CA) has obtained FDA approval for use 
after encouraging success from a multicenter clinical trial. Its impact on the long-term patency rate of the grafts has yet to 
be determined. 

 Totally aortic “nontouch” techniques have been described that can be applied during OPCABG by using: (1) bilateral in 
situ internal mammary arteries; (2) sequential grafts; (3) in situ gastroepiploic arteries; (4) radial artery Y or T grafts from 
internal mammary arteries; (5) radial artery or vein grafts from innominate, subclavian, axillary arteries; or (6) descending 
thoracic aorta (Fig.  22.10 ). Currently, nontouch techniques during OPCABG are gaining popularity, especially in high-risk 
patients. Nevertheless, given limited patient numbers and short follow-up times, the long-term graft patency rate for the 
latter procedures remains unknown.   
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   MIDCABG and Robotic Assisted CABG 

 For years, the physical and emotional impact of a large incision on the individual patient has been ignored by most cardiac 
surgeons. Historically, adequate exposure of the target tissues or organs through large incisions took priority over concern 
about incision size; this mindset remained unchallenged until the early 1990s. Subsequently, with novel specially designed 
instruments, experience with laparoscopic surgery demonstrated that those surgical procedures traditionally performed 
through large incisions could actually be accomplished with much smaller incisions. The patient benefits of small incisions 
have been clearly shown; advantages include: less pain, quicker recovery, lower infection rate, shorter hospital stays, and/
or better quality of life. In some studies, less immune function disturbance has also been reported. 

 Encouraged by positive results from the laparoscopic surgical community, some cardiac surgeons began to adopt less 
invasive approach to perform CABG. MIDCAB was developed in the mid 1990s with the intent to avoid sternotomy and 
perform CABG through a limited left anterior thoracotomy  [  29  ] . The LIMA is harvested under direct vision and anasto-
mozed to LAD with beating heart. MIDCAB is typically performed off-pump via an 8–10 cm incision and it can be per-
formed with peripherally inserted CPB support as well if needed. If done properly it can minimize surgical trauma by 
sparing the sternum and avoiding CPB. Medium-term LIMA patency rates were similar to those achieved with CABG  [  11  ] . 
The limited thoracotomy preserves sternal integrity and allows for a more rapid return to daily activities. More important, 
the avoidance of CPB reduces the immune response, preserves blood components, and improves postoperative neurocogni-
tive function as compared with CABG. However, due to the lack of appropriate instruments to facilitate LIMA harvesting 
via the limited access, the harvesting of LIMA posed a significant technique challenge upon most cardiac surgeons. 
Sometimes poor exposure compromised the length of LIMA graft and the thoracotomy incision was too large to cause lon-
ger than expected postoperative discomfort. The drawbacks in this technique in early MIDCAB probably hampered the 
widespread adoption of this approach. 

 In recent years, Intuitive Surgical’s daVinci robotic system (Fig.  22.11 ) has made significant improvement in cardiotho-
racic surgery and has made operating inside the chest cavity possible  [  12,   13,   30–  32  ] . Its second generation Robot is smaller 
and more user friendly. It has a “third arm” (one more than the first generation) for clinical use. Its 3D visualization, 7° of 
endo-wrist motion, and capability to eliminate human hand tremors facilitate fine dissecting, cutting, and suturing tasks. The 
second generation of robotic system has made both IMA takedown and OPCABG surgery via thorocoscopy or minithoraco-
tomy easier. It can precisely locate the target vessel and correlate it to the overlying intercostal space thus making it possible 
to perform direct anastomosis between LIMA and LAD possible via a tiny incision and achieving true non-rib-spreading 
mini-thoracotomy (Figs.  22.12 – 22.19 ).          

  Fig. 22.10       Different configurations of internal mammary artery (IMAs) used in CABG to ensure aortic “nontouch” technique, which can be 
achieved with Robotic assistance. ( a ) LIMA to LAD and RIMA to Diagonal artery; ( b ) LIMA to Obtuse marginal artery and RIMA to LAD; 
( c ) LIMA to LAD and ‘Y’ grant to Obtuse marginal artery       
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  Fig. 22.11    Intuitive Surgical 
Da Vinci Robot instrument 
cart with four robotic arms       

  Fig. 22.12    The surgeon 
operates the Robot instru-
ments at the console       

 Additional complementary innovations have been required to allow for robotic surgery on the heart. For example, to 
make OPCABG surgery easier when it is performed via minithoracotomy or total endoscopic robotic approaches, an “endo 
suction device” and an “endo myocardium stabilizer” (Medtronic, St Paul, MN) have been developed to position the heart 
and stabilize the target artery through port accesses (Fig.  22.20 ). Other devices that are currently available for robotic 
assisted or total endoscopic Robotic graft anastomosis are the distal anastomotic devices such as C-Port Flex A™ (Cardica 
Inc., Redwood City, CA) and endo “U” clip (Medtronic, St Paul, MN). The employment of such devices will lead the way 
in moving toward total endoscopic CABG surgery.   

 

 



  Fig. 22.14    The patient’s left 
chest is exposed and the head 
is to the  right  of the photo. 
A camera is inserted in the 
center port and the robotic 
cautery spatula and grasper 
are inserted at the proximal 
and distal ports respectively. 
The instruments are 
connected to the instrument 
cart which is positioned to 
the patient’s right side. Note 
that the three ports are placed 
along the same line slightly 
medial to the anterior 
axillary line       

  Fig. 22.13    ( a ) Surgeon’s 
view at the top of console 
and ( b ) surgeon’s hands 
controlling the robotic 
instruments       

  Fig. 22.15    The skeletonized 
LIMA harvesting technique is 
shown here. With the 
microvascular grasper in the 
left arm and the cautery 
spatula in the right arm 
the pleura over the LIMA 
is opened. The LIMA 
is separated from its 
accompanying vein using 
a spatula with blunt 
dissection. The vein adjacent 
to the artery ( below ) is 
pushed away from the artery       
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  Fig. 22.16    The pericardium 
is opened longitudinally. 
The target vessels (LAD 
and Diagonal) are visualized. 
The target segment for 
bypass grafting is located 
and a spinal needle is inserted 
into the corresponding 
intercostal space from 
the outside chest wall       

  Fig. 22.17    A 5–6 cm left 
mini thoracotomy is made 
over the target segment of 
LAD. A small retractor is 
placed to gently open the rib 
space. An epicardial stabilizer 
is placed over the target LAD 
segment and the LAD is 
occluded with elastic vessel 
loops. LAD is opened and the 
LIMA is anastomozed to the 
LAD off pump with an 8-0 
prolene suture in a running 
suture fashion, similar to off 
pump sternotomy technique       

  Fig. 22.18    An “octopus” 
myocardium stabilizing 
device (Medtronic, St Paul, 
MN) is used to steady the 
coronary artery during direct 
bypass grafting anastomosis       
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   CABG vs. PCI 

 The two primary interventions for patients with multivessel CAD are CABG and PCI. CABG with the use of LIMA and 
saphenous veins as bypass conduits is considered the treatment of choice for three-vessel or left main coronary artery dis-
ease. Literature has shown, when compared to PCI, CABG has advantages of improved patient event-free survival and less 
re-intervention rate in patients with three-vessel CAD, diabetes, and decreased left ventricular function  [  33,   34  ] . Recently 
reported landmark randomized multicenter clinical trial (SYNTAX Trial)  [  35  ]  comparing CABG and PCI with drug-eluting 
stents in treating “all-comer” CAD has shown that rates of major adverse cardiac or cerebrovascular events at 12 months 
were significantly lower in the CABG group than in the PCI group. The advantages of CABG over PCI are attributed mainly 
to the use of in situ LIMA bypass to the LAD. The use of LIMA to LAD grafting is the most remarkable achievement in 
coronary artery surgery since CABG’s introduction in 1968. In the past 3 decades, numerous studies have confirmed that 
the patency rates of LIMA grafts are excellent with patency rates over 90% even after 15 years of implantation. They result 
in an improvement in survival of 10–30% and greater freedom from major cardiac events, as compared with the rates in 

  Fig. 22.19    The typical skin 
incision and chest tube 
placement after a RCAB with 
either LIMA to LAD or 
LIMA and RIMA to LAD 
and other left CABG       

  Fig. 22.20    TECAB with 
robotic anastomosis of LIMA 
to LAD with a 7-0 prolene 
suture. A robotic epicardial 
stabilizer which is held by 
the fourth arm is placed 
to stabilize LAD via the 
subxyphoid port. The robotic 
grasper holds the tip of LIMA 
and the needle holder places 
the suture through the LIMA 
and LAD. The LAD is 
temporally occluded with 
elastic vessel loops       

 

 



420 K. Liao

patients whose bypass surgery was performed with vein grafts only. An important feature of this arterial conduit is relative 
immunity from atherosclerosis, a characteristic not found in either native coronary arteries or saphenous-vein grafts  [  36  ] . 
LIMA is biologically better than either saphenous veins or stents including drug-eluting stents. Only progressive arterial 
disease in the native vessel beyond the distal anastomosis will compromise the results, and that occurs infrequently. 

 Despite the above stated advantages of CABG over PCI, including drug-eluting stents, PCI has sharply increased in 
recent years in treating CAD with three-vessel or left main lesions, mostly because of its minimally invasive nature and 
improved technology especially since the introduction of drug-eluting stents in 2003. In 2006, a total of 253,000 CABG 
procedures and 1,131,000 PCI procedures were performed in the US, with drug-eluting stents used in 90% of the PCI  [  37  ] . 
In the SYNTAX trial, patients treated with PCI involving drug-eluting stents had similar rates of death from any cause, 
stroke, or myocardial infarction compared to the CABG group (7.6% for PCI and 7.7% for CABG). Patients undergoing 
PCI were more likely than those undergoing CABG to require repeat revascularization (13.5% vs. 5.9%) but were less likely 
to have a stroke (0.6% vs. 2.2%). The long-term patency rate of drug-eluting stents remains unknown at present, but is 
unlikely to match that of LIMA to LAD. 

 The invasiveness of CABG is typically composed of sternotomy, CPB, and manipulation of ascending aorta. Sternotomy 
and the dissection of LIMA from the chest wall are associated with bleeding, wound infection, most notably in patients with 
diabetes and delayed recovery. CPB and manipulation of ascending aorta can cause systemic inflammatory reaction and 
stroke.  

   Hybrid Rob CABG 

 Rob-CABG utilizes the state-of-art Robotic technology and harvests the pedicled LIMA and RIMA if needed via three 
1 cm trocar ports. The operative field visualization is enhanced by a 10× magnification 3D scope. The coronary target 
vessel is fully visualized and labeled before direct LIMA to LAD is performed via a 2–3 in. left anterior intercostal incision 
without sternotomy, CPB, and manipulation of the ascending aorta, thus eliminating the potential complications associated 
with conventional CABG. LIMA to LAD anastomosis can also be performed with total endoscopic robotic approach with 
only port accesses  [  38  ] . The limitation of Rob-CABG is that non-LAD vessels are difficult to access due to small inter-
costal incisions. 

  Fig. 22.21    Surgeon 
is performing Robotic 
assisted hybrid surgery
 in the cathlab       
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 The main limitations in treating CAD with three-vessel or left main lesions with the current standard approaches are 
either being “too” invasive upfront as in CABG or “less” effective in long-term patency as in PCI. Though conventional 
CABG, OPCABG, MIDCAB, Rob-CABG, and PCI each has its advantages and disadvantages, a hybrid Rob-CABG/PCI 
approach combining the minimally invasive LIMA to LAD bypass, the best part of CABG and PCI with drug eluting stents 
which are equivalent or superior to saphenous vein grafts to the non-LAD coronaries might be the best approach to treat 
CAD with three-vessel or left main lesions. 

 Hybrid Robotic PCI offers an attractive option of minimally invasive coronary revascularization. At present only a few 
centers in the US have started such hybrid approach in treating CAD (Fig.  22.21 ). Initial experience including ours has being 
encouraging. Hybrid Rob PCI appears to have less major adverse cardio/cerebrovascular events (MACCE), shorter recovery 
time, and less total cost when compared to OPCABG in treating multivessel CAD  [  39,   40  ] .  

 With almost 1.5 million/year coronary revascularization procedures being performed in the US, and the continually 
increasing use of these procedures due to an aging population, it is imperative that we identify the optimal coronary inter-
vention strategies that reduce the morbidity, risks, and costs of these procedures. Hybrid Robotic PCI approach appears to 
offer the best service of both cardiology and cardiac surgery.      
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 The natural history of coronary artery disease involves progressive atherosclerotic arteriopathy leading to eventual acute 
coronary syndrome. This may present classically as exertional angina leading to unstable angina, and in some patients, the 
only symptom is sudden cardiac death. In other patients, more complicated scenarios may present, requiring complex 
decision-making in order to save these critically ill patients. These presentations involve ischemic ventricular septal defects 
(VSDs), ventricular dyskinesia/aneurysmal changes, ventricular free wall rupture/pseudo aneurysms, and ischemic mitral 
regurgitation (MR). 

 Patients with these complications may present acutely with hemodynamic instability. They are often the most difficult 
to manage as they present in a moribund state with multi-organ dysfunction. Still others present in a subacute fashion, 
giving clinicians time to stabilize the patients and manage attendant pulmonary and renal dysfunction in order to facilitate 
operative management in a delayed manner. Discussion of each of these subacute scenarios follows, along with data on 
the most recent management strategies for these challenging situations. 

   Ischemic Ventricular Septal Defects 

 Ischemic VSDs are a rare but frequently fatal outcome of acute myocardial infarction (AMI). The incidence of these com-
plications has been reported to be about 0.2% of all patients with AMI  [  1  ] . 

   Presentation and Pathology of Ruptured Interventricular Septum 

 The occurrence of a new, pansystolic murmur in the setting of a first transmural anteroseptal or posterior myocardial 
infarction should create a high degree of suspicion of a ruptured interventricular septum. Sinus tachycardia and signs of 
right and left heart failure are usually present. Initially, clinical signs of right heart failure may predominate, with raised 
jugular venous pressure and acute hepatic congestion. Heart sounds become muffled and a third heart sound becomes 
audible only after cardiac dilatation occurs. Left heart failure can develop rapidly. The murmur is pansystolic, may be 
accompanied by a systolic thrill in about one-half of cases, and usually does not radiate to the apex; however, the murmur 
may be indistinguishable from that of acute MR. 

    Chapter 23   
 Noncoronary Surgical Therapy for Ischemic Heart Disease       

         Christopher   B.   Komanapalli ,              Balaji   Krishnan ,  and       Ranjit   John              
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 Classically, interventricular septal rupture may develop following a myocardial infarction in its anterior or posterior 
 segments. Anteriorly located septal ruptures are usually associated with an anteroseptal MI and often present in the apical 
area as a single, transeptal defect of variable size; multiple defects are uncommon. The morphology is that of an endocardial 
tear with associated transmural hemorrhage leading to perforation. The defect size determines the degree of shunt from left 
to right ventricle. A typical rupture usually follows a fairly direct course but may zig and zag. Histologically, an anteriorly 
located septal rupture is usually associated with a transmural infarction. 

 Ruptures of the posterior septum are often associated with an extensive transmural inferoseptal MI that extends into the 
right ventricular wall. Involvement of the right ventricular wall makes prognosis in these cases worse than in patients with 
a ruptured anterior interventricular septum. Lesions may present a direct transeptal passage as described above, or may be 
associated with a gaping endocardial tear on the left ventricular aspect. This complicates surgical repair. 

 Complex septal ruptures, sometimes classified as posteroventricular ruptures, are classified separately because of their 
different gross morphology and different mechanics in the area of the myocardium  [  1  ] . Posteroventricular ruptures morphol-
ogy differs from anterior interventricular and posterior septum ruptures because part of the right ventricle is usually 
infarcted. Prognosis is worse and surgical treatment may be more difficult. Typically, the pathway of the dissecting hema-
toma is often very long and serpiginous, passing from the endocardial tear on the inferior left ventricular wall, often at the 
junction of the septal wall posteriorly, and then in the posterior septal wall, sometimes in the subepicardial fat, before ruptur-
ing back into the right ventricle through its inferior wall. This lesion is very often associated with a gaping, chasm-like, left 
ventricular endocardial tear which extends well into the myocardium. It may have diverticular dilation along its course. Due 
to the difficulty associated with surgical repair, it is important to distinguish ruptures of the inferior wall with echocardiog-
raphy prior to surgery. 

 Figure  23.1a, b  shows representative pathological images of rupture of the interventricular septum complicating AMI. 
See Fig.   3.5     in Chap.   3     – a transthoracic echocardiographic image in a case of AMI and rupture of the interventricular sep-
tum. Figure  23.1b  shows a representative transesophageal echocardiographic and color Doppler image of rupture of the 
interventricular septum complicating AMI.  

 Recently, percutaneous approaches to closure of these VSDs have been used successfully, but traditional, nonoperative 
management has yielded poor outcomes with as high as 85–90% mortality  [  2,   3  ] . Surgical repair, as well, is fraught with 
risk, with 30-day mortality as high as 21–60%  [  1,   4  ] . 

 An operative approach to treating these lesions is similar in most series. It involves institution of cardiopulmonary bypass 
(CPB) followed by exposure of the VSD through a ventriculotomy. The patch may be closed using either a single- or double-
patch technique or interrupted sutures alone. The ventriculotomy is typically closed using felt strips to buttress the repair. 
Coronary revascularization is then performed using a combination of internal mammary artery pedicled grafts and saphen-
ous vein grafts. 

 A controversy in the management of these patients is the benefit of coronary revascularization in reducing short- and long-
term mortality, and in improving survival. A cogent distillation of the literature on the management of ischemic VSDs with 
concomitant coronary bypass is presented by Perrotta and Lentini  [  5  ] . In their review of the multiple case series from 1950 
to 2009, they found that coronary revascularization reduces mortality from 26.3 to 21.2% with an improvement in survival 
from 29 to 72%. Lundblad et al.  [  6  ]  described in their series of 102 patients an improved survival in patients undergoing 

  Fig. 23.1    ( a ) Gross photo of a ventricular septal rupture complicating myocardial infarction. ( b ) Gross photo of a left ventricular free wall rupture 
with patch for repair. ( c ) Transesophageal echocardiogram with color Doppler from the patient with ventricular apical septal rupture shows a 
turbulent flow jet across the septum       
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complete revascularization, compared to patients undergoing culprit vessel revascularization alone. Furthermore, they delin-
eated predictors for 30-day mortality, including large AMI (by biochemical markers), large shunt (Qp/Qs > 2.5), intraopera-
tive hemodynamic instability, long CPB time, and no revascularization of the culprit artery. Independent risk factors both at 
30-day and at long-term follow-up (5 and 10 years) included incomplete revascularization and no revascularization of the 
culprit artery.   

   Ischemic Ventricular Aneurysms 

 Ischemic cardiomyopathy is the natural outcome of end-stage coronary artery disease. In the advanced stages of ischemic 
cardiomyopathy, the normal elliptical geometry of the ventricle is lost with subsequent development of a dilated globoid 
configuration. 

   Presentation and Pathology of the Ventricular Aneurysm 

 Clinical recognition alone of a ventricular aneurysm is difficult but clinical suspicion should be aroused in the presence of 
abnormal, palpable, precordial pulsation. A summation gallop may be present as well as ventricular arrhythmias. Persistent 
ST-segment elevation in the electrocardiogram may be shown with Q-waves. An echocardiogram must follow these findings 
in order to verify the diagnosis. 

 Post-MI aneurysms have been classified as being true, false, or pseudo  [  7–  11  ] . Classically, a true aneurysm develops 
when some congenital or acquired process weakens the ventricular wall and allows all of it in the affected area to fall beyond 
the heart’s normal contour. A false aneurysm develops following rupture of the heart with the resultant hemorrhage con-
tained by fibrous pericardial adhesions or the pericardium itself. 

 True ventricular aneurysms have two pathogenic mechanisms. In one, the entire ventricular wall bulges beyond its usual 
outline. This is also called an expansion aneurysm. In this circumstance, aneurysm rupture is unlikely. Rather, the aneurysm 
induces intractable cardiac failure. The second type of true aneurysm forms as a result of an endocardial tear or its complica-
tions. One can draw a parallel with aortic aneurysms, mainly thoracic, resulting from a localized dissection following an 
intimal medial tear. Furthermore, in contrast to expansion aneurysms, the latter often has an ostium with sharply defined 
edges – as though punched out with a cookie cutter – that, in diameter, is less than that of the resultant aneurysm. 

 Histologically, an expansion aneurysm demonstrates all components of the ventricle in their wall. Endocardial tear aneu-
rysms, however, demonstrate just myocardium and epicardium or can be confined to epicardial tissues, including epicardial 
coronary arteries. 

 Expansion aneurysms occur a few hours to days after an acute transmural MI. The pressure and contraction of the left 
ventricle acting on the totally or relatively immobile necrotic and structurally weak part of the ventricle may cause it to 
stretch thin and bulge. This remodeling alters the shape, size, and volume of the left ventricular cavity, but not the size of 
the MI. The extent of ventricular deformation is governed by the percentage of ventricular wall thickness that is infarcted 
or subsequently becomes fibrotic. 

 It is not clear why some transmural infarcts produce expansion aneurysms and others do not. One possibility is that their 
development may be related to the presence or absence of coronary collaterals. While MIs and consequent left ventricular 
aneurysms may occur at any site in the ventricular wall, more than 80% occur at the apex and the anteroseptal region. 

 False aneurysms are complications of endocardial tears that were produced by two different mechanisms. In the first, the 
heart ruptures, and in the second, a true aneurysm formed following an endocardial tear that subsequently ruptured into the 
pericardial cavity. However, with the passage of time and adaptive changes in the aneurysm wall, differentiation between 
the two types of false aneurysm and true and false aneurysms becomes more and more difficult histologically. False aneu-
rysms are uncommon and differentiation may have no clinical relevance. 

 Right ventricular aneurysms are rare largely because of the ventricle’s dual blood supply from left and right coronary 
arteries. Right coronary artery occlusion proximal to the origin of the acute marginal branches is associated with significant 
right ventricular infarction. 

 Figure  23.2a –c shows representative pathological images. Figure  23.2d, e  shows representative transthoracic echocardio-
graphic images. Surgical attempts to reverse this pathologic remodeling date to 1944. The first successful correction of an 
LV aneurysm occurred in 1957 by Dr. Charles Bailey through a left thoracotomy with a clamp placed at the base of the 
aneurysm, followed by aneurysmectomy and closure with a horizontal mattress suture  [  12  ] . One year later, Denton Cooley 
performed an aneurysmectomy on pump, which has become the gold standard technique  [  12  ]   .
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 Further advances in left ventricular remodeling have involved attempts with dynamic cardiomyoplasty, with latissimus 
dorsi muscle wrapped around the heart. The Batista procedure, invented in 1994, involved resection of the left ventricle, but 
was associated with perioperative mortality and morbidity  [  13  ] . The Acorn CorCap™ cardiac support device is a ventricular 
cap developed to prevent further dilation of the left ventricle  [  14  ] . The newest device uses a “mannequin” to facilitate 
appropriate shaping of the left ventricle. 

 The Surgical Treatment of Ischemic Heart Failure (STICH) trial in 2001 sought to answer the question of whether 
patients with revascularizable coronary artery disease and a low ejection fraction (<35%) would benefit from concomitant 
surgical ventricular reconstruction  [  15  ] . Despite a reduction in left ventricular volume by 19%, compared to 6% alone, there 
was no significant reduction in mortality or freedom from readmission by adding ventricular reconstruction. Furthermore, 
no improvement in exercise tolerance or symptom relief was shown  [  15  ] . Limitations of the study included its lack of blind-

  Fig. 23.2    ( a ) Left ventricular 
aneurysm: mural thrombus 
formation is often seen after 
myocardial infarctions, 
especially when a ventricular 
aneurysm has formed. Parts 
of this thrombus may 
embolize and cause ischemic 
damage, most commonly 
going to the brain. ( b ) There 
has been a previous extensive 
transmural myocardial 
infarction involving the free 
wall of the left ventricle. 
Note the thickness of the 
myocardial wall is normal 
superiorly but inferiorly is 
only a thin fi brous wall. 
( c ) Cross section through the 
heart reveals a ventricular 
aneurysm with a very thin 
wall at the  arrow . Note how 
the aneurysm bulges out. The 
stasis in the aneurysm allows 
mural thrombus, which is 
present here, to form within 
the aneurysm. 
( d ) Echocardiogram from a 
patient with a lateral left 
ventricular aneurysm. The 
aneurysm is seen as an 
outpouching of the lateral 
wall as a break in the 
myocardial contour ( white 
arrows ). ( e ) Echocardiogram 
apical long axis view with 
Color Doppler from a patient 
with a lateral ventricular 
aneurysm. The  right panel  
shows a large jet fi lling the 
left ventricular aneurysm       
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ness procedures regarding the treating physicians’ treatment arm, thus the possibility of treatment bias. Another assertion 
raised was a potential learning curve bias associated with poorer outcomes.   

   Ischemic Mitral Regurgitation 

 MR from papillary rupture occurs in 1 to 3% of patients with AMI, which leads to acute pulmonary edema and cardiogenic 
shock. Medical treatment for ischemic MR can lead to an in-hospital mortality of up to 70–80%  [  16,   17  ] . Surgical treatment 
of ischemic MR has an operative mortality of 19–85%. Sudden death can occur in 0.4–5% of patients following AMI due 
to acute ischemic MR  [  16  ] . 

   Presentation and Pathology of Ischemic Mitral Regurgitation 

 Many different mechanisms cause pathological MR following an MI; some do so frequently while others are less common. 
Many result from pathology affecting the papillary muscle in induced papillary muscle dysfunction. They include (1) avul-
sion of chordae tendineae; (2) rupture of the tip of a papillary muscle; (3) rupture of the belly or base of the papillary muscle; 
(4), infarction of the tissues; (5) fibrosis and/or atrophy of a papillary muscle. The pathophysiology of papillary muscle 
rupture may involve subendocardial ischemia leading to infarction, which occurs more prominently in the posteromedial 
papillary muscle due to its single blood supply (80–90%)  [  18  ] . The posteromedial papillary muscle in the left ventricle 
seems more prone to rupture, and in most cases occurs 3–5 days after the infarct. A papillary muscle can rupture in its upper 
third, middle third, or at its base. Nine percent of ischemic MR involves the anterolateral papillary muscle bundle, thought 
to result from its dual blood supply  [  17,   19  ] . 

 Sudden mitral insufficiency presents with the abrupt onset of acute pulmonary edema and the advent of a widely propa-
gated apical holosystolic murmur with sinus tachycardia. The first heart sound may become inaudible, the second heart 
sound increases in intensity, and hypotension quickly follows. Rupture of the entire trunk of a papillary muscle is a sudden, 
catastrophic event resulting in severe MR followed by fulminant pulmonary edema, cardiogenic shock, and death. 

 Figure  23.3a, b  shows representative pathological images of necrotic and ruptured papillary muscle. See Fig.   3.6    a, b in 
Chap.   3     – echocardiographic features of rupture of a papillary muscle and “flail” mitral valve complicating AMI.  

 Research on the largest series of patients with ischemic MR was published by Chevalier et al. in 2004  [  17  ] . The authors 
described 55 patients admitted with AMI necessitating mitral valve surgery – with roughly one-third of them needing 
concomitant coronary revascularization. They found a 24% operative mortality and a higher incidence of mortality in 
patients who did  not  undergo revascularization (34 vs. 9%). The 4-year mortality of patients who survived surgery was 
about 12%. Thus, the authors recommended concomitant coronary revascularization in all patients undergoing valve sur-
gery for ischemic MR.   

  Fig. 23.3    ( a ) Mitral valve 
with necrotic papillary 
muscle in a case with acute 
myocardial infarction 
( arrow ). ( b ) Intraoperative 
view of ruptured of a necrotic 
papillary muscle       
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   Ischemic Left Ventricular Free Wall Rupture/Pseudoaneurysm 

 Myocardial rupture is a frequently fatal and rarely salvageable complication of AMI. The incidence of rupture is between 1 
and 3% in patients following AMI, with up to 20% experiencing sudden cardiac death after AMI. Patients present with one 
of two scenarios: (1) a “blow-out” rupture with sudden cardiovascular collapse, or (2) an oozing-type aneurysm which may 
present more subacutely with varying symptoms  [  20  ] . 

   Presentation and Pathology of Free Wall Rupture/Pseudoaneurysm 

 With free wall rupture, the patient’s condition suddenly deteriorates. Recurrent chest pain may occur. The presentation is 
variable, with signs of acute cardiac tamponade, sinus tachycardia, hypotension, low pulse pressure, and cyanosis of the 
upper half of the body, followed rapidly by cardiogenic shock, electromechanical dissociation, and death. The whole 
sequence of events may happen in less than 3 min. 

 Characteristic, new electrocardiographic changes are visible, in addition to those showing previous transmural Q-wave 
myocardial damage. If the condition is recognized and the physician happens to be at the bedside when the rupture occurs, 
the occasional patient may undergo acute relief of tamponade from a pericardiocentesis. This will lessen cardiac compres-
sion and, if time permits, a bedside echocardiogram diagnosis may encourage the cardiac surgeon to intervene 
immediately. 

 Most often, lesions cause a rapid accumulation of 150–300 mL of blood in the pericardium, producing cardiac tamponade 
and leading to sudden death associated with electromechanical dissociation. Rupture of the free wall is most often associated 
with an extensive full thickness infarct. It often occurs in patients suffering their first infarct. An acute rupture does not occur 
through scarred tissue. Histologically, the rupture is often associated with a very brisk inflammatory reaction in the infarcted 
myocardium. 

 The dissecting hematoma found with an acute rupture in the anterior or lateral free wall is usually not associated with a 
gaping endocardial tear or a diverticulum. But that is not the case when ruptures occur in the inferior wall of the left ven-
tricle. Possibly, the buttressing of the inferior wall afforded by the diaphragm enables the variation in morphology recorded. 
Thus, delayed ruptures are more common in this area and ruptures of the wall may be associated with the gaping of the 
endocardial tear, diverticulum development, or a dissection pathway of long course. Rupture of the left ventricle following 
an MI is far more common than rupture of the right ventricle. The atria are ruptured most infrequently  [  21  ] . 

 Clinically, these events are usually associated with sudden onset of a new holosystolic cardiac murmur; a palpable thrill 
may be obvious. Figure  23.4a–c  shows representative pathological images of left ventricular free wall rupture. See Fig.   3.14     
in Chap.   3     – echocardiogram features of rupture of the free wall of the LV and “false” aneurysm. In 2007, Atik et al. reported 
research findings from the largest series of patients with ventricular pseudoaneurysms  [  22  ] . Their group saw patients present-
ing a median of 50 days following infarct. Twenty-one patients were treated with concomitant coronary revascularization and/
or valve surgery. Lower body mass index and greater left ventricle dysfunction were identified as risk factors for death. Mitral 
valve surgery, reoperation, and operation immediately following AMI were associated with increased risk of mortality.  

 Surgical techniques involved groin cannulation with hypothermic circulatory arrest  [  23  ] . 
 During pericardial opening, sites for cannulation are exposed. Manipulation of the heart should only be performed fol-

lowing aortic cross-clamping and cardioplegia administration. After 4 weeks, fibrous tissue was tough enough to anchor 
sutures, and primary repair can be attempted. Operative mortality with this approach is between 25 and 35.7%  [  23  ] . 

 Surgical repair involves infarctectomy with patch reconstruction. Recently, a sutureless approach has been developed, 
using a prosthetic patch and glue for “oozing-type” ruptures, and direct mattress sutures and a patch for the more “blow out” 
type of rupture  [  24  ] .   

   Summary 

 Mechanical complications of coronary artery disease are rare but frequently may lead to poor outcomes. Salvage of these 
critically ill patients may be afforded by appropriate timing of surgical intervention and often aggressive medical manage-
ment. While risk stratifying the most appropriate patients for these life-saving therapies is challenging, there are periopera-
tive factors which may aid the clinician in this decision-making.      
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        Definition 

 The aging    population and reduced mortality of patients with coronary artery disease (CAD) has resulted in an increase 
in patients with severe angina symptoms despite maximal medical therapy  [  1–  3  ] . When further revascularization is not 
an option, these patients are described as “no-option” or “nonrevascularizable,” but perhaps a better term is refractory 
angina  [  1–  3  ] . 

 The European Society of Cardiology (ESC) Joint Study Group on the Treatment of Refractory Angina  [  3  ]  has defined 
refractory angina as “a chronic condition ( ³ 3 months) characterized by the presence of angina caused by coronary insuf-
ficiency in the presence of CAD, which is not amenable to a combination of medical therapy, angioplasty, or coronary 
bypass surgery” in patients with objective evidence of ischemia. Reasons for being a poor candidate for further revascu-
larization include diffuse atherosclerosis, unsuitable anatomy, multiple prior procedures – percutaneous coronary interven-
tion (PCI) or coronary artery bypass graft (CABG) – lack of conduits, absence of reasonable targets for bypass surgery, 
significant comorbidities such as severe left ventricular (LV) dysfunction, chronic kidney disease, carotid artery disease, 
and advanced age. Unfortunately, despite the increasing prevalence, the American Heart Association/American College of 
Cardiology guidelines provide limited information regarding the epidemiology, evaluation, or treatment options for 
patients with refractory angina  [  4  ] .  

   Epidemiology 

 Noting the limited data available from small selected cohorts or observation studies, the ESC Joint Study Group recognized 
“an urgent need to clarify the epidemiology of this condition”  [  3  ] . Based on a number of small trials in northern Europe, 
the Joint Study Group estimated the incidence of refractory angina as between 5 and 10% of patients undergoing cardiac 
catheterization  [  3  ] . In a retrospective analysis from the Cleveland Clinic, the incidence of patients with no-option coronary 
anatomy was 11.8% in a cohort of 500 consecutive patients undergoing catheterization  [  5  ] . In a more contemporary series 
from the Minneapolis Heart Institute, 29% of patients had incomplete revascularization, including 16% of patients who 
were not candidates for revascularization  [  6  ] . 

 Considerable controversy exists regarding the prognosis for these patients, as well. In the Cleveland Clinic series, 
the 1-year mortality was 16.9%, but that was based on only 59 patients  [  7  ] . Using data from the Duke cardiac catheter-
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ization database, Kandzari et al. reported a mortality rate of 38% at a median follow-up of 2.2 years in patients with 
severe CAD who did not undergo revascularization, compared with 15% among patients undergoing PCI and 19% for 
the group undergoing CABG  [  8  ] . Recently, several randomized controlled trials designed to evaluate the efficacy of 
alternative therapies such as transmyocardial revascularization (TMR)  [  9–  12  ]  and therapeutic angiogenesis  [  13–  17  ]  have 
reported a wide range of mortality from 1 to 22% up to 1 year of follow-up. Data on more than 1,200 patients with 
confirmed refractory angina from our dedicated refractory angina clinic and who are followed in the Options In 
Myocardial Ischemic Syndrome Therapy (OPTIMIST) registry demonstrate a mortality rate of 3.9% at 1 year and 28.4% 
at 9 years  [  18  ] . 

 This disparity in outcomes illustrates the importance of national and international registries for systematically recording 
data about this disease. The registries would help clinicians understand the behavior and natural history of this challenging 
patient population who are left with minimal options. Nonetheless, these recent results indicate that if these patients are 
aggressively treated, including risk factor modification, and followed carefully in a systematic approach, long-term survival 
can be significantly improved.  

   Clinical Features 

 Clinical features of patients with refractory angina are similar to patients with chronic stable angina. They may exhibit 
angina-equivalent symptoms such as dyspnea on exertion or atypical chest discomfort. The diagnosis of ischemia is similar 
to patients with CAD and chronic stable angina, but can be more challenging since these patients frequently have multivessel 
disease, previous myocardial infarction, and previous revascularization and diabetes, and therefore, frequently have multiple 
areas of infarction and/or ischemia. 

 Understanding the pathophysiology of angina, and thus refractory angina, is essential and helps to understand the ratio-
nale for treatment. Angina pectoris results from an imbalance of myocardial oxygen requirements and supply  [  19  ] . The 
myocardial oxygen requirement may be elevated by an increase in one or a number of the following factors: heart rate, LV 
wall stress, and contractility, while myocardial oxygen supply is mainly determined by coronary blood flow and oxygen 
content  [  19  ] . Therefore, in evaluating these patients, it is important to search for any potential etiology that may increase 
the myocardial oxygen requirement independent of coronary blood flow, such as aortic stenosis and hyperthyroidism. 
Additionally, the endothelium of atherosclerotic coronary vessels elaborates a series of vasoconstrictors such as thrombox-
ane A2 and serotonin, while it has an impaired endogenous or pharmacologic response to vasodilators (e.g., nitric oxide). 
The imbalance between vasoconstrictors and vasodilators at the level of the arterial wall may lead to a dynamic stenosis, 
hence angina, in the absence of an increased metabolic demand. 

 While the ESC definition includes only patients with severe CAD and objective evidence of ischemia, another cohort of 
patients who may present with refractory angina includes those with microvascular disease  [  20  ] . 

 Patients in our OPTIMIST refractory angina clinic and the International EECP (Enhanced External Counterpulsation) 
Patient Registry (IEPR), which includes 7,973 patients with refractory angina, have similar clinical presentations  [  18,   21  ] . 
The majority are male (75–78%) with a high prevalence of cardiac risk factors, including hyperlipidemia (84–95%), hyper-
tension (70–75%), history of smoking (67–69%), and diabetes mellitus (37–47%)  [  18,   21  ] . Additionally, previous revascu-
larization either by CABG or PCI (87–93%), peripheral arterial disease (PAD) (23%), myocardial infarction (MI) (69–73%), 
congestive heart failure (CHF) (31–33%), and LV dysfunction (54%) are common and consistent with long-standing, serious 
CAD  [  18,   21  ] . 

 The etiology of atherosclerosis is extensively discussed in Chap.   10    .  

   Treatment Options 

 As discussed previously, myocardial ischemia occurs due to a mismatch between myocardial oxygen supply and demand 
(Fig.  24.1 ). The main determinants of myocardial oxygen consumption are heart rate, myocardial contractility, wall stress, 
and fatty acid uptake  [  19,   22  ] . The management of chronic stable angina is reviewed in detail in Chap.   15    . Patients with 
refractory angina should have their cardiac risk factors treated aggressively with secondary prevention measures, and should 
be on an optimal regimen of antiplatelet and antianginal medications. 

 The following describes novel pharmacologic and nonpharmacologic approaches for patients with refractory angina. 
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   Novel Pharmacologic Therapies 

 Conventional pharmacologic therapy of angina focuses on a reduction in heart rate, myocardial contractility, preload, and 
afterload. The heart uses fatty acids as a primary source of energy in the absence of ischemia, since fatty acids produce more 
ATP than glucose oxidation, but this occurs at the expense of higher oxygen requirement  [  22,   23  ] . During ischemia, how-
ever, this preferential source of energy utilization is shifted to glucose oxidation – which is more oxygen-efficient and, 
potentially, may balance the mismatch between oxygen requirement and demand. Since the heart seems to be an “omnivore” 
for metabolizing different sources of energy, searching for pharmacologic agents such as trimetazidine and perhexiline that 
divert oxidation of fatty acids to glucose or other sources of energy in patients with CAD is intriguing. Both nicorandil and 
ranolazine have a unique mechanism of action as well, as described below. 

   Trimetazidine 

 Metabolic-modulating agents can be classified into two broad categories: (1) free fatty acid  b -oxidation inhibitors (e.g., 
trimetazidine) and (2) free fatty acid uptake inhibitors (e.g., perhexiline)  [  24  ]  (Fig.  24.2 ). Trimetazidine is widely used in 
Europe but is not approved in the United States. It has little effect on blood pressure or heart rate. In the Trimetazidine 
in Angina Combination Therapy (TACT) study  [  25  ] , the investigators compared the efficacy of trimetazidine to placebo in 
patients on combination therapy with long-acting nitrates or beta blockers. After 12 weeks of treatment with trimetazidine 
(20 mg orally 3 times a day), patients in the trimetazidine group had a longer exercise test duration (418 ± 14 to 507 ± 18 s vs. 
435 ± 15 to 459 ± 16 s in the placebo group,  p  < 0.05) as well as the time to 1 mm ST depression (389 ± 15 to 480 ± 19 s in the 
treatment group vs. 412 ± 15 to 429 ± 17 s in the placebo group,  p  < 0.05). Time to onset of anginal pain, mean number of angina 
attacks per week, and mean consumption of short-acting nitrates per week were all decreased in favor of trimetazidine  [  25  ] .    

   Perhexiline 

 Perhexiline was introduced more than 40 years ago as an antianginal agent, but its widespread use has been limited by 
hepatotoxicity and peripheral neuropathy  [  26,   27  ] . This molecule has a number of diverse biochemical properties (e.g., 
calcium and beta blocker activities), but it mainly inhibits carnitine palmitoyltransferase-1 (CPT-1) and CPT-2 (Fig.  24.2 ). 
CPT transfers the long free fatty acids across the mitochondrial membrane  [  26  ] . 

 A “perhexiline resurgence” has occurred recently, especially in Australia and New Zealand. It appears that the liver and 
neurological toxicity of perhexiline is prevented by keeping the drug concentration in the range of 150–600  m g/L  [  26,   27  ] . 
This drug is not currently approved in Europe or the US.  

  Fig. 24.1    Determinant of angina pectoris and potential therapeutic targets       
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   Nicorandil 

 Nicorandil has both a nicotinamide ester and a nitrate moiety, which acts as a nitrate donor that reduces preload and after-
load, similar to other nitrate derivatives. In addition, it acts on the ATP – ATP-sensitive potassium (K 

ATP
 ) channels  [  28  ] . K 

ATP
  

channels couple cell metabolism with electrical activity of the plasma membrane by adjusting membrane potassium flux in 
response to metabolic deprivation  [  29  ] . During ischemia, K 

ATP
  channels open and shorten the action potential duration, 

which decreases the calcium overload in the cytoplasm and conserves energy and the myocardium’s ATP pool (Fig.  24.3 ). 
Therefore, nicorandil has pharmacological effects by reducing preload and afterload (through nitrate moiety), and it offers 
cardioprotection through conserving energy by activating K 

ATP
  channels.  

 In the Impact Of Nicorandil in Angina (IONA) trial  [  30  ] , 5,126 patients with stable angina were randomly assigned to 
nicorandil (20 mg orally, twice daily) or placebo, in addition to standard antianginal therapy. The primary endpoint was a 
composite of coronary heart disease death, nonfatal MI, or unplanned hospital admission for cardiac chest pain. The primary 
composite endpoint in patients treated with nicorandil was reduced by 17% (hazard ratio, HR = 0.83, 95% CI, 0.72–0.97; 
 p  = 0.014). Furthermore, the rate of acute coronary syndrome (ACS) was significantly lowered – by 21% – in the nicorandil-
treated group (HR = 0.79,    95% CI, 0.64–0.98,  p  = 0.028) as well as a 14% reduction in all cardiovascular events (HR = 0.86, 
95% CI, 0.75–0.98;  p  = 0.027)  [  30  ] . Nicorandil is currently available in Europe but not in the US.  

  Fig. 24.2    Perhexiline’s 
mechanism of action. By 
blocking the FFA uptake at 
the mitochondrial level, the 
cardiac myocyte will be 
forced to utilize glucose as 
the substrate for ATP 
production. From Baim 
and Grossman  [  22  ] . 
Copyright 2006       

  Fig. 24.3    The protective 
action of K 

ATP
  channels 

during ischemia in cardiac 
myocytes       
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   Ranolazine 

 Ischemia impairs mitochondrial oxidative phosphorylation, which leads to accumulation of ischemia-driven metabolites 
(through activation of glycolytic pathways or lipophilic amphiphiles) that open late I 

Na
  channels  [  31  ] . When these channels 

are activated, the cytosolic Na concentration increases and results in the efflux of Na and influx of Ca through a cell- 
membrane Na/Ca exchanger that causes calcium overload of the cardiac myocyte. Calcium overload contributes to increased 
ATP utilization (by actin–myosin filament coupling), decreases LV relaxation, and increases LV wall tension, a very impor-
tant determinant of MVO2  [  31–  33  ] . In addition to the contraction–relaxation dysfunction, calcium overload may stimulate 
electrophysiological irritability, resulting in ventricular tachycardia or ventricular fibrillation  [  31,   34  ] . Ranolazine appears 
to prevent the pathophysiological consequences of ischemia by inhibiting late I 

Na
  channels. 

 The Monotherapy Assessment of Ranolazine In Stable Angina (MARISA) trial  [  35  ] , designed to determine the dose–
response relationship of ranolazine, enrolled 191 patients with chronic stable angina who were randomized into a double-
blind, four-period, crossover study of sustained-release ranolazine 500, 1,000, or 1,500 mg or placebo, twice daily. 
Duration of exercise increased with ranolazine 500, 1,000, and 1,500 mg twice daily by 94, 103, and 116 s, respectively 
( p  < 0.005) compared to the 70-s increase on placebo. A dose-related increase in exercise time also occurred, as well as an 
increase in time to 1 mm ST-segment depression (  p  < 0.005)  [  35  ] . 

 The Combination Assessment of Ranolazine In Stable Angina (CARISA) trial  [  36  ]  was a double-blind, placebo-con-
trolled, three-group parallel trial of 823 patients with symptomatic chronic stable angina, who were randomly assigned to 
receive placebo ( n  = 269) or ranolazine 750 mg ( n  = 279), or 1,000 mg ( n  = 275) orally twice a day. Similar to MARISA, 
treadmill exercise at peak and trough levels after dosing was assessed after 2, 6, and 12 weeks of treatment. In the combined 
ranolazine-treated patients (750 and 1,000 mg doses), exercise duration increased by 116 s compared to 92 s in the placebo 
group ( p  = 0.01). Time to angina and time to electrocardiographic ischemia in the ranolazine groups also increased, a finding 
more evident at peak than at trough. Ranolazine was able to decrease the number of angina attacks and number of sublingual 
nitroglycerin doses by about 1/week compared to placebo (  p  < 0.02)  [  36  ] . 

 The Efficacy of Ranolazine in Chronic Angina (ERICA) Trial  [  37  ]  was a double-blind, placebo-controlled, and parallel-
group study designed to assess the antianginal effects of ranolazine in comparison to a maximum dose of amlodipine (10 mg 
orally, once daily). The study included 565 patients with symptomatic chronic stable angina with at least three angina attacks 
per week. They were randomly assigned to ranolazine vs. placebo. The primary endpoint was angina frequency, which was 
decreased by 23% in the ranolazine-treated patients compared to placebo (mean number of angina attacks, 4.3 vs. 3.3; 
 p  = 0.028), and supported by a decrease in nitroglycerine use by 25% (  p  = 0.014)  [  37  ] . This finding was more prominent in 
men than women (1.3 for men and 0.3 for women). 

 In the Metabolic Efficacy with Ranolazine for Less Ischemia in Non-ST-segment elevation ACS – Thrombolysis in 
Myocardial Infarction 36 (MERLIN-TIMI-36) trial, ranolazine was tested in patients with ACS (unstable angina and non-ST 
elevation myocardial infarction)  [  38  ] . Ranolazine significantly reduced the incidence of recurrent ischemia vs. placebo 
(13.9 vs. 16.1%; HR = 0.87; 95% CI, 0.76–0.99;  p  = 0.03), but the primary endpoint of the study (a composite of cardiac 
death and recurrent ischemia) was not different between the groups. More importantly, the investigators noticed that despite 
an increase in QT interval, there was no increase in the incidence of malignant ventricular arrhythmias  [  38  ] . 

 While ranolazine has not been specifically tested in patients with refractory angina, it appears to be a useful agent based 
on an ongoing registry of refractory angina patients. Data show that 56% of patients had a  ³ 2 CCS class improvement in 
angina symptoms  [  39  ] . Overall, ranolazine appears to be an excellent antianginal agent and well-tolerated, with the advan-
tage of no significant effect on hemodynamics.  

    l -Arginine 

 Coronary endothelial dysfunction is one of the hallmarks of patients with angina. Thus, retaining the integrity of the vaso-
dilator tone by mechanisms other than nitrate therapy is an important goal. As a precursor of nitric oxide,  l -arginine has 
been proposed to improve the coronary blood flow by improving endothelium-dependent vasodilation  [  40  ] . 

 In a study of patients with chest pain without significant CAD, Lerman et al. randomized 26 patients to  l -arginine 
(3 g orally 3 times a day) and placebo. After 6 months of treatment, a marked increase in coronary blood flow was shown 
in response to acetylcholine in patients who were taking  l -arginine compared to the placebo arm, and a significant decrease 
in plasma concentration of endothelin  [  41  ] . In a Polish study, 22 subjects with chronic stable angina were treated with 
 l -arginine (6 g/day for 3 days), resulting in an improvement in exercise capacity. Mean exercise time increased from 
501 ± 101 to 555 ± 106 s in placebo vs. 530 ± 195 to 700 ± 173 s in patients treated with  l -arginine (  p  < 0.0002)  [  42  ] . While 
there is a paucity of well-conducted randomized controlled trials using  l -arginine in patients with refractory angina, the 
available data suggest that the use of 6–9 g of  l -arginine may be effective in select patients.   
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   Nonpharmacologic Therapies 

 Although effective in many cases, antianginal medications are insufficient or have side effects in a significant number of 
patients with severe CAD. This has stimulated the investigation of nonpharmacologic approaches for patients with refrac-
tory angina, including EECP, TMR, neuromodulation by spinal cord stimulation (SCS), or stellate ganglion blockade, and 
therapeutic angiogenesis using protein, gene, or cell therapy. 

   Enhanced External Counterpulsation (EECP) 

 EECP shares the same principal with intra-aortic balloon counterpulsation, which is a precisely timed diastolic pressure 
augmentation. Three pairs of pneumatic cuffs are placed around the lower extremities, at the level of the calves, and lower 
and upper thighs. An electrocardiographic trigger is synchronized to the pneumatic cuffs. With each diastole, the cuffs 
inflate from distal to proximal (calves to upper thighs), and with the beginning of each systole, all cuffs deflate simultane-
ously (Fig.  24.4 ). The diastolic augmentation increases coronary perfusion pressure, which results in an increase in shear 
stress, while the cuff deflation decreases ventricular afterload, and increases venous return  [  21,   43  ] .  

 The randomized, placebo-controlled Multicenter Study of EECP (MUST-EECP) trial studied  [  44  ]  139 patients with 
refractory angina and documented CAD, using a positive exercise treadmill test to assess whether 35 h of active counter-
pulsation (active CP) compared to inactive counterpulsation (inactive CP) over a 4–7-week period would change the exercise 
duration and time to  ³ 1 mm ST-segment depression, and average daily anginal attack count and nitroglycerin usage. No 
difference in exercise duration existed between the groups (  p  < 0.3), but time to  ³ 1 mm ST-segment depression increased 
significantly in active CP compared with inactive CP (  p  = 0.01). Also, active-CP patients experienced a lower incidence of 
anginal episodes compared to inactive-CP patients (  p  < 0.05). Only 10% of patients were unable to complete the therapy due 
to side effects  [  1,   44  ] . 

 Furthermore, in the randomized, controlled, single-blind, parallel-group, multicenter Prospective Evaluation of Enhanced 
External Counterpulsation in Congestive Heart Failure (PEECH) study  [  45  ] , 187 patients with ischemic (70% of cohort) and 
nonischemic (30% of cohort) CHF patients were randomized to 5 weeks of 1-h EECP sessions. All patients had New York 
Heart Association (NYHA) Functional Class II or III and a left ventricular ejection fraction <35%. There was a marked 
improvement in both cohorts in exercise tolerance, quality of life, and NYHA functional class without an accompanying 
increase in peak VO 

2
 . The subgroup analysis of this study indicated that the benefit of EECP was greater in patients with 

ischemic HF  [  45  ] . 
 A number of mechanisms have been proposed to explain the clinical benefits seen with EECP, including recruitment of 

myocardial collaterals through activation of vascular endothelial growth factor (VEGF)  [  46,   47  ] , improvement of endothe-
lial function  [  48  ] , the release of proangiogenic cytokines, and a peripheral training effect  [  49  ] . EECP also increases nitric 

  Fig. 24.4    Mechanism of 
action of enhanced external 
counterpulsation (EECP). 
Reprinted with permission 
from Institute for Progressive 
Medicine:   www.iprogres-
sivemed.com/therapies/eecp.
html    . Accessed 21 Feb 2011       
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oxide, decreases endothelin  [  50  ] , and is associated with an increase in circulating CD34+ progenitor cells  [  51  ] . A number 
of these potential mechanisms may contribute to the observed improvement in systolic, diastolic, and mean arterial blood 
pressure  [  52  ] . EECP may be contraindicated in select patients with decompensated CHF, severe PAD, and severe aortic 
insufficiency  [  1,   21  ] . Currently, EECP is approved by the FDA and is reimbursed for the management of patients with 
Canadian Cardiovascular Society (CCS) III and IV refractory angina in the US. The treatment includes 35 1-h sessions over 
7 weeks.  

   Neuromodulation 

   Spinal Cord Stimulation 

 A disparity often exists between the presence of ischemia and angina resulting from two independent phenomena: (1) pres-
ence of ischemia due to supply–demand imbalance and (2) perception of angina, which is the result of nervous system 
activity due to presence of ischemia  [  3  ] . Thus, it is important to understand the pain pathway and its relationship to myo-
cardial flow. 

 The potential modulation of angina through the peripheral nervous system and autonomic nervous system, as well as 
central nervous pathways, may have therapeutic applications. Therefore, investigators have treated refractory angina using 
neuromodulation over the past 3 decades with transcutaneous electric nerve stimulation, left stellate ganglion blockade, and 
SCS. With SCS performed under local anesthesia, an electrode is placed in the epidural space, entering the T1–6 spinal cord 
segments. The lead is connected to a subcutaneously placed generator, which provides intermittent stimulation (Fig.  24.5 ). 
SCS decreases angina and improves myocardial ischemia through a number of proposed mechanisms, including a decrease 
in sympathetic tone  [  53  ] , increased secretion of endorphins  [  54  ] , and redistribution of myocardial blood flow from nonisch-
emic to ischemic areas  [  55,   56  ] .  

 Mannheimer et al.  [  57  ]  randomly assigned 104 patients to SCS ( n  = 53) or CABG ( n  = 51). At 6-month follow-up, no 
difference in symptom relief was identified between the groups. Patients in the CABG group had a significant increase in 

  Fig. 24.5    Spinal cord 
stimulator system, consisting 
of epidural lead (C7–T1), the 
extension wire, and a pulse 
generator. From Yang et al. 
 [  75  ] . Copyright 2004 by 
Mayo Foundation for 
Medical Education and 
Research       
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exercise capacity ( p  = 0.02), less ST-segment depression on maximum workloads ( p  = 0.005), and an increase in the rate-
pressure product ( p  = 0.03) but higher mortality (13 vs. 2%,  p  = 0.02) compared to patients in the SCS group. A follow-up 
study from the same group showed similar results up to 3 years  [  58  ] . 

 The only randomized controlled trial stopped early due to slow enrollment. The Stimulation Therapy for Angina 
Refractory to Standard Treatments, Interventions, and Medications (STARTSTIM) trial randomized 68 patients with CCS 
III and IV to 1 min vs. 8 h of stimulation and found no difference in angina, although the trial was designed to enroll 310 
patients  [  59  ] . In the US, SCS is approved for chronic pain management but not for treatment of refractory angina. 

 The ESC Joint Study Group indicates SCS as the preferred nonpharmacological strategy for patients with refractory 
angina  [  3  ] . In the US, however, SCS is approved for chronic pain management but not for treatment of refractory angina.  

   Left Stellate Ganglion Blockade 

 During normal conditions, the coronary vessels have minimal sympathetic tone; therefore, denervation of the sympathetic 
system has minimal effect on coronary flow in a normal physiologic state. In contrast, when ischemia is present, the interac-
tion of ά1 (vasoconstriction) and  b 2 (vasodilatation) receptors on the coronary vessels becomes vital to the perfusion of 
myocardium. In the presence of atherosclerotic disease, the sympathetic nervous drive on the coronary vessels favors vaso-
constriction, especially in the presence of dysfunctional endothelium  [  60,   61  ] . Before the development of antianginal medi-
cations, paravertebral injection of alcohol or lidocaine to block the sympathetic system was used to treat angina  [  3  ] . 
Although left SBG is approved in the UK for treatment of chronic refractory angina, it requires frequent injections and has 
significant complications, including apnea, unconsciousness, seizures, and locked-in syndrome  [  62  ] , which has limited its 
widespread use.   

   Therapeutic Angiogenesis 

 Patients with refractory angina have advanced CAD, which is not amenable to revascularization, yet frequently they have 
preserved LV function due to the development of collateral blood vessels. Therapeutic angiogenesis can be defined as the 
use of protein growth factors, gene therapy, which encodes these growth factors or stem cell therapy to enhance the natural 
process of angiogenesis. Preclinical studies have demonstrated successful angiogenesis with protein, gene, and stem cell 
therapies in animal models  [  63–  65  ] . These preliminary findings resulted in a number of clinical trials hoping to demonstrate 
successful therapeutic angiogenesis.  

   Protein Therapy 

 The Vascular endothelial growth factor in Ischemia for Vascular Angiogenesis (VIVA)  [  13  ]  as a double-blind, placebo-
controlled trial designed to evaluate the efficacy and safety of recombinant human VEGF using intracoronary and intrave-
nous injection. Patients with stable exertional angina were randomized to receive placebo ( n  = 63), low-dose rhVEGF 
(17 ng/kg/min,  n  = 56), or high-dose rhVEGF (50 ng/kg/min,  n  = 59) by intracoronary infusion on day 1 followed by intra-
venous infusions on days 3, 6, and 9. The primary endpoint of the study was the change in exercise tolerance time from 
baseline to 60 days between groups, and the secondary endpoints included a change in exercise tolerance time from baseline 
to 120 days, rest and exercise myocardial perfusion imaging on day 60, and an angina class as well as quality-of-life mea-
surements at days 60 and 120  [  13  ] . The primary endpoint was not different between rhVEGF-treated groups (low dose, 30 s; 
high dose, 30 s) vs. placebo-treated patients (48 s) at day 60. At the end of 120 days, the high-dose rhVEGF-treated group 
demonstrated significant improvement in angina class ( p  = 0.05), with trends in exercise time ( p  = 0.15) and improved fre-
quency of anginal episodes ( p  = 0.09) as compared with placebo or low-dose rhVEGF-treated patients  [  13  ] . 

 The FGF Initiating RevaScularization Trial (FIRST) trial was a randomized, double-blind, placebo-controlled trial of a 
single intracoronary infusion of rFGF2 at 0.3, 3, or 30  m g/kg or placebo in 337 patients (placebo = 86, 0.3  m g/kg = 82, 
3  m g/kg = 84, and 30  m g/kg = 85 patients)  [  15  ] . The primary efficacy endpoint was the change in exercise duration at 90 days, 
and the secondary endpoint included change in exercise duration at 180 days and changes from baseline to 90- and 180-day 
follow-up in CCS angina class and in quality of life; and ischemic changes on single-photon emission computed tomography 
(SPECT) imaging from baseline to 90 and 180 days  [  15  ] . Although there was no difference between placebo and rFGF2 in 
the primary efficacy endpoint, there was an improvement in angina at 90 but not 180 days  [  15  ] .  
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   Gene Therapy 

 Gene therapy is a novel treatment approach in which target cells are transfected with RNA or DNA. The gene may be deliv-
ered using viral vectors (most commonly, adenovirus) or using naked DNA plasmids. When the target gene is incorporated 
into the genome, the cell will produce the protein of interest. Multiple different angiogenic factors have been identified, but 
the ones most investigated are VEGF and bFGF. Preclinical models have demonstrated clear evidence for successful angio-
genesis  [  63,   64  ] , but it has been more challenging to demonstrate conclusive evidence of clinical improvement in human 
gene therapy studies (Fig.  24.6 ).  

 A series of clinical trials known as Angiogenic Gene Therapy (AGENT trials) used intracoronary administration of an 
adenovirus-encoding FGF5 (Ad5FGF) to stimulate angiogenesis. The first trial (AGENT-1) studied 79 patients with refrac-
tory angina documented by coronary angiography and objective evidence of ischemia by exercise test  [  66  ] . Sixty patients 
received intracoronary delivery of Ad5FGF and 19 patients received a placebo. At 4 and 12 weeks follow-up, patients in the 
rFGF-treated group had a significantly improved exercise tolerance time compared to the group who received a placebo. 

 AGENT-2 randomized 52 patients in a placebo-controlled trial and demonstrated an improvement in adenosine SPECT 
ischemic defect size at 8 weeks (4.2% absolute reduction,  p  < 0.001), while there was no change in placebo-treated patients 
( p  = 0.32). However, it did not result in a change in reversible perfusion defect size between treatment and placebo arms 
(4.2 vs. 1.6%,  p  = 0.14)  [  67  ] . 

 AGENT-3 and AGENT-4 were phase 3 studies designed to enroll more patients (450 patients in each trial) in order to 
determine the benefits of FGF gene therapy. The primary endpoint was the change in exercise time from baseline and 12 
weeks. Both trials were designed as parallel-group, double-blind, placebo-controlled, randomized studies using two differ-
ent dose groups (low dose of Ad5FGF-4, 1 × 10 9  viral particles [vp], a high dose of 1 × 10 10  vp, and placebo) in a 1:1:1 
randomization ratio with preplanned interim analyses. Both trials were discontinued because the interim analysis showed 
neither study would reach statistical significance with the current design, but there was a reduction in angina class (a pre-
specified secondary endpoint)  [  17  ] . In a pooled analysis of AGENT-3 and -4, a substantial benefit was shown in high-risk 
patients – defined as those older than age 55, angina class III/IV, and baseline exercise time less than 300 s. This finding 
was more prominent in women  [  17  ] . 

 The Euroinject One trial investigators randomized 80 no-option patients within CCS III to IV to receive either 0.5 mg of 
phVEGF-A(165) ( n  = 40) or placebo plasmid ( n  = 40) using electromechanical mapping and injections with the NOGA-
MyoStar system in the region with established myocardial perfusion defects  [  14  ] . After a 3-month follow-up, there was no 
difference in myocardial perfusion defects between the VEGF-treated and placebo-treated groups (primary endpoint). But 
there was a statistically significant improvement in local wall motion abnormalities, assessed either by NOGA ( p  = 0.04) or 
contrast ventriculography ( p  = 0.03). The CCS classification improved in both groups, but there was no difference between 

  Fig. 24.6    Persantine 
SPECT-sestamibi scans 
recorded before and after 
phVEGF-2 gene therapy in a 
patient with refractory 
angina. From Vale et al.  [  76  ] . 
Copyright 2001 by American 
Heart Association.  Pre-GTx  
before gene therapy; 
 post-GTx  after gene therapy       
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the groups. Although there was no difference in the safety between the groups, five patients had complications due to the 
NOGA procedure  [  14  ] . 

 A similar study in Canada, the NOGA angiogenesis Revascularization Therapy: assessment by RadioNuclide imaging 
(NORTHERN) trial used the NOGA system to deliver plasmid VEGF165 DNA to the LV myocardium in patients with 
severe ischemia who were not suitable for standard revascularization procedures using a higher dose than Euroinject  [  68  ] . 
The primary endpoint of the study was the change in myocardial perfusion from baseline to 3 or 6 months. The study ran-
domized a total of 93 patients with CCS III or IV. Forty-eight patients received VEGF165. There was no difference between 
the VEGF-treated and the placebo groups in the primary endpoint of change in myocardial perfusion imaging, although a 
significant reduction in the ischemic area was demonstrated in both groups  [  68  ] . 

 The Randomized Evaluation of VEGF for Angiogenesis (REVASC) study  [  16  ]  was designed to compare the efficacy and 
safety of adenovirus containing VEGF 121  (AdVEGF-121) administered intramyocardially via a thoracotomy  [  16  ] . The primary 
endpoint of the study was exercise time to 1 mm ST-segment depression at 12 weeks. Thirty-five patients continued maximal 
medical therapy and 32 patients received AdVEGF-121. There was no significant difference between the groups in the primary 
endpoint, but the AdVEGF-121-treated group demonstrated a statistically significant improvement in time to exercise-induced 
ischemia at week 26 ( p  = 0.026)  [  16  ] . Moreover, total exercise duration as well as time to angina improved in the AdVEGF-
121-treated group compared to control at weeks 12 ( p  = 0.008 and 0.006) and 26 ( p  = 0.015 and 0.003)  [  16  ] . 

 In another Canadian study, 19 patients with severe three-vessel disease and severely, diffusely diseased left anterior 
descending arteries received ten 200- m g injections of VEGF-165 plasmid DNA or a placebo along with oral  l -arginine (6 g/
day for 3 months) in a 2 × 2 factorial design  [  69  ] . The efficacy outcomes included changes in myocardial perfusion and 
contractility of the anterior myocardium, using (13)N-ammonia positron emission tomography (PET) and echocardiography 
at 3 months. Patients treated with a combination of VEGF and  l -arginine had a significant improvement in anterior wall 
perfusion on PET ( p  = 0.02), but the perfusion defect was not different between the groups ( p  = 0.10). An improvement in 
anterior wall contractility also was shown ( p  = 0.02) at 3 months  [  69  ] . The protein and gene therapy trials demonstrated 
excellent safety and some suggestions of efficacy, but definitive proof of successful therapeutic angiogenesis remains incon-
clusive. This simulated interest in the use of cardiovascular stem cells to provide a more potent angiogenic agent.  

   Stem Cell Therapy 

 A significant portion of coronary perfusion involves the microcirculation; evidence suggests microcirculation dysfunction 
in patients with chronic stable angina  [  20,   70,   71  ] . In a double-blind, randomized, placebo-controlled, dose-escalating phase 
I/IIa study, Losordo et al. provided evidence of safety and feasibility of percutaneous, intramyocardial injection of autolo-
gous CD-34+ cells in 24 patients with angina class III/IV  [  71  ] . 

 This trial led to a phase II double-blind, randomized, placebo-controlled study to determine the safety and efficacy of 
intramyocardial injection of G-CSF mobilized auto-CD34+ cells in patients with chronic refractory angina  [  72  ] . The phase 
II study randomized 167 patients to 1 × 10 5  (low dose), 5 × 10 5  (high dose), or placebo. The primary outcome of the study, 
weekly anginal frequency at 6 and 12 months, was significantly lower in the low-dose group compared to placebo (6.8 ± 1.1 
vs. 10.9 ± 1.2,  p  = 0.020), an effect that was reproduced in the high-dose arm, although it did not reach statistical significance. 
Furthermore, a marked increase in exercise tolerance occurred in low dose compared to placebo, an effect that was also 
consistent with high dose  [  72  ] . This is the first double-blind, placebo-controlled trial (using any therapy) in patients with 
refractory angina leading to a significant improvement in exercise time. 

 A large phase III, multicenter, randomized, placebo-controlled trial will begin in 2011. A large number of trials are 
underway using a variety of cells and methods of delivery. Still, early results indicate cardiovascular stem cell therapy may 
well play a key role in the treatment of patients with refractory angina.    

   Transmyocardial Laser Revascularization (TMLR) 

 The use of transmyocardial laser revascularization (TMLR) for patients with refractory angina was based on the hypothesis 
that development of channels in the myocardium can carry blood from the ventricular cavity to the channels and, eventually, 
to the myocardium  [  2  ] . This observation was inspired from the reptilian heart, which has minimal epicardial arteries; a 
majority of myocardial perfusion occurs through channels formed between the ventricle and myocardium. 

 There are currently two approaches to TMR: (1) TMLR (performed epicardial during a surgical procedure) and (2) endo-
cardial percutaneous transmyocardial laser revascularization (PTMLR). Based on a number of trials, TMLR – both stand-
alone and in conjunction with CABG – has been approved by the FDA for the treatment of refractory angina. 
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 Horvath et al. reported significant improvement in anginal symptoms as well as myocardial perfusion imaging in more 
than 75% of patients treated with TMLR up to 12 months after the procedure  [  73  ] . Frazier et al. reported a significant 
improvement in angina class (at least by 2 classes from CCS) and improvement of myocardial perfusion imaging in 91 
patients compared to 101 patients with conventional management  [  11  ] . 

 The Angina Treatments–Lasers And Normal Therapies In Comparison (ATLANTIC) study compared TMLR + medical 
therapy vs. medical therapy alone. In a group of 182 patients, those randomized to TMLR performed better according to an 
exercise tolerance test and they improved their anginal class  [  10  ] . In a prospective study, Allen et al. randomized 275 
patients with medically treated refractory angina class IV to TMLR (132 patients) and medical therapy alone (143 patients). 
The primary endpoints were a change in angina symptoms, treatment failure, and a change in myocardial perfusion. After 
1-year follow up, patients treated with TMLR had a marked improvement in angina (reduced by 2 classes or more) vs. 
medical therapy alone (76 vs. 32%,  p  < 0.001). TMLR-treated patients also had better survival, free of cardiac events, free-
dom from treatment failure, and freedom from cardiac-related rehospitalization  [  9  ] . 

 The successful TMLR trials led to a series of PTMLR trials using the less-invasive, percutaneous approach. The Potential 
Angina Class Improvement From Intramyocardial Channels (PACIFIC) trial randomly assigned 221 patients with refractory 
angina or severe chronic stable angina (CCS III) to PTMLR + medical therapy vs. medical therapy alone  [  12  ] . Exercise toler-
ance significantly improved in PTMLR patients, but there was no difference in mortality by 12 months. 

 These promising preliminary results were not recapitulated in the DMR In Regeneration of Endomyocardial Channels 
Trial (DIRECT). In this trial, 298 patients were blindly randomized to placebo PTMLR ( n  = 98 patients), low-dose ( n  = 98 
patients, 10–15 channels), and high-dose ( n  = 102 patients, 20–25 channels) PTMLR. The primary endpoint of the study was 
the change in exercise duration from baseline examination to 6-month follow-up. The 30-day risk of myocardial infarction 
was higher in the aggregate of low- and high-dose-treated patients vs. placebo (9 vs. 0,  p  = 0.03). 

 All patients in both arms of the study had significant improvement in symptoms compared to baseline, highlighting the 
importance of the placebo effect  [  74  ] . The results of the DIRECT trial led to a decrease in enthusiasm for TMLR, as well, 
although it should be pointed out that the two approaches are not necessarily equivalent. TMLR is not recommended in 
patients with ACS or LV dysfunction, since morbidity and mortality is substantially higher in these patients  [  3  ] .  

   Selected Issues 

 Much of the challenge in designing clinical trials in refractory angina patients lies in the blood flow measurement and the 
marked placebo effect of any advanced nonpharmacologic therapeutic option. Using advanced imaging (MRI or PET) in 
future clinical trials may enable more accurate assessment of myocardial blood flow. In addition to the pharmacologic and 
nonpharmacologic approaches outlined above, advances in the treatment of chronic total occlusion and novel approaches 
such as the coronary sinus occlusion offer hope for clinical improvement.      
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        Historical Overview 

 With the advent       of percutaneous coronary balloon angioplasty  [  1–  3  ]  and the increasing acceptance of PCI in the 1980s and 
1990s, PCI increasingly became an option for patients with high-risk coronary anatomies. The circulatory support technol-
ogy initially adopted was the intraaortic balloon pump (IABP), which was invented by Adrian Kantrowitz, M.D., and 
engineer Arthur Kantrowitz, PhD, in the late 1960s  [  4  ] . 

 The IABP’s initial use was in patients in cardiogenic shock, refractory heart failure, or recurrent ventricular tachycardia 
 [  4–  8  ] . With the rapid adoption of coronary balloon angioplasty in several centers, the IABP was used to support patients 
with cardiogenic shock or a high-risk coronary anatomy undergoing PCIs. 

 The IABP effectively produces afterload reduction, increases diastolic pressure, and improves coronary blood flow  [  9  ] . 
By can we say markedly reducing the afterload, it decreases cardiac oxygen consumption. The balloon is inflated in dias-
tole, thereby increasing diastolic pressure, increasing coronary blood flow, and coronary-perfusion pressure. Balloon defla-
tion, which occurs at end-diastole, effectively reduces ventricular afterload and increases cardiac output  [  10  ] . 

 Following the widespread adoption of the IABP during PCI, percutaneous cardiopulmonary bypass (CPB) was investi-
gated as a technique, particularly for patients who experienced acute decompensation, those at high risk of complications, 
and subsequently, its prophylactic potential was evaluated in comparison to using it only emergently  [  11–  13  ] . 

 During the era of balloon angioplasty, PCI was associated with a high incidence of acute closure in intervened arteries 
 [  14,   15  ] . In that era, acute closure required treatment with emergent coronary artery bypass surgery for a significant propor-
tion of patients. With the advent of coronary stents and much higher procedural success rates, the incidence of acute closure 
has been reduced to less than 1%. The incidence of emergency coronary artery bypass grafting is now less than 0.2%  [  16  ] . 
For this reason, the need for transcatheter-based circulatory support was much higher during the balloon angioplasty-only 
era than in the contemporary stent-dominant period. With the widespread use of coronary stents and much higher proce-
dural success rates than balloon angioplasty, the need for circulatory support has dwindled. 

 Standby use of supported PCI increased in the late 1980s and 1990s. The advent of coronary stenting resulted in 
extremely high procedural success rates, markedly reducing the incidence of acute closure and, consequently, the need for 
emergent coronary artery bypass surgery. This also lowered the mortality of PCIs. Therefore, the need for percutaneous 
support has substantially decreased in all but three groups of patients: (1) those who present with cardiogenic shock, (2) 
those who experience acute hemodynamic collapse in the cardiac catheterization laboratory, and (3) and those who have 
high-risk coronary anatomies and/or a markedly reduced left ventricular ejection fraction. A patient is considered to have 
high-risk anatomy when the vessel needing intervention supplies more than half of the viable myocardium, and/or when 
the patient has an ejection fraction of 15–25%. When a patient has only one patent vessel or an ejection fraction of <15%, 
the patient is considered  very  high risk. 
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 With the introduction of newer devices such as the Impella ®  transcatheter, axially driven impeller (Abiomed Impella ® , 
Abiomed Inc., Danvers, MA) and the TandemHeart™ percutaneous ventricular-assist device (pVAD) (Cardiac Assist, 
Pittsburg, PA), high-risk patients are increasingly considered as PCI candidates. The current challenge is to develop algo-
rithms and protocols for the appropriate use of these technologies. With increasing experience of newer technologies, we will 
have a better understanding of the subsets of patients where usage should be routine. The narrative that follows will describe 
each individual device in clinical use, the data that supports their usage, and finally, suggested protocols for their use.  

   Percutaneous Circulatory-Assist Devices 

   Intraaortic Balloon Pump (IABP) 

 The contemporary indications for IABP support are summarized in Table  25.1 . The IABP is the first device to be used in 
cardiogenic shock that does not respond to pressors. This permits the patient to be stabilized before more definitive measures 
are adopted. In patients with refractory unstable angina, its use is largely limited to patients who are being considered for 
emergent bypass surgery. The IABP, which relieves angina and helps stabilize patients, is often used in high-risk angioplasty 
patients. IABPs can be inserted prophylactically; during procedures when patients are hypotensive and do not respond 
quickly to pressors, volume loading, and intravenous fluids; and also when patients experience hemodynamic collapse.  

 Data on the use of IABPs are limited to a number of studies that are not often randomized, evaluate smaller groups of 
patients, and suggest that while IABP use during PCI may be helpful, mortality reduction is not consistently shown. In a 
study published by Brigouri et al. in the  American Heart Journal  in 2003, 133 patients with ejection fractions <30% under-
went elective PCI  [  17  ] . Sixty-one had elective preprocedural IABP support and 72 had conventional PCI. In this study, 
elective IABP support was found to be useful in reducing procedural complications. However, results also suggest that a 
high jeopardy score and female sex were determinants of adverse elective cardiac support. 

 Mishra et al.  [  18  ]  reported that patients who undergo high-risk PCI and then receive rescue IABP for intraprocedural 
complications have worse outcomes than patients who receive prophylactic IABP. At 6 months, the mortality and major 
adverse cardiac event rates were lower in the prophylactic IAPB group (8 vs. 29%,  p  < 0.01, and 12 vs. 32%,  p  = 0.02, respec-
tively). Multivariate analysis showed that prophylactic insertion of an IABP is the only independent predictor of survival at 
6 months. The PAMI II trial showed that a prophylactic IABP strategy after primary PTCA in hemodynamically stable high-
risk patients with AMI does not decrease the rates of infarct-related artery reocclusion or reinfarction, promote myocardial 
recovery, or improve overall clinical outcome  [  19  ] . 

 The contraindications to IABP support are few and include severe aortic regurgitation, aortic dissection or aneurysm, and 
severe aortoiliac disease. In patients with focal, high-grade stenosis in the iliac arteries, it is possible to dilate and stent the 
stenosis prior to the placement of the IABP. 

 Use of the IABP is associated with significant complications in a proportion of patients. The incidence of complications 
has progressively declined over the decades. Early studies  [  20  ]  reported complication rates as high as 29%. Reports from 
the decade prior to 2000 quote an incidence of 15%  [  21,   22  ] . With the introduction of 8 Fr systems in current practice, the 
complication rates are lower than historical data. Meisel et al.  [  23  ]  reported in 2004 on their experience using 8 Fr sheathless 
IABP catheters in 161 consecutive patients. The overall complication rate was 6.6%. This included mild transient limb 
ischemia in two patients (1.2%), minor bleeding episodes in four patients (2.4%), one major puncture site bleeding (0.6%), 
a pseudoaneurysm treated percutaneously in two patients (1.2%), and limb ischemia due to embolization or local thrombosis 
requiring vascular intervention in two patients (1.2%). Peripheral vascular disease and female sex are important determi-
nants of vascular complications. With the availability of low-profile systems, surgical cutdown is rarely performed for IABP 
insertion in our practice. The potential complications of IABP are listed in Table  25.2 .   

   Table 25.1    Indications for IABP insertion   

 Cardiogenic shock 
 Refractory unstable angina 
 High-risk PCI 
 Postoperative hemodynamic compromise 
 Acute myocardial infarction with mechanical impairment as a result of mitral regurgitation or ventricular septal defect 
 Intractable ventricular tachycardia as a result of myocardial ischemia 
 Patients with left main coronary stenosis or severe three-vessel disease undergoing anesthesia for cardiac surgery 
 Maintenance of vessel patency after PTCA with slow flow 

  Adapted from Kern  [  10  ] . Copyright 2003 by Mosby Publishers, St. Louis, MO  
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   Percutaneous Cardiopulmonary Bypass 

 In the cardiac catheterization laboratory, circulatory support can be established utilizing percutaneous CPB  [  24  ] . Percutaneous 
CPB implies a system of femoral-femoral bypass and requires the placement of a 20 or 21 Fr venous cannula in the right 
atrium and a 17 Fr arterial cannula though the femoral artery in the aorta. During femoral–femoral bypass, patients are fully 
heparinized. Long sheaths are passed over stiff guidewires with progressively larger dilators and then are connected to a 
primed pump oxygenator. Blood is drawn using an external centrifugal pump and passes through a membrane oxygenator 
before being pumped back into the arterial system. Blood flow rates of 3.5–5 L/min can be achieved. 

 Because large cannulae are necessary, one significant concern is the need for a patent iliac system without significant 
tortuosity or stenosis. In order to ensure the absence of significant peripheral vascular disease that may contraindicate 
cannula placement, pre-CPB diagnostic aortography and arteriography are essential. Initial experience with this technology 
required surgical cutdowns for the introduction of the large-bore cannulae. However, the procedure soon evolved to percu-
taneous introduction of these large-bore cannulae, permitting rapid establishment of systemic support. Following prophy-
lactic CPB support in patients with high-risk anatomies and subsequent heparin elimination, cannulae can be pulled with 
manual support. Alternately, femoral arteries can be surgically repaired. If necessary, patients can be assisted by femoral-
femoral bypass for up to 6–12 h. 

 CPB’s advantage is that it is not dependent on a cardiac rhythm: patients with recurrent ventricular fibrillation or even 
asystole can be adequately supported. Reports show that patients at extremely high risk of adverse hemodynamic complica-
tions in the cardiac catheterization laboratory can be safely supported by CPB  [  24–  27  ] . Patients with severe unstable angina 
and dilatable lesions, target vessels supplying more than half the residual, viable, left-ventricular myocardium or a left-
ventricular ejection fraction <25% were selected for a national registry of supported PCI. 

 In the era prior to coronary stenting, studies reported that patients with low ejection fractions or single patent arteries 
tolerate PCI with percutaneous CPB well  [  24–  26  ] . In a study of 149 patients who underwent high-risk coronary angioplasty 
 [  27  ] , 58 underwent cardio pulmonary support (CPS) and 91 underwent IABP support prior to the angioplasty. Patients on 
CPS had a higher risk profile. Interestingly, the rate of major cardiac events such as myocardial infarction, bypass surgery, 
stroke, and death did not differ between the groups. Peripheral vascular complications such as hematomas (36 vs. 24%, 
 p  = 0.160), vascular repair (14 vs. 3%,  p  = 0.03), and transfusions (60 vs. 27%,  p  = 0.0001) were higher in the CPS group. 
The authors concluded that either method of support may be acceptable during high-risk PTCA. 

 With the widespread introduction of coronary stenting and the rapid increase in procedural success rates for PCIs, there 
has been a marked reduction in the use of CPB for even high-risk patients. With the introduction of size 8 Fr IABP balloon 
catheters, the complication rates of IABP use have reduced substantially, providing a distinct advantage in its use over CPB. 

 However, CPB continues to have a credible role for the rapid resuscitation of “cath lab crashes” associated with persistent 
profound hypotension and unstable rhythms, recurrent ventricular fibrillation, or asystole. The delays are primarily related 
to system set-up and priming. In addition, newer technologies such as the Impella ®  minimally invasive, catheter-based car-
diac assist device and the TandemHeart™ pVAD require no cumbersome “prep” time and are quicker to institute. However, 
they are dependent on a stable rhythm and some forward flow. The CPB is unique in its ability to support patients who are 
even in asystole or ventricular fibrillation. Hence the decision to institute CPB is one of logistics. A few cath labs have a 
CPB unit primed and on standby 24-7, permitting rapid institution of CPB. Newer portable CPB systems that require a set 
up time of a few minutes may usher in a wider use of this method of support.  

   Table 25.2    Complications 
associated with intraaortic 
balloon pump use   

 Vascular complications 
 Bleeding 
 Limb ischemia 
 Compartment syndrome 
 Arterial dissection 
 Groin hematoma 
 Embolic events 
 Cerebrovascular accident 
 Bowel infarction 
 Renal infarction 
 Emboli to extremities 
 Infection 
 Balloon rupture or failure 
 Aortic rupture 
 Death 

  Adapted from Hasdai et al.  [  60  ] . Copyright 2002 by Humana Press  
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   Percutaneous Left-Ventricular Assist Devices 

 In contrast to IABPs, pVADs provide improved hemodynamic support. Comparing pVADs to surgically implanted left-
ventricular-assist devices (LVADs), pVADs can be rapidly deployed and used as a bridge to recovery or surgical LVAD 
implantation. Two pVAD systems are approved in the USA: the AbioMed Impella ®  and the TandemHeart™. 

   Impella 

 Abiomed’s Impella (Abiomed Inc., Danvers, MA) is a microaxial-flow, catheter-based left-ventricular-assist system. Impella 
produces a nonpulsatile flow, unloads the ventricle, increases cardiac output, and decreases wall stress. The Impella 2.5 is 
a partial support system capable of generating 2.5 L/min of output, whereas the Impella 5.0 is capable of generating 5.0 L/
min of output  [  28  ] . The Impella 2.5 is inserted percutaneously and placed across the aortic valve. This device is capable of 
pumping blood from the left ventricle into the aorta using a turbine pump. Inflow, outflow, and the actual pump measure 
12 Fr and this system is mounted on a 9 Fr delivery system (Fig.  25.1 ). The Impella 5.0 has a 21 Fr pump and is mounted 
on the same 9 Fr delivery system  [  29  ] .  

 This system can be placed using a surgical cutdown via the femoral or axillary approach, or femoral percutaneous 
approach. The average time required for implantation is 10–20 min  [  30  ] . The system is FDA-approved for 6 h of use. 

  Implantation technique : The Impella is inserted through a size 13 Fr femoral sheath over a 0.018 Platinum Plus™ wire 
across the aortic valve. The patient should have systemic anticoagulation for the duration of the procedure. 

  Indications for impella :

   1.    Cardiogenic shock

   (a)    Myocardial infarction  
   (b)    Acute myocarditis  
   (c)    Decompensated heart failure      

   2.    Refractory ventricular arrhythmia  
   3.    High-risk PCI  
   4.    Complex electrophysiology ablation  
   5.    Patients who fail to wean from CPB following heart surgery  
   6.    Failed transplant patients  
   7.    Bridge to destination therapy

   (a)    Transplant  
   (b)    LVAD placement         

 The safety and feasibility of Impella 2.5 were evaluated in high-risk PCI patients in the AMC MACHI study  [  31  ] . 
Nineteen high-risk patients deemed poor risk for surgery underwent Impella ® -assisted PCI. No device-related complications 
were noted in this study. Procedural success was achieved in all 19 patients with no procedural deaths. Mean decrease in 
hemoglobin level was 0.7 mmol/L. 

 In the PROTECT 1 trial  [  32  ] , 20 patients underwent high-risk PCI due to poor LV function. PCI was performed in the 
setting of an unprotected LMCA or last patent coronary conduit. The Impella 2.5 device was implanted successfully in all 
patients. Mean pump flow during PCI was 2.2 ± 0.3 L/min. None of these patients developed hemodynamic compromise 
during the procedure. Two patients developed transient hemolysis without clinical sequelae. Free hemoglobin in these 
patients ranged from 67.8 to 75.8 mg/dL; none required a blood transfusion. 

 The ISAR Shock trial  [  33  ]  randomized 25 patients ( n  = 13 IABP,  n  = 12 LP 2.5) with cardiogenic shock, which revealed 
an increase in cardiac index (CI) of 0.49 ± 0.46 L/min/m 2  compared to IABP of only 0.11 ± 0.31 L/min/m 2 . Overall, 30-day 
mortality was 46% in both groups. A recent meta-analysis comparing both pVAD to IABP showed that pVADs provide 
superior hemodynamic support. After device implantation with pVAD, patients had higher CI (weighted mean difference, 
MD, 0.35 L/min/m 2 , 95% CI 0.09–0.61), higher MAP (MD 12.8 mmHg, 95% CI 3.6–22.0), and lower PCWP (MD 
−5.3 mmHg, 95% CI −9.4 to −1.2). However, the improved hemodynamic support did not translate into early survival for 
patients with cardiogenic shock, and 30-day mortality (RR 1.06, 95% CI 0.68–1.66) observed using the pVAD was similar 
to the IABP  [  34  ] . Using a random effect model, similar incidence of leg ischemia was noted using pVAD compared to IABP 
(RR 2.59, 95% CI 0.75–8.97,  p  = 0.13). Hemolysis was assessed by measurements of free hemoglobin, which was signifi-
cantly higher in Impella patients ( p  < 0.05)  [  34  ] . PROTECT II was a randomized, multicenter trial comparing the Impella 
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system with  IABP in patients requiring hemodynamic support during nonemergent high-risk PCI in an unprotected left 
main coronary or the last patent conduit and an LVEF under 35% or three-vessel disease and an LVEF over 30%.Study was 
stopped early for futility. 426 met all the criteria to be included in the per-protocol analysis. The per-protocol analysis 
showed that the Impella patients had 21% fewer major adverse events at 90 days than the IABP patients (40.8% vs 51.4%; 
p=0.029). 

  Contraindications for the Impella device :

   1.    Mechanical aortic valve  
   2.    Aortic valve stenosis moderate to severe  
   3.    Severe peripheral arterial disease (PAD)  
   4.    LV thrombus     

  Relative contraindications for impella :

   1.    Hematological disease causing cell fragility or hemolysis  
   2.    Hypertrophic cardiomyopathy  

  Fig. 25.1    Impella ®  minimally invasive, catheter-based cardiac assist device. ( a ) Catheter. ( b ) Inlet, outlet, and the pump. ( c ) Showing pump across 
the aortic valve       
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   3.    Ventricular septal defect (VSD) after myocardial infarction  
   4.    Thoracoabdominal aortic aneurysm  
   5.    Aortic dissection     

  Potential impella adverse events :

   1.    Aortic insuffi ciency  
   2.    Bleeding  
   3.    Hemolysis  
   4.    Perforation  
   5.    Cerebrovascular accident (CVA)  
   6.    Thrombocytopenia  
   7.    Cardiac tamponade  
   8.    Arrhythmia      

   TandemHeart™ 

 The TandemHeart (Cardiac Assist, Pittsburg, PA) is a percutaneous circulatory-support device designed for short-term cir-
culatory support. It is a centrifugal pump and is capable of generating    5 L/min cardiac output at 7,500 rpm  [  28,   35  ] . The 
TandemHeart is FDA-approved for 6 hours. However, it has been used for a longer duration than 6 hours in clinical practice 
 [  3,   36  ] . 

  TandemHeart device setup : Like the Impella, TandemHeart is placed in the cardiac catheterization laboratory using a trans-
septal puncture  [  35–  38  ] . A 21 Fr venous catheter is placed in the femoral vein and advanced into the left atrium (LA) 
through the transseptal puncture. Blood from the LA is withdrawn through this venous catheter into the pump and propelled 
via a magnetically driven impeller into the 17 Fr arterial cannula placed in the femoral artery (Fig.  25.2 ). In case the femoral 
artery is unfavorable, a two-14 Fr arterial system could be used  [  35  ] .   

 A controller console continuously infuses heparinized saline into the pump, eliminating the need for systemic anticoagu-
lation. After removal of the transseptal cannula, the residual atrial septal defect usually closes within 4–6 weeks  [  36  ] . 
TandemHeart also could be used as a right ventricular-assist device to drain blood from the right ventricle and to pump it 
back in the pulmonary artery  [  38,   39  ] . 

 TandemHeart efficacy was compared with IABP in patients with cardiogenic shock after AMI  [  39,   40  ] . Forty-one 
patients were randomized ( n  = 20 IABP,  n  = 21 pVAD)  [  40  ] . Primary outcome measures of cardiac power index 
(CPI = CI × MAP × 0.0022), hemodynamic variables, and metabolic variables improved significantly with pVAD. CPI 
improved in the TandemHeart group from 0.22 (IQR 0.19–0.30) to 0.37 W/m 2  (IQR 0.30–0.47,  p  < 0.001) when compared 
with IABP 0.22 (IQR 0.18–0.30) to 0.28 W m 2  (IQR 0.24–0.36,  p  = 0.02;  p  = 0.0004 for intergroup comparison). 

 Burkhoff et al. randomized 42 patients with cardiogenic shock between IABP and TandemHeart™  [  41  ] . Compared with 
the IABP group, the TandemHeart group had significantly greater CI and greater decrease in PCWP. Complications such as 
limb ischemia and bleeding were encountered more frequently after pVAD implantation in the earlier studies; however, 
subsequent studies showed that using a percutaneous closure device to seal the arteriotomy significantly improved bleeding 
complications  [  42,   43  ] . As described above, similar to Impella findings, TandemHeart use showed significant improvement 
in hemodynamics during the usage; however, it did not reveal any early mortality benefits. However, comparing Impella to 
TandemHeart, bleeding was more frequently reported as a complication of the TandemHeart (RR 2.59, 95% CI 1.40–3.93, 
 p  < 0.01)  [  43  ] . Technical expertise in performing a transseptal puncture and large-size femoral sheaths are factors limiting 
its utilization. 

  Contraindications for TandemHeart :

   1.    Right-ventricular failure is a relative contraindication  
   2.    Severe aortic insuffi ciency     

  Potential TandemHeart adverse events :

   1.    Complications of  transseptal puncture  
   2.    Cardiac perforation  
   3.    Femoral access site bleeding/complications  
   4.    Limb ischemia        
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   Contemporary Practice of Catheter-Based Circulatory Support 

 The contemporary practice of circulatory support includes three groups of patients: (1) those needing elective support for 
high-risk PCI, (2) those who present with cardiogenic shock, and (3) those who experience hemodynamic collapse (acute 
decompensation) in the cardiac catheterization laboratory. For patients with cardiogenic shock or “cath lab crashes,” the four 
available technologies – the IABP, Impella device, TandemHeart, and percutaneous CPB – are used based on operator expe-
rience and institutional experience. Our strategy involves use of the IABP first and if the patient has persistent severe 
hypotension, use of the Impella device or peripheral CPB. 

 Elective support for high-risk PCI is planned based on several factors: ejection fraction, amount of myocardium supplied 
by the artery on which to intervene, presence of heart failure and hemodynamics assessed by right heart cardiac catheteriza-
tion, single patent artery or bypass graft intervention, and the complexity of the intervention to be performed. Figure  25.3  
provides a simple algorithm for planning elective interventions in patients with reduced left ventricular function. When the 
EF is mildly reduced (35–50%), our practice is to perform a right heart catheterization to evaluate the hemodynamics. If the 
pulmonary wedge pressure is elevated, intravenous Lasix or afterload-reducing agents are used. The intervention is per-
formed with an IABP unit in the catheterization suite. If the EF is from 20 to 34%, similar measures are adopted with the 
addition of a size 4 Fr sheath inserted in the contralateral femoral artery for rapid institution of support. If the intervention 
is for a simple lesion and entails only stenting, IABP standby is the only strategy used. If a complex intervention such as 
the use of a Rotablator ®  rotational atherectomy system, complex bifurcation, or unprotected left main stenting is planned, 
an IABP or an Impella are used. Patients with an EF < 20% or with a planned intervention on the only patent conduit, 
undergo the procedure on Impella support. CPB is not commonly used in such patients, but it is an option. 

  Fig. 25.2    TandemHeart™ 
percutaneous ventricular 
assist device. ( a ) Setup 
through the femoral vein and 
femoral artery. ( b ) 
Transseptal puncture showing 
the venous catheter in the left 
atrium. ( c ) Pump. ( d ) 
Console with the backup 
pump. ( e ) Outfl ow and infl ow 
catheters       
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   Vascular Remodeling 

 Vascular remodeling encompasses a complex sequence of morphologic changes in the blood vessel wall in response to vari-
ous stimuli. Several clinically relevant precipitants of vascular remodeling include inflammation, mechanical disruption of 
the endothelium, hemodynamic stress and shear force, and hypoxia  [  44  ] . In addition, there are several iatrogenic causes of 
vascular remodeling such as percutaneous intervention, coronary artery bypass grafting, and cardiac transplantation. Gross 
pathologic specimens have demonstrated that all three layers of the arterial wall are involved in vascular remodeling, includ-
ing intimal hyperplasia, medial thickening, and adventitial hyperplasia  [  45,   46  ] . 

 Laws of physics govern the complex interactions between the arterial wall and blood such as Laplace’s law and 
Poiseuille’s law. Poiseuille’s law determines shear stress (  t  ) on the arterial wall and is dependent on blood viscosity, volume 
of blood flow, and luminal radius (  t   = 4  h Q / p  r  3 ), where   h   is blood viscosity,  Q  is the volume of blood flow, and  r  is the radius 
of the lumen. Based on this physical law, it is evident that even small changes in luminal radius will have significant impact 
on the shear stress of the vessel wall. The importance of this becomes self-evident when examining the phenomenon first 
described by Glagov as positive remodeling of the arterial wall. The Glagov phenomenon of vascular remodeling described 
the changes associated with arterial luminal narrowing in response to atherosclerosis, but is now well recognized in other 
clinical situations such as angioplasty and hypertension  [  47  ] . Prior to Glagov’s description, it was generally accepted that 
atherosclerosis caused stenosis by progressive growth of plaque into the vessel lumen. Alternatively, Glagov described the 
concept of positive remodeling in which the luminal area remained constant at the cost of increased internal elastic lamina. 
When the stenosis reached 40%, only then did the vessel luminal area demonstrate a stenosis which was hemodynamically 
significant  [  48  ] . This phenomenon has been described several times subsequently in both human postmortem examinations 
as well as multiple animal models  [  49–  51  ] . 

 Vascular remodeling plays a very important role in vivo atherosclerosis, but also has been demonstrated in patients with 
vascular injury secondary to systemic inflammation, hypertension, and following percutaneous intervention. For example, 
failure of a vessel lumen to enlarge following balloon dilation was traditionally believed to be secondary to intimal hyper-
plasia, however, studies have demonstrated that remodeling of the vessel positively was due to an increase in intima–media 
thickening, thus conserving the vessel lumen. Failure of the vessel to remodel positively resulted in compromised vessel 
lumen due solely to failure of this mechanism  [  52–  55  ] . 

 The biology of vascular remodeling has enjoyed tremendous investigation in recent years, and morphologic changes have 
been influenced by leukocyte recruitment, vascular smooth muscle cell proliferation, and endothelial recovery  [  45  ] . Smooth 
muscle apoptosis, which occurs about 30 min following balloon dilation of an artery, leads to apoptosis and an increased 
demand for vascular repair which is mediated through local progenitor stem cell recruitment  [  56–  58  ] . In addition, there is 
an intense inflammatory cell recruitment composed primarily of monocytes and T-Cells, modulated by several chemokines, 
which augment disease progression in vascular remodeling  [  59  ] . 

 Vascular remodeling remains a very intense area of both basic science and clinical investigation. The ability of an artery 
to maintain blood flow essential for perfusion requires a complex interplay of several biologic mechanisms. The failure of 
this system results in progression of atherosclerosis, restenosis following percutaneous transluminal coronary angioplasty, 

  Fig. 25.3    Algorithm for elective supported coronary interventions at the University of Minnesota. EF ejection fraction; IABP intraaortic balloon 
pump; CPB percutaneous cardiopulmonary bypass       
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and vascular injury due to hypertension. Clinical solutions to promote ideal vascular remodeling will play an integral role 
in the treatment of cardiovascular disease. 

 Impella R  is a registered trademark of Abiomed:   www.abiomed.com/about_abiomed/Terms_of_Use.cfm     
 TandemHeart™ is a trademark of Cardiac Assist, Inc.:   www.cardiacassist.com     
 Rotablator ®  is a registered trademark of Boston Scientific:   www.bostonscientific.com/Device.bsci?page=HCP_Overvie

w&navRelId=1000.1003&method=DevDetailHCP&id=10081831&pageDisclaimer=Disclaimer.ProductPage     
 Copyright info:   www.bostonscientific.com/SectionData.bsci/,,/navRelId/1008.1027/seo.serve           
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Approximately 5.7 million Americans have heart failure, and every year about 300,000 of them die from it. The preva-
lence of heart failure continues to rise and increases with age [1]. During the last 20 years, hospital admissions for this 
disease have increased almost threefold, and heart failure now is the most frequent cause of hospital admissions in 
patients greater than 65 years-old (Fig. 26.1). The management of heart failure is one of the largest single expenses for 
Medicare, and in 2008, it exceeded $34 billion in direct and indirect costs [1].

Advances in medical therapy, implantable cardioverter defibrillators, and cardiac resynchronization therapy have 
changed the management of heart failure and brought about decreased progression of disease. Despite these advances, and 
even with optimal medical management, the prognosis is poor for patients with New York Heart Association class III and 
class IV heart failure [2–6].

In end-stage heart failure, given the limited medical options and high mortality, orthotopic cardiac transplantation is the 
definitive therapy. However, a discrepancy exists between the limited availability of donor organs and the ever-increasing 
number of patients with heart failure. Based on data from the United Network for Organ Sharing (UNOS), 2,163 trans-
plants were performed in the USA in 2008. Yet thousands more patients would benefit from this therapy. Similarly, for 
those patients with advanced age and comorbid conditions, cardiac transplantation is often not an option to address 
advanced heart failure.

Historical Perspective

The advent of mechanical circulatory support (MCS) occurred in 1953 when cardiopulmonary bypass (CPB) was used for 
short-term support to allow for cardiac surgery. The modern era of MCS started in the 1960s with the development of the 
artificial heart program at the National Institutes of Health [7]. While multiple devices have been developed, including total 
artificial hearts, ventricular-assist devices were developed to “unload” a failing heart, maintain forward cardiac output, and 
vital organ perfusion. Refinement of technology, allowing for implantable pumps, led to the HeartMate® being the first 
FDA-approved device for bridge-to-transplantation in 1994 and, subsequently, the updated HeartMate XVE in 1998. The 
landmark REMATCH trial in 2002 clearly demonstrated and established the survival and quality of life advantages of 
implanted ventricular-assist devices in end-stage heart failure (Fig. 26.2) [3].

The clear benefit of left ventricular-assist devices (LVADs) over optimal medical therapy alone for those patients with 
advanced heart failure has led to the increasing use of LVADs [8, 9]. Further, the excellent medium-term results with 
LVADs have led to the use of permanent LVAD implantation for patients with end-stage heart failure [3]. Since their incep-
tion, mechanical technology has evolved substantially, which has allowed for LVADs to become an accepted treatment 
modality for patients with end-stage heart failure. Improvement in device design and a better understanding of indications 
for device insertion has enabled increased applicability and excellent results with LVADs, which has revolutionized the 
treatment options available for patients with end-stage heart failure (Fig. 26.3).

Chapter 26
Surgical Mechanical Circulatory Support

Forum Kamdar and Ranjit John
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Fig. 26.1 Hospital dis-
charges for heart failure by 
sex (USA: 1979–2005). Note: 
hospital discharges include 
people discharged alive, 
dead, and “status unknown.” 
[1] Adapted from Rosamond 
et al. [1]. Copyright 2008 by 
American Heart Association

Fig. 26.2 Kaplan–Meier 
survival estimates from  
the REMATCH trial 
demonstrating significant 
survival benefit of LVADs 
over optimal medical therapy. 
Adapted from Rose et al. [3]. 
Copyright 2001 by 
Massachusetts Medical 
Society

Fig. 26.3 Heart failure treatment modalities based on stage of heart failure. Adapted from Jessup et al. [45]. Copyright by Massachusetts Medical 
Society
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Classification of Ventricular Assist Devices (VADs)

The purpose of VADs are to reduce myocardial work by completely unloading the ventricle while maintaining its output. 
The classifications are many and can be based on site of support (either left ventricular, right ventricular, or biventricular 
support), duration of support (temporary vs. permanent), or type of device (continuous vs. pulsatile flow). Clinically, VAD 
use can be categorized into groups for indication of VAD support including bridge-to-decision, bridge-to-bridge, bridge-to-
transplant (BTT), and destination therapy (DT).

Bridge-to-Decision

In patients with acute cardiogenic shock and multisystem organ failure, their condition does not allow evaluation of trans-
plant eligibility due to unclear neurologic status and reversibility of myocardial and end-organ function. The outcomes of 
permanent LVAD implantation in this group are exceptionally poor [10]. Placement of a temporary or short-term VAD as a 
bridge-to-decision enables establishment of hemodynamic stability and end-organ recovery to plan further definitive treat-
ment such as a bridge-to-bridge for long-term device placement or, more rarely, bridge-to-recovery (Fig. 26.4). Devices 
designed for this group of patients are easily and quickly implantable and cost-efficient.

Bridge-to-Transplant (BTT)

Bridge-to-transplant therapy is the most traditional of LVAD clinical uses. Patients have irreversible ventricular failure and 
meet standard criteria for heart transplantation. Positive outcomes with this clinical application have been important for 
expanding the field of MCS.

Fig. 26.4 University of Minnesota algorithm for bridge-to-decision. Adapted from John et al. [10]. Copyright by Elsvier publishers
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Destination Therapy (DT)

Finally, DT exists for patients with chronic heart failure who are transplant-ineligible. DT evolved from encouraging results 
with VADs as bridge-to-transplant therapy. Currently, two devices – the HeartMate XVE and HeartMate II – are FDA 
approved for DT. Device-related adverse events including infection, gastrointestinal bleeding, and thromboembolism have 
limited the application of current devices as DT. As devices improve, the indications for DT and the demand are expected 
to grow to help meet the growing number of patients with end-stage heart failure.

Short-Term Support Devices

Indications for short-term MCS are essentially contraindications for permanent support, including: unknown neurological 
status, significant coagulopathy, multisystem organ dysfunction, severe hemodynamic instability, respiratory failure, and 
high probability of early recovery. Both percutaneous and surgically implanted devices exist and the use of device type 
depends on multiple factors including device availability, patient’s status, and the center’s experience. Two common surgi-
cally implanted devices are the CentriMag® System (Levitronix, Wiltham, MA, USA) and Abiomed® BVS 5000 
(ABIOMED, Inc, Danvers, MA, USA).

CentriMag

The CentriMag system is composed of a single-use, extracorporeal, centrifugal blood pump, a motor, console, and flow 
probe (Fig. 26.5) [11, 12]. Its unique design enables operation without bearings or seals. The impeller is magnetically levi-
tated, allowing unidirectional rotation with minimal friction and thermal generation in the blood flow path. The rotor surface 
is uniformly washed, which minimizes the area of blood stagnation and turbulence in the pump, thereby reducing thrombus 
formation and hemolysis [10, 13]. It can be operated from 500 to 5,000 revolutions per minute and generates flow of up to 
10 L/min under normal physiologic conditions.

The CentriMag is implanted via a standard median sternotomy with or without the assistance of CPB (Fig. 26.6). For 
LVAD support, the inflow cannula is placed into the left atria via the interatrial septal groove, adjacent to the right superior 
pulmonary vein. The outflow cannula is placed in the ascending aorta. For RVAD support, the inflow cannula is positioned 
in the right atrial appendage, with the outflow cannula in the pulmonary artery. It can be used for either single ventricle- or 
biventricular support. After insertion, the patient should be anticoagulated with heparin to keep activated clotting time 
(ACT) of 160–180 s. Patients who have CentriMag support can be weaned to recovery, bridged to permanent VAD, or 
bridged to transplant [14, 15, 46]. In the University of Minnesota experience, 75% of the 24 patients were successfully 
explanted or bridged to a permanent device [10].

Abiomed BVS 5000

The Abiomed BVS 5000 is an extracorporeal, pneumatic pulsatile-assist device for temporary support that is composed of 
single-use blood pumps [15]. It was the first heart-assist device approved by the FDA for the support of postcardiotomy 
patients. The pump has two polyurethane chambers: an atrial chamber that fills via gravity and a ventricular chamber that 
pneumatically pumps the blood to the systemic circulation. Two trileaflet valves separate the atrial and ventricular chambers. 
This device can produce blood flow of up to 5 L/min.

This device can also be used for unilateral or biventricular support, and is inserted via sternotomy. For LVAD support, 
the inflow cannula is placed into the left atrium and outflow graft in the ascending aorta. For RVAD support, the cannula is 
placed in the right atrium and outflow graft in the pulmonary artery (Fig. 26.7).

Heparinization to maintain an ACT of 180–200 s is essential after implantation as thrombi can form along the valve 
surface or outflow cannula. The pump requires exchange weekly or sooner if evidence of fibrin or clot formation appears.



Fig. 26.5 CentriMag pump

Fig. 26.6 CentriMag LVAD: patient and primary console

Fig. 26.7 Abiomed BVS 
5000 pump and console
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Long-Term, Implanted Devices

Pulsatile

Pulsatile devices mimic the physiologic volume displacement mechanism of the human heart. A first-generation pulsatile 
device, the HeartMate XVE LVAD (Thoratec Corporation, Pleasanton, CA) has been one of the most commonly used 
LVADs worldwide. It is FDA-approved for both bridge-to-transplant and as DT. The device is a positive-displacement pul-
satile pump made of titanium with a polyurethane diaphragm and a pusher-plate actuator. It is driven by an electric motor 
but can be also driven pneumatically. The HeartMate XVE is an implantable device that can be placed either within a pre-
peritoneal pocket or within the peritoneal cavity (Figs. 26.8 and 26.9). The inflow cannula is inserted into the apex of the 
LV; the outflow graft is anastomosed to the ascending aorta. The pumping chamber is connected to the battery packs and to 
electronic controls through a driveline that carries the air vent and electric cable. The HeartMate XVE has a maximum stroke 
volume of 83 mL and can be operated at up to 120 beats/min, resulting in flow rates of up to 10 L/min [16].

A unique aspect of this device is that it has a textured titanium interior surface. The titanium microspheres, which contact 
the blood, promote the formation of a pseudointima that resists the formation of thrombi. The rates of thromboembolism 
are 2–4% with this device, even with anticoagulation therapy with aspirin alone [3, 17], which is an important consideration 
for patients who cannot tolerate warfarin. While the REMATCH trial demonstrated a clear survival benefit with this device 
over optimal medical management, several limitations exist. Applicability is limited to those patients with a body surface 
area (BSA) of 1.5 m2 or greater. The durability of this device is also a critical limitation, with valve and motor failure occur-
ring after 12 months of support. Even with revisions to the design, durability at 2 years is only 5% [18].

Continuous Flow Devices

Until recently, most patients have been supported with pulsatile, first-generation devices. Continuous-flow devices are 
second-generation devices that were developed to be smaller, more reliable devices for long-term MCS. Continuous-flow 
devices incorporate either axial or centrifugal pump technology that generates high-speed rotation of the blood. The hemo-
compatibility of these devices was questioned due to the high-speed impeller rotation and subsequent hemolysis. The 
Hemopump® was the first to demonstrate the clinical feasibility of implantable continuous-flow LVADs without significant 
hemolysis [19].

Two examples of continuous flow devices are the HeartMate II LVAD (Thoratec, Pleasanton, CA), an axial flow pump, 
and the VentrAssist™ (Ventracor, NSW, Australia), a centrifugal pump.

HeartMate II Axial Flow Pump

The HeartMate II is connected in a similar way as the HeartMate XVE; parallel with the native heart. The inflow cannula 
is connected to the LV apex; the outflow graft is connected to the ascending aorta. The impeller, the pump’s only moving 
part, spins on blood-lubricated bearings powered by an electromagnetic motor. The inlet and outlet cannulae include woven 
polyester grafts (CR Bard, Haverhill, PA) that require preclotting. The pump motor and associated blood tube have smooth 
titanium surfaces; in an effort to duplicate the excellent biocompatibility of the original pulsatile HeartMate XVE, the inlet, 
outlet elbows, and the intraventricular cannula are textured with titanium microsphere coatings.

The pump has an implant volume of 63 mL and generates up to 10 L/min of flow at a mean pressure of 100 mmHg. The 
HeartMate II is one seventh the size and one fourth the weight of its predecessor, the HeartMate XVE (Fig. 26.10). The axial 
flow design and absence of blood sac eliminate the need for venting, currently required for the first generation of implant-
able pumps, thus reducing the size of the percutaneous driveline and also eliminating the need for internal one-way valves 
[20]. Several single-center and multicenter studies have shown improved outcomes with the HeartMate II (Figs. 26.11, 
26.12, and 26.13) [21–24].The HeartMate II BTT trial included 281 patients enrolled at 33 centers from March 2005 to April 
2008. The median duration of device support was 155 days, and the cumulative patient support in the trial was 181 years. 
Survival to cardiac transplantation, recovery, or ongoing on HeartMate II was 79% at 18 months. Significant improvements 
were observed across all measures of functional status and quality of life as compared to baseline status. The incidence of 
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Fig. 26.8 HeartMate XVE

Fig. 26.9 Radiograph of 
implanted HeartMate XVE
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Fig. 26.10 Comparison of 
HeartMate XVE (left) and 
HeartMate II (right)

Fig. 26.11 HeartMate  
II LVAD

major adverse events with comparable definitions – including infections, strokes, and bleeding requiring surgery – was 
significantly lower than what was clinically observed in the previous bridge-to-transplantation study of the HeartMate 
I [24]. The HeartMate II DT pivotal clinical trial was a prospective, randomized evaluation of the HeartMate II LVAD. 
Patients were randomized to HeartMate XVE (control) or Heart Mate II on a 2-1 basis. A total of 192 patients were enrolled 
at 40 sites. Survival with the HeartMate II was 68% at 1 year (Fig. 26.14). The level of adverse events, including infection, 
sepsis, and right heart failure in DT patients implanted with the HeartMate II was lower in major categories vs. patients in 
the control group who were implanted with the XVE. No failures of the pumping mechanism were reported among the 
HeartMate II DT trial patients (Fig. 26.15) [21].
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Fig. 26.12 HeartMate II schematic

Fig. 26.13 Radiograph of 
implanted HeartMate II
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Fig. 26.15 Adverse events in the HeartMate II Destination Therapy trial. Adapted from Slaughter et al. [21]. Copyright 2009 by Massachusetts 
Medical Society

VentrAssist Centrifugal Pump

Implantable centrifugal pumps are considered the third generation of LVADs. The VentrAssist is a centrifugal pump with 
hydrodynamic bearings and an electromagnetically driven impeller (Fig. 26.16). It has only one moving part, the impeller, 
which has four small blades embedded within permanent magnets. The impeller blades spin when an electric current is 
sequentially switched between three pairs of coils contained within the pump’s titanium housing. The impeller is suspended 
by a thin cushion of blood within the gap of eight hydrodynamic bearings.

Fig. 26.14 Kaplan–Meier 
survival curve for continuous 
and pulsatile LVAD. Adapted 
from Slaughter et al. [21]. 
Copright 2009 by 
Massachusetts Medical 
Society
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The pump is treated with a diamond-like carbon coating on blood-contacting surfaces. The pump is small, measuring 
67 mm in diameter and weighing 298 g. It can provide flows from 2 to 10 L/min, with average pressure from 50 to 
160 mmHg.

Recently, published trials have supported the safety and efficacy of the VentrAssist LVAD as a bridge-to-transplant 
therapy [21, 25, 47]. Among 33 bridge-to-transplant patients at 1 year, greater than 80% received transplants or became 
transplant eligible. Additionally, the incidence of adverse events was comparable to other LVADs currently used.

Complications

Recent studies of patients who have been supported by continuous-flow LVADs indicated a decreasing incidence of com-
plications and improved outcomes [21, 23, 24]. However, complications during LVAD support, such as thromboembolism, 
bleeding, infections, and right ventricular failure remain an issue for long-term LVAD use.

Thromboembolism

The development of novel materials used for implant operations and the increasing use of implanted devices have made it 
clear that no material is biologically inert. Commonly used biomaterials, including so-called inert compounds such as tita-
nium, polytetrafluoroethylene, and acrylics can trigger an array of iatrogenic effects, including inflammation, fibrosis, 
coagulation, and infection. In the case of LVADs, in which the biomaterial is in direct contact with the blood circulation, 
significant changes in systemic immunologic and thrombostatic functions have been well documented. Like most other 
implanted devices, LVADs activate the coagulation system, resulting in device-related thrombus [26–28].

The older pulsatile device, the HeartMate XVE, had a textured blood contacting surface which allowed for formation of 
a neointimal layer. This neoitimal layer decreased the risk of thromboembolism, which obviated the need for systemic 
anticoagulation.

The initial concern about continuous flow devices was the risk of blood trauma and resultant thromboembolism, 
however a number of studies have demonstrated a low incidence of thromboembolism in these devices (21, 24, 48). 
Devices such as the HeartMate II have textured inlet and outlet surfaces to duplicate the biocompatibility of the older 
devices. In the HeartMate II clinical trial, the incidence of “pump thrombosis” was 4% in DT patients and 1.4% in 
bridge-to-transplant (BTT) patients [21, 24]. Figure 26.17 demonstrates an explanted HeartMate II device that shows no 
evidence of thrombus. Figure 26.18 shows an example of a pump-related thrombus when using the HeartMate II that 
required device exchange.

Fig. 26.16 VentrAssist 
LVAD pump
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Bleeding

The standard strategy to reduce the risk of thromboembolism has been systemic anticoagulation. Yet anticoagulation therapy 
exacerbates the risk of bleeding after LVAD implantation. Anticoagulation for continuous-flow devices, such as the 
HeartMate II, were initially aggressive and included heparin, antiplatelet medications, and warfarin with a goal INR of 
2.5–3.5 [29, 30]. However, recent studies have shown that thrombotic events are lower than the risk of bleeding, which 
remains a common adverse event. Other studies have confirmed this observation, which has resulted in reduced anticoagula-
tion therapy at the most experienced centers [31, 32].Gastrointestinal (GI) bleeding is a complication of continuous-flow 
pump support that may be severe and require reducing or discontinuing anticoagulation therapy [32–35]. Two hypotheses 
of the cause of GI bleeding during LVAD support that are being studied are acquired von Willebrand disease caused by 
increased shear stress, and reduced pulsatility of the continuous-flow device [36–39].

Infection

In the REMATCH trial, 28% of patients receiving LVADs had an LVAD-related infectious complication by 3 months. While 
moving to smaller continuous-flow devices that require much less surgical dissection and have smaller drivelines has 
reduced infections, it remains a major morbidity related to LVADs. The range of LVAD-related infections, which includes 
driveline infections, LVAD-related blood stream infection, and pump pocket infection, in more recent clinical trials of the 

Fig. 26.17 Photograph of an 
explanted HeartMate II 
LVAD with no evidence of 
thrombus deposition at the 
forward ruby bearing from a 
patient supported success-
fully for 164 days

Fig. 26.18 Pump thrombus 
of HeartMate II requiring 
device exchange
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HeartMate II, has shown a range from 15% (DT) to 35% (BTT) [21, 25]. Preoperative factors such as obesity and 
 malnutrition have been identified as risk factors for LVAD-related infections.The most common presentation of LVAD-
related infection is driveline exit site infection (Fig. 26.19). Local inflammatory changes and purulent drainage are fre-
quently seen. Device pocket infection is another localized form of LVAD-related infection. Skin and soft tissues overlying 
a device pocket may exhibit frank inflammatory changes. Infection of the valves or other blood-contacting surfaces of the 
LVAD occurs less often. Staphyloccus aureus and coagulase-negative staphylococci account for more than 50% of cases of 
LVAD-related infections. Enterococci, Enterobacter spp., and Pseudomonas aeruginosa are other commonly isolated bacte-
rial pathogens in LVAD-related infections [40, 41]. Strategies to treat LVAD-related infections include long-term suppres-
sive antibiotics, localized debridement, and device exchange or removal. Preventive measures such as perioperative 
antibiotics, vancomycin beads, and meticulous driveline care are important in reducing the risk of infection.

In our evaluation of 89 patients with LVAD’s, at the University of Minnesota, 24 (27%) were identified with having an 
infection, of which 11 had bacteremia (12.4%) and 13 had driveline infections (14.6%). The average onset of bacteremia 
was 121 days from implant, with a range of 5–497 days. Consistent with prior studies, the predominant organism was coagu-
lase negative staphylococcus (8 of 11, 72%). In patients with driveline infections, the average onset was 305 days from 
LVAD placement, with a range of 15–893 days. Thirty-one percent of driveline exit site cultures demonstrated methicillin-
sensitive Staphylococcus aureus (MSSA, 4 of 13) and 15.4% were Enterobacter species. Two patients had persistent driv-
eline infections requiring continuous IV antibiotics and surgical intervention. (Organisms included Stenotrophomonas and 
MSSA).

In the BTT group, the patients with infection had a significantly longer duration of support 410 ± 342 days vs. those 
without infection, who had a mean duration of 250 ± 213 days (p = 0.014). The 1-year survival was 75% in those with infec-
tion vs. 82% in those without infection.

Infectious complications including driveline infections and bacteremia are a major morbidity of LVAD therapy and 
increase the duration of support in patients awaiting transplantation. To allow these devices to be a long-term alternative to 
heart transplantation, further investigation into identifying infectious risk factors and focused strategies on treatment of 
driveline infections is critical.

Right Ventricular Failure

Right ventricular (RV) failure is a leading cause of morbidity and death after LVAD implant due to the inability of the RV 
to pump sufficient blood through the pulmonary circuit to adequately fill the left side of the heart. It is a major contributing 
factor to other serious adverse events such as bleeding, renal failure, and prolonged hospitalization. RV function is a major 
consideration for both volume displacement and continuous-flow devices.

Studies have reported a large range of RV failure requiring RVAD. In the HeartMate XVE study, 11% received RVADs 
[42]. In the HeartMate II BTT trial, the incidence of postoperative RV failure, defined as need for RVAD support or inono-
tropic support for 14 days, was 20% [21].

Fig. 26.19 Patient with a 
driveline exit site infection 
demonstrating erythema and 
purulent drainage from the 
exit site
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Kormos et al. demonstrated that among 484 patients in the HeartMate II trial, 6% required RVAD and that RV failure 
was associated with worse outcomes [43]. In our experience at the University of Minnesota Medical School, RV failure after 
HMII implantation occurred in 2 of 40 patients (5%). Significant improvements occurred in cardiac index, with reductions 
in right atrial pressure, RV stroke work index, tricuspid annular motion, mean pulmonary artery pressure, and pulmonary 
vascular resistance after HMII support. A trend toward reduction in tricuspid regurgitation after LVAD support was shown 
(p = 0.075) [44].These observations indicate the need for better patient selection for those at high risk for right ventricular 
failure or potentially providing preoperative RVAD support.

Future Directions

MCS has evolved significantly over the last 2 decades from an experimental strategy for the moribund to an accepted 
therapy for patients with advanced heart failure. Many devices are available worldwide for a variety of uses and durations 
of support. The long-term use of LVADs is of interest as a replacement for heart transplantation and remains an area of 
intense research. Complications associated with LVADs including thrombogenicity, bleeding, infection, and RV failure 
remain limitations of the devices. Advances in device design, miniaturization of pumps, and patient selection will continue 
to play a pivotal role in the wider application of LVADs.
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        Introduction 

 The epidemic of type 2 diabetes continues unabated, with some 25 million patients living with this disease in the United 
States. Diabetes confers a substantially increased risk for cardiovascular morbidity and mortality  [  1–  5  ] . Even with the best 
medical therapies to control blood glucose, diabetic patients have poorer cardiovascular outcomes than nondiabetic indi-
viduals. Type 2 diabetes exacerbates traditional, modifiable risk factors for vascular disease; each additional risk factor 
caused a greater, incremental rise in risk among individuals with diabetes than those without  [  6  ] . 

 Adults with diabetes but without known cardiac disease have a similar risk of a cardiovascular event as nondiabetic 
adults with a history of a prior myocardial infarct  [  7  ] . Although these risks can be substantially reduced with careful atten-
tion to risk factor modification, less than 10% of patients with diabetes reach their glucose, blood pressure, and cholesterol 
targets  [  8,   9  ] . 

 Hyperglycemia contributes to cardiovascular risk in patients with diabetes, but the relationship between hyperglycemia 
and cardiovascular disease is more complex than its more easily evident association with microvascular complication. For 
example, data from the United Kingdom Prospective Diabetes Study (UKPDS) demonstrated that cardiovascular risk rises 
with increasing hemoglobin A1c (HbA1c), but at a slower incremental rate than that for microvascular disease  [  10  ] . Even 
people with mild impairment of fasting plasma glucose level have excess risk  [  11  ] . The Honolulu Heart Program showed 
during 23 years of follow-up that impaired glucose tolerance doubled the risk of subsequent cardiovascular disease and 
suggested that much of the cardiovascular risk accrues before the onset of clinical diabetes  [  12  ] . 

 Several additional components contribute to the cardiovascular risk profile of patients with diabetes. For example, 
a longer duration of diabetes during adulthood (the years of exposure to diabetes before age 20 add little to the risk of 
macrovascular disease), and the greater degree of hyperglycemia correlate with greater risk of macrovascular disease. 
Microalbuminuria is an indicator of the degree of endothelial dysfunction: Patients with diabetes and microalbuminuria 
have a 2–3-fold higher risk of cardiovascular events and death than those without this finding, but a similar duration of 
diabetes  [  13–  15  ] . Cardiovascular risk for a particular patient can be estimated from online tools such as the Archimedes 
model or the UKPDS Risk Engine  [  16  ] .  

   Atherosclerosis and Diabetes 

 The etiology of cardiovascular disease in patients with diabetes is multifactorial. Although the principal cause of diabetes’ 
microvascular complications appears to be hyperglycemia, the exact cellular or molecular basis of the macrovascular dia-
betes complications, including accelerated atherosclerosis, has not yet been elucidated. 

 Increased glucose concentrations can activate nuclear factor- k B, a key mediator that regulates multiple proinflammatory 
and proatherosclerotic target genes in vascular smooth muscle cells, endothelial cells, and macrophages  [  17  ] . Through this 
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activation of nuclear factor- k B, hyperglycemia enhances monocyte adhesion to the endothelium to promote atherosclerosis 
 [  18  ] . Furthermore, glucose may also activate matrix-degrading metalloproteinases, enzymes implicated in plaque rupture 
and arterial remodeling  [  17,   19  ] . 

 Hyperglycemia is closely associated with inflammation  [  20  ] . High levels of tumor necrosis factor-alpha appear to lead 
to insulin resistance, and insulin resistance in turn is inflammatory. Increased levels of markers and mediators of inflamma-
tion and acute-phase reactants such as fibrinogen, C-reactive protein, IL-6, plasminogen activator inhibitor-1 (PAI-1), and 
others correlate with the onset of diabetes  [  19,   20  ] . 

 The effects of glucose on tissue are attributable in part to the formation of sugar-derived substances called advanced 
glycation end products (AGEs). AGEs form at a constant but slow rate, and accumulate with time, but their formation is 
accelerated in diabetes because of the increased availability of glucose  [  21  ] . AGEs are created from a nonenzymatic reaction 
between sugars and the free amino groups of proteins, lipids, and nucleic acids, and result in disturbed function of these 
molecules. These initial reactions are reversible, depending on the concentration of the reactants  [  21  ] . 

 A large body of evidence suggests that AGEs are important pathogenetic mediators of almost all diabetes complications, 
including vascular disease. Increased AGE accumulation in the diabetic vascular tissues has been associated with changes in 
endothelial cell, macrophage, and smooth muscle cell function. In addition, AGEs can modify low-density lipoprotein (LDL) 
cholesterol in such a way that it tends to become easily oxidized and deposited within vessel walls, causing streak formation 
and, in time, atheroma. AGE-crosslink formation results in arterial stiffening with loss of elasticity of large vessels  [  17,   19  ] .  

   Reducing Cardiovascular Risk in Diabetes 

 Increasing evidence shows that cardiovascular disease risk can be reduced in patients with diabetes. Although glycemic 
control remains the key component of diabetes care, identifying and managing other cardiovascular disease risk factors such 
as hypertension and dyslipidemia are also vital. The American Diabetes Association (ADA) recommends at least annual 
screening for cardiovascular disease risk factors (dyslipidemia, hypertension, family history of premature coronary disease, 
presence of microalbuminuria) as well as tight treatment goals for glycemia, blood pressure, and serum lipid levels 
(Table  27.1 )  [  22  ] . The American Heart Association  [  23  ]  and National Cholesterol Education Program (NCEP)  [  24,   25  ]  have 
released similar guidelines recommending that patients with diabetes be treated as high risk and advocating more rigorous 
lipid and blood pressure targets for both primary and secondary prevention of cardiovascular events if these screening tests 
reveal abnormalities.   

   Lifestyle Management 

   Weight Reduction 

 Medical nutrition therapy can result in substantial improvements in glycemia, blood pressure, and lipid levels in individuals 
with diabetes. However, success with lifestyle intervention requires a coordinated team effort that empowers the patient. 

   Table 27.1    Treatment goals 
for adults with type 2 
diabetes   

 Risk factor  Target 

 Glycemic control 
 Glycosylated hemoglobin  <7.0% 
 Preprandial plasma glucose  90–130 mg/dL 
 Peak postprandial plasma glucose  <180 mg/dL 

 Blood pressure  <130/80 mmHg 
 Lipids  <100 mg/dL 

 Low-density lipoproteins  <150 mg/dL 
 Triglycerides  >40 mg/dL 
 High-density lipoproteins 

 Cigarette smoking  Cessation 
 Overweight or obese  10% weight loss 

  Adapted from American Diabetes Association  [  22  ] . Copyright 2011 by 
American Diabetes Association  
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 Weight loss of as little as 5% of body weight can substantially reduce insulin resistance and blood pressure, and improve 
glycemic control  [  26  ] . Several trials have demonstrated the efficacy of intensive lifestyle modification in patients with diabetes, 
namely, weight loss; substantial improvements in HbA1c, lipid profile, and urine albumin to creatinine ratio; and reduced 
dependency on mediations  [  27–  29  ] . These interventions need not be expensive, typically costing about $350 per participant 
 [  27  ] . Weight loss and reduced use of saturated fats appeared to be the main determinants of successful treatment results  [  28  ] . 

 Pharmacologic approaches to weight loss are not routinely recommended. Rimonabant is a selective cannabinoid receptor 
(CB1) blocker that has been shown to reduce body weight and improve cardiometabolic risk factors in overweight and obese 
patients. Although effective in patients with diabetes, the drug caused an increased risk of adverse psychiatric effects and never 
reached the American market  [  30–  32  ] . Sibutramine and orlistat have been investigated in patients with diabetes and each has 
been associated with modest reductions in body weight; however, sibutramine is associated with increases in systolic blood 
pressure  [  33  ] , and orlistat (now available over the counter) is generally not well tolerated  [  34  ] . Sibutramine has recently been 
associated with an increase in cardiovascular events and has been withdrawn from the American and European markets. 

 Since medical approaches to weight management have had such limited success, patients and their clinicians are more 
frequently turning to bariatric surgery as an option. Obese individuals are candidates for weight-loss surgery if medical 
therapy has failed and if they have a body mass index  ³ 40 kg/m 2  or a body mass index  ³ 35 kg/m 2  with comorbid conditions 
 [  35  ] . The laparoscopic silicone gastric banding procedure and gastric restriction combined with diversion such as the Roux-
en-Y gastric bypass are now frequently performed, and the perioperative mortality rate has dropped to less than 1%  [  36  ] . 
Sustained weight loss through bariatric surgical intervention is associated both with prevention of progression of impaired 
glucose tolerance, the clinical remission of type 2 diabetes (in some 60% of patients with diabetes who have the procedure), 
but also with an estimated reduction in mortality of approximately 20%  [  37,   38  ] . Nevertheless, patients considering bariatric 
surgery should be carefully evaluated by an experienced team, understand the lifetime commitment to dietary measures, and 
be willing to accept the permanence of the intervention.  

   Exercise 

 Physical inactivity is a significant risk factor for cardiovascular events in both men and women. In diabetic women, physical 
inactivity (activity <1 h/week) is associated with a doubling of cardiovascular event rates when compared with exercise for 
7 h/week  [  39  ] . Men with diabetes share similar risks: Low cardiorespiratory fitness increased overall mortality by a factor 
of 2.9 when compared with moderately or highly fit counterparts  [  40  ] . 

 Physical activity is a fundamental element of cardiovascular risk reduction in high-risk patients. Exercise influences 
several aspects of diabetes, including blood glucose concentrations, insulin action, blood pressure, and lipid concentrations, 
and contributes to successful weight loss. While exercise produces many benefits, patients should be thoughtful when 
engaging in a new exercise program. Rarely, exercise can precipitate a cardiac symptom or event, and autonomic neuropathy 
may predispose patients to exercise-induced arrhythmias. Clinicians may prefer to refer patients planning an exercise pro-
gram of moderate intensity or greater for evaluation with exercise treadmill testing. 

 During exercise, hyperglycemia can result from excess hepatic glucose output, and ketogenesis can ensue. By contrast, 
hypoglycemia can result from excess glucose uptake due to either increased insulin concentrations, enhanced insulin action, 
or impaired carbohydrate absorption during exercise; consequently, insulin doses should generally be reduced prior to exer-
cise, although some insulin is typically still needed. Blood glucose monitoring before and after exercise is particularly 
important for those with hypoglycemia unawareness. Appropriate foot care and shoe selection can protect diabetics from 
developing podiatric complications as a result of their activity. 

 For patients with diabetes, the overall benefits of exercise are significant. A study examining multiple healthy lifestyle 
habits which include smoking cessation, adequate leisure-time physical activity, and consumption of  ³ 5 portions of fruits 
and vegetables per day associated those habits with significantly better quality of life among diabetics  [  41  ] . Identifying and 
preventing potential problems can mitigate complications and promote this valuable approach to healthy living.  

   Smoking Cessation 

 Smoking is likely to have at least as detrimental an effect on cardiovascular health in patients with diabetes as it does in 
those without diabetes. Smoking predicts incident diabetes, and is an independent risk factor for myocardial infarction, 
stroke, and all-cause mortality in patients with type 2 diabetes  [  42,   43  ] . Diabetic smokers are also at higher risk for accelerated 
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microvascular disease. Data show that cigarette smoking and increased urine albumin excretion are interrelated predictors 
of nephropathy progression in patients with type 1 and type 2 diabetes, and that smoking increases urine albumin excretion 
in these patients despite improved blood pressure control and pharmacologic inhibition of the angiotensin-converting 
enzyme (ACE)  [  44,   45  ] . 

 Smoking cessation programs reduce tobacco use and are cost-effective  [  46  ] . Furthermore, the risks of macrovascular 
disease can be reduced by quitting smoking, with significant societal cost savings  [  47,   48  ] . The most effective smoking 
cessation programs unite physician and the patient with scheduled follow-ups to review progress and provide support  [  49  ] . 
Discussing reasons for smoking triggers and preferred quit strategy can be useful in negotiating a quit date.   

   Glycemic Control 

 Chronic hyperglycemia is associated with a higher cardiovascular event rate, and evidence supports the assertion that reduc-
ing glucose levels reduces the risk of developing diabetes-specific complications. However, it has been much more difficult 
to demonstrate that improved glycemia reduces cardiovascular risk. 

 Although type 1 and type 2 diabetes differ in many respects, evaluating the role of hyperglycemia control in patients 
with type 1 diabetes can be mechanistically informative. In the Diabetes Control and Complications Trial, 1,441 patients with 
type 1 diabetes who were free of documented cardiovascular disease, obesity, hypertension, and hypercholesterolemia were 
randomized to conventional or intensive diabetes management and followed for a mean of 6.5 years. Intensive management 
targeted HbA1c of 6%. Those years of lower glucose levels were ultimately shown to be associated with significant cardio-
vascular risk reduction, as illustrated by the study’s follow-up trial, the Epidemiology of Diabetes Interventions and 
Complications. Intensive treatment during the trial was ultimately associated with a 57% lower long-term cardiovascular 
risk  [  50  ] . The beneficial effect of lower glucose levels was reinforced by the finding that coronary artery calcification, an 
index of atherosclerosis measured by computed tomography, was found to be significantly lower in the intensive therapy 
group  [  51  ] . 

 The beneficial effect of lowering glucose is more complicated in patients with type 2 diabetes who typically have mul-
tiple comorbidities that contribute to elevated cardiovascular risk. The UKPDS recruited 3,867 subjects with type 2 diabetes 
who were suboptimally controlled on diet alone, and randomized them to conventional treatment (diet unless fasting glucose 
>270 mg/dL), or intensive treatment with either a sulfonylurea or insulin  [  52  ] . Another group of 1,704 overweight patients 
(>120% ideal) were randomized to diet, metformin, sulfonylurea, or insulin  [  53  ] . The intensively treated patients had lower 
HbA1c levels and fewer microvascular endpoints, but the lower rates of cardiovascular events did not quite reach statistical 
significance. 

 The ACCORD and ADVANCE studies were two large trials that sought to determine the effect on cardiovascular risk of 
lowering glucose to near-normal levels  [  54,   55  ] . Both trials compared intensive and standard glucose-lowering targets in 
type 2 diabetes. Many in the diabetes community were surprised by the major findings that near-normal glycemic control 
for a median of 3.5–5 years did not reduce cardiovascular events within that time frame. A troubling finding from the 
ACCORD trial was that near-normal glucose control (achieved with the use of combination therapy incorporating heavy use 
of thiazolidinediones, sulfonylureas, metformin, and insulin) was associated with a significantly increased risk of death from 
any cause and death from cardiovascular causes – the very outcomes the trial was designed to prevent  [  55  ] . 

 While the results were disappointing, they do not undermine the importance of meeting current guidelines for care, and 
they should not be interpreted as diminishing the importance of glycemic control in patients with diabetes  [  56  ] . The lower-
than-anticipated rate of cardiovascular events seen in these trials is an affirmation of the success of modern therapeutics, 
even when incompletely implemented.  

   Diabetes Medications and Cardiovascular Disease Risk 

   Metformin 

 Metformin reduces blood glucose levels by reducing hepatic glucose production and improving insulin sensitivity in patients 
with diabetes. Independent of its glycemic effect, metformin lowers total cholesterol, LDL, and particularly triglycerides, 
but has no effect on high-density lipoprotein (HDL)  [  57  ] . Metformin has proven clinical benefit for cardiovascular risk 
reduction in patients with diabetes and has emerged as a first-line drug for the treatment of type 2 diabetes  [  58  ] . In the 
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UKPDS, overweight patients given metformin had fewer atherosclerotic complications, with a particular decrement in 
 myocardial infarction rates. Results were better for metformin than for sulfonylurea or insulin. With intensive therapy (target 
glucose of 108 mg/dL), metformin reduced the myocardial infarction rate by 39% ( p  = 0.01) while sulfonylurea or insulin 
use was associated with a nonsignificant risk reduction of 21%  [  53  ] . Although increasing evidence exists regarding the 
safety of metformin and the extremely low risk of lactic acidosis (less than 8 cases per 100,000 patient-years), metformin 
should nevertheless be avoided in patients with renal, hepatic, pulmonary, or heart failure  [  59,   60  ] .  

   Sulfonylureas 

 There is a theoretical reason why sulfonylureas may have an adverse effect on diabetic patients with epicardial coronary 
disease. Sulfonylureas act by inhibiting potassium channels, which are present not only in the beta cells but also in the 
heart and vascular smooth muscle  [  61  ] . This class of medications has been shown to prevent cardiac preconditioning, the 
ability of the heart to recover more quickly after repeated ischemic insults  [  62  ] . The UKPDS is often cited in defense of 
the safety of these agents, as glibenclamide was associated with a reduction in myocardial infarction rates, which was 
almost statistically significant ( p  = 0.056). Although sulfonylureas, like insulin, increase the risk of weight gain and hypo-
glycemia, the onset of their effect is relatively quick  [  63  ] . These drugs remain second-line agents for treatment of type 2 
diabetes.  

   Thiazolidinediones 

 Thiazolidinediones (TZDs) improve insulin sensitivity and glycemic control, and might preserve insulin secretion and beta 
cell health in patients with type 2 diabetes  [  64  ] . These drugs activate the PPAR- g  receptor, which is involved in the process 
of atherosclerosis, and its modulation for cardioprotection is an active area of investigation. Some beneficial effects attrib-
uted to TZDs include a decrease in blood pressure, improvement of fibrinolysis, correction of diabetic dyslipidemia, a 
decrease in free fatty acid levels, a reduction in inflammatory markers, and a decrease in carotid artery intimal thickness 
 [  65,   66  ] . TZDs increase LDL cholesterol levels, although this effect may be offset by favorable changes in LDL particle size 
and susceptibility to oxidation  [  67  ] . 

 Despite these pathobiologic effects that would be expected to be associated with substantial reductions in cardiovascular 
events among treated patients, these drugs have been unable to demonstrate that their use results in any cardiovascular pro-
tection; in fact, there have been some indications that the medications from this class can increase the risk of subsequent 
cardiovascular events  [  68  ] . 

 In the PROactive study, addition of 45 mg of pioglitazone to other glucose-lowering drugs in patients with type 2 diabetes 
reduced some subgroups (all-cause mortality, myocardial infarction, and stroke) but there was no difference in the study’s 
primary endpoint  [  66,   69  ] . Additional data from studies of TZDs have indicated that these medications increase the risk of 
heart failure and fractures, and appear to be associated with an increased risk of myocardial infarction  [  70  ] . Consequently 
prescription of rosiglitazone is restricted by the Food and Drug administration  [  71  ] .  

   Incretin Mimetics and DPP-4 Inhibitors 

 Glucagon-like peptide 1 (GLP-1) stimulates postprandial insulin release; however, it is rapidly degraded by the activity of 
dipeptidyl peptidase  I V (DPP 4). Exenatide and liraglutide are synthetic GLP-1 agonists and have demonstrated glycemic 
efficacy (HbA1c reductions of between 0.7 and 2%) associated with mild weight loss; nausea is frequent and can be prob-
lematic  [  72,   73  ] . Longer acting (such as once-weekly) formulations saxagliptin, linagliptin, and sitagliptin of this class have 
been shown to more effectively control glucose and reduce weight, while being substantially more tolerable  [  74  ] . 

 Orally administered DPP-4 inhibitors saxagliptin and sitagliptin (given once daily) have also shown consistent, although 
moderate improvements in the glycemic profile of type 2 diabetic patients  [  75–  78  ] . These medications are especially useful 
in patients with compromised renal function. These drugs are weight-neutral. It remains unclear whether they will be associ-
ated with improved cardiovascular outcomes.  
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   Insulin 

 Insulin remains the most efficacious method of improving glycemic control. However, insulin exposes the user to a risk of 
hypoglycemia and induces weight gain. Individuals receiving intensive insulin management as part of the UKPDS gained 
an average of 8.8 lb; 2.3% of the patients had a severe hypoglycemic event in each year of the study  [  52  ] . Nevertheless, 
intensive insulin therapy has a positive effect on lipoproteins, and on lowering triglycerides, LDL, and total cholesterol 
levels  [  79  ] . The independent cardiovascular benefits of insulin have not been convincingly demonstrated  [  52  ] . In the 
UKPDS study, the risk of myocardial infarction in the conventional and intensively treated arms was 17.4 and 14.7 events 
per 1,000 patient-years, respectively ( p  = 0.052). 

 Among patients who have had a myocardial infarction, aggressive insulin management has been associated with a reduc-
tion in mortality of up to 30%  [  80  ] . It is unclear whether the effect was due to the immediate insulin-glucose infusion or the 
long-term improvements in glycemic control resulting from ongoing insulin administration. 

 Newer, long-acting insulin analogs such as insulin glargine and insulin detemir can be safely introduced to patients on 
oral hypoglycemic agents. A forced titration schedule starting at 10 units daily and increasing weekly to a target of a fasting 
glucose of no more than 100 mg/dL is highly effective in reducing the hemoglobin A1c to 7% with minimal risk of hypo-
glycemia  [  81,   82  ] . Results from the ACCORD study suggest caution in aiming for excessively low glucose values.  

   Blood Pressure Control 

 Hypertension affects up to 60% of patients with diabetes and rises in prevalence with age and increasing levels of obesity. 
Hypertension is a major risk factor in the development of both macro- and microvascular complications of diabetes. In type 
1 diabetes, hypertension is often secondary to underlying nephropathy, while hypertension in type 2 diabetes often forms 
part of the metabolic syndrome. As soon as blood pressure rises above 120/80 mmHg, cardiovascular risk in diabetic 
patients appreciates, and treatment is recommended when blood pressure exceeds 130/80 mmHg  [  18,   83  ] . Before starting 
antihypertensive therapy, patients should be reexamined within 1 month for confirmation, unless the initial diastolic value 
is greater than 110 mmHg. Many of these patients require multidrug therapy for control. Many classes of antihypertensives 
have had demonstrated efficacy in diabetics.  

   ACE Inhibitors and ARBs 

 ACE inhibitors and angiotensin receptor blockers (ARBs) have been shown to reduce blood pressure, reduce cardiovascular 
events, and slow the progression of nephropathy  [  40,   53,   84–  89  ] . 

 The Heart Outcomes Protection Evaluation (HOPE) trial reported on 3,577 people with diabetes out of 9,541 people age 
55 or older who also had another vascular risk factor such as smoking, hypertension, or microalbuminuria. The trial found 
that 10 mg of ramipril vs. placebo over 4.5 years reduced cardiovascular mortality by 37%, myocardial infarction by 22%, 
and stroke by 33% among individuals with diabetes  [  40  ] . A subgroup from the HOPE study underwent carotid ultrasound 
to evaluate carotid intimal medial thickness. Those being treated with ramipril had a 37% reduction in the rate of thickening, 
reflecting healthier endothelial function  [  90  ] . The relative benefit of ramipril was present in all subgroups regardless of 
hypertensive status, microalbuminuria, type of diabetes, and nature of diabetes treatment (diet, oral agents, or insulin). The 
mean reduction in blood pressure with treatment (3/2 mmHg) appeared to be too small to independently account for the risk 
reductions achieved. Patients with creatinine concentrations >1.4 mg/dL had an even greater benefit than those with more 
normal renal function.  

   Diuretics 

 Diuretics have proven efficacy in blood pressure control. Their benefits outweigh the mild increases in serum glucose associ-
ated with their use, and drugs from this class are generally endorsed to reach target blood pressure goals  [  91,   92  ] . The 
Antihypertensive and Lipid Lowering Treatment to Prevent Heart Attack Trial was stopped early after interim analysis 
revealed a substantial benefit of thiazide diuretics over  a -blocking agents  [  93  ] . Furthermore, chlorthalidone provided twice 
as much benefit in reducing cardiovascular events to diabetic patients as nondiabetics with hypertension  [  94  ] .  
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   Calcium Channel Blockers 

 Calcium channel blockers are increasingly used ahead of beta-blockers, given evidence of efficacy in patients with diabetes  [  95  ] . 
While calcium channel blockers appear to be inferior to ACE inhibitors in cardiovascular protection, they are often good choices 
as additional therapy given their ability to lower systolic blood pressure, particularly in African American patients  [  96  ] . 

 As a result of these and other studies, major professional organizations recommend ACEIs or ARBs with or without 
thiazide diuretics as first-line therapy for patients with type 2 diabetes. Calcium channel blockers tend to be used as third-
line drugs, with additional therapy individualized.   

   Lipid Management 

 The typical lipid profile associated with type 2 diabetes comprises an abnormally low level of HDL cholesterol, an elevated 
triglyceride level, and a relatively normal LDL cholesterol level. Though the LDL level is often within the normal range or 
only slightly elevated, the LDL itself is abnormally dense and atherogenic. This combination of abnormal lipids contributes 
to the cardiovascular risk of patients with type 2 diabetes  [  97–  100  ] . Generally speaking, LDL levels are neither higher nor 
more often elevated in diabetic patients than in nondiabetic individuals, but the presence of abnormally high LDL levels 
should be regarded as an additional risk factor to address in diabetic patients. 

 The NCEP Adult Treatment Panel III (ATP III) designation of diabetes as a “coronary heart disease risk equivalent” justi-
fies aggressive lipid lowering in patients with diabetes, as if they already have cardiovascular disease  [  101  ] . The ATP III 
recommended that pharmacologic therapy be initiated in diabetic patients whose LDL levels are 130 mg/dL or greater, and 
that patients be treated to target LDL levels less than 100 mg/dL. A goal of 70 mg/dL or lower is an appropriate target for 
patients at especially high risk. The ADA recommends the additional goals of raising HDL levels above 40 mg/dL in men 
and 45 mg/dL in women, and lowering triglycerides below 150 mg/dL. 

   Statins 

 Despite the characteristic lipid profile, current guidelines for managing diabetic dyslipidemia typically target LDL choles-
terol, as the strongest evidence in support of lipid-lowering therapy for diabetic patients comes from studies showing the 
benefit of HMG-CoA reductase inhibitors (statins). Statin therapy has proven to be particularly useful in treating dyslipi-
demia and has resulted in significant reductions in coronary events according to several large primary and secondary trials. 
A few of these early statin trials included a relatively small number of patients with diabetes. 

 The most important trial to date examining the relationship between cardiovascular disease, diabetes, and statins is the 
Collaborative Diabetes Study  [  102  ] . Atorvastatin calcium (10 mg/day) was given as primary prevention to 2,838 patients with 
type 2 diabetes and one other risk factor (hypertension, albuminuria, retinopathy, or current smoking). The LDL at recruit-
ment was required to be <160 mg/dL. After a mean follow-up of 3.9 years, death rates among those on atorvastatin were 27% 
lower; in addition, acute coronary event rates were reduced by 36%, revascularizations by 31%, and stroke rates by 48%. 
Patients with an LDL <100 mg/dL had the same magnitude of benefit as those with a higher LDL. This result has challenged 
the recommendation that statins be introduced to patients with diabetes only when the LDL is above a threshold. 

 The Heart Protection Study recruited 20,536 individuals on the basis of having established coronary artery disease (65%), 
diabetes (19%), peripheral vascular disease (13%), or a history of cerebrovascular disease (9%), and randomly assigned 
them to simvastatin (40 mg/day) or placebo  [  103  ] . A relative risk reduction of 25% was observed for coronary and cerebro-
vascular events, whether the diabetic subjects already had coronary disease or not, confirming the role of statins for primary 
prevention of cardiac events  [  103  ] . 

 Two negative studies are worthy of note. In the Anglo-Scandinavian Cardiac Outcomes Trial–Lipid Lowering Arm 
(ASCOT–LLA) trial  [  104  ] , investigators randomized 2,532 subjects with diabetes and hypertension, but without known 
cardiac disease, to atorvastatin (10 mg/day) or placebo. Atorvastatin did not reduce the risk of nonfatal myocardial infarction 
and coronary heart disease death in patients with diabetes and hypertension, despite a reduction of 40–50 mg/dL in LDL 
cholesterol. The lack of demonstrable effect may have been confounded by a noted increase in statin utilization in the pla-
cebo group. The Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT–LLT) was non-
blinded and pravastatin (40 mg/day) also did not reduce incidence of nonfatal myocardial infarction and coronary heart 
disease death among 3,638 patients with diabetes; however, only a modest 15–23 mg/dL reduction in LDL cholesterol 
 concentrations was achieved in the treated vs. the usual-care group  [  105  ] . 
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 The role of statins for secondary prevention of cardiovascular disease is more clearly established. Although large trials 
of patients with cardiovascular disease were recruited for these landmark studies, they contained relatively small numbers 
of subjects with diabetes; nevertheless, the large effect size noted is worthy of notice. The landmark Scandinavian Simvastatin 
Survival Study (4S) included 202 patients with diabetes and a previous myocardial infarction or angina, and a mean LDL 
cholesterol level of 187 mg/dL  [  106  ] . The study followed subjects for a median of 5.4 years and tracked mortality, coronary 
death, acute coronary syndromes, and coronary revascularization. In the 4S, individuals with diabetes benefited from the 
medication as much as those without diabetes. Over the course of the trial, in the simvastatin-treated diabetic patients, the 
mean changes from baseline in total LDL and HDL cholesterol, and triglycerides were −27, −36, +7, and −11%, respec-
tively. As a result, mortality was reduced by 43%, major coronary events by 55%, and any atherosclerotic event by 37%. 

 The Cholesterol and Recurrent Events (CARE) trial evaluated the effect of pravastatin on 586 diabetic patients with a 
history of myocardial infarction and a mean LDL cholesterol level of 136 mg/dL  [  107  ] . In diabetic patients randomized to 
treatment, LDL cholesterol was reduced to a mean of 98 mg/dL and the recurrent coronary event rate (coronary death, 
myocardial infarction, bypass grafting, or angioplasty) was reduced 25% over 5 years; however, the event rates in treated 
diabetic patients remained higher than event rates in nondiabetic patients, whether randomized to treatment or not.  

   Fibrates 

 Epidemiologic evidence links the combined abnormality of elevated triglyceride levels and low HDL levels with adverse 
cardiovascular outcomes, independent of LDL cholesterol concentrations  [  108  ] . While earlier studies such as the Veterans 
Affairs HDL Intervention Trial (VA-HIT) demonstrated a 32% reduction in cardiovascular events using gemfibrozil therapy, 
more recent data has been more circumspect about the use of fibrate therapy to reduce cardiovascular disease event rates 
 [  109–  112  ] . In the Fenofibrate Intervention and Endpoint Lowering in Diabetes (FIELD) study, fenofibrate did not significantly 
reduce the risk of the primary outcome of coronary events  [  111  ] . Similarly, in the lipid trial of the ACCORD study, combined 
treatment with fenofibrate and a statin provided no additional protection beyond treatment with a statin alone  [  112  ] . 

 Among patients with elevated triglycerides and low HDL levels, fibrates can be useful in combination with statins 
 [  112,   113  ] . When using combination therapy, many practitioners choose fluvastatin or pravastatin, as these agents are not 
metabolized by cytochrome P450 3A4, are hydrophilic, and are only 50% protein bound – all factors that reduce adverse 
drug interactive effects such as rhabdomyolysis, a known risk of combining statins with fibrates  [  114  ] . Furthermore, feno-
fibrate appears to be safer in combination with statins than gemfibrozil  [  115  ] .  

   Niacin 

 Niacin is distinct from other lipid-lowering agents in that it has a broad spectrum of beneficial effects on lipids and athero-
genic lipoprotein subfraction levels  [  116  ] . Extended-release niacin is associated with a reduction in the more common, 
adverse effects of flushing and diarrhea seen with crystalline niacin, and the beneficial effects on the lipid profile are main-
tained  [  117  ] . Niacin treatment most substantially increases HDL cholesterol and reduces triglyceride levels – common 
problems in patients with diabetes. However, niacin also induces increased insulin resistance and causes hyperglycemia. In 
the Arterial Disease Multiple Intervention Trial, which evaluated immediate-release niacin in the treatment of dyslipidemia 
associated with diabetes and peripheral vascular disease, 125 subjects with diabetes were randomized to receive crystalline 
niacin 3 g/day (or the maximally tolerated dose) or placebo  [  118  ] . Niacin use significantly increased HDL (by 29%) and 
decreased triglycerides (by 23%), but increased insulin use  [  118  ] . Since there is little evidence of efficacy for cardiovascular 
risk reduction, niacin use remains limited among patients with diabetes.  

   Colesevelam 

 Bile acid sequestrants lower cholesterol, but have also been observed to lower glucose levels modestly in patients with type 
2 diabetes. Two trials noted improvements in HbA1c of approximately 0.5% in treated patients after 6 months, with con-
comitant changes in LDL, high-sensitivity c-reactive protein, and apolipoprotein B  [  119,   120  ] . There is no evidence of 
cardiovascular risk reduction with this drug.  
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   Ezetimibe 

 Ezetimibe selectively inhibits intestinal absorption of dietary cholesterol. The agent is typically used in patients on a high-
dose statin as additive therapy, and in that context is indeed more effective at lowering LDL than the statin alone (mean 
reduction in LDL level of 27%)  [  121  ] . Ezetimibe appears to be safe for use in diabetic patients, but large-scale trials have 
not been reported, and it remains unclear whether its use is associated with the cardiovascular benefit that would be expected 
from this degree of lipid improvement  [  121,   122  ] . Indeed, the results from a study that examined the effect on carotid intimal 
media thickness suggest that ezetimibe treatment is not associated with the regression of atherosclerosis as might have been 
expected  [  123  ] .  

   Polyunsaturated Fatty Acids 

 A highly purified formulation of omega-3 polyunsaturated fatty acids (eicosapentaenoic acid, 465 mg, and docosahexaenoic 
acid, 375 mg) in a 1 g capsule along with 4 mg of vitamin E has been formulated  [  124  ] . In combination with statins, this 
formulation (Lovaza) has been shown to effectively reduce plasma triglycerides and also increase the potentially less athero-
genic form of LDL cholesterol while decreasing the small, dense, and atherogenic LDL particles. In patients with a history of 
myocardial infarction, this formulation in combination with a statin has been associated with a 14% lower risk of death, non-
fatal myocardial infarction, and stroke. Four capsules of the formulation must be administered daily for clinical effect  [  125  ] .   

   Antiplatelet Therapy 

 Evidence from controlled clinical trials generally supports the routine use of low-dose, enteric-coated aspirin, such as 
81 mg/day, as a primary and a secondary prevention strategy in adults over the age of 30 who have diabetes. 

 The recommendation to use aspirin for primary prevention is based on several large trials that included patients with 
diabetes as a subgroup. The Physician’s Health Study, which randomized 22,701 physicians to aspirin or placebo, contained 
a subgroup of 533 diabetic doctors. After 5 years, 325 mg of aspirin daily reduced the risk of acute myocardial infarction 
from 10 to 4%  [  126  ] . The Hypertension Optimal Treatment (HOT) trial also demonstrated benefit to postinfarction aspirin 
administration, a benefit that was also seen in its subgroup of 1,501 diabetics  [  83  ] . Similarly, in the Early Treatment of 
Diabetic Retinopathy study, aspirin produced a 28% reduction in myocardial infarctions over 5 years  [  127  ] . The Primary 
Prevention Project evaluated the effect of low-dose aspirin (100 mg/day) on subsequent cardiovascular events in 4,495 indi-
viduals with at least one of the following risk factors: hypertension, hypercholesterolemia, diabetes, obesity, a family history 
of premature myocardial infarction, or being elderly. After a mean follow-up of 3.6 years, aspirin was found to significantly 
lower the frequency of cardiovascular death (from 1.4 to 0.8%) and total cardiovascular events (from 8.2 to 6.3%)  [  128  ] . 

 More recent interventions to reduce cardiovascular risk in diabetes have generated substantial protection. Consequently, 
a benefit to aspirin treatment has been more difficult to detect. For example, in an open-label trial of 2,539 patients with 
diabetes in Japan, there was no reduction in risk when aspirin was provided in primary prevention  [  129  ] . Several meta-
analyses have supported the absence of proven benefit, noting small reductions in overall events, but proportionate increases 
in bleeding events overall  [  130,   131  ] . 

 Retrospective analysis of the diabetic subgroup in the Clopidogrel vs. Aspirin in Patients at Risk of Ischemic Events 
(CAPRIE) study showed that of the 3,866 diabetic patients randomized, 15.6% of those in the clopidogrel arm and 17.7% 
of those in the aspirin arm had the composite vascular primary endpoint  [  132  ] . Clopidogrel appears to be an effective anti-
platelet agent for secondary prevention in patients with diabetes, although aspirin is more cost-effective.  

   Conclusions 

 As the leading cause of death among patients with diabetes, cardiovascular disease should be a primary concern for patients 
with type 2 diabetes and the physicians who care for them. Clinicians need to be sensitive to the challenges these patients 
face in making therapeutic lifestyle changes and be adept at navigating the polypharmacy that follows from targeting mul-
tiple cardiovascular disease risk factors. 
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 Most patients with diabetes will require at least one oral hypoglycemic drug and many will ultimately require insulin. 
Until further data emerge, the most appropriate initial choices remain metformin and a sulfonylurea, moving to metformin 
and long-acting insulin when glycemic control is suboptimal on maximal dose therapy. 

 Achieving a systolic blood pressure less than 130 mmHg in patients with diabetes remains challenging. Almost all should 
be treated with an ACE inhibitor or ARB. Rational additive treatment includes a thiazide diuretic and calcium channel 
blockers as needed. Most patients will require at least three drugs for control. In the absence of contraindications, 81 mg of 
aspirin should be given to patients with diabetes who are age 40 or older who have at least one additional risk factor. 

 For patients with diabetes whose lipids are not at target range, nonpharmacologic interventions (diet and exercise) remain 
first-line therapies. Lowering LDL cholesterol is the first priority in treating diabetic dyslipidemia. Statins are the agents of 
first choice. Fibrates may be useful for patients with low HDL levels and elevated triglycerides, but the benefit appears to 
be modest. 

 As confirmed by the STENO-2 study, an integrated approach to diabetes management can halve the rate of cardiovascular 
events  [  133  ] . Online tools, case management, and close follow-up can help clinicians avoid the inertia that often accompa-
nies the management of complex patients, such as those with diabetes  [  134,   135  ] . Reducing cardiovascular disease in these 
high-risk patients is challenging, but thoughtful management can meaningfully improve the quality of life and longevity of 
patients with diabetes.      
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      For many years, women were considered more resistant to developing cardiovascular disease (CVD). Yet researchers are 
discovering that CVD is, in many ways, an equal opportunity disease. In fact, statistics report a greater number of CVD 
deaths each year for women compared to men  [  1  ] . Despite the high mortality rate in both sexes, many features of CVD do 
show a gender difference. 

 Women and men differ not only in the prevalence of CVD but also in presenting symptoms and pathophysiology of their 
disease. To fully understand CVD in women, we must take into account the unique ways in which it manifests in the female 
body. Only then can we target our diagnostic techniques and treatments to better serve female patients. 

   Gender Bias 

 Historically, CVD was thought to be a man’s disease. This myth existed in both the public sector and the medical com-
munity, which meant that women were not targeted for CVD diagnosis. Several studies have shown that women themselves 
believe the greatest threat to their health is breast cancer. Over a lifetime, a woman is much more likely to develop CVD 
than breast cancer (Fig.  28.1 ).  

 Female gender has been shown to be associated with delayed presentation and delayed treatment of acute myocardial 
infarction  [  2  ] . Essentially, female patients are not conscious of their CVD risk, and physicians have not considered women 
as potential cardiac patients. Through increased awareness and early symptom recognition, proven therapies can be pro-
vided early in the disease process. The timing of these therapies is crucial for maximum benefit.  

   Gender Differences 

 Bias aside, real biological gender differences exist in the progression of CVD. Since 1984, the total number of CVD deaths 
for women has exceeded those for men. Medical and technological advances have resulted in a reduced total number of 
CVD deaths per year; however, the reduction for women has lagged behind that seen for men (Fig.  28.2 ).  

 Early observational studies from both coronary artery bypass surgery and percutaneous coronary interventional proce-
dures reported higher morbidity and mortality in women. In one study, the 6-month survival rate after a first myocardial 
infarction was considerably lower in women than in men. This is also true in diabetic patients, where 30-year trends show 
a marked decrease in CVD mortality in diabetic men, but not for diabetic women  [  3  ] . Several explanations for this phe-
nomenon are possible. 

    Chapter 28   
 Cardiovascular Disease in Women       

         Margo   Tolins-Mejia           
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   Research Participation 

 The development of new cardiac therapies and devices depends on clinical research trials. Unfortunately, study enrollment, 
until the 1990s, was almost exclusively male. This changed in 1991 when Bernadine Healy became the first woman to head 
the National Institutes of Health. Healy believed that heart disease was also a woman’s disease, “not a man’s disease in 
disguise.” While director, she established a policy whereby the NIH would fund only those clinical trials that included both 
men and women when the condition being studied affected both genders. This mandate ensured the enrollment of female 
subjects in cardiac trials. Since that time, much more information has been available on sex-specific diagnosis, management, 
and treatment of heart disease. 

 However, although now included in cardiac studies, women remain in the minority. While the reasons for continued, 
limited enrollment of women in research trials remain unclear, to this day, women have a much lower rate of participation 

  Fig. 28.1    Age-adjusted 
death rates for coronary heart 
diease, stroke, and lung 
and breast cancer. 
American Heart Association 
Web site  [  32  ]        

  Fig. 28.2    Cardiovascular 
disease mortality trends for 
males and females. American 
Heart Association Web 
site  [  32  ]        
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in cardiac research studies. New cardiac medications and devices are therefore developed from research based primarily on 
men, and may not be directly applicable to women. This is significant because men differ biologically on many levels. 
Compared to women, men on average have larger hearts, increased coronary arterial diameters, and a completely different 
hormonal milieu. These gender differences may require sex-specific therapies for effective treatment of CVD in women. 

 It was not until 1999, when the realization that cardiac data from men would not always generalize to women prompted 
publication of the first female-specific recommendations for preventive cardiology  [  4  ] . The first evidence-based guidelines 
for CVD prevention in women was not published until 2004  [  5  ] . 

 An example that exemplifies gender differences involves the beneficial effects of a well-known medication, aspirin. 
Aspirin prevents thrombotic vascular events primarily through its mechanism as a permanent inhibitor of cyclooxygenase. 
As described in two landmark studies, investigators of the Physicians’ Health Study  [  6  ]  and the Women’s Health Study  [  7  ]  
show results that segregate according to sex. 

 In the Physicians’ Health Study, all enrollees were men. In these men, aspirin significantly reduced the risk of myocardial 
infarction: The reduction was 44% in men 50 years or older who did not have clinical evidence of coronary disease. There 
was no significant reduction in the risk of stroke in these male subjects. 

 The Women’s Health Study showed opposite results. In these female subjects, 65 years or older and without a history of 
CVD, aspirin had no effect on the risk of myocardial infarction. Surprisingly, aspirin therapy in these women was associated 
with an overall 17% reduction in the risk of stroke (Fig.  28.3 ). This conundrum of markedly disparate effects of aspirin that 
separate on the basis of gender remains a mystery. It also clearly demonstrates the danger of applying male-derived data to 
women.   

   Comorbid States 

 Another distinguishing factor that determines prognosis in CVD patients is age at time of presentation. Among patients 
diagnosed with CVD, women are generally 10–15 years older than men  [  8  ] . Advanced age is associated with a higher inci-
dence of diabetes, obesity, hypertension, hyperlipidemia, and heart failure. The classic Framingham cardiac risk factors, 
which predict the probability of future cardiac events, increase with age. More than 80% of postmenopausal women have 
one or more of these risk factors  [  9  ] . The burden of these comorbidities portends a poorer prognosis.  

   Vascular Risk Factors 

 The mechanism of ischemic heart disease may be different in women compared to men. The clinical course of women is 
characterized by a higher number of office visits and hospitalizations  [  10  ] . Paradoxically, despite a higher usage of medical 

 Variable  Women’s health study  Physicians’ health study 

 Sex of participants  Female  Male 
 Study period  1993–2004  1982–1988 a  
 No. of participants  39,876  22,071 
 Age of participants (year) 

 Mean  54.6  53.2 
 Range  45–89  40–84 

 Alternate-day dose of aspirin (mg)  100  325 
 Follow-up (year) 

 Mean  10.1  5.0 
 Range  8.2–10.9  3.8–6.4 a  

 Rate of myocardial infarction in the placebo 
group (no./100,000 person – year) 

 97.3  439.7 

 Rate of stroke in the placebo group 
(no./100,000 person – year) 

 134.3  179.4 

  Adapted from Levin  [  34  ] . Copyright 2005 by the Massachusetts Medical Society 
  a  Randomization began in August 1981 for 124 participants in the pilot study  

 Fig. 28.3    Comparison of selected features of the aspirin components of the women’s health study and the physicians’ health study  
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facilities, women with CVD have a more malignant clinical course compared to men. Women have higher rates of sudden 
cardiac death and increased mortality after myocardial infarction than do men  [  1  ] . 

 Even in patients being evaluated for chest pain, women are less likely than men to present with typical angina  [  11  ] . 
Atypical symptoms often delay the diagnosis and treatment of the female patient. And yet, even when women present with 
typical symptoms, their diagnosis and treatment often differ from those of men. In a recent Minnesota-based study, women 
presenting with typical evidence of acute myocardial infarction were 46% less likely than men to undergo investigative coro-
nary angiography  [  12  ] . 

 When coronary angiography is performed, angiographic results show gender disparity. Women have less obstructive 
coronary artery disease compared to men. When angina is the preprocedure diagnosis, women statistically have less obstruc-
tive coronary artery disease than men presenting with similar symptoms  [  13  ] . This is also true for patients presenting with 
acute coronary syndrome or ST-elevation myocardial infarction. Coronary angiography in patients with an acute coronary 
event often demonstrates a higher number of normal test results in women compared to men  [  14  ] . 

 A recent study on sudden cardiac arrest (SCA) indicated important sex-based differences in presentation and clinical 
course. Women, compared to men, were significantly less likely to have a history of structural heart disease, either left 
ventricular (LV) dysfunction or obstructive coronary artery disease, before SCA. In the absence of LV dysfunction, fewer 
women may be eligible for prophylactic, implantable cardioverter-defibrillators (ICDs) based on current guidelines and 
therefore may not have equal opportunity for prevention of sudden cardiac death  [  15  ] . 

 Obviously, obstructive coronary artery disease alone does not explain the higher CVD mortality found in women. Unique 
to women are their lifelong changing hormonal states. Since the incidence of CVD increases significantly in postmeno-
pausal women, hormonally mediated factors may play a significant causative role. Basic research has shown vascular integ-
rity to be affected directly by estrogen. Furthermore, clinical studies of premenopausal women with menstrual irregularities, 
presumably due to fluctuations in their estrogen levels, have shown an increase in CVD risk  [  16  ] . 

 One possible mechanism observed in animal studies is the inductive effect of estrogen on prostacyclin production  [  17  ] , 
a vascular factor that is protective against CVD. Thus, declining estrogen levels in postmenopausal women could translate 
into increased risk of CVD. Despite the beneficial effects of endogenous estrogen, hormone replacement therapy does not 
reduce the risk of CVD events in women. 

 Menopause is also associated with weight gain, development of metabolic syndrome, and a deleterious change in a 
woman’s cholesterol status  [  18  ] . All of these are cardiac risk factors for CVD. 

 The relationship between menopause, aging, and CVD risk is complex. Recently, Matthews et al.  [  19  ]  studied the higher 
cardiovascular risk of perimenopausal women in an effort to determine if these negative changes were due to aging or 
menopause itself, with its associated loss of endogenous estrogen. Regardless of causation (aging or menopause), this time 
in a woman’s life is characterized by a significant rise in CVD risk. Could unique features of the female gender impact not 
only the known cardiac risk factors but also a woman’s vascular function? 

 As stated above, women have a lower incidence of obstructive coronary artery disease at time of CVD presentation 
compared to men. In one study of patients with chest pain, a diagnosis of normal coronary arteries was 5 times more com-
mon in women than men  [  20  ] . The “typical” angina patient presents with obstructive coronary artery disease, and yet a large 
proportion of women have chest pain or evidence of ischemia without fixed coronary artery disease. Possible explanations 
for this phenomenon include coronary artery spasm, coronary artery thrombosis, microvascular disease, and endothelial 
dysfunction; evidence supports the increased incidence of these physiologies in women. 

 The human arterial wall contains a smooth muscle layer. Vasospasm is the result of contraction of this smooth muscle 
layer. Vascular smooth muscle contraction can cause a narrowing in the arterial lumen, which limits blood flow. Migraines 
and Raynaud phenomenon are believed to be caused by vasospasm and occur more frequently in women than men. These 
vascular disorders may be associated with coronary reactivity that is modulated by the woman’s female hormonal status. 
Coronary artery vasospasm resulting in angina has been termed variant angina, also called Prinzmetal angina. This type of 
angina is produced by a narrowing of the coronary arteries caused by vasospasm, rather than by fixed obstructive coronary 
artery disease. Known risk factors associated with variant angina include female gender. 

 Chronic autoimmune diseases also affect the vasculature and, in general, have a higher incidence in women. Rheumatoid 
arthritis, an example of a systemic inflammatory disorder, occurs most often in middle-aged women. Women with rheuma-
toid arthritis have a significantly higher incidence of myocardial infarction as compared to female controls. This increase in 
CVD has been explained by the detrimental effects of chronic inflammation on the vascular endothelium, and in turn, the 
vessel wall. The endothelium is the local regulator of vascular function. Inflammation alters endothelial function and, in 
turn, negatively impacts many functions of the vessel wall, causing release of mediators and tissue factors that promote 
thrombosis and vasoconstriction. These effects on vascular biology can eventually lead to myocardial ischemia and adverse 
structural changes in the coronary arteries.   
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   Case Studies 

 Supporting the importance of vascular biology are three cardiac conditions that occur predominantly or exclusively in 
women, and cause myocardial ischemia or injury in the absence of obstructive coronary disease. These include cardiac 
syndrome X, apical ballooning syndrome, and peripartum cardiomyopathy. Examination of these disorders may provide 
answers to the mechanisms involved in CVD in women. 

   Cardiac Syndrome X 

 CP is a 48-year-old firefighter. She was admitted after developing chest pain while at a house fire. During chest pain, her 
electrocardiogram (ECG) showed ST abnormalities in the inferior leads V5 and V6 (Fig.  28.4a ). Sublingual nitroglycerin 
relieved her symptoms. Her repeat ECG, in the absence of symptoms, normalized (Fig.  28.4b ). Serial troponin levels were 
upper-normal to minimally elevated.  

 The patient initially declined invasive cardiac evaluation. A nuclear stress test reproduced her chest pain symptoms and 
ECG abnormalities. Her perfusion study was normal. She had a recurrent episode of vague chest discomfort in-hospital. Stat 
ECG during symptoms again showed ST abnormalities. She was then taken to the heart catheterization laboratory. Her coro-
nary angiograms were normal (Figs.  28.5a, b ). Her left ventriculogram showed normal LV function and normal wall motion 
(Fig.  28.6a  shows heart function in diastole, and Fig.  28.6b , in systole).   

 The patient was treated with aspirin, long-acting nitroglycerin, and calcium-channel blocker therapy. Her hyperlipidemia 
was treated with statin therapy. Despite these modalities, she continues to have frequent episodes of chest pain. 

 This patient fits the criteria for cardiac syndrome X, which is reported much more frequently in women than in men. 
Cardiac syndrome X was initially described in 1973  [  21  ]  to explain the puzzle of patients with classic chest pain symp-
toms and evidence of ischemia, yet angiographically normal coronary arteries. ST abnormalities with reproduction of 
chest pain symptoms on treadmill testing have been reported. Potential mechanisms to explain chest pain and ST-segment 
depression during exercise in cardiac syndrome X patients include functional abnormalities of the coronary microvascu-
lature during stress. 

 Abnormal coronary dilator responses and increased reactivity to vasoconstrictors have been reported in these patients. 
Some studies show limited changes in coronary blood flow in response to rapid pacing and to dilators such as dipyridamole 
and adenosine  [  22  ] . These studies demonstrate the importance of vascular biology in the pathogenesis of angina in women 
with cardiac syndrome X. Alternative explanations for these observations are possible and the etiology of cardiac syndrome 
X remains controversial.  

   Apical Ballooning Syndrome 

 JP is a 67-year-old anxious woman who was under intense financial stress; she had spent a particular day signing for a new 
line of credit and anguished about possibly defaulting on the loan. Dull, anterior chest discomfort started that evening. Due 
to continued symptoms, she sought medical attention the next morning. In the ER, her ECG was markedly abnormal and 
changed from an earlier tracing (Fig.  28.7 ). Her chest X-ray (CXR) was consistent with mild, interstitial, pulmonary edema. 
Brain natriuretic peptide (BNP) and troponin levels were elevated. Creatine kinase-MB was also increased. Stat echocar-
diography showed a large wall motion abnormality with severe anterior and apical hypokinesia.  

 An emergency heart catheterization was performed. Coronary angiography showed only minimal luminal irregularities 
and no evidence of plaque rupture or thrombus (Fig.  28.8a, b ). Left ventriculography showed a large anterior-apical wall 
motion abnormality (Fig.  28.9a , in diastole, and Fig.  28.9b , in systole). Systolic LV function was depressed, and calculated 
ejection fraction was only 30%.   

 The patient was started on appropriate medications and discharged on her third hospital day. Follow-up echocardiogram 
3 months after admission showed normal LV function and wall motion. 

 This patient highlights the features of apical ballooning syndrome, also called Takotsubo cardiomyopathy or stress-
induced cardiomyopathy, another difficult-to-explain syndrome that affects women disproportionately. The disorder occurs 
after an intense life stress or acute medical illness, and results in myocardial injury. Stress cardiomyopathy is 9 times as 
frequent in women as it is in men  [  23  ] . 
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 Patients present with chest pain, ECG abnormalities, and congestive heart failure symptoms. Left ventriculography and 
echocardiographic studies show a large wall motion abnormality, usually with a significant reduction in overall LV function. 
Coronary angiograms in these women are usually within normal limits. Patients generally have an excellent prognosis with 
full recovery of LV function expected. Possible mechanisms for myocardial injury in apical ballooning syndrome include 
catecholamine excess effects, coronary spasm, and microvascular dysfunction induced by extreme stress. Severe stress 
appears to affect the vasculature of women more potently than men, leading to this unusual syndrome.  

  Fig. 28.4    ( a ) Electrocardiogram for patient reporting chest pain. ST-T changes observed in the anterior lateral leads. ( b ) Electrocardiogram 
without chest pain: results within normal       
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   Peripartum Cardiomyopathy 

 TK, a 35-year-old woman, was admitted to the hospital because of extreme dyspnea in her 35th week of pregnancy. Her 
symptoms consisted of chest tightness, orthopnea, and increased peripheral edema. BNP was elevated. ECG showed sinus 
tachycardia without acute changes. Figure  28.10a  shows her ECG 5 weeks prior to admission. Figure  28.10b  shows her ECG 
at admission. A CXR revealed increased interstitial markings and perihilar haziness – findings consistent with pulmonary 
edema. Stat echocardiography showed LV enlargement and global hypokinesia with an ejection fraction of 30% (Fig.  28.11a , 
in diastole, and Fig.  28.11b , in systole).   

 The patient’s respiratory distress worsened rapidly and she was intubated. An emergency C-section was then performed 
with delivery of a healthy 7 lb. 11 oz. infant. IV diuretics were administered. The patient was extubated 8 h after delivery. She 
responded to an aggressive medical regimen and was discharged on the eighth postoperative day. Breastfeeding was discour-
aged, given her need for continued therapy with cardiac medications. She was also counseled about the high risk of having 
maternal and/or fetal problems with any subsequent pregnancies, and was strongly advised against future pregnancies. 

 Patient was last seen in clinic 1 year after her delivery. Her most recent echocardiogram shows normal LV size with an 
ejection fraction of 45–50%. She continues to be asymptomatic. 

 Peripartum cardiomyopathy is a form of dilated cardiomyopathy that occurs during late pregnancy or in the first 5 months 
postpartum. The woman experiences congestive heart failure symptoms and her echocardiographic findings include 
increased LV size with a significant decrease in LV systolic function. The exact pathophysiology of this disorder is unclear. 
The development of peripartum cardiomyopathy appears to begin with an unknown trigger that initiates an inflammatory 
process. This inflammation ultimately results in myocardial injury and the development of a cardiomyopathy. Peripartum 
cardiomyopathy represents another example of a systemic inflammatory state that results in myocardial injury in the absence 
of obstructive coronary artery disease and is, by nature, unique to women.   

  Fig. 28.5    ( a ) Left coronary 
angiogram: right anterior 
oblique (RAO) 30, caudal 
(CAU) 30: within normal. 
( b ) Right coronary angio-
gram: left anterior oblique 
(LAO) 20, cranial 20: within 
normal       

  Fig. 28.6    Left ventriculo-
gram: RAO 30. ( a ) In diastole 
and ( b ). In systole. Normal 
function, no wall motion 
abnormalities       
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  Fig. 28.7    Electrocardiogram on admission markedly abnormal, with ST-T inferior and anterior lateral changes       

  Fig. 28.8    ( a ) Left coronary arteriogram RAO 30, CAU 30. ( b ) Right coronary arteriogram: LAO 35. Minimal luminal irregularities. No evidence 
of plaque rupture or thrombus       

   Tests of Vascular Biology 

 Because vasospasm, endothelial dysfunction, and microvascular disease may play a more prominent role in the pathophysi-
ology of CVD in women, certain tests of vascular biology may be more diagnostic for women than for men. Medical tests 
for inflammatory states include erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP). Interestingly, basal ESR 
and CRP levels are slightly higher in women than men  [  24  ] . Elevations in CRP have been associated with an increased risk 
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  Fig. 28.9    Left ventriculo-
gram: RAO 30. ( a ) Diastole. 
( b ) Systole. Large anterior 
apical wall motion 
abnormality       

  Fig. 28.10    ( a ) Electrocardiogram prior to development of cardiomyopathy: normal. ( b ) Electrocardiogram at admission. Sinus tachycardia with-
out acute changes       
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  Fig. 28.11    Two-dimensional 
echocardiogram, parasternal 
axis view. ( a ) Diastole. 
( b ) Systole. LV enlarged, 
global hypokinesis. Ejection 
fraction, 30%       

of CVD. CRP also correlates with coronary microvascular dysfunction  [  25  ]  and may therefore be a more important marker 
of CVD in women than in men. 

 Endothelial dysfunction is characterized by the inability of arteries to dilate fully in response to an appropriate stimulus. 
Several methods for measuring this response have been described. If the blood vessel is stressed, the endothelium responds 
by releasing vasodilators, such as nitric oxide. These vasoactive chemicals cause the vascular smooth muscle to relax, 
 producing vasodilatation. One popular technique for testing endothelial function is brachial artery flow-mediated dilation, 
a noninvasive technique for measuring endothelial function. In this technique, a blood pressure arm cuff is inflated to high 
pressures and then released. The subsequent hyperemic response is then measured by ultrasound. 

 One study found endothelial dysfunction present in approximately 50% of the women who presented with chest pain, in 
the absence of overt blockages in large coronary arteries  [  26  ] . In another study, impaired brachial artery flow-mediated dila-
tion in postmenopausal women was associated with a marked increase in CVD risk  [  27  ] . These tests of vascular function 
could represent important prognostic markers for CVD in women.  
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   Cost Issues 

 Unfortunately, many symptomatic women without obstructive coronary artery disease continue to have frequent clinic visits 
and hospitalizations for evaluation and treatment of their chest pain. Some women, despite normal coronary angiograms, 
continue to have findings of ischemia or myocardial injury  [  28  ] . These women also report a higher level of functional dis-
ability as compared to men. 

 The burden of care for women with signs and symptoms of ischemia in the absence of obstructive coronary artery disease 
is high and can be extremely frustrating to their health care providers. A significant proportion of health care dollars is spent 
due to the uncertainty surrounding the correct diagnosis and therapy for these patients  [  29  ] .  

   Poor Prognosis 

 The Women’s Health Initiative data show that women with nonspecific chest pain have a significantly greater risk for non-
fatal myocardial infarction than asymptomatic women  [  30  ] . The Women’s Ischemia Syndrome Evaluation shows increased 
mortality in women with chest pain and normal coronary angiograms as compared to those without chest pain  [  31  ] . Both of 
these studies demonstrate that chest pain symptoms, even in the absence of obstructive coronary artery disease, can indicate 
an increased risk of CVD morbidity and mortality in women. Chest pain symptoms in women, even without definitive coro-
nary artery disease, should not be dismissed; these symptoms could portend a poor prognosis.  

   Conclusion 

 While some women do present with typical symptoms of CVD and obstructive coronary artery disease, many others present 
with atypical symptoms and normal coronary anatomy. To correctly diagnose these atypical patients, the gender-specific 
pathophysiology of CVD in women must be understood. 

 Sex differences in the endothelial response to injury can lead to differences in arterial remodeling and repair. Ultimately, 
this leads to varying degrees of microvascular disease, myocardial ischemia, and myocardial injury. Detrimental disease 
processes in women may be compounded by their smaller-caliber coronary arteries. Diminutive vessel size may also have 
played a significant role in the results of women treated with “standard equipment” during coronary revascularization pro-
cedures. Currently, women follow the same recommended pathways for percutaneous coronary intervention or coronary 
artery bypass graft surgery as do their male counterparts. 

 Despite the similarities of treatment options for obstructive coronary artery disease, women have a higher morbidity and 
mortality than men. Ongoing basic research and clinical trials will help define the pathophysiology involved in a woman’s 
development of chest pain and her more malignant clinical course. Increased knowledge of these sex-specific differences could 
lead to better and earlier CVD diagnosis in women, which would translate into a better prognosis and higher quality of care.      
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     Abbreviation  

  ACCORD    Action to control cardiovascular risk in diabetes   
  ACE-inhibitor    Angiotensin-converting enzyme inhibitor   
  ACS    Acute coronary syndrome   
  AHA    American heart association   
  ARB    Angiotensin receptor blocker   
  ATP    Adult treatment panel   
  CABG    Coronary artery bypass graft   
  CAD    Coronary artery disease   
  CAMELOT Study    Comparison of amlodipine vs. enalapril to limit occurrences of thrombosis study   
  CETP    Cholesteryl ester transfer protein   
  CHARISMA    Clopidogrel for high atherothrombotic risk and ischemic stabilization management and avoidance   
  CHD    Coronary heart disease   
  CLAS    Cholesterol lowering atherosclerosis study   
  CURE    Clopidogrel in unstable angina to prevent recurrent events   
  CVD    Cardiovascular disease   
  DBP    Diastolic blood pressure   
  DHA    Docosahexaenoic acid   
  EPA    Eicosapentaenoic acid   
  EUROPA trial     EURopean trial on reduction of cardiac events with perindopril in stable coronary artery disease trial   
  FATS    Familial atherosclerosis treatment study   
  GI    Gastrointestinal tract   
  HATS    HDL-atherosclerosis treatment study   
  HDL-cholesterol    High-density lipoprotein cholesterol   
  HOPE trial    Heart outcomes prevention evaluation trial   
  HOT trial    Hypertension optimal treatment trial   
  HRT    Hormone replacement therapy   
  IMPROVE-IT     Examining outcomes in subjects with acute coronary syndrome: Vytorin (ezetimibe–simvastatin) vs. 

Simvastatin   
  INVEST    International verapamil–trandolapril study   
  LDL-cholesterol    Low-density lipoprotein cholesterol   
  Lp a    Lipoprotein a   
  MI    Myocardial infarction   
  PCI    Percutaneous intervention   
  PPI    Proton pump inhibitor   
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  SBP    Systolic blood pressure   
  SHARP    Study of heart and renal protection   
  THRIVE    Treatment of HDL to reduce the incidence of vascular events   
  US Public Health Service    United States public health service   
  VAHIT    Veterans administration HDL intervention trial   
  VLDL    Very low-density lipoprotein     

     Introduction 

 Cardiovascular risk factors are very well established in the pathogenesis of coronary artery disease (CAD): family history 
of premature cardiovascular disease (CVD), sedentary lifestyle, smoking, obesity, hypercholesterolemia, hypertension, dia-
betes, renal insufficiency, and early menopause. The American Heart Association (AHA), American College of Cardiology 
(ACC), European Society of Cardiology (ESC), and several other cardiovascular societies have developed guidelines for the 
treatment of patients with CAD  [  1,   2  ] . 

 Dyslipidemia, hypertension, and diabetes mellitus are established predictors of CVD. Lifestyle risk factors for these 
conditions including dietary habits, physical inactivity, smoking, and adiposity strongly influence the established cardiovas-
cular risk factors and also affect novel pathways of risk such as inflammation/oxidative stress, endothelial function, and 
thrombosis/coagulation  [  3  ] . 

 Despite the classic risk factors for CAD being well known, evidence-based therapies for CAD are applied less frequently 
in women compared to men  [  4  ] . Similarly, treatment guideline adherence is significantly decreased in elderly patients com-
pared to younger CAD patients.  

   Risk Factors for CAD 

 Cardiovascular risk factors can be divided into three categories: (1) lifestyle risk factors such as unhealthy diet, sedentary 
lifestyle, obesity, and smoking, (2) established risk factors such as hypercholesterolemia, hypertension, and diabetes, and 
(3) novel risk factors such as inflammation, metabolic syndrome, and thrombotic risk factors (Fig.  29.1 ). With aging and 
increasing incidence of diabetes, renal impairment will also accelerate the process of CAD. A family history of premature 
coronary heart disease should also urge a closer follow-up of these patients.  

   Lifestyle Risk Factors 

 Modest alterations of lifestyle risk factors are achievable and can have substantial effects on cardiovascular risk. Thus, basic 
lifestyle habits should be considered fundamental risk factors for CVD. The clinical evaluation and treatment of dietary, 

  Fig. 29.1    Lifestyle, 
established, and novel risk 
factors for coronary artery 
disease (CAD)       
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physical activity, and smoking habits must become as routine and familiar as assessment of blood pressure (BP), cholesterol, 
and glucose levels. 

 Clinicians need to make time to discuss home “self-care” with CAD patients. We need to emphasize that the most impor-
tant and powerful way to reduce the risk of CAD is under the patient’s control. The phenomenal drop in CHD death rate 
over the past 30 years has been more due to reducing risk factors than due to advances in treatment  [  5  ] . It is important that 
the cardiologist or other health care provider (internist, primary care provider) emphasizes the information to the CAD 
patient. 

   Heart-Healthy Diet (Table  29.1 ) 

    The AHA recommends a heart-healthy diet for people at risk of developing CAD  [  6,   7  ] . The recommendations are to bal-
ance caloric intake and physical activity to achieve and maintain a healthy body weight; to consume a diet rich in vegetables 
and fruits; choose whole-grain, high-fiber foods; to consume fish, especially oily fish, at least twice a week; to limit intake 
of saturated fat to <7% of energy, trans fat to <1% of energy, and cholesterol to <300 mg/day by choosing lean meats and 
vegetable alternatives, fat-free (skim) or low-fat (1% fat) dairy products, and by minimizing intake of partially hydrogenated 
fats; to minimize intake of beverages and foods with added sugars; and to choose and prepare foods with little or no salt. 
Alcohol may be taken in moderation. To raise high-density lipoprotein (HDL) cholesterol, no more than two alcoholic 
drinks per day for men and no more than one drink per day for women are recommended. However, some people should 
not drink alcohol. People who have liver or kidney problems, certain other medical problems, or who are taking certain 
medications should not use alcohol.  

   Smoking Cessation 

 Smoking cessation has proven to be a very effective and cost-effective intervention. The US Public Health Service recom-
mends that clinicians counsel all patients who use tobacco to permanently quit Encompassed in this evaluation are current 
and past smoking status, with particular emphasis on smoking cessation within the prior 12 months  [  8  ] . Exposure to sec-
ondhand smoke also should be ascertained. The readiness for smoking cessation should be determined, with intervention by 
education, counseling, and social support as needed, and pharmacologic support (including nicotine replacement, bupro-
pion, varenicline) as warranted. Relapse-prevention skills should be taught and practiced. Smoking cessation can reduce 
cardiovascular risk by about one third in patients with CVD  [  9  ] .  

   Exercise 

 The main components of cardiac rehabilitation are described in a scientific statement from the AHA and the American 
Association of Cardiovascular and Pulmonary Rehabilitation  [  10–  12  ] . The objectives of cardiac rehabilitation include 
improvement in exercise habits and exercise tolerance. Attention should also be devoted to the emotional responses to living 
with heart disease, specifically, amelioration of stress and anxiety, and lessening of depression. In elderly patients, attention 
should be focused on functional independence. The return to an appropriate and satisfactory occupation is considered to be 
beneficial to both individual patients and society. 

 It is very important to counsel CAD patients about physical activity levels and exercise capacity. Attention needs to focus 
on potential barriers to increasing physical activity and to making behavioral changes. Moreover, referral to an exercise 
program should be implemented. Recommendations are for a minimum of 30 min and up to 60 min of moderate physical 
activity on most if not all days of the week, with strategies to incorporate increased physical activity into usual daily activities. 
Activities should initially be low impact, with gradual increases in activity duration and intensity. 

   Table 29.1    Diet and lifestyle 
goals for CAD risk reduction   

 Consume an overall healthy diet 
 Be physically active 
 Avoid use of and exposure to tobacco products 
 Aim for a healthy body weight 
 Aim for a normal blood pressure 
 Aim for recommended levels of low-density lipoprotein (LDL) cholesterol, high-

density lipoprotein (HDL) cholesterol, and triglycerides 
 Aim for a normal blood glucose 
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 A 20–30% reduction in all-cause mortality has been documented in patients with CVD who adhere to a regular physical 
activity regimen  [  13  ] . 

 The risk of cardiovascular complications from exercise should be assessed before initiation of exercise training, using a 
standardized assessment to identify patients who may have unstable symptoms or other factors that characterize them as at 
increased risk for adverse cardiovascular events. Symptom-limited exercise testing may be warranted before enrollment in 
an exercise-based cardiac rehabilitation program, with exercise test performance guiding the level of supervision required 
for exercise training. Energy expenditure is related to the intensity and duration of exercise. An individualized exercise 
prescription should incorporate aerobic and resistance training, and address specific patient comorbidities.  

   Weight Reduction 

 Obesity is an independent risk factor for CAD and adversely impacts cardiovascular risk factors. Measurement of weight, 
height, waist circumference, and calculation of body mass index provides the basis for establishing both short- and long-
term weight goals. Baseline data regarding daily caloric intake and dietary content of saturated fat, trans fat, cholesterol, 
sodium, and alcohol consumption are needed to establish the education and counseling needed regarding dietary goals and 
individualized dietary changes. 

 The body mass index goal for most adults is 18.5–24.9 kg/m 2 , with a waist circumference of <40 in. for men and <35 in. 
for women  [  14,   15  ] . Effective weight loss involves a combination of diet, physical activity/exercise, and a behavioral pro-
gram. While a 30-min daily exercise regimen is suitable as a global recommendation, exercise designed for weight reduction 
or maintenance of such weight reduction requires 60–90 min of daily exercise.   

   Established Risk Factors 

   Blood Pressure Management (Table  29.2 ) 

    Lowering arterial blood pressure reduces the risk for CAD. But several key questions related to blood pressure have caused 
a lot of debate: (1) What is the optimal blood pressure in patients with CAD? (2) Is there a J-shaped curve, which means 
that blood pressure that’s too low could harm the hypertensive patient with CAD? (3) Is it the blood pressure-lowering effect 
or the choice of antihypertensive drug that leads to the most cardiovascular protection? 

 Overwhelming data show that CAD can be prevented or its progression can be delayed when aggressive targets are 
achieved for major CVD risk factors. As in primary and secondary prevention, the effectiveness of the blood pressure-
lowering therapy is evaluated by the degree of blood pressure lowering and the ability of the chosen regimen to reduce clini-
cal end points: myocardial infarction, unstable angina, and ischemic heart disease in general  [  16–  18  ] . 

 The current consensus target for BP is <140/90 mmHg in general and <130/80 mmHg in individuals with diabetes mel-
litus or chronic kidney disease  [  16  ] . At present, no clinical trials are designed to answer the question about the most appro-
priate BP target(s) for individuals with latent or overt CAD. 

 The results of the ACCORD (Action to Control Cardiovascular Risk in Diabetes) trial have intensified the debate about 
an optimal blood pressure goal  [  19  ] . This trial studied patients with type 2 diabetes at high risk for cardiovascular events, 
targeting a systolic blood pressure (SBP) of less than 120 mmHg, compared with less than 140 mmHg. The trial demon-
strated that there was no difference between these two blood pressure levels in reducing the rate of a composite outcome of 
fatal and nonfatal major cardiovascular events. 

 The CAMELOT (Comparison of Amlodipine vs. Enalapril to Limit Occurrences of Thrombosis) substudy analyzed 
results from 274 patients with CAD who completed the coronary intravascular ultrasound substudy  [  20  ] . Results showed 

   Table 29.2    Antihypertensive 
drugs and coronary artery 
disease   

 ACE-inhibitor (ARB as alternative) 
 Beta-blocker (angina pectoris, post-MI, post-PCI, post-CABG) 
 Calcium antagonist 
 Diuretic (thiazide) 
 Vasodilator (long-acting nitrates) 

   ACE  angiotensin-converting enzyme;  ARB  angiotensin receptor 
blocker;  MI  myocardial infarction;  PCI  percutaneous interven-
tion;  CABG  coronary artery bypass graft  
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that subjects with a normal blood pressure according to the definition given in the Seventh Report of the Joint National 
Committee (JNC) on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (<120/80 mmHg) had a 
mean decrease in atheroma volume of 4.6 mm  [  3  ] , those considered prehypertensive (120–139/80–89 mmHg) had no sig-
nificant change in atheroma volume, and those considered hypertensive ( ³ 140/90 mmHg) had a mean increase in atheroma 
volume of 12.0 mm  [  3  ] . This study showed the importance of achieving blood pressure goals, especially in those patients 
with CAD. However, the controversy remains about specific blood pressure treatment goals for individuals with nascent or 
overt CAD. From a pathophysiological perspective, it can be argued that very low SBP values (<120 mmHg) may be appro-
priate to reduce myocardial workload. This contrasts with the concern that excessive lowering of diastolic blood pressure 
(DBP) may impair coronary perfusion. 

 Whether lowering DBP improves cardiovascular outcome only when coronary perfusion is maintained above the lower limit 
of coronary autoregulation remains the subject of debate. Data from controlled trials have not shown a J curve. The Hypertension 
Optimal Treatment (HOT) trial randomized 18,790 patients with an average pretreatment blood pressure of 170/105 mmHg to 
three treatment groups with different DBP targets:  £ 90,  £ 85, or  £ 80 mmHg  [  21  ] . At the study’s end, little separation existed in 
the achieved DBP (mean values 85.2, 83.2, and 81.1 mmHg, respectively), which impaired the ability to detect any meaningful 
difference among treatment groups. Lower blood pressure did not further decrease or increase the incidence of adverse cardio-
vascular events, except for a small increase in mortality in those whose diastolic pressures were reduced to <70 mmHg. 

 The International Verapamil–Trandolapril Study (INVEST) included 22,576 patients with known CAD and hypertension 
 [  22  ] . Subjects with DBP values lower than 70 mmHg were associated with increased risk for myocardial infarction; how-
ever, subjects with DBP <70 mmHg were older than those with higher diastolic blood and were more likely to have a history 
of myocardial infarction, bypass surgery and angioplasty, diabetes mellitus, heart failure, and cancer. 

 Although lower SBP values are associated with better ischemic heart disease outcomes, the evidence that excessive low-
ering of DBP may compromise cardiac outcomes (J-shape curve) is inconsistent. So, for patients with an elevated DBP and 
occlusive CAD with evidence of myocardial ischemia, it seems prudent that their blood pressure should be lowered slowly, 
and caution is advised in inducing falls of DBP below 60 mmHg if the patient has diabetes mellitus or is over age 60. 

 The effect of blood pressure-lowering drugs in reducing the risk of disease is entirely or largely due to blood pressure 
reduction, with one main exception – a special, extra effect of beta-blockers in people who have had a recent myocardial 
infarction  [  18  ] . 

 In patients with CAD, the heart outcomes prevention evaluation trial (HOPE trial) (ramipril-based regimen) and the 
EUROPA (EURopean trial on reduction of cardiac events with perindopril in stable coronary artery disease trial) (perindo-
pril-based regimen) study provided evidence-based medicine data that angiotensin converting enzyme inhibitor (ACE-
inhibitors) for patients with CAD further reduced significantly the risk for a cardiovascular event  [  23,   24  ] . 

 The AHA scientific statement regarding “treatment of hypertension in the prevention and management of ischemic heart 
disease” recommends aggressive blood pressure-lowering for the primary prevention of CAD in hypertensive patients. The 
recommended target blood pressure is <130/80 mmHg in individuals with any of the following: diabetes mellitus, chronic 
renal disease, CAD risk equivalents, carotid artery disease (carotid bruit, or abnormal carotid ultrasound or angiography), 
peripheral arterial disease, or abdominal aortic aneurysm  [  17  ] . The choice of drugs remains controversial. There is a general 
consensus that the amount of blood pressure reduction, rather than the choice of antihypertensive drug, is the major deter-
minant of reduction in cardiovascular risk; however, sufficient evidence from comparative clinical trials supports the use of 
an ACE inhibitor (or angiotensin receptor blocker), calcium channel blocker, or thiazide diuretic as first-line therapy, supple-
mented by a second drug if blood pressure control is not achieved by monotherapy. Most patients will require two or more 
drugs to reach the goal, and when their blood pressure is >20/10 mmHg above goal, two drugs usually should be used from 
the outset. In an asymptomatic postmyocardial infarction patient, a beta-blocker is a more appropriate choice for secondary 
prevention for at least 6 months after the infarction and is the drug of first choice if the patient has angina pectoris.  

   Lipid Management (Table  29.3 ) 

      LDL Cholesterol and Statin Therapy 

 Statins should be considered as first-line drugs when LDL-lowering drugs are indicated to achieve LDL treatment goals. 
 LDL cholesterol plays a key role in the process of coronary atherosclerotic disease. Since the publication of the adult 

treatment panel (ATP) III guidelines in 2002 regarding the treatment of high blood cholesterol  [  14  ] , results from several 
landmark trials with statin therapy have led to additional recommendations  [  5,   25  ] . 

 Findings from additional lipid reduction trials involving more than 50,000 patients resulted in new, optional therapeu-
tic targets, which were outlined in the 2004 update of the National Heart, Lung, and Blood Institute’s ATP III report. 
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These changes defined optional, lower target cholesterol levels for very high-risk coronary heart disease patients, especially 
those with acute coronary syndromes (ACSs), and they expanded indications for drug treatment. These trials called for 
alterations in treatment guidelines, such that LDL-C should be <100 mg/dL for all patients with coronary heart disease and 
other clinical forms of atherosclerotic disease, but in addition, that it is reasonable to treat to LDL-C <70 mg/dL in such 
patients. When the <70-mg/dL target is chosen, it may be prudent to increase statin therapy in a graded fashion to deter-
mine a patient’s response and tolerance. Furthermore, if it is not possible to attain LDL-C <70 mg/dL because of a high 
baseline LDL-C, it generally is possible to achieve LDL-C reductions of >50% with either statins or LDL-C-lowering drug 
combinations. 

 A meta-analysis of 26 trials with 170,000 subjects clearly showed that the size of the proportional reduction in major 
vascular events is directly proportional to the absolute low-density lipoprotein cholesterol (LDL-cholesterol) reduction that 
is achieved, with further benefit from more intensive statin therapy, even if LDL cholesterol is already lower than 70 mg/dL 
 [  26  ] . These findings suggest that the primary goal for patients at high risk of occlusive vascular events should be to achieve 
the largest LDL-cholesterol reduction possible without materially increasing myopathy risk. Current therapeutic guidelines 
tend to emphasize the need to reach a particular LDL cholesterol target – for example, US National Cholesterol Education 
Program guidelines suggest that the objective in high-risk patients generally should be to reduce LDL cholesterol to below 
100 mg/dL or, optionally, for very high-risk patients, to below 70 mg/dL. By contrast, the results of this meta-analysis sug-
gest that lowering LDL cholesterol further in high-risk patients who achieve such targets would produce additional benefits 
without an increased risk of cancer or nonvascular mortality. 

 Guidelines have proposed that high doses of generic statins (e.g., 80 mg simvastatin daily) be used to achieve these 
 benefits, but such regimens may be associated with higher risk of myopathy. Instead, these benefits may be achieved more 
safely with newer, more potent statins (e.g., 80 mg atorvastatin or 40 mg rosuvastatin daily) and, potentially, by combination 
of standard doses of generic statins (e.g., 40 mg simvastatin or pravastatin daily) with other LDL-cholesterol-lowering 
 therapies. Serial measurement of lipid levels and of creatine kinase and liver function test levels are based on recommenda-
tions of the National Cholesterol Education Program Adult Treatment Panel. 

 If transaminase levels persist at more than 3 times the upper limit of normal, the FDA recommends discontinuation of 
therapy. If a patient does not tolerate statin therapy and develops myopathy, one needs to consider other therapies for CAD 
patients: fibrates, nicotinic acid. In case of statin drug interaction, (e.g., warfarin, cyclosporine, macrolide antibiotics and 
certain antifungal drugs) pravastatin is the safest statin to use because it does not interfere with the cytochrome P-450 3A 
(CYP3A)-dependent metabolism.  

   Bile Acid Sequestrants 

 One of the oldest cholesterol-lowering medications is the bile acid sequestrant. 
 Bile acid sequestrants moderately reduce LDL cholesterol and reduce CHD risk  [  27,   28  ] . They are additive in LDL 

cholesterol-lowering in combination with other cholesterol-lowering drugs. 
 Bile acid sequestrants should be considered as LDL-lowering therapy for persons who cannot tolerate either statin therapy or 

other lipid-lowering medication, and for combination therapy with statins in persons with very high LDL-cholesterol levels. 

   Table 29.3    Lipid-lowering 
drugs      

 Statins 
 Low potency; simvastatin, pravastatin, lovastatin, fluvastatin, pitavastatin 
 High potency: atorvastatin, rosuvastatin 

 Bile acid sequestrants 
 Cholestyramine 
 Colesevalam 
 Colestipol 

 Nicotinic acid/niacin 
 Fibrates 

 Gemfibrozil 
 Fenofibrate 
 Bezafibrate, Ciprofibrate, Clofibrate 

 Ezetimibe 
 n-3 (omega) fatty acids 
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 A moderate dose of a sequestrant to a statin can further lower LDL cholesterol by 12–16%. Cholestyramine and colesti-
pol are bile acid sequestrants available in the USA. They remain unabsorbed in their passage through the gastrointestinal 
tract and lack systemic toxicity. They also cause various gastrointestinal symptoms, notably constipation. They can decrease 
the absorption of a number of drugs that are administered concomitantly. The general recommendation is that other drugs 
should be taken either an hour before or 4 h after administration of the sequestrant. Bile sequestrants have a tendency to 
raise triglycerides.  

   Nicotinic Acid/Niacin 

 Nicotinic acid (niacin) favorably affects all lipids and lipoproteins. These compounds may not be confused with nicotinamide, 
which has only a vitamin function and does not affect lipid and lipoprotein levels. Niacin lowers total cholesterol, LDLcholesterol 
and triglyceride levels, and also raises HDL-cholesterol levels. Niacin typically reduces LDL cholesterol by 10–25%. 

 The Coronary Drug Project demonstrated that niacin reduced the risk of recurrent myocardial infarction and total mortal-
ity during 15 years of follow-up  [  29  ] . This trial was performed before the development of statin therapy. The THRIVE study, 
also known as HPS-THRIVE, is an international study which investigates whether combining niacin with a new drug 
(MK-0524A) that minimises the facial flushing of niacin, will reduce CVD events in patients with a history of MI, stroke, 
peripheral arterial disease already treated with a statin-based therapy. Decreased rates of atherosclerotic progression were 
also observed in three quantitative angiographic trials. In all of these trials (familial  atherosclerosis treatment study [FATS] 
 [  30  ] , HDL-atherosclerosis treatment study [HATS]  [  31  ] , and cholesterol lowering atherosclerosis study [CLAS]  [  32  ] ), nico-
tinic acid was combined with other LDL-lowering drugs and the effects were  compared to placebo. 

 Niacin is the only lipid-lowering compound shown to reduce lipoprotein a (Lp a) up to 30% with high doses  [  33  ] . 
Whether Lp(a) lowering by nicotinic acid therapy reduces risk for CHD is not known and is under investigation in the 
THRIVE study. 

 Niacin-like compounds also raise HDL cholesterol by 15–30% and reduce triglycerides by 20–50%. 
 The major side effect of niacin is flushing, which is less with the slow- or extended-release drug. Less-severe flushing 

generally occurs when the drug is taken during or after meals, or if aspirin is administered prior to drug ingestion. Other 
major side effects are hyperuricemia, gout, and hyperglycemia. Niacin can also increase liver function test results, with a 
minimal risk for hepatotoxicity. 

 Nicotinic acid or niacin can be used in CAD patients in combination with statins if LDL cholesterol is not at goal and in 
case of dyslipidemia (low HDL cholesterol and high triglycerides). It can be an alternative therapy when CAD patients do 
not tolerate statin therapy.  

   Fibrates 

 Fibrates reduce triglycerides by 25–50%, with the most reduction in patients with severe hypertriglyceridemia. Fibrate 
therapy will raise HDL cholesterol by 10–15%, but greater increases can occur in persons with very high triglyceride levels 
and very low HDL-cholesterol levels. Fibrates are generally well tolerated in most persons. Gastrointestinal complaints are 
the most common. Fibrates do increase the likelihood of cholesterol gallstones. Fibrates bind strongly to albumin and, con-
sequently, can cause a rise in plasma concentrations of concomitant drugs such as warfarin, leading to an increased antico-
agulant effect. Serum creatinine can rise in patients treated with fenofibrate. In cases of CHD patients with renal impairment, 
fibrate dosage needs to be reduced. Gemfibrozil in combination with statin therapy has a higher risk for myopathy than the 
combination of fenofibrate with statin therapy. 

 Clinical trials with fibrates have been less robust than trials with statin therapy in primary and secondary CHD preven-
tion therapy. In the Veterans Administration HDL Intervention Trial (VAHIT), a secondary prevention trial, gemfibrozil 
therapy reduced risk for CHD death and nonfatal myocardial infarction by 22%; stroke rates also were reduced by gemfi-
brozil therapy  [  34  ] . The Helsinki Heart Study, a primary prevention trial comparing gemfibrozil vs. placebo, showed a 37% 
reduction in fatal and nonfatal myocardial infarctions and no change in total mortality during the course of the study  [  35  ] . 
After 8.5–10 years of follow-up, noncardiac death and all-cause mortality were numerically higher, but not statistically 
significant in the group that received gemfibrozil during the study. More recently, the ACCORD study demonstrated that 
the combination of fenofibrate and simvastatin did not reduce the rate of fatal cardiovascular events, nonfatal myocardial 
infarction, or nonfatal stroke, as compared with simvastatin alone in the majority of high-risk patients and those with type 
2 diabetes  [  36  ] .  
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   N-3 (Omega) Fatty Acids 

 N-3 fatty acids (linolenic acid, docosahexaenoic acid [DHA], and eicosapentaenoic acid [EPA]) lower serum triglycerides 
by reducing hepatic secretion of triglyceride-rich lipoproteins. They can be used as an alternative therapy for fibrates or 
nicotinic acid for treatment of hypertriglyceridemia, particularly chylomicronemia. However, a recent meta-analysis regard-
ing a large number of studies about the effect of omega-3 fatty acids on CHD mortality and restenosis showed a modest 
reduction in mortality and restenosis  [  37  ] . Caution must be exercised in interpreting these benefits, as results were attenu-
ated in higher-quality studies, suggesting that bias may be at least partially responsible. Additional high-quality studies are 
required to clarify the role of omega-3 fatty acid supplementation for the secondary prevention of CVD.  

   Ezetimibe 

 Ezetimibe represents a new class of hypolipidemic drugs that inhibit cholesterol absorption in the small intestine  [  38  ] . The 
combination of ezetimibe with statins has been more effective than monotherapy alone in many randomized trials. Ezetimibe 
has been used in addition to statin therapy or in case patients who are intolerant of statins. Ezetimibe further lowers LDL 
cholesterol and is generally well tolerated. 

 The results of the IMPROVE-IT trial are expected in 2012. The IMPROVE-IT trial is a randomized, active-control, 
double-blind study of subjects with stabilized, high-risk ACS. Its primary objective is to evaluate the clinical benefit of a 
10:40-mg ezetimibe-simvastatin combination, compared with simvastatin 40 mg. If the LDL-C response is inadequate, the 
dose of simvastatin in the ezetimibe–simvastatin combination or simvastatin arm, as appropriate, may be increased to 
80 mg. Clinical benefit will be defined as the reduction in the risk of the occurrence of the composite endpoint of CV death, 
major coronary events, and stroke. Recently, the final results of the Study of Heart and Renal Protection (SHARP) were 
announced. SHARP showed that cholesterol lowering with a combination of simvastatin and ezetimibe in patients with 
kidney disease significantly reduced the risk of major atherosclerotic events by 17% and the primary end point for the study, 
major vascular events, by almost the same amount.  

   Interval Follow-Up 

 Maximum lowering of LDL and triglycerides, and rising of HDL cholesterol is achieved within 6 weeks of initiating drug 
therapy. Thus, the first follow-up visit should occur 6–8 weeks after initiating drug therapy. If the dose is increased, monitor-
ing should be continued at 6–8 weeks until the final dose is determined. 

 If the initial dose of the drug must be increased or another drug added in an effort to reach the treatment goal(s), the 
patient should be seen in another 6–8 weeks for follow-up evaluation of the new drug regimen. Once the patient has achieved 
the treatment goal(s), follow-up intervals may be reduced to every 4–6 months. The primary focus of these visits is encour-
agement of long-term adherence with therapy. Once the therapy is established, the patient is at goal, and there is a good 
therapeutic adherence, then follow-up checks of lipid levels and liver function are necessary once a year. If the patient has 
symptoms of myalgia, CK should be checked.   

   Antiplatelet Therapy 

   Aspirin 

 Aspirin is the milestone therapeutic step in the primary and secondary prevention of coronary heart disease  [  39,   40  ] . Aspirin 
should be administered in a dose of 325 mg in an ACS. In primary and secondary prevention, the mean dose of aspirin is 
about 81 mg/day. Regarding healthy women, the more recent Women’s Health Study randomized controlled trial found no 
significant benefit from aspirin in reducing cardiac events. However, stroke was significantly reduced  [  41  ] . Subgroup analy-
sis showed that all benefit was confined to women over age 65. AHA guidelines recommend to “consider” aspirin in 
“healthy women” <65 years of age “when benefit for ischemic stroke prevention is likely to outweigh adverse effects of 
therapy”  [  42  ].  

 Despite proven benefits of aspirin, recurrent vascular events still occur. This has led to the concept of “aspirin resistance.” 
 [  43  ]  Measurement of platelet response to aspirin is made possible using a number of in vitro laboratory assays of platelet 
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function. The phenomenon of aspirin resistance is important as it raises the possibility of developing strategies to identify 
those who respond best to a particular antiplatelet regimen.  

   Thienopyridines 

 Thienopyridine therapy has been evaluated as an alternative to or in addition to aspirin treatment (dual antiplatelet therapy) 
to reduce CV events  [  44  ] . The absolute risk reduction from thienopyridines is greater in patients at higher CV risk, particu-
larly those with ACSs or patients who have had a coronary stent implanted. The potential benefits of antiplatelet therapy for 
CAD have been amply demonstrated over the past 2 decades, especially regarding the role of thienopyridine drugs, such as 
ticlopidine, clopidogrel, and prasugrel. Ticlopidine has been replaced by clopidogrel because of the risk of leucopenia 
induced by ticlopidine. 

 Adding clopidogrel to aspirin may produce additional benefit for those at high risk and those with established CVD. 
A meta-analysis was performed where all randomized controlled trials compared long-term use of aspirin plus clopidogrel, 
with aspirin plus placebo or aspirin alone in patients with coronary disease, ischemic cerebrovascular disease, peripheral 
arterial disease, or who were at high risk of atherothrombotic disease  [  45  ] . 

 The CHARISMA and clopidogrel in unstable angina to prevent recurrent events (CURE) studies were the most impor-
tant. The CURE study only enrolled patients with a recent non-ST segment elevation ACS  [  46  ] . The use of clopidogrel plus 
aspirin, compared with placebo plus aspirin, was associated with a lower risk of cardiovascular events ( OR : 0.87, 95% CI 
[0.81, 0.94];  p  < 0.01) and a higher risk of major bleeding ( OR  1.34, 95% CI [1.14, 1.57];  p  < 0.01). Overall, we would expect 
13 cardiovascular events to be prevented for every 1,000 patients treated with the combination, but six major bleeds would 
be caused. In the CURE trial, for every 1,000 people treated, 23 events would be avoided and 10 major bleeds would be 
caused. In the CHARISMA trial, for every 1,000 people treated, five cardiovascular events would be avoided and three 
major bleeds would be caused  [  47  ] . 

 This analysis demonstrated that the use of clopidogrel plus aspirin is associated with a reduction in the risk of cardiovas-
cular events and an increased risk of bleeding compared with aspirin alone. Benefits outweigh harms only in patients with 
acute non-ST coronary syndrome. 

 Dual antiplatelet therapy with aspirin and clopidogrel reduces stent thrombosis following percutaneous coronary 
intervention (PCI). Patients who are implanted with a bare metal stent are recommended to receive at least 1 month of 
clopidogrel, and patients receiving a drug-eluting stent are recommended to receive dual therapy for at least 12 months. 

 Antiplatelet agents increase the risk of bleeding associated with mucosal breaks in the upper and lower gastrointestinal 
(GI) tracts. It is well known that CAD patients taking aspirin with or without a thienopyridine often take a proton pump 
inhibitor (PPI). The magnitude of reducing the antiplatelet effect of clopidogrel in case patient takes a PPI is still controver-
sial  [  47  ] . Large, well-controlled randomized trials are necessary. 

 A number of nonthienopyridine oral antiplatelet drugs are under development, including ticagrelor, which is a novel, revers-
ible, direct-acting P2Y12 receptor blocker. Several studies are underway to compare these agents with a thienopyridine.     

   Frequently Asked Questions 

   Should We Pay More Attention to Non-HDL Cholesterol? 

 In CAD patients with high triglycerides, the combination of LDL cholesterol and very-low-density lipoprotein (VLDL) 
cholesterol – “non-HDL cholesterol” – represents atherogenic cholesterol. It is calculated routinely as total cholesterol minus 
HDL cholesterol. Non-HDL cholesterol is a secondary target for CAD patients with elevated triglycerides. Changes in life-
style habits are primary therapy for elevated triglycerides. Special treatment will be considered for different triglyceride 
categories.  

   Are Vitamin Supplements Beneficial to CAD Patients? 

 Despite a large number of CAD patients who take vitamin supplements, no scientific clinical trial with vitamin B6 and folic 
acid has shown any beneficial effect on CAD progression or in reducing cardiovascular morbidity and mortality. 
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 Recently, vitamin D deficiency has been linked to coronary heart disease. Anderson et al.  [  48  ]  prospectively analyzed a 
large electronic medical records database that included 41,504 patients with at least one measured vitamin D level. The 
prevalence of vitamin D deficiency ( £ 30 ng/mL) was 63.6%, with only minor differences by gender or age. Vitamin D 
deficiency was associated with highly significant increases in the prevalence of diabetes, hypertension, hyperlipidemia, and 
peripheral vascular disease. Also, those without risk factors but with severe vitamin D deficiency had an increased likelihood 
of developing diabetes, hypertension, and hyperlipidemia. Vitamin D levels were also highly associated with CAD, myo-
cardial infarction, heart failure, and stroke (all  p  < 0.0001), as well as with incidence of death, heart failure, CAD/myocardial 
infarction (all  p  < 0.0001), stroke ( p  = 0.003), and their composite ( p  < 0.0001). These observations lend strong support to the 
hypothesis that vitamin D might play a primary role in CV risk. No studies indicate that vitamin D supplementation reduces 
CHD risk. 

 Vitamin D has been used to prevent and treat statin myopathy; however, clinical trial evidence demonstrating its efficacy 
is limited.  

   What About Hormone Replacement Therapy (HRT)? 

 HRT was used for many years to prevent coronary heart disease and heart attack in women who had gone through meno-
pause. Replacing certain hormones was thought to provide a heart-protective effect enjoyed by women before menopause. 
A research study that ended in 2002 found, however, that women who took HRT actually had higher rates of heart disease 
and stroke than women who did not take HRT. HRT is no longer recommended for prevention of heart disease  [  49  ] .   

   Therapeutic Adherence 

 Although the different cardiovascular risks are well known, and the benefits of treatment are well established, many persons 
are not adequately controlled. Efforts to bring arterial blood pressure and lipids to goal must address barriers to effective 
adherence. These include doctor–patient communication, cost of therapy, and side effects of medications. 

 Physicians and CAD patients must be mutually committed to the goals of therapy and achieving control of risk factors. 
Physicians must communicate instructions clearly and recommend therapies that are effective, affordable and have minimal 
or no adverse effects on the patient’s quality of life or overall cardiac risk profile.  

   Future 

 Large clinical trials have demonstrated repeatedly that a large residual risk exists in primary and secondary CHD prevention. 
The following questions still need to be addressed for CAD patients:

   1.    What is the optimal blood pressure level?  
   2.    What is the optimal RAAS blocker: ACE-inhibitor, angiotensin II receptor blocker, or a direct renin inhibitor or even an 

aldosterone antagonist?  
   3.    Will there ever be a statin therapy that will not be associated with myalgia?  
   4.    What is the optimal antiplatelet therapy in monotherapy or in combination with a minimal bleeding risk in the CAD 

patient in primary and secondary prevention, postangioplasty with stent, or postcoronary bypass graft?  
   5.    Where will the position of the cholesteryl ester transferase protein (CETP) inhibitors?     

 Several novel HDL-C therapies are in the research pipeline; however, only one class of medication is relatively close to 
clinical use – CETP inhibitors. Although the first clinically studied CETP inhibitor, torcetrapib, has received much negative 
attention from a large randomized trial showing increased mortality associated with its use, the overall class of therapeutic 
agents may still hold some benefit  [  50  ] . Currently, two new CETP inhibitors without the off-target effects of torcetrapib are 
undergoing clinical research. 

 In addition to specific therapies in development, guidelines such as JNC VII and ATP III urgently need to be updated. 
 Last but not the least, we need a more personalized and global preventive approach for patients with CAD, leading to 

continued reduction in CVD morbidity and mortality, a better quality of life, and cost savings.      
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        Promoting Innovation    

 Our history is replete with examples of innovation and discovery that emerge out of need or necessity, and ultimately reshape 
our lives and our world (Fig.  30.1 ). The discovery of fire, the printing press, the steam engine, the concept of gravity, electric 
lights, telephones, the concept of relativity, the automobile, the airplane, the computer, the cell phone, and countless other 
innovations cumulatively has changed our lives and our view of life and the world in which we live. These innovations arose 
from an idea, a need, or a call to action. One example that resulted in innovation was delivered by President John F. Kennedy 
in his September 12, 1962, speech at Rice University (Houston, TX). In this speech, he called the country to action  [  3  ] : 

  If … our progress teaches us anything, it is that man, in his quest for knowledge and progress, is determined and cannot be deterred. The 
exploration of space will go ahead, whether we join in it or not, and it is one of the great adventures of all time, and no nation which 
expects to be the leader of other nations can expect to stay behind in this race for space. …We choose to go to the moon. We choose to 
go to the moon in this decade and do the other things, not because they are easy, but because they are hard, because that goal will serve 
to organize and measure the best of our energies and skills, because that challenge is one that we are willing to accept, one we are unwill-
ing to postpone, and one which we intend to win, and the others, too.   

 A call to action – whether natural or in times of crisis – fuels innovation, invention, and discoveries. Innovations typi-
cally require a supportive environment that values discovery and embraces change (Fig.  30.1 ). Leaders need to speak regu-
larly about the need for a program to focus on big questions and make an impact in the world. The “top 10” lessons 
associated with success and innovation include programs:

    1.    That have a visible and clearly stated need for change and innovation  
    2.    That have shared values  
    3.    That promote communication and a clearly articulated mission  
    4.    That celebrate their success and their innovations  
    5.    That emphasize simplicity – a simple change or innovation is valued over the complex  
    6.    That value quality over quantity  
    7.    That encourage creative solutions to common problems – seeing the world fi lled with opportunities and not obstacles  
    8.    That recognize and know the customer  
    9.    That have a sense of history and historical excellence  
    10.    That recognize that failures lead to discoveries     

 The combination of leaders who embrace change, a supportive infrastructure, a collection of resources, and a clear need 
or crisis – such as cardiovascular disease – collectively fuel discoveries and paradigm shifts that have a profound impact 
on our patients’ lives and our world (Fig.  30.1 ). 

    Chapter 30   
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   Innovative Firsts    

 Cardiovascular medicine has a rich history of innovation (Fig.  30.2 ) and the University of Minnesota has had a palpable 
impact on the healthcare field through its cardiovascular discoveries. As the world’s first “heart hospital”  [  4  ] , the Variety 
Club Heart Hospital at the University of Minnesota was home to a number of young, pioneering cardiovascular surgeons 
(Fig.  30.3 ). Together, these surgeons, led by F. John Lewis, MD, successfully performed the world’s first open heart surgical 

  Fig. 30.1    Strategic 
investments fuel innovation. 
Strategic investments directed 
toward a clearly stated 
healthcare need (i.e., 
cardiovascular disease) with 
supportive, forward-looking 
leadership fuel innovation 
and paradigm shifts related to 
treatment of cardiovascular 
disease       

  Fig. 30.2    Innovations 
promote new treatments for 
cardiovascular disease. This 
timeline highlights cardiovas-
cular innovations, their 
pioneering investigators, and 
dates of the discoveries       
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procedure on September 2, 1952 with the repair of an atrial septal defect (ASD) in a 4-year-old child  [  5  ]  (Fig.  30.4 ). Using 
hypothermia to limit bleeding, University of Minnesota surgeons – Lewis, Varco, Lillehei, and others – proceeded to per-
form more than 50 additional ASD closures during the next several years  [  5  ] .    

 In order to perform more complex surgical repairs in patients with congenital heart disease, University of Minnesota 
surgeon C. Walton Lillehei, MD, assisted by physicians Richard Varco, Herbert Warden, and Morley Cohen, used cross-
circulation. This enabled the adult, ABO-compatible parent to serve as the biological oxygenator for the child undergoing 
surgical repair of the congenital heart defect (March 26, 1954) (Fig.  30.5 ). Some believed this cross-circulation procedure to 
be high risk, stating that a procedure with a possible 100% mortality now became a procedure with a possible 200% mortality 
 [  5–  8  ] . Despite these risks, Lillehei treated more than 45 patients using this technology and successfully performed the world’s 
first atrial ventricular canal repair, the world’s first tetralogy of Fallot repair, and the world’s first mitral valve repair  [  7  ] . 

  Fig. 30.3    The University of 
Minnesota was the site of the 
country’s fi rst heart hospital. 
The Variety Club Heart 
Hospital at the University of 
Minnesota served both 
pediatric and adult patients, 
and opened on March 18, 
1951 (courtesy of University 
of Minnesota Archives)       

  Fig. 30.4    The world’s fi rst 
open heart surgical procedure 
was performed at the 
University of Minnesota. 
Using hypothermia, the 
world’s fi rst open heart 
surgery (surgical closure of 
an ASD) was performed by 
F. John Lewis, MD, at the 
Variety Club Heart Hospital 
at the University of 
Minnesota on September 2, 
1952 (courtesy of University 
of Minnesota Archives)       
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Moreover, even in the absence of an ABO-compatible parent, the innovative surgeons successfully utilized dog lungs to 
oxygenate the patient’s blood  [  4  ] .  

 While these were bold initiatives, cross-circulation was not broadly used – rather, it served as a platform for the success-
ful use of the first heart–lung machine, the DeWall–Lillehei Bubble Oxygenator (May 13, 1955)  [  6  ] . This bubble oxygenator 
was a simple machine assembled with parts from the local hardware store and cost $15. Today, this discovery is used in 
more than 1,000,000 open heart surgical procedures. 

 These innovations allowed for new, unimaginable surgical interventions. Further innovations arose from the need to have 
portable, transistorized pacemaker support, as an electrical blackout resulted in the death of a postoperative, pacemaker-
dependent patient. One month later, an electrical engineer named Earl Bakken emerged with a transistorized pacemaker that 
was implanted in a University of Minnesota patient  [  4,   9  ] . This technology ultimately fueled the growth of Medtronic which, 
in its own right, has revolutionized the cardiovascular field. 

 In addition, the close collaborative interactions between University of Minnesota physicians and biomedical industry 
leaders resulted in the implantation of the first St. Jude Medical prosthetic valve at the University of Minnesota, which 
further impacted the field of prosthetic valves  [  4,   8  ] . Dr. Lillehei further contributed to the field with the discovery of pros-
thetic heart valves (Lillehei–Nakib toroidal disk valve, Lillehei–Kaster tilting valve, and Kalke–Lillehei rigid bileaflet valve) 
and contributed to the culture focused on discovery and invention. 

 Following the arrival of Jay Cohn, MD, to the University of Minnesota in 1974, new initiatives spurred development of 
clinical trials to guide therapies for heart failure (V-HeFT studies)  [  10  ] . These emerging pharmacotherapies had a major 
impact on survival for patients with heart failure, and a new subspecialty heart failure field was founded. Today, these thera-
pies, coupled with mechanical circulatory support devices, are associated with increased quality of life in patients with 
advanced heart failure. These University of Minnesota faculty members are accompanied by legions of discoverers that 
continue to impact our cardiovascular field and the lives of our patients. One additional measure of innovative products is 
the number of patents awarded for new devices and pharmacotherapies for patients with heart disease (Fig.  30.6 ).  

 Today, we have a growing cardiovascular epidemic that provides a mandate for knowledge and innovation. The goal of 
this chapter is to highlight emerging technologies that will impact the field and help guide us in improving therapies and, 
ultimately, finding a cure for this common and devastating disease.   

   Data Management and Coordination 

 Data accumulation has the potential to lead to new information and, ultimately, impact our knowledge about cardiovascular 
health and disease. The value of data accumulation has been recognized for thousands of years. Examples of data collection 
include various census recordings (population census, birth census, marriage census, death census, etc.) and, more recently, 

  Fig. 30.5    Cross-circulation 
surgical procedures allowed 
for more signifi cant 
cardiovascular surgical 
procedures to be performed. 
C. Walton Lillehei, MD, 
pioneered cross-circulation 
where the ABO-compatible 
parent served as the 
biological oxygenator for the 
child (the patient). This 
procedure enabled the 
world’s fi rst successful repair 
of a ventricular septal defect, 
tetralogy of Fallot, mitral 
valve repair, and more, at the 
University of Minnesota 
(courtesy of University of 
Minnesota Archives)       
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US personal databases, US criminal databases, World Political Database (information on current leaders from 185 countries), 
World Intellectual Property Organization (legal databases and information on patent systems), Art Guide (data on artists and 
museums), Thesaurus of Geographic Names (database of structured vocabulary of one million place names and 900,000 
places around the world), and countless others. 

 The seismic growth in data collection and management has been fueled by the discovery of the computer. Many inventors 
contributed to the genesis and evolution of the computer including Konrad Zuse (1936: first freely programmable computer), 
John Atanasoff (1942), John Bardeen, William Schockley, and Walter Brattain (1947: discovery of the transistor), John Backus 
and International Business Machines (1953/1954: first computer language – FORTRAN computer programming), Jack Kilby 
and Robert Noyce (1958: discovered the chip known as the integrated circuit), Douglas Engelbart (1964: discovered the com-
puter mouse and “windows”), Intel (1970: discovered the first RAM chip), Alan Shugart and IBM (1971: discovered the 
floppy disk), Robert Metcalfe and Xerox (1973: established Ethernet computer networking), IBM (1981: the personal com-
puter), Microsoft (1981: discovered MS-DOS computer operating system), Apple (1984: Apple Macintosh computer), and 
others  [  11  ] . The evolution of the computer further led to the development of the Internet by DARPA (the Defense Advanced 
Research Projects Agency) in order to share information on defense research between academic university laboratories and 
defense research facilities. This network capability (originally termed ARPANET, for Advanced Research Projects Agency 
NETwork) has proven to be a platform for information storage and impacts virtually every aspect of our lives today. 

  Electronic medical records : While our healthcare system relies on databases (i.e., PubMed, which includes more than nine 
million citations in MEDLINE; Pharmaceutical Information Network; AMA files on American Doctors, etc.), the imple-
mentation of this technology for patient care has not been fully realized  [  12  ] . Most US physicians and hospitals continue to 
rely on paper-based records. This is in part due to the challenges associated with changing the practice and behavior of busy 
professionals, and the associated costs to hospitals and practices to implement a comprehensive electronic medical record 
(EMR) – estimated between $20 M and $200 M per institution  [  13  ] . 

 Paper records have certain challenges; most states require that medical records be stored for a minimum of 7 years. 
Collation of paper-based health records for review by a provider can be time-consuming and complicated, and paper records 
can be associated with decreased quality of care for patients, sometimes resulting from medical errors due to poor legibility 
of handwritten orders. With the increasing mobility of our society, comprehensive implementation of an EMR will be essen-
tial to improve quality of care and to improve the efficiency and cost of care. 

 As of 2009, fewer than 10% of US hospitals have a fully integrated EMR  [  12  ] . Common barriers to achieving compre-
hensive implementation of a hospital EMR include inadequate financial resources for purchase of an EMR, resistance of 
healthcare workers (i.e., physicians), lack of information technology expertise, and unclear return on investment. Moreover, 
hospitals that adopt a comprehensive EMR will experience challenges during the transition from a paper-based system to 
an electronic system (as healthcare workers may expend too much time on the details of this transition, as opposed to the 
delivery of patient care, and the transition requires training the users – physicians, nurses, lab personnel, pharmacists, and 
everyone else with a patient-related role – on documentation  [  12  ] ). For example, the ability to “cut and paste” electronically 
may result in a 500-page electronic chart as opposed to a 50-page paper chart. In an attempt to encourage the adoption of 
an EMR in US hospitals, the Bush administration ($30B) and the Obama administration ($19B in a stimulus bill) have 
provided subsidies to hospital for implementing an EMR  [  14  ] . 

 Adopting a synchronized, comprehensive EMR that links every hospital in the United States is expected to result in more 
efficient (i.e., decreased healthcare costs), safer (decreased medical errors), and higher quality of patient care. This will 
represent a major innovation and technological advancement for our field. In addition to these improvements, electronic 
healthcare records will enable databases that can be mined for methods aimed at quality improvement, outcome measures 
(epidemiological studies), resource management, and surveillance (i.e., public health monitoring of communicable diseases). 

  Fig. 30.6    Increased 
discoveries for cardiovascular 
disease. Graphic depiction 
of the number of US patents 
for the treatment of 
cardiovascular disease       
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Moreover, the ability to build and link biorepositories to these EMRs such that every patient encounter is associated with a 
tissue specimen will be an unprecedented resource to examine a patient’s cellular and molecular profiles to predict, triage, 
and treat patients more effectively and to increase our knowledge about cardiovascular disease. This will truly lead to “per-
sonalized medicine.” 

 These strategies are already being adopted by CTSA (Clinical and Translational Science Awards, launched in 2006) 
institutions in order to form a network to promote clinical research and improve informatics communication. More than 55 
member institutions in 28 states and the District of Columbia use an electronic network aimed at promoting research toward 
preventing, treating, and curing disease. The CTSA Federation garners more than 3% of the National Institutes of Health 
(NIH) budget ($467 M allocated for the CTSA program in FY2010, from a $31B NIH budget), and is aimed at transforming 
clinical and translation research in our country  [  12  ] . 

   Surveillance Medicine 

 US healthcare costs continue to surge, with an estimated $1.3 trillion directed at caring for chronic diseases such as heart 
failure  [  15  ] . In response to these meteoric healthcare expenditures, home monitoring systems that help improve quality of 
life and decrease hospitalization are becoming more commonplace. Coordinated systems already exist to monitor pace-
maker life span, arrhythmias, pacemaker mode, and body weights, and allow for in-home analysis, diagnosis, and initiation 
of treatment plans for patients with heart disease prior to the arrival at a medical facility. Surveillance will expand to include 
blood pressure monitoring, hemodynamics monitoring, total body fluid status, and other cardiovascular metrics. 

 For example, percutaneous delivery of in vivo sensors to measure blood pressure, cardiovascular hemodynamics, or volume 
status would allow continuous monitoring, with the transmission of information using a standard telephone system to a secure 
website for review by the patient’s physician. Examples of such systems already being used for monitoring patients include 
the Reveal Loop Recorder to assess heart rate and rhythm disturbances, the Medtronic CareLink Network which allows 
patients with ICDs to transmit information using a portable monitor connected to their telephone line  [  16  ] , the OptiVol Fluid 
Status Monitoring System that evaluates thoracic fluid fluctuations  [  17  ] , and CardioMEMS for blood pressure monitoring  [  18  ] . 
Further advances are evident in real-time, wireless cardiovascular monitoring of patients using mobile devices, which will 
enable immediate lifesaving diagnoses and treatments with the use of a cellular telephone (Mednet Healthcare Technologies 
and AT & T Collaborations). These new initiatives may provide cross talk between the patient’s EMR and the in-home moni-
toring system. This is an embryonic field but has a significant capacity for growth and the potential to limit hospitalizations. 

 The greatest impact may be felt by patients with heart failure, a diagnosis that accounts for more than one million annual 
hospitalizations. Increased control and regulation of the patient’s heart rhythm and fluid status could have a significant 
impact on quality of life and healthcare expenditures. 

  Telemedicine : Telemedicine includes both remote surveillance and interactive services. Closely related to in-home surveil-
lance monitoring systems is the use of telemedicine strategies which will allow for increased collaborative, real-time interac-
tions between physicians in remote rural clinics and cardiovascular subspecialists. Such technologies allow patients to 
remain in their communities as opposed to traveling to quaternary medical centers in urban settings. 

 Telemedicine also facilitates the transfer of medical information through interactive, audiovisual media for the purpose 
of examinations, collaborations, or consultative initiatives. Telemedicine provides further support for primary care physi-
cians located in rural communities, allowing more rapid interventions and initiation of medical therapies  [  19  ] . Collectively, 
these technologies increase efficiencies, decrease expenditures, and improve patient satisfaction. 

 Examples of telemedicine include efforts directed toward telecardiovascular systems that transmit an ECG or use elec-
tronic stethoscopes in delivering cardiovascular care. Teleradiological systems enable transmission of digital radiological 
images between locations, and connect with telepharmacy systems that facilitate interaction between providers and those 
providing pharmaceutical care to patients in a remote location. 

 These innovations will have a significant impact on the delivery of health care to patients in their homes. In a sense, 
telemedicine represents the return of the house call by healthcare providers, whether physician or physician extender.  

   Personalized Medicine 

 Genomics is the study of the entire human genome and how it relates to function and disease. Following the sequence analysis 
of the human genome in 2001, additional tools have been developed to further define the role of molecular medicine and 
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emerging therapies. The Human Genome Project identified three billion nucleotide bases that were assembled to produce 
20,000–25,000 genes  [  20,   21  ] . New tools were developed to rapidly examine the mammalian transcriptome. Initially, microar-
ray technologies emerged to evaluate gene expression. These technologies were sensitive, specific, and highly reproducible. 

 The first generation of microarray technologies used complementary DNA (cDNA) chips or microarrays  [  22  ] . This plat-
form uses polymerase chain reaction techniques to amplify cDNA libraries and the individual amplicons spotted onto 
microscope slides. These cDNA libraries were generated from genetically modified cells, transgenic mouse models, or 
diseased tissues including congenital or acquired heart specimens. Usually, two total RNA samples are compared (normal 
vs. diseased) and each one is labeled with a unique fluorescent dye (Cy5 or Cy3), and equal amounts of RNA are hybridized 
for competitive binding to the chip. The chip is then washed, scanned, and analyzed for the signal intensity of the two RNA 
samples for each spotted amplicon (Fig.  30.7 ). The primary advantage of the cDNA microarray analysis is the ability for 
gene discovery and the relatively low cost. The major limitations for this technique include the relatively large amount of 
RNA that is required and the inability to compare more than two samples (Table  30.1 ).   

  Oligonucleotide microarrays : An alternative transcriptome analysis uses high-density oligonucleotide arrays where synthe-
sized oligomers (25–50 oligonucleotides in length) are spotted or printed on a slide. Both Affymetrix GeneChip and 
Luminex commercially produce oligonucleotide arrays for mouse and humans that allow for whole genome analysis. 

 Expression of each transcript is represented by pairs of overlapping oligonucleotide probes that is integrated and normal-
ized to the housekeeping genes (preselected)  [  23  ] . Typically, total RNA undergoes first- and second-strand synthesis to 
generate cDNA, which is biotin-labeled. The biotin-labeled cRNA is then fragmented, hybridized to the chip, washed, 
scanned, and analyzed. The advantage of the oligonucleotide arrays is the ability to compare many samples, as only one 
RNA sample is hybridized to one chip (Fig.  30.7 ). The limitation of the oligonucleotide array is cost, limited use for gene 
discovery, and the amount of RNA required for analysis (Table  30.1 ). 

  RNA-Seq : A recent, new, revolutionary tool for transcriptome analysis includes RNA-Seq which uses deep-sequencing 
technologies (30–400 bp)  [  24,   25  ]  (Fig.  30.7 ). This technology provides a more quantitative level of transcripts and their 
isoforms compared to other conventional microarray analyses (Table  30.1 ). Moreover, this technique has increased sensitiv-
ity compared to DNA microarrays, and is highly reproducible but limited by cost, transcript complexity, and the requirement 
of bioinformatics support. Overall, RNA-Seq is expected to replace microarrays for transcriptome analyses  [  25  ] . 

  Fig. 30.7    Transcriptome analysis promotes new knowledge for cardiovascular disease. Schematic comparison of cDNA, oligonucleotide, and 
RNA-Seq array analysis       
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 Using these new technologies, global gene expression analysis has been performed in mouse and human hearts. These 
technologies have unveiled molecular signatures of stem cells that “daughter” cardiomyocytes, and they have been instru-
mental in deciphering transcriptional networks that govern fate decisions and perturbations that result in congenital heart 
defects and acquired cardiomyopathy  [  26–  28  ] . 

 These transcriptome analyses have further defined molecular mechanisms that are associated with cardiac hypertrophy 
and failure of the adult heart. For example, these whole genome analyses were used to examine the molecular response of 
the adult failing human heart prior to and following hemodynamic unloading using mechanical circulatory support (i.e., left 
ventricular assist device [LVAD])  [  29–  32  ] . These studies revealed that the LVAD-supported heart had decreased scar forma-
tion and increased vasculoneogenesis. Future studies will continue to gather voluminous amounts of data that will ultimately 
be used to direct hypotheses and new therapies for patients with advanced heart failure. 

 Further uses of transcriptome analysis will be to predict disease, triage patients to specific therapies (personalized medi-
cine), and serve as a prognostic indicator  [  33,   34  ] . For example, previous studies used transcriptome analysis to triage 
patients with node-positive breast cancer to either aggressive chemotherapeutic regimens or conventional chemotherapy 
 [  35  ] . These studies identified a signature of gene expression that was associated with a good or poor outcome. Using these 
new technologies, patients with a good molecular signature would not be exposed to the side effects of aggressive chemo-
therapeutic regimens. 

 Similar protocols are being evaluated to tailor therapies for patients with cardiovascular diseases. For example, whole 
genome analysis is being used for patients with early-onset heart failure to discern which patients may rapidly progress to 
advanced heart failure and need more aggressive therapies. In addition, studies are in progress to examine whether cardiac 
transplant patients (based on their signature of gene expression) are likely to progress toward graft failure (i.e., chronic 
allograft vasculopathy) and warrant more aggressive immunosuppression agents, or if they are at low risk for vasculopathy 
(with a favorable signature of gene expression) and would receive decreased immunosuppression agents, limiting future 
malignancies associated with long-term immunosuppression use. Overall, transcriptome analysis will continue to revolu-
tionize care and triage patients to conventional or aggressive therapies in the near future.  

   Regenerative Cardiovascular Therapies 

 In response to a severe injury, many mammalian tissues have the capacity for complete regeneration and restoration of cel-
lular architecture  [  36–  38  ] . Skeletal muscle, skin, liver, bone marrow, gastrointestinal tract, and other tissues have this regen-
erative capacity  [  39–  51  ] . For example, an injury to skeletal muscle that destroys up to 90% of the tissue is associated with 
complete cellular regeneration within a 2–4-week period – with the cellular architecture indistinguishable from uninjured 
(normal) tissue  [  52  ] . (This regenerative capacity is due to a rare stem cell population, the myogenic stem cells that are resi-
dent in adult skeletal muscle). 

 In contrast to skeletal muscle, the heart has a more limited regenerative capacity. Recent studies using genetic mouse 
models, bromodeoxy uridine pulsing techniques, or  14 C-radiolabeling techniques suggest that the mouse and human heart 
are capable of cardiomyocyte renewal. A recent study by Bergmann et al. relied on the integration of carbon 14 into DNA 
as a measure of cellular (cardiac or vascular lineages) turnover  [  53  ] . This pulse of carbon 14 was due to above-ground 
nuclear tests that were ultimately discontinued in 1963 (Limited Nuclear Test Ban Treaty) and served to label cardiomyocytes 
such that the turnover of heart cells could be estimated by comparing the estimated age of the DNA of the cardiomyo-
cytes with the chronological age of the patient. Using the carbon 14 labeling strategy, an estimated 1% of the cardiomyocytes 
turned over each year, resulting in the renewal of about half of the cardiomyocytes in a 50-year-old heart (since birth)  [  53  ] . 

   Table 30.1    Technologies for gene expression analysis   

 Differential display  SAGE  cDNA microarray  Oligonucleotide microarray  RNA-Seq 

 Sample comparisons  Any  Any  Two  Any  Any 
 Amount of starting RNA  ~5  m g total  ~5  m g poly-A  ~1  m g Ply-A  ~1–8  m g  ~10  m g total RNA 
 Cost  Low  Medium  High  Medium to high  Low 
 Complexity of technique  Low  High  High  Medium  High 
 Reproducibility  Medium  Medium  Medium  High  High 
 Detection of novel genes  Yes  Yes  Possible  No  Yes 
 Global genetic profiling  No  Yes  Yes  Yes  Yes 
 Detection of differential splicing  Yes  No  Possible  Possible  Yes 
 Customization  Yes  Yes  Yes  No  Yes 
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These genetic and radiolabeling studies suggest that limited cardiomyocyte renewal or cardiomyocyte regeneration is pos-
sible in the adult human heart. 

  Cardiac stem/progenitor cell populations : Previous studies have identified stem or progenitor cells that reside in the adult 
heart  [  54  ]  (Fig.  30.8 ). More than six distinct cell populations have been isolated and characterized based on gene expression 
or cellular characteristics. These stem/progenitor cells include cardiospheres, c-kit +  cells, Sca-1 +  cells, SP cells, Isl1 +  cells, 
and SSEA-1 +  cells that have all been isolated from the adult heart and shown to have multipotency and increased prolifera-
tive capacity, and are capable of differentiating into cardiomyocytes  [  55–  66  ] .  

 The c-kit positive cells have been isolated from the adult heart and clonal studies support the notion that these stem/
progenitor cells have the capacity to daughter all lineages of the adult heart. A second stem/progenitor cell population that 
resides in the adult mouse and human heart is the side population or SP cells  [  57,   59,   65  ] . These cells are isolated using 
flow cytometry, are rare, and have a multidrug resistance protein (Abcg2) responsible for effluxing dye and allows for their 
identification and isolation. These cardiac SP cells have a tremendous proliferative capacity and are capable of forming 
cardiomyocytes  [  57,   59,   65  ] . 

 The characterization of these two stem/progenitor cell populations and others provides further support for cardiac regen-
eration by an endogenous cell population. Future studies will focus on defining signaling pathways and small molecules that 
can be delivered during the postinjury period (i.e., following a myocardial infarction) that will serve to enhance this regen-
erative process. 

  Cell therapy for heart disease : In contrast to the endogenous repair strategy, which is dependent on resident somatic (adult) 
stem cells in the adult heart, new strategies have focused on cell therapy initiatives to promote cardiac repair (Fig.  30.8 ). 
Cell therapy strategies in the form of bone marrow transplantation are proven therapies. Ever since the world’s first and 
second successful bone marrow transplants, which were performed at the University of Minnesota in 1967, this therapy has 
been used to treat more than 50,000 patients worldwide each year  [  67  ] . 

 Cell therapy trials using autologous bone marrow mononuclear cells have been used in a number of European trails (TOP 
CARE-AMI, BOOST, REPAIR-AMI, ASTAMI, etc.) following ischemic insult (AMI or STEMI)  [  68–  72  ] . More recently, 
the National Heart, Lung, and Blood Institute funded the Cardiovascular Cell Therapy Research Network which has under-
taken clinical trials using autologous bone marrow mononuclear cells at five participating institutions across the United 
States  [  73  ] . Collectively, these European and US trials support the notion that cell therapy in response to an ischemic car-
diovascular insult is safe and may be important in preventing cardiac remodeling. Future studies will examine whether cell 
therapy promotes cardiac regeneration, limits programmed cell death, and/or promotes neovascularization via a paracrine-
mediated effect. Studies will also be needed to determine whether small molecules can be substituted for cells and their 
effectiveness in promoting cardiac repair. 

  Human iPSCs : An alternative cell source for cardiovascular cell therapeutic initiatives includes the induced pluripotent stem 
cell population. Previous studies have demonstrated that mouse and human skin fibroblasts can be reprogrammed to a pluri-
potent stem cell population  [  74–  77  ] . Using forced gene expression (SOX2, NANOG, OCT4, and LIN28), Jamie Thomson’s 
laboratory demonstrated the capacity to reprogram human fibroblasts to a pluripotent stem cell population  [  76,   77  ] . Further 
studies have demonstrated the capacity of these iPSCs to differentiate to a cardiomyocyte fate. These technologies offer 
significant insights as a model for human diseases, as a cell population to assess the efficacy of personalized therapies, and 
as a potential donor source for regenerative therapies. 

  Fig. 30.8    Endogenous and 
exogenous progenitor/stem 
cells promote cardiac repair 
and regeneration. Resident 
stem cells and noncardiac 
stem cells may participate in 
cardiac repair (i.e., promote 
reverse remodeling) and 
regeneration       
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  Molecular band-aid for the failing heart : The prospect of translating to the clinic mechanistic insights derived from molecular 
cardiology studies has reached new heights in recent years. Cell-, gene-, and chemical-based technological advances have 
led to a wave of human clinical trials seeking new approaches to remediate acquired and inherited forms of cardiovascular 
disease. Highlighted below are two molecular cardiology advances that may one day serve as unique tools to effect positive 
outcomes in the course of human heart disease. 

 The roads to heart failure are complex and incompletely understood. There is growing evidence that one facet of failing 
heart muscle is the progressive loss of cardiac muscle membrane integrity owing to, at least in part, the loss of the key 
cytoskeletal protein dystrophin  [  78–  82  ] . The complete loss of dystrophin is well known to cause Duchenne muscular dys-
trophy (DMD), a progressive and fatal disease of weakened skeletal and cardiac muscle  [  83–  85  ] . In DMD, membrane 
instability in muscle underlies the molecular basis of disease pathogenesis in this uniformly fatal condition  [  86–  88  ] . 
Membrane damage is especially evident when muscles are subjected to conditions of increased mechanical stress. Animal 
models of DMD have shown strong evidence of stress-induced membrane micro-tears/damage in the dystrophic cardiac 
myocytes  [  86  ] . Dystrophin deficiency has also been reported in acquired forms of cardiac muscle dysfunction and disease, 
including aging and ischemia  [  81,   89,   90  ] . The confluence of altered cytoskeleton integrity and membrane instability in 
acquired heart disease leads to a new hypothesis that preservation of normal membrane function is central to preserving 
overall cardiac muscle performance. 

 At present, there are no effective treatments for cardiac muscle dysfunction resulting from acquired or inherited forms 
of muscle membrane instability. This underscores the significance in designing and testing new strategies to prevent mem-
brane instability in cardiac muscles with reduced membrane integrity owing to loss of dystrophin. Recently, the synthetic 
copolymer, poloxamer 188 (P188), an off-the-shelf Pluronic developed over a half-century ago for industrial applications, 
has been shown to have unique chemical properties in conferring striated muscle membrane sealant functionality  [  86,   87,   91  ] . 
The unique chemical properties of copolymer P188, in which a hydrophobic central core of polypropylene oxide residues 
are flanked on either end by hydrophilic polyethylene oxide moieties, enable this structure to engage with damaged muscle 
membrane, effectively preventing deleterious entities to enter (e.g., Ca 2+ ) or key cell constituents to leave (e.g., cTnI). The 
unique properties of P188 form a chemical-based molecular band-aid to preserve fragile membrane function and heart per-
formance under stress. The P188 molecular band-aid was recently shown in chronic, large, animal preclinical trials to block 
heart failure markers and the development of dilated cardiomyopathy in vivo  [  91  ] . Future studies seeking rational design of 
chemical-based molecular band-aid structures are ongoing and will serve to establish a new pipeline chemical with mem-
brane reparative functionalities. 

  Cardiac guardian angel: Single histidine-modified troponin I : Myocardial infarction causes marked decrement in heart 
performance owing in part to the deleterious effects of myoplasmic acidification on the cellular contractile apparatus 
 [  92  ] . Here the thin myofilaments, the very agents that govern the regulation of sarcomeric contraction in response to 
intracellular Ca 2+  transients, markedly downregulate their responsiveness to activating Ca 2+  in ischemia  [  93,   94  ] . This 
Ca 2+  desensitization of the sarcomere is related in part to the troponin I molecular switch mechanism of the thin filament 
 [  93,   95  ] . Hence, troponin I forms a central element in cardiac muscle dysfunction in ischemia, hypoxia, and acidosis 
 [  93,   94  ] . 

 During human heart development, two isoforms of troponin I are expressed. In fetal and early neonatal life, the slow 
skeletal troponin I isoform is expressed. Shortly after birth, expression of this embryonic isoform is extinguished and at the 
same time, with exquisite stoichiometric control, expression of the adult cardiac troponin I gene is activated. This develop-
mental switch has profound physiologic consequences, including rendering the adult heart much more sensitive to acidosis-
mediated sarcomeric Ca 2+  desensitization compared to neonatal/fetal myocardial  [  93–  95  ] . 

 Recent molecular deconstruction of the primary structures of the embryonic and adult troponin I isoforms has revealed 
a pH-sensitive “histidine button” that dictates in large measure the pH-dependent desensitization of the cardiac sarcomere 
 [  94,   96–  99  ] . The histidine button is naturally present in all embryonic cardiac troponin isoform, and lost in the adult version 
in vertebrate evolution  [  99  ] . Genetic addition of this histidine button in the mammalian adult troponin I isoform produces a 
marked gain of function in the face of numerous pathophysiological challenges to the heart  [  96  ] . Unique features of this 
gain-in-function mechanism are that, under baseline conditions, heart performance is not altered by the engineered histidine 
button; it is only under stress conditions that new troponin-based functionality is revealed. In essence, this single histidine 
serves as a molecular guardian angel in the sarcomere, sustaining systolic and diastolic function under dire conditions of 
ischemia/hypoxia. 

 Future studies elucidating the molecular mechanism of sarcomeric regulation with this troponin modification will enable 
potential gene- or chemical-based approaches to redesign the underpinnings of sarcomeric structure and function in heart 
health and disease  [  100  ] .  
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   Cardiovascular Devices 

 Numerous cardiovascular devices have been used to promote rhythm control and hemodynamic stability. Ever since the first 
implantation of the transistorized pacemaker at the University of Minnesota in 1958, new technologies have improved the 
quality of life and improved survival in patients with heart disease  [  4  ] . For example, the development of the dual-chambered 
pacemaker, the biventricular pacemaker, the implantable cardioverter defibrillator, and others have been implanted in mil-
lions of patients worldwide  [  101  ] . These devices emphasize the role of minimally invasive strategies to deploy and maintain 
(i.e., generator changes) these technologies. Future studies may include the development of extended-life batteries, minia-
turization of generators, development of the bioartificial pacemaker, or use of other cardiovascular devices that can be 
deployed percutaneously. 

  Percutaneous heart valves : Intense interest has focused on the percutaneous deployment of cardiac valves. Increasing patient 
age, decreased functional status, medical comorbidities, and decreased cardiac function have fueled the development of 
nonsurgical, catheter-based delivery and placement of prosthetic heart valves. Examples of percutaneous heart valves 
include the Sapien (Edwards Lifesciences), the CoreValve (Medtronic), and the Melody Pulmonic Valve (Medtronic)  [  102  ] . 
A recent review of this emerging technology recorded a 30-day survival of 89%. Associated adverse events included life-
threatening arrhythmias, ventricular perforation, and vascular access complications. Overall, this new technology is a prom-
ising therapeutic alternative in patients who have severe valvular disease and are poor surgical candidates. 

  Septal occlude devices : While the world’s first open heart surgical procedure was undertaken to repair an ASD in a patient 
at the University of Minnesota (1952), today such procedures are routinely performed nonsurgically  [  4,   5  ] . In addition to 
percutaneous valve replacements, septal occluder devices have been developed to nonsurgically repair (close) atrial and 
ventricular septal defects. These devices are now placed in a cardiac catheterization laboratory. The treatment of structural 
heart disease will increasingly rely on nonsurgical, percutaneous strategies. 

  Mechanical circulatory support : Other cardiovascular devices provide mechanical circulatory support for acute and chronic 
advanced heart failure  [  103  ] . The limited success of the total artificial heart has resulted in development of ventricular assist 
devices that allow for retention of the failed heart and rerouting of the blood from the left ventricle (apex) to the ascending 
aorta. The pumps support the right (RVAD), left (LVAD), or both (BiVAD) ventricles. These continuous-flow pumps offer 
lifesaving technology and improved quality of life as a destination or bridge to transplant support. A limitation of this tech-
nology is the exteriorization of the driveline resulting in increased incidence of infections. Future product developments will 
focus on a smaller pump; internalization of the driveline; production of extended-life, battery-powered devices; and percu-
taneous placement of high-output VADs. 

  Bioartificial heart : Recent bioengineering studies support the notion that a bioartificial heart or sections (slices) of heart may 
be used for regenerative therapeutic applications. Using detergents, the entire adult rat, porcine, and human heart have been 
decellularized and repopulated with stem cell populations that differentiate to form all lineages of the heart (i.e., cardiomyo-
cytes, smooth muscle cells, endothelial cells, etc.)  [  104  ] . Such a strategy emphasizes the role of the extracellular matrix and 
its supportive role as a scaffold in rebuilding the heart. Using such a strategy, investigators at the University of Minnesota have 
proposed the use of human cadaveric hearts to rebuild patches or the generation of a total bioartificial heart from the recipient’s 
stem cell population  [  104  ] . While such an initiative could provide an alternative tissue source for orthotopic heart transplanta-
tion (i.e., solid organ transplantation), these technologies may also provide new insights regarding tissues for repairing struc-
tural heart disease, as opposed to replacing the entire organ. Overall, the biomedical engineering field has revolutionized the 
cardiovascular field and will continue to impact the field of structural heart disease and advanced heart failure.  

   Minimally Invasive Surgical Procedures 

 Conventional cardiac surgical procedures require median sternotomy in order to fully expose the heart and great vessels. 
Recent efforts have used minimally invasive strategies without cardiac standstill or use of the heart–lung machine. Minimally 
invasive surgical procedures are used for valvular repair/replacement or coronary artery surgical revascularization 
(MIDCAB), and require smaller incisions (2–4-in. incisions)  [  105  ] . Robot-assisted cardiac surgery is a minimally invasive 
surgical procedure that uses a computer console and the surgeon controlling the robot’s arms with small levers  [  106  ] . The 
advantage of this procedure is an even smaller incision (<2 cm), thus liming the risks of infection, bleeding, stroke, or pro-
longed hospital stay. These technologies will expand the procedures provided to elderly patients and those who have more 
significant comorbidities.  
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   Preventive Cardiovascular Medicine 

 Increasing efforts are focusing on prevention as opposed to the costly treatment of end-stage, advanced heart failure. 
Focusing on smoking cessation, diet control, physical activity, blood pressure control, and cholesterol control has had a 
significant impact on cardiovascular disease prevention. 

 The Framingham Heart Study was launched in 1948 to identify common factors that contribute to cardiovascular disease 
 [  107  ] . The initial cohort included 5,209 men and women living in the town of Framingham, MA, and now includes study 
participants spanning multiple generations  [  107  ] . Results from these studies helped formulate the Framingham Risk Score as 
a predictor (low vs. intermediate vs. high risk) for myocardial infarction. While issues suggest that such a score may not be 
broadly applied – as the study group was largely Caucasian and did not completely address issues surrounding gender and 
metabolic syndrome – this study population has provided a foundation for further studies. The Rasmussen Risk Score 
(University of Minnesota) and the Dallas Heart Study (University of Texas Southwestern Medical Center) are complementary 
study populations that use a series of noninvasive clinical tests and have increased diversity of study participants  [  108,   109  ] . 
The use of genotyping strategies in conjunction with these risk scores may further advance the predictive scores and tailor 
medical therapies to treat patients at risk for an adverse cardiovascular event, namely stroke or myocardial infarction. 

 Disclosure: J.M. Metzger is on the scientific advisory board of and holds shares in Phrixus Pharmaceuticals Inc., a com-
pany developing novel therapeutics for heart failure.       
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  A 
  Abnormal origin, coronary arteries 

 four courses, ACAOS , 140–142  
 left coronary artery from right pulmonary artery , 139  
 from opposite sinus , 139–140  
 pulmonary trunk 

 left coronary artery , 137–139  
 one of two coronary arteries from , 132–136  
 RCA from , 136–137  

 variations in level 
 acquired , 127–129  
 congenital , 126, 127  
 normal , 126  

 variations in sites 
 atresia, left coronary ostium , 132  
 single coronary artery , 130–132  
 single coronary ostium , 129   

  ACAOS 
 coronary arteries from right aortic sinus , 149–150  
 RCA from left sinus , 148–149  
 RCA from posterior (noncoronary) sinus , 149  
 right sinus 

 interarterial LCA , 148  
 intraseptal LCA , 144, 148  
 LCA , 144, 146–147  
 prepulmonic LCA , 144, 147   

  ACATI.    See  Acyl-coenzyme A: cholesterol acyltransferase inhibitor  
  ACCORD.    See  Action to control cardiovascular risk in diabetes  
  ACHD.    See  Adult congenital heart disease  
  Acquired heart disease , 19, 26, 27   
  ACSs.    See  Acute coronary syndromes  
  Action to control cardiovascular risk in diabetes (ACCORD) , 500   
  Acute chest pain 

 diagnostic evaluation 
 BMIPP , 72–73  
 CTCA , 73  

 FDG PET imaging 
 diagnostic value , 74–75  
 prognostic value , 75  

 myocardial viability with SPECT and PET imaging 
 myocardial metabolism , 74  
 myocardial perfusion , 74  

 post-MI risk stratification 
 INSPIRE study , 73  
 radionuclide angiography , 73  
 reversible defects , 72   

  Acute coronary syndromes (ACSs) 
 angina , 399, 400  
 angiogram , 312–316  

 atherosclerotic plaque rupture , 399  
 clinical diagnosis and natural history 

 laboratory tests , 310–311  
 risk classification methods , 311–312  
 symptoms , 310  

 downstream embolization , 399  
 etiology 

 atherosclerotic plaque , 307  
 causes , 309  
 clotting factor coagulation , 307, 308  
 intracoronary thrombosis , 309  
 macrophages rupture , 307  
 risk factors , 307  
 vasoconstriction , 307, 308  

 symptoms , 44, 47  
 thrombin , 399  
 treatments 

 antithrombotics , 316–317  
 bypass surgery , 317–318  
 medical therapy , 317  
 revascularization , 317   

  Acute myocardial infarction 
 atherosclerotic plaque , 292  
 definition , 321  
 hypereosinophilia , 293  
 mechanical complications 

 angiographic demonstration , 331–336  
 arrythmias , 341–342  
 cardiac rupture , 327–331  
 cardiogenic shock , 322–326  
 chronic mitral insufficiency , 338–341  
 left ventricular failure , 321–322  
 mitral insufficiency , 336–338  
 pathological demonstration , 336  
 pulmonary embolism , 343–345  
 systemic thromboembolism , 342–343  

 myocytes , 292  
 right ventricular failure , 345–346  
 sudden collapse , 293  
 symptoms , 293  
 transmural infarcts , 292   

  Acute myocardial infarctions (AMIs) , 192   
  Acyl-coenzyme A: cholesterol acyltransferase inhibitor (ACATI) , 190   
  ADA.    See  American Diabetes Association  
  Adult congenital heart disease (ACHD) 

 anemia and erythrocytosis , 37  
 anesthetic management for noncardiac procedures , 38  
 arrhythmias , 36  
 care, patient , 36  
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 Adult congenital heart disease (ACHD) (cont.) 
 heart failure and transplantation , 37  
 infective endocarditis and prophylaxis , 37  
 pregnancy , 38  
 prevalence , 35–36  
 quality of life , 38  
 thrombosis and thromboembolic events , 37   

  Adult treatment panel (ATP) , 501   
  Advanced glycation end products (AGEs) , 472   
  Advanced Research Projects Agency NETwork (ARPANET) , 513   
  AGEs.    See  Advanced glycation end products  
  AHA.    See  American Heart Association  
  ALLHAT-LLT.    See  Antihypertensive and Lipid-Lowering Treatment 

to Prevent Heart Attack Trial  
  American Diabetes Association (ADA) , 472   
  American Heart Association (AHA) , 499   
  AMIs.    See  Acute myocardial infarctions  
  Aneurysms 

 aneurysm cavity , 377  
 congenital disorders , 378  
 inherited diseases , 377  
 paclitaxel-coated stents , 378  
 saccular/fusiform , 377  
 tunica media , 377, 378   

  Angina pectoris 
 annual mortality rates , 273  
 ECSS Group , 282   

  Angioblasts.    See  Endothelial progenitor cells (EPCs)  
  Angiogenesis.    See  Vasculogenesis  
  Angiogram 

 characterization , 313  
 coronary imaging , 315–316  
 coronary lesions , 312  
 coronary stenosis morphology , 314  
 “culprit” lesions , 312  
 intraluminal filling defects , 313  
 progression risk , 313  
 quantitative angiogram , 314, 315  
 ulceration index , 314, 315  
 “ulcer crater” , 313, 314   

  Angiographic demonstration 
 atherosclerosis grades II to III , 180–181  
 confirmation of normal , 180  
 false LV aneurysm , 331, 332  
 false negative and agreement , 181, 182–183  
 LC arteriogram , 177–179  
 pathologic-angiographic correlates , 185  
 and pathologic correlations , 179–180  
 postmortem study 

 large false aneurysm , 333, 334  
 small false aneurysm , 333, 335  
 ventricular septum , 335, 336   

  Angiographic views 
 LAO projection , 106  
 projections 

 circumflex coronary artery , 107  
 left anterior descending coronary artery , 107, 108  
 left main coronary artery , 107, 108  
 right coronary artery , 109   

  Angiotensin-converting enzyme (ACE) inhibitors , 476   
  Angiotensin receptor blockers (ARBs) , 476   
  Anglo-Scandinavian Cardiac Outcomes Trial–Lipid Lowering Arm 

(ASCOT–LLA) trial , 477   
  Anterior descending coronary artery , 1, 3, 4   
  Antihypertensive and Lipid-Lowering Treatment to Prevent Heart 

Attack Trial (ALLHAT-LLT) , 477   

  Antiplatelet therapy 
 aspirin , 504–505  
 thienopyridines , 505   

  Antithrombotic treatment 
 acute infarction , 316  
 anticoagulants , 316  
 CURE trial , 317  
 heparin and aspirin , 317   

  Aortic atherosclerosis 
 angiographic demonstration , 161  
 causing coronary arterial obstruction , 159  
 left coronary ostial stenosis secondary to atherosclerosis , 

161, 162  
 pathologic demonstration , 159–160  
 right coronary ostial stenosis secondary to aortic 

atherosclerosis , 159   
  Aortic diseases 

 dissecting aneurysm , 163  
 saccular aneurysm , 163–164  
 secondary to syphilitic aortitis , 161, 163   

  Apical ballooning syndrome 
 BNP , 489  
 ECG, admission markedly abnormal , 489, 492  
 large anterior apical wall motion abnormality, diastol 

and systole , 489, 493  
 LV function , 489, 490  
 minimal luminal irregularities, plaque rupture/thrombus , 

489, 492   
  ARBs.    See  Angiotensin receptor blockers  
  ARPANET.    See  Advanced Research Projects Agency NETwork  
  Arrythmias 

 defibrillators , 341  
 sinus bradycardia , 341  
 subendocardial infarction 

 acute myocardial infarction , 341, 342  
 pathological finding , 341  

 ventricular fibrillation , 341   
  ASD.    See  Atrial septal defect  
  Aspirin 

 primary and secondary prevention, CHD , 504  
 resistance , 504–505   

  Atherectomy 
 directional atherectomy , 396  
 intraluminal tissue , 396  
 Rotablator , 396   

  Atheromas , 172, 173   
  Atheromatous progression, coronary arteries 

 AHA classification , 188, 190  
 contribution, intraplaque hemorrhage , 190–191  
 fibroatheroma 

 ACATI , 190  
 necrotic core expansion , 189, 190  

 heme toxicity and subsequent inflammation , 191  
 intimal thickening and fatty streaks , 188  
 PIT , 189  
 plaque morphologies, human coronary atherosclerosis , 188   

  Atherosclerosis 
 administration, stem and progenitor cells , 244–245  
 apolipoprotein E knockout (ApoE-/-) mice/express 

markers/GFP , 239  
 circulating stem cells and progenitor cells , 239  
 and diabetes 

 AGEs and LDL , 472  
 nuclear factor-kB , 471–472  
 principals , 471  

 endothelial and smooth muscle progenitor cells 
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 EPCs  vs.  coronary artery disease , 243–244  
 obstructive atheromatous plaque , 239  
 potential role, endothelial and smooth muscle progenitor cell , 

240–243   
  Atherosclerotic coronary artery disease 

 acute myocardial infarct , 292–293  
 causes , 291  
 complications , MI  

 hemopericardium and tamponade , 293, 294  
 myocardial ischemia , 293  
 septal rupture , 294, 295  
 ventricular aneurysm , 294, 295  

 coronary arterial thrombi , 293  
 healed myocardial infarction , 293, 294   

  ATP.    See  Adult treatment panel  
  Atrial coronary arterial supply 

 CX , 10  
 from left coronary system , 10, 12  
 from right coronary system , 10, 12, 13   

  Atrial septal defect (ASD) , 510–511    

  B 
  Balloon angioplasty 

 description , 389, 390  
 dissection , 389  
 guiding catheter , 389, 390  
 nuclear perfusion , 389  
 translesional pressure , 389   

  Batista procedure , 426   
  Benign anomalies , 126   
  Bile acid sequestrants 

 gastrointestinal tract and lack systemic toxicity , 503  
 LDL-lowering therapy , 502  
 oldest medications , 502   

  Blood pressure management 
 ACCORD and SBP , 500  
 antihypertensive drugs and CAD , 500  
 CAMELOT study , 500–501  
 chronic kidney disease , 500  
 HOPE trial , 501  
 HOT trial , 501  
 INVEST , 501  
 J-shaped curve , 500   

  BNP.    See  Brain natriuretic peptide  
  Body mass index (BMI) , 210   
  Bone marrow 

 and adipose stromal cells , 265  
 long-term therapeutic effects , 265  
 reservoir, EPCs , 265   

  Brachial artery ultrasound flow-mediated dilatation , 229   
  Brain natriuretic peptide (BNP) , 489   
  Bridge-to-transport 

 field, MCS , 457  
 traditional, LVAD , 457    

  C 
  CA.    See  Conus artery  
  CABG.    See  Coronary bypass grafting  
  CAD.    See  Coronary artery disease  
  Calcium channel blockers , 477   
  CAMELOT study.    See  Comparison of amlodipine  vs.  enalapril to 

limit occurrences of thrombosis study  
  Cannabinoid receptor (CB1) blocker , 473   
  Cannulation and contrast material , 101   

  CAPRIE.    See  Clopidogrel  vs.  Aspirin in Patients at Risk 
of Ischemic Events  

  Cardiac development 
 fetal growth and cardiac maturation , 21  
 molecular regulation 

 cardiac looping , 20, 24–25  
 cardiac mesoderm and heart tube formation , 19–20, 24  
 cardiac outflow formation , 21, 26  
 chamber formation and septation , 20–21, 25–26  
 epicardium formation and coronary arteries , 26  

 mouse models, cardiogenesis 
 bilaterally symmetric cardiac crescent formation , 22  
 comparative timeline , 21–22  
 embryonic stem cells use , 23–24  
 neural crest cells migration , 22  
 transgenic , 22–23  

 outflow tract formation and innervation , 21  
 stem cell biology and cardiac repair , 26–27  
 valves formation and conduction system , 21  
 vascular system formation , 20   

  Cardiac magnetic resonance imaging (CMRI) 
 cardiac MR (CMR) , 91  
 noninvasive coronary angiography with MRI 

 gated cineangiogram , 91  
 results , 92–93  
 trade-off , 92  
 use , 93   

  Cardiac resynchronization therapy (CRT) 
 LV ejection fraction , 354  
 mechanical dyssynchrony , 354  
 QRS , 354  
 revascularization , 354   

  Cardiac rupture 
 characteristics , 327  
 free wall, LV 1 day onset of infarction 

 cardiovascular status , 328, 329  
 hemopericardium , 328, 329  

 free wall, LV 3 days onset of infarction 
 acute infarction , 329, 330  
 ECG , 329  
 eosinophilia , 331  
 leukocytic infiltration , 329, 330  
 pathologic examination , 328, 330  

 left ventricle (LV) , 327  
 papillary muscle , 327  
 pseudoaneurysm 

 MCTA , 331, 332  
 ST-segment , 331  

 thrombolytic therapy , 327  
 transesophageal echocardiography (TEE) , 327   

  Cardiac syndrome X 
 coronary angiogram , 489, 491  
 ECG, patient reporting chest pain , 489, 490  
 heart function, diastole and systole , 489, 491   

  Cardiogenesis mouse models 
 bilaterally symmetric cardiac crescent formation , 22  
 comparative timeline , 21–22  
 embryonic stem cells use 

 embryoid bodies (EBs) , 23  
 in vitro differentiation, ES cells , 23  

 neural crest cells migration , 22  
 transgenic   ( see  Transgenic mouse models)  

  Cardiogenic shock 
 definition , 322  
 hospital mortality , 322  
 pathological stages , 322  
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 Cardiogenic shock (cont.) 
 patients , 323  
 patients case 

 anteroseptal myocardial infarction , 323, 324  
 healed infarction , 323  
 hemorrhagic necrosis , 323, 326  
 left anterior descending (LAD) , 323, 325  
 papillary muscle , 323, 326  
 pulmonary edema , 323, 326  
 thrombus , 323, 325  

 risk factors , 322   
  Cardiovascular devices 

 bioartificial heart , 519  
 mechanical circulatory support , 519  
 percutaneous heart valves , 519  
 septal occlude , 519   

  Cardiovascular disease (CVD) in women 
 apical ballooning syndrome , 489–491  
 cardiac syndrome X , 489  
 cost issues , 495  
 gender bias 

 age-adjusted death rates , 485, 486  
 breast cancer, and risk , 485  

 gender differences 
 comorbid states , 487  
 research participation , 486–487  
 vascular risk factors , 487–488  

 peripartum cardiomyopathy , 491–492  
 prognosis, limitations , 495  
 symptoms and pathophysiology , 485  
 vascular biology, tests 

 endothelial dysfunction , 494  
 ESR and CRP , 492, 494  
 nitric oxide , 494   

  CARE trial , 478   
  Catheter-based coronary angiography 

 angiographic views , 106–109  
 cannulation and contrast material , 101  
 collateral circulation , 111–119  
 complications , 101–106  
 coronary artery dimension , 109–110  
 coronary catheters , 100–101  
 history , 99  
 indications , 97  
 limitations , 122–123  
 myocardial bridges , 119–122  
 patient preparation and vascular access , 99–100  
 physiologic assessment, coronary arterial stenosis , 111  
 quantitative analysis , 110–111  
 radiographic imaging system 

 cineangiography , 98  
 fluoroscopic examination , 98   

  Catheter-induced spasm , 104–105, 106   
  CCTA.    See  Coronary CT angiography  
  Cell therapy, heart 

 cardiomyocyte differentiation methods 
 embryo contribution, heart , 255  
 generation , 255–256  
 initially linear heart tube , 254  
 rudiments , 255  
 stages, heart development , 254  
 strategies controls, ES cells , 254  

 clinical applications 
 decellularization-recellularization procedure , 256–257  
 human sickle cell disease , 257  

 ES cells , 249–251  

 improved methods, iPS generation , 253–254  
 induced pluripotent stem cells , 251–252  
 patient-specific iPS cell lines , 253  
 testing iPS characteristics , 253   

  CHARISMA.    See  Clopidogrel for high atherothrombotic risk and 
ischemic stabilization management and avoidance  

  CHD.    See  Congenital heart disease  
  Chest pain , 44   
  CHF.    See  Congestive heart failure  
  Chronic obstructive coronary disease.    See  Pathology, chronic 

obstructive coronary disease  
  Chronic stable angina 

 CABG  vs.  medical therapy 
 CASS , 282  
 ECSS Group , 282  
 meta-analysis, seven trials , 282  
 VA cooperative study , 281–282  

 CABG  vs.  stenting 
 repeat revascularization , 286  
 SYNTAX trial , 285, 286  

 coronary intervention  vs.  surgical revascularization 
 CABG  vs.  PCI, multivessel disease and diabetes , 

284–285  
 Kaplan–Meier curves , 284  
 meta-analysis, randomized clinical trials , 284  
 PCI and CBAG, multivessel CAD , 282, 283  

 diagnosis , 271  
 ischemia reduction , 280–281  
 ischemic burden , 280  
 ischemic heart disease (IHD) , 271  
 misplaced financial incentives , 279  
 oculostenotic reflex , 280  
 pathophysiology 

 adenosine, tissue hypoxia , 272–273  
 arterial content of oxygen , 272  
 myocardial oxygen consumption , 271  
 pretest probability angiography , 272  
 sensitivity and specificity, noninvasive stress , 272  

 risk stratification 
 Duke treadmill score , 274  
 indications, invasive coronary angiography , 274, 275  
 long-term survival, CASS , 273  
 multislice computed tomography , 273, 274  
 noninvasive criteria, coronary artery disease , 274, 275  
 stress echocardiography  vs.  myocardial perfusion 

imaging , 273, 274  
 therapy 

 antiischemic drugs , 276  
 antiplatelet and anticoagulants , 276–277  
 cardiovascular risk reduction for patients , 274, 275  
 coronary artery disease , 274, 275  
 coronary revascularization , 277–278  
 COURAGE trial , 275  
 morbidity and mortality , 276  
 optimal medical therapy  vs.  revascularization , 278–279  
 vasculoprotective drugs , 277   

  Chronic total occlusion (CTO) 
 bridgewater device , 401  
 epicardial hematoma , 401  
 hydrophilic guidewire , 401  
 lumen , 399   

  Clinical and translational science awards (CTSA) , 514   
  Clinical applications/guidelines, SPECT MPI 

 radionuclide testing 
 in diagnosis , 76  
 indications, myocardial perfusion imaging , 77–78  
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 myocardial viability assessment , 76–77  
 for risk assessment/prognosis , 76  

 recommendations, emergency department imaging , 76   
  Clinical diagnosis, ACS 

 laboratory tests 
 ECG , 310  
 incidence and prognosis , 311  
 serum biomarkers , 311  
 troponin , 311  
 T wave inversion , 310  

 risk classification methods 
 balloon inflation , 311  
 collateral blood vessels , 311  
 GRACE score , 311, 312  
 “risk scores” , 311, 312  

 symptoms 
 angina or dyspnea , 310  
 Braunwald classification system , 310  
 vascular diseases , 310   

  Clinical management, MPI , 69–70   
  Clopidogrel for high atherothrombotic risk and ischemic stabilization 

management and avoidance (CHARISMA) , 505   
  Clopidogrel in unstable angina to prevent recurrent events (CURE) , 

317, 505   
  Clopidogrel  vs.  Aspirin in Patients at Risk of Ischemic Events 

(CAPRIE) , 479   
  CMRI.    See  Cardiac magnetic resonance imaging  
  Colesevelam , 478   
  Collateral coronary circulation 

 anastomoses , 112  
 angiographic methods , 112–113  
 bridging anastomosis , 113  
 collateral anastomosis , 113  
 flow to left anterior descending artery , 118  
 intercoronary anastomoses with left anterior and posterior 

descending , 114, 116  
 Kugel’s artery , 113–114  
 left circumflex to right coronary artery , 118–119  
 maturation process , 112  
 muscular branch , 119  
 occlusion 

 left anterior descending artery , 116, 118  
 right coronary artery , 116, 117  

 Rentrop semiquantitative scale , 112  
 signs and symptoms, ischemia , 113  
 through atrial branches , 116, 117   

  Comparison of amlodipine  vs.  enalapril to limit occurrences of 
thrombosis study (CAMELOT study) , 500–501   

  Complications, coronary angiography 
 arrhythmias , 105  
 arterial dissection , 102  
 catheter-induced spasm , 104–105, 106  
 embolization , 102–103  
 neurologic , 104   

  Computed tomography (CT) , 316   
  Congenital heart disease (CHD) 

 ACHD , 35–38  
 genetics , 27–28  
 heart transplantation , 35  
 heredity and , 28  
 incidence , 27   

  Congential heart defects 
 cyanotic lesions , 32–33  
 semilunar valve stenosis and aorta coarctation , 29–32  
 septal defects/left-to-right shunt lesions , 28–29  
 single-ventricle conditions and fontan palliation , 33–34   

  Congestive heart failure (CHF) , 322, 338   
  Contrast medium , 101   
  Conus artery (CA) , 13   
  Coronary angiography , 125   
  Coronary arteritis 

 aneurysm rupture , 300  
 healed phase , 299–300  
 Kawasaki disease , 299  
 necrotizing panvasculitis , 299  
 polyarteritis nodosa , 301  
 Takayasu arteritis , 300, 301   

  Coronary artery anomalies 
 abnormal origin   ( see  Abnormal origin, coronary arteries) 
 ACAOS , 144–150  
 benign anomalies , 126  
 CCTA and ACAOS , 142–143  
 communication 

 angiomatous malformation , 155  
 anterior descending artery conus branch with pulmonary trunk , 

155–156  
 with coronary sinus , 152–153  
 LAD with pulmonary trunk , 155  
 RCA conus branch with pulmonary trunk , 

156–157  
 RCA with right ventricle , 153  
 single left coronary artery with right ventricle , 

153–155  
 coronary fistula , 152  
 identifying CAAs , 125–126  
 myocardial bridging , 150–152  
 therapeutic approach , 143–144   

  Coronary artery dimension , 109–110   
  Coronary artery disease (CAD) 

 bypass conduits 
 gastroepiploic artery , 410  
 IMA , 407–408  
 radial artery , 409–410  
 vein grafts , 408–409  

 CABG   ( see  Coronary bypass grafting) 
 cardiovascular risk reduction , 274, 275  
 dilated cardiomyopathy , 349  
 heart failure , 349  
 indication, CABG 

 class I indications, stable and unstable angina , 
405–406  

 medical treatment/PCI , 405  
 noninvasive risk stratification , 274, 275  
 operation contraindications , 406  
 optimal medical therapy , 353  
 potassium cardioplegia, myocardial protection , 405  
 predictors, long-term survival CASS , 273  
 significant stenosis, LIMA and LAD , 407   

  Coronary artery emboli 
 aortic valve stenosis , 303, 304  
 potential sources , 303   

  Coronary artery evaluation 
 CT angiography 

 applications , 90  
 clinical indications , 87–89  
 diagnostic accuracy , 85–86  
 prognosis assessment , 86–87  
 radiation , 90  

 CT scan procedure , 85  
 spatial resolution need , 83, 84  
 suspend respiratory motion , 83, 84  
 value in shorter scans , 84–85   
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  Coronary artery ostia, anomalies 
 acute angles , 297  
 anomalous artery , 296  
 aortic sinuses , 297, 298  
 aortic wall flap , 295  
 hypertrophic cardiomyopathy , 294  
 mechanism , MI, 295  
 one branch arises, incorrect sinus 

 left circumflex , 296–297  
 valsalva , 297  

 origin from incorrect sinus 
 intramural aortic segment , 296  
 LCA ostium , 296  
 ostium , 296, 297  

 sinotubular ridge , 296   
  Coronary atherosclerosis 

 normal structure , 164–165  
 primary nature of lesion 

 fibrous lesion , 165  
 lipid accumulations , 165–166   

  Coronary bypass grafting (CABG) 
 aortic nontouch technique , 414–415  
 CPB , 411  
 distal right coronary artery/PDA , 411  
 Hybrid Rob CABG , 420–421  
 less invasive CABG , 413  
 LIMA, mobilized , 410  
 mediastinal drainage tubes, xyphoid , 412  
 MIDCABG and robotic assisted 

 daVinci robotic system , 415, 416  
 “endo suction device” and “endo myocardium stabilizer” , 

416, 419  
 LAD   ( see  Left anterior descending artery) 
 laparoscopic surgery, incision size , 415  
 left anterior thoracotomy, LIMA , 415  

 6-mm anterior arteriotomy , 412  
 OPCABG 

 prospective randomized studies , 414  
 suction cup and myocardium stabilizer , 413  

  vs.  PCI , 419–420  
 single aortic cross clamp technique , 412  
 vein graft or radial artery , 411   

  Coronary catheters , 100–101   
  Coronary CT angiography (CCTA) 

 applications 
 perfusion imaging , 90  
 plaque characterization , 90  

 clinical indications 
 chest pain after stent placement , 88  
 coronary anatomy , 87  

 diagnostic accuracy 
 acute chest pain , 85  
 CCTA  vs.  QCA , 86  
 chronic chest pain syndromes , 85  
 multicenter trial results , 86  

 disease assessment , 90–91  
 prognosis assessment 

 Multi-Ethnic Study of Atherosclerosis (MESA) study , 86  
 noncalcified plaque , 87  

 radiation , 90   
  Coronary dominance 

 description , 13  
 left dominance , 13, 15   

  Coronary fistula , 152   
  Coronary heart disease (CHD).    See also  Diabetes and CHD 
 ethical, legal, and policy considerations , 214  

 family history , 199, 200  
 genetics and , 201–202  
 loci associated with 

 blood pressure , 210–212  
 BMI , 210  
 fasting blood glucose , 212  
 LDL cholesterol , 209–210  
 9p21.3 , 202–203  
 12p24, 3q22 , 203–204, 205, 206  

 pharmacogenomics/tailored therapeutics , 213  
 prevalence in USA , 199  
 risks , 199, 200   

  Coronary imaging 
 “chemograms” , 316  
 CT , 316  
 intracoronary temperature measurements , 315  
 IVUS , 315  
 NIR spectroscopy , 315, 316  
 OCT , 315  
 thrombi , 316   

  Coronary lesion , 106, 107, 110   
  Coronary obstruction 

 minimal obstructive disease , 167, 168  
 moderate stenosis , 167, 170  
 multiple lesions in left coronary system , 168, 170  
 normal coronary arteriogram , 166, 168  
 severe stenosis in intermediate segment , 167, 170  
 severe stenosis in small branches , 168, 170   

  Coronary ostia , 159   
  Coronary revascularization 

 benefits , 278  
 initial optimal medical therapy , 278  
 PCI/CABG , 277   

  Coronary stenosis , 111   
  Coronary vasospasm 

 anginal syndrome , 365  
 catheter , 367  
 ergonovine , 366  
 spasm , 365   

  Coronary veins 
 anterior , 15, 16  
 opacification , 17  
 posterior , 15, 17  
 small cardiac vein (SCV) , 17   

  Coronary vessel anatomy 
 atrial coronary arterial supply , 10–13  
 conus artery , 13  
 coronary dominance , 13–15  
 coronary veins , 15–17  
 left coronary arterial system , 1–6  
 RCA , 7–10   

  Cost effectiveness 
 END study , 71  
 SPECT MPI , 70–71   

  C-reactive protein (CRP) , 492, 494   
  CRP.    See  C-reactive protein  
  CRT.    See  Cardiac resynchronization therapy  
  CT.    See  Computed tomography  
  CTO.    See  Chronic total occlusion  
  CTSA.    See  Clinical and translational science awards  
  CURE.    See  Clopidogrel in unstable angina to prevent 

recurrent events  
  CVD.    See  Cardiovascular disease  
  Cyanotic lesions , 32–33   
  Cyclic adenosine monophosphate (cAMP) , 224   
  Cyclic guanosine monophosphate (cGMP) , 223, 225    
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  D 
  DARPA.    See  Defense Advanced Research Projects Agency  
  3D echocardiography , 60–61   
  Defense Advanced Research Projects Agency (DARPA) , 

513   
  Destination therapy (DT) 

 chronic heart failure , 458  
 HeartMate II adverse events , 462, 464  
 HeartMate XVE and HeartMate II , 458   

  DHA.    See  Docosahexaenoic acid  
  Diabetes.    See  Diabetes and CHD  
  Diabetes and CHD 

 antiplatelet therapy 
 CAPRIE and HOT , 479  

 and atherosclerosis , 471–472  
 blood pressure control 

 ACE inhibitors and ARBs , 476  
 calcium channel blockers , 477  
 diuretics , 476  

 cardiovascular risk reduction , 472  
 epidemic , 471  
 glycemic control 

 ACCORD trial , 474  
 chronic hyperglycemia , 474  

 HbA1c and UKPDS , 471  
 lifestyle management 

 exercise , 473  
 smoking cessation , 473–474  
 weight reduction , 472–473  

 lipid management 
 ATP III , 477  
 colesevelam , 478  
 ezetimibe , 479  
 fibrates , 478  
 polyunsaturated fatty acids , 479  
 statins , 477–478  

 medications and cardiovascular disease risk 
 incretin mimetics and DPP-4 inhibitors , 475  
 insulin , 476  
 metformin , 474–475  
 sulfonylureas , 475  
 TZDs , 475  

 STENO-2 study , 480   
  Diastolic heart failure 

 biomarkers , 354  
 conditions , 354  
 echocardiography , 354  
 left ventricular hypertrophy , 354  
 pre-hospitalization stage , 354   

  Dipeptidyl peptidase IV (DPP-4) inhibitors , 475   
  Diuretics , 476   
  DMD.    See  Duchenne muscular dystrophy  
  Docosahexaenoic acid (DHA) , 504   
  2D strain by speckle tracking , 60   
  DT.    See  Destination therapy  
  Duchenne muscular dystrophy (DMD) , 518   
  Dyslipidemia 

 correction, diabetic , 475  
 hypertension , 472  
 treatment , 478   

  Dysplastic coronary arteries.    See  Fibromuscular dysplasia   

  E 
  EBs.    See  Embryoid bodies  
  ECG.    See  Electrocardiogram  

  Echocardiographic evaluation, IHD 
 application, advance techniques 

 3D echocardiography , 60–61  
 2D strain by speckle tracking , 60  
 MCE , 61  
 tissue Doppler imaging , 60  

 assessment, left ventricular function 
 global function , 49  
 regional function , 50, 53  

 complications, myocardial infarction , 
55–57  

 indications 
 chest pain , 44  
 hemodynamic deterioration , 45, 48–49  
 myocardial infarction , 44–45, 46, 47  

 stress echocardiography , 57–59  
 techniques , 43   

  Echocardiography , 126   
  Echo Doppler 

 M-mode echocardiography , 43  
 pulsed-and continuous-wave Doppler , 43   

  EEC.    See  Enhanced external counterpulsation  
  Eicosapentaenoic acid (EPA) , 504   
  Electrocardiogram (ECG) , 489, 490   
  Electronic medical record (EMR) , 

513–514   
  Embolism, coronary 

 abrupt occlusion , 379, 380  
 aortic wall , 381, 382  
 bacterial endocarditis , 379, 380  
 calcified valves , 381  
 cardiac catheterization 

 autopsy , 381, 384  
 septal defects , 381, 383  
 thrombotic lesion , 384  

 left atrial myxoma , 381, 383  
 marantic valvular vegetations 

 aortic and mitral valves , 380, 381  
 fibrin and platelets , 379   

  Embryoid bodies (EBs) , 23   
  Embryonic stem (ES) cells 

 adhesive plastic dishes , 250  
 critical factors, Oct4, Sox2, and Nanog , 251  
 embryoid bodies , 250  
 feeder cells/ inhibitors, FGF , 249  
 phenotype , 249  
 pluripotent/totipotent , 250  
 potential applications, humans , 249–250  
 properties, mouse , 249, 250   

  EMR.    See  Electronic medical record  
  Endothelial cells 

 aorta , 221  
 leukocyte trafficking , 223  
 lymphoid tissue , 222  
 myocardial capillary , 221  
 paraxial mesoderm , 219  
 vasculogenesis , 219   

  Endothelial clinic function 
 arterial stiffness 

 epidemiology , 227  
 measure methods , 227  
 pulse waveforms , 228  
 PWV , 228  
 “Transfer functions” , 228  

 atherosclerotic coronary arteries , 225  
 biomarkers , 229  
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 Endothelial clinic function (cont.) 
 brachial artery FMD 

 nitroglycerin , 227  
 peripheral ischemia , 226  
 ultrasound measurements , 227, 228  

 digital thermal monitoring , 228  
 FMD , 225  
 imaging , 229  
 impedance plethysmography , 226  
 injuries , 225  
 intracoronary assessment 

 acetylcholine , 225, 226  
 arguably intracoronary assessment , 225  
 guanylate cyclases , 225  
 nitroglycerin , 225  

 limitations , 229  
 PWV , 225  
 translational implications 

 cardiovascular disorders , 229  
 disease detection , 230  
 noninvasive vascular testing , 230  
 vascular medicine clinic , 229   

  Endothelial diversity 
 caveolae , 222  
 extracellular environment , 222  
 gene expression , 222  
 human saphenous vein grafts , 222  
 structure and function , 221  
 translational implications , 222  
 vascular beds , 222   

  Endothelial dysfunction and activation 
 acetylcholine , 224  
 hyperadhesiveness , 224  
 interleukin-1 , 224  
 stress and hypoxia , 224  
 translational implications , 224–225   

  Endothelial function 
 cAMP , 224  
 cGMP , 223–224  
 coronary tree , 223  
 EDRF , 223  
 EETs , 223  
 leukocyte trafficking , 223  
 signaling pathways , 223, 224  
 translational implications 

 NFAT , 224  
 potassium channels , 224  

 vascular tone , 223  
 VSMC potassium channels , 224   

  Endothelial progenitor cells (EPCs) 
 antigen-coated magnetic beads , 230  
 antigenic markers , 230  
 atherosclerosis, potential role 

 angiogenesis inhibitors, angiostatin , 241  
 BMCs , 241  
 bone marrow transplantation , 242–243  
 hematopoietic and stromal cells , 242  
 human umbilical artery and vein segments , 242  

 CD133+ /CD45+ hematopoietic precursors , 264–265  
 and coronary artery disease 

 CAD pateints , 243  
 death and revascularization , 243, 244  
 EPC mobilization , 244  

 electron microscopy, rat carotid artery , 239, 240  
 human CD133 +  cells transplantation , 265  
 ischemia/cytokine treatment , 264  

 ischemic hind limb of athymic nude mice , 240  
 markers 

 CD68 and CD14 , 243  
 hematopoietic precursors , 240  
 heterogeneity measurement , 243  

 neovascularization process/colonization , 240  
 “place-holding” , 231  
 putative roles , 230, 231  
 transplantation , 264  
 unilateral femoral artery occlusion and engraftment, BM , 265  
 VEGFR2 (KDR)/CD34 antigen , 264   

  Endothelium biology 
 angiogenesis , 220  
 cardiovascular system , 219  
 clinic function 

 arterial stiffness , 227–228  
 biomarkers , 229  
 brachial artery FMD , 226–227  
 digital thermal monitoring , 228  
 imaging , 229  
 impedance plethysmography , 226  
 intracoronary assessment , 225–226  
 limitations , 229  
 translational implications , 229–230  

 description , 219  
 despite advances , 231  
 dysfunction and activation , 224–225  
 endothelial function , 223–224  
 endothelial progenitor cells , 230–231  
 heart and coronary tree 

 endothelial diversity , 221–222  
 translational implications , 221, 222  

 “leaky” vessels , 220, 221  
 PO 2  translate , 221  
 translational cardiovascular medicine , 231  
 tunica adventitia , 219  
 vascular tree , 219  
 vasculogenesis , 219, 220   

  Endothelium-derived relaxing factor (EDRF) , 223   
  Enhanced external counterpulsation (EEC) 

 intra-aortic balloon counterpulsation , 436  
 MUST-EECP trial , 436  
 PEECH study, NYHA functional class , 436  
 vascular endothelial growth factor (VEGF) , 436–437   

  EPA.    See  Eicosapentaenoic acid  
  EPCs.    See  Endothelial progenitor Cells; Endothelial progenitor cells  
  Epoxyeicosatrienoic acids (EETs) , 223   
  Erythrocyte sedimentation rate (ESR) , 492, 494   
  ES.    See  Embryonic stem cells  
  ESR.    See  Erythrocyte sedimentation rate  
  Exercise 

 AHA , 499  
 element, cardiovascular risk reduction , 473  
 men and women , 473  
 and physical activity levels, capacity , 499  
 symptom-limited testing , 500   

  Ezetimibe 
 IMPROVE-IT trial , 504  
 SHARP , 504    

  F 
  Familial atherosclerosis treatment study (FATS) , 503   
  Fasting blood glucose , 212   
  FATS.    See  Familial atherosclerosis treatment study  
  Fenofibrate intervention and endpoint lowering in diabetes (FIELD) , 478   
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  Fibrates 
 DHA and EPA , 504  
 Helsinki heart study , 503  
 VAHIT , 503  
 warfarin , 503   

  Fibromuscular dysplasia 
 AV nodal artery , 302, 303  
 epicardial coronary artery , 300  
 intramyocardial artery , 302  
 myocardial fibrosis , 302  
 proteoglycan deposition , 302   

  FIELD.    See  Fenofibrate intervention and endpoint lowering in diabetes  
  Four courses of ACAOS , 140–142    

  G 
  Gender differences in cardiovascular disease 

 comorbid states , 487  
 mortality trends, males and females , 485, 486  
 research participation 

 heart disease , 486  
 sex-specific therapies , 487  
 women’s  vs.  physicians’ health study , 487  

 vascular risk factors , 487–488   
  Genetic diagnostic testing 

 clinical risk , 201  
 patient’s family history , 202   

  Genetics and family disease history , 199, 200   
  Genetics as tool to predict disease , 202   
  GRACE score , 312    

  H 
  HATS.    See  HDL-atherosclerosis treatment study  
  HbA1c.    See  Hemoglobin A1c  
  HDL.    See  High-density lipoprotein  
  HDL-atherosclerosis treatment study (HATS) , 503   
  Healed myocardial infarction 

 cardiac resynchronization therapy , 354  
 diastolic heart failure , 354  
 ischemic heart failure , 349–353  
 left ventricular aneurysm , 356–360  
 mitral insufficiency , 360–362  
 systolic heart failure , 353  
 thrombus , 355–356   

  Healed plaque rupture (HPR) 
 focal discontinuity, fibrous cap , 191, 192  
 KIF6 and MMPs , 192  
 lesion, luminal narrowing , 193, 194   

  Heart failure (HF) 
 diastolic  ( see  Diastolic heart failure)  
 ischemic  ( see  Ischemic heart failure)  
 systolic  ( see  Systolic heart failure)   

  Heart outcomes prevention evaluation trial (HOPE trial) , 501   
  Heme toxicity and subsequent inflammation 

 hemoglobin (Hb) and haptoglobin (Hp) , 191  
 monocytes/macrophages, recruiting , 191   

  Hemodynamic deterioration , 45, 48–49   
  Hemoglobin A1c (HbA1c) , 471   
  High-density lipoprotein (HDL) , 474   
  HLHS.    See  Hypoplastic left heart syndrome  
  HOPE trial.    See  Heart outcomes prevention evaluation trial  
  Hormone replacement therapy (HRT) , 506   
  HOT trial.    See  Hypertension optimal treatment trial  
  HPR.    See  Healed plaque rupture  
  HRT.   See  Hormone replacement therapy  

  Hyperglycemia , 471, 472   
  Hypertension , 472, 474, 476   
  Hypertension optimal treatment trial (HOT trial) , 479, 501   
  Hypoplastic left heart syndrome (HLHS) , 28, 31, 33–35    

  I 
  IABP.    See  Intra-aortic balloon pump  
  Identifying CAAs 

 CCTA and CMRI , 126  
 coronary angiography , 125  
 echocardiography , 126   

  IHD.    See  Ischemic heart disease  
  IMA.    See  Internal mammary artery  
  Impedance plethysmography 

 blood flow , 226  
 electrical resistance , 226  
 endothelial function , 226   

  Impella 
 adverse events , 4450  
 AMC MACHI study , 448  
 catheter based left ventricular assist system , 448, 449  
 contraindications, device , 449  
 ISAR Shock trial , 448  
 PROTECT 1 trial , 448  
 surgical cutdown , 448  
 systemic anticoagulation and indications , 448   

  Incretin mimetics , 475   
  Induced pluripotential stem cells (iPS cells) 

 antibiotic-resistance gene , 252  
 cell lines testing Characteristics , 253  
 human colonies , 251, 252  
 methods 

 doxycycline-inducible copies , 254  
 insertional viruses , 253  
 nonintegrating delivery vectors , 254  
 pluripotency program , 254  
 ribonucleic acid (RNA) virus , 254  

 open chromatin state , 251  
 pluripotency-regulating transcription factors , 252  
 reprogrammed , 251   

  Insulin , 476   
  Internal mammary artery (IMA) 

 anatomy, LIMA and sternum , 407, 408  
 aortic “nontouch” technique , 414, 415  
 LIMA bypassed, LAD , 407  
 sternotomy harvestation , 407, 408   

  Interventricular septum rupture 
 culprit vessel revascularization , 424–425  
 myocardial infarction, anterior/posterior segments , 424  
 myocardial infarction ventricular septal rupture , 424  
 posteroventricular ruptures morphology , 424  
 transmural anteroseptal/posterior myocardial infarction , 423   

  Intra-aortic balloon pump (IABP) 
 adverse cardiac event rates , 446  
 cardiogenic shock , 445  
 conventional PCI , 446  
 indications, insertion , 446  
 potential complications , 446, 447   

  Intracoronary thrombosis 
 ACS , 307  
 platelet embolus , 309  
 vasoactive factors , 309   

  Intraplaque hemorrhage, contribution 
 RBC membranes , 190–191  
 SCD registry and tail-to-tail orientation , 191   
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  Intravascular ultrasound (IVUS) 
 measurements , 397  
 mechanical transducers , 397  
 PCI , 399  
 solid state transducers , 397  
 stenosis , 398  
 transplant arteriopathy , 398  
 “virtual histology” analysis , 398   

  iPS cells.    See  induced pluripotential stem cells  
  Ischemia 

 cytokine treatment , 264  
  in vivo  vascularization potential, ECFCs , 264–265  
 ischemic burden 

 myocardial infarction/coronary revascularization , 280  
 revascularization  vs.  medical therapy , 280, 281  

 tissue repair , 265–266   
  Ischemic heart disease (IHD) 

 aneurysms , 377–378  
 anginal syndrome , 365  
 angiogram , 366  
 cocaine 

 potential factors , 378  
 pulmonary syndrome , 378  
 use , 379  

 congenital conditions , 384  
 coronary arteries 

 dysfunction , 369, 370  
 myocardial biopsy , 369, 370  
 sympathetic discharge , 369  

 coronary embolism , 379–384  
 coronary spasm , 366  
 description , 63  
 diagnosis , 365  
 electrocardiogram , 365  
 ergonovine , 366  
 microcirculatory coronary disease , 370–371  
 muscarinic receptor agonists , 365  
 radiation-induced coronary artery disease 

 breast carcinoma , 371, 372  
 chest irradiation , 371  

 spontaneous coronary artery dissection 
 fibromyalgia , 369  
 intramural hematoma , 368  
 LAD dissection , 367  
 occlusion , 367, 368  
 occurrences , 367  
 perivascular eosinophilia , 367  
 thrombolytic therapy , 367  

 stenotic lesion , 365  
 transplant-related arteriopathy , 372–374  
 troponins , 379  
 vasculitis , 374–377  
 vasospasm 

 coronary cannulation , 367  
 spasm , 367   

  Ischemic heart failure 
 autopsy , 350  
 CAD , 349  
 description , 349  
 diabetes mellitus , 353  
 ECGs , 349, 350  
 epicardial scar , 349  
 HF and CAD illustrating , 349–352  
 LV ventriculography , 349, 350  
 nonischemic dilated cardiomyopathy , 349  
 pulmonary emboli , 352   

  IVUS.    See  Intravascular ultrasound   

  K 
  Kawasaki disease , 375, 376   
  KIF6.    See  Kinesin-like protein 6  
  Kinesin-like protein 6 (KIF6) , 192   
  Kugel’s artery , 113–114    

  L 
  LDL.    See  Low-density lipoprotein  
  LDL cholesterol , 209–210   
  Left anterior descending (LAD) artery 

 left coronary arterial system   ( see  Left coronary arterial system) 
 non-rib-spreading mini-thoracotomy 

 anterior axillary lines, port , 415, 417  
 epicardial stabilizer , 415, 418  
 “octopus” myocardium stabilizing device , 415, 418  
 robot instruments, console , 415, 416  
 skeletonized LIMA harvesting technique , 415, 417  
 skin incision and chest tube placement , 415, 419  
 spinal needle insertion , 415, 418  
 surgeon’s controlling, robotic instruments , 415, 417   

  Left circumflex coronary artery , 4   
  Left coronary arterial system 

 anterior descending coronary artery , 1, 3–4  
 left circumflex coronary artery , 4  
 ramus intermedius (RI) , 1, 3  
 short circumflex artery , 5–6  
 short left anterior descending artery , 5  
 short left main coronary artery , 4–5  
 size , 1, 2  
 unusually long left main coronary artery , 4   

  Left main (LM) coronary artery.    See  Left coronary arterial system  
  Left ventricular aneurysm 

 anatomic features , 356, 357  
 Batista procedure , 426  
 coronary arteriogram , 358, 359  
 description , 356  
 dyskinetic area , 356  
 ECG , 356, 357  
 echocardiographic features , 356, 357  
 lack, blindness procedures , 426–427  
 mural thrombus , 356, 358  
 pathologic remodeling , 425, 426  
 portrays calcification , 358, 359  
 pseudoaneurysm , 360  
 STICH , 426  
 summation gallop and ventricular arrhythmias , 425  
 thoracic roentgenogram , 358  
 true, false/pseudo post-MI aneurysms , 425  
 ventricle’s dual blood supply , 425   

  Left ventricular assist device (LVAD) , 516   
  Left ventricular failure 

 CHF severity , 322  
 myocardial infarction , 321  
 patients , 322  
 pump failure , 321   

  Left ventricular function assessment 
 global function , 49  
 regional function 

 2D echocardiography , 53  
 filling pressure , 52  
 M-mode echocardiography , 50  
 16-segment model, wall motion analysis , 53, 54   

  Left ventricular (LV) wall rupture.    See  Pseudoaneurysm  
  Lesions 

 complicating 
 aneurysm formation , 177  
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 calcification , 175, 177  
 plaque hemorrhage , 174, 175  
 thrombosis , 174, 175  

 coronary ostia , 159  
 distribution , 172, 174  
 fibrous , 165  
 progression , 168, 171   

  Less invasive CABG 
 arresting heart, administering cardioplegia , 413  
 ascending aorta , 413  
 cardiopulmonary bypass , 413  
 postoperative recovery and quality, life , 413  
 sternotomy , 413   

  Lipid management 
 bile acid sequestrants , 502–503  
 ezetimibe , 504  
 fibrates , 503–504  
 interval follow-up , 504  
 LDL cholesterol and statin therapy , 501–502  
 nicotinic acid/niacin , 503   

  Loci associated with CHD 
 blood pressure , 210–212  
 BMI , 210  
 definitions of poor, intermediate and ideal cardiovascular health , 207  
 fasting blood glucose , 212  
 LDL cholesterol , 209–210  
 9p21.3 , 202–203  
 12p24, 3q22 , 203–204, 205, 206  
 SNP, nearest gene, trait, and study, DNA variants , 208–209   

  Long-term, implanted devices 
 axial flow pump 

 adverse events, HeartMate II , 462, 464  
 HeartMate II LVAD , 460, 462  
 inflow cannula and outflow graft , 460  
 Kaplan-Meier survival curve , 462, 464  
 left HeartMate XVE  vs.  right HeartMate II , 460, 462  
 radiograph, HeartMate II LVAD , 460, 463  
 ventrassist centrifugal pump , 464–465  

 pulsatile 
 HeartMate XVE , 460, 461  
 Radiograph, implanted HeartMate XVE , 460, 461   

  Low-density lipoprotein (LDL) 
 CHD , 209–210  
 cholesterol and statin therapy 

 ACSs , 502  
 ATP , 501  
 CYP3A , 502  
 generic statins , 502  
 lipid-lowering drugs , 501, 502   

  LVAD.    See  Left ventricular assist device   

  M 
  Matrix metalloproteinases (MMPs) , 192   
  MCE.    See  Myocardial contrast echocardiography  
  MCPCs.    See  Multipotent cardiac progenitor cells  
  Mechanical circulatory support 

 abiomed BVS 5000 
 and console , 458, 459  
 fibrin/clot formation , 458  
 pneumatic pulsatile-assist device , 458  

 bleeding , 466  
 cardiopulmonary bypass (CPB) , 445  
 cardioverter defibrillators and cardiac resynchronization therapy , 455  
 CentriMag, LVAD , 458, 459  
 emergent coronary artery bypass surgery , 445  
 hospital discharges, heart failure , 455, 456  

 IABP , 446–447  
 infection 

 driveline exit site infection , 467  
 IV antibiotics and surgical intervention , 467  
 REMATCH trial , 466  
 right ventricular failure , 467–468  
  Staphyloccus aureus  and  Enterobacter  spp. , 467  

 long-term, implanted devices 
 continuous flow devices , 460–465  
 pulsatile , 460  

 LVADs and heart failure treatment modalities , 455, 456  
 MCS and REMATCH trial demonstrating , 455, 456  
 percutaneous cardiopulmonary bypass , 447  
 percutaneous left-ventricular assist devices 

 Impella , 448–450  
 TandemHeart™ , 450–451  

 percutaneous ventricular-assist device (pVAD) , 446  
 short-term support devices , 458  
 thromboembolism , 465–466  
 VADs , 457–458   

  Mechanical failure, acute myocardial infarction 
 angiographic demonstration , 331–336  
 arrythmias , 341–342  
 cardiac rupture , 327–331  
 cardiogenic shock , 322–326  
 chronic mitral insufficiency 

 atherosclerotic lesions , 339, 340  
 cardiac catheterization , 339  
 congestive heart failure (CHF) , 338  
 fibroblastic reaction , 338, 341  
 systolic thrill , 339  

 left ventricular failure , 321–322  
 mitral insufficiency 

 hypokinesis , 336  
 LV dilatation , 336  
 PTCA , 337  
 TTE , 337  

 pathological demonstration 
 left ventricle’s free wall rupture , 338, 339  
 papillary muscle rupture , 336–338  

 pulmonary embolism , 343–345  
 systemic thromboembolism 

 atrial fibrillation , 343  
 clinical manifestation , 343  
 complications , 342  
 TTE , 343   

  Mesenchymal stem cells (MSCs) , 27   
  Metformin 

 HDL and reduces blood glucose levels , 474  
 myocardial infarction rate , 475   

  Microcirculatory coronary disease 
 acetylcholine infusion , 371  
 endothelial dysfunction , 371  
 epicardial vessels , 370  
 microvascular dysfunction , 370  
 myocardial ischemia , 370   

  Minimally invasive surgical procedures , 519   
  Mitral insufficiency 

 AMI , 360  
 atrial fibrillation , 361  
 eccentric jet , 360, 361  
 ECG , 360, 361  
 left ventriculogram , 360, 362  
 “mitral valve” , 360  
 ruptured papillary muscle , 360  
 surgery , 360  
 transmural healed infarction , 360, 362   
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  Mitral regurgitation 
 apical holosystolic murmur , 427  
 coronary revascularization , 427  
 papillary muscle dysfunction , 427   

  MMPs.    See  Matrix metalloproteinases  
  MPI, stable CAD 

 diagnostic value 
 PET , 64, 66–67  
 SPECT , 63–64, 65  

 to guide clinical management 
 perfusion defects , 69  
 quantitative PET , 69  
 rest and dipyridamole stress Rubidium-82 image , 69, 70  

 risk stratification with 
 evaluation, prognostic value of PET MPI , 67–68  
 warranty period, SPECT MPI , 69   

  MSCs.    See  Mesenchymal stem cells  
  Multipotent cardiac progenitor cells (MCPCs) , 26   
  Myocardial bridge 

 description , 119  
 LAD coronary artery , 303  
 LC arteriogram in RAO projection , 121  
 and nitrite effects , 120, 122  
 toxicology , 303  
 tunneled segment , 302   

  Myocardial bridging 
 aortogram , 152  
 MSCTA, MPR view , 150, 151   

  Myocardial contrast echocardiography (MCE) , 61   
  Myocardial infarction 

 ACS symptoms , 44, 47  
 cute anterior STEMI , 44, 46  
 mechanical complications 

 IVS rupture , 55  
 papillary muscle rupture , 56  
 rupture, LV free wall , 55  

 nonmechanical complications 
 mitral insufficiency , 57  
 mural thrombus , 56  
 pericardial effusion , 57  
 right ventricular infarction , 56    

  N 
  National cholesterol education program (NCEP) , 472   
  NCEP.    See  National cholesterol education program  
  Near-infrared (NIR) , 315, 316   
  Near-infrared spectroscopy (NIRS) , 195   
  Neuromodulation 

 left stellate ganglion blockade , 438  
 spinal cord stimulation , 437–438   

  NFAT.    See  Nuclear factor of activated T cells  
  Nicorandil 

 ATP-ATP sensitive potassium , 434  
 IONA trial , 434  
 nicotinamide ester and nitrate moiety , 434   

  Nicotinic acid/Niacin 
 affects, lipids and lipoproteins , 503  
 coronary drug project , 503  
 HATS and FATS , 503  
 HPS-THRIVE , 503  
 slow/extended-release drug , 503   

  NIR.    See  Near-infrared  
  NIRS.    See  Near-infrared spectroscopy  
  Non-coronary surgical therapy 

 atherosclerotic arteriopathy, acute coronary syndrome , 423  

 left ventricular free wall rupture/pseudoaneurysm , 
428  

 mitral regurgitation , 427  
 ventricular aneurysms , 425–427  
 ventricular septal defects , 423–425   

  Noninvasive coronary artery imaging 
 CCTA   ( see  Coronary CT angiography) 
 CMRI   ( see  Cardiac magnetic resonance imaging) 
 coronary artery evaluation   ( see  Coronary artery evaluation)  

  Novel pharmacologic therapies 
 L-Arginine , 435  
 Nicorandil , 434  
 Perhexiline , 433–434  
 Ranolazine , 435  
 Trimetazidine , 433   

  Nuclear factor of activated T cells (NFAT) , 224    

  O 
  Optical coherence tomography (OCT) , 195, 315   
  Optimal medical therapy  vs.  revascularization 

 BARI 2D 
 bypass angioplasty , 278  
 type II diabetes mellitus , 278  

 COURAGE 
 cost-effectiveness analysis , 278  
 PCI  vs.  medical therapy, CAD , 278, 279   

  Ostial stenosis 
 aortic atherosclerosis 

 angiographic demonstration , 161  
 causing coronary arterial obstruction , 159  
 left coronary ostial stenosis secondary to atherosclerosis , 

161, 162  
 pathologic demonstration , 159–160  
 right coronary ostial stenosis secondary to aortic 

atherosclerosis , 159  
 aortic diseases 

 dissecting aneurysm , 163  
 saccular aneurysm , 163–164  
 secondary to syphilitic aortitis , 161, 163  

 aortic wall , 161  
 coronary angiography with , 164    

  P 
  Papillary muscle rupture 

 dysfunction , 427  
 mitral valve, necrotic papillary muscle , 427  
 pathophysiology , 427   

  Pathologic intimal thickening (PIT) 
 accumulation, macrophages , 189  
 crystalline structures , 189  
 hyaluronan and proteoglycans , 189   

  Pathology, chronic obstructive coronary disease 
 angiographic demonstration , 177–185  
 atheromas , 172, 173  
 coronary atherosclerosis 

 normal structure , 164–165  
 primary nature of lesion , 165–166  

 coronary obstruction 
 minimal obstructive disease , 167  
 moderate stenosis , 167  
 multiple lesions in left coronary system , 168  
 normal coronary arteriogram , 166–167  
 severe stenosis in intermediate segment , 167  
 severe stenosis in small branches , 168  
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 lesions 
 complicating , 174–177  
 coronary ostia , 159  
 distribution , 172, 174  
 progression , 168, 171  

 ostial stenosis 
 angiography with , 164  
 aortic atherosclerosis , 159–161  
 aortic diseases , 161–164  
 aortic wall , 161  

 shape variation, narrowed lumen , 171–172   
  Patient-specific iPS cell lines 

 cell culture , 257  
 immunosuppressive drugs , 253  
 speculation , 253   

  PCI.    See  Percutaneous coronary intervention  
  Percutaneous cardiopulmonary bypass (CPB) 

 cardiac catheterization laboratory , 447  
 cardiac rhythm , 447  
 “cath lab crashes” , 447  
 high-risk coronary angioplasty , 447  
 iliac, tortuosity/stenosis , 447   

  Percutaneous coronary balloon angioplasty 
 acceptance, PCI , 445  
 cardiogenic shock/high-risk coronary anatomy , 445   

  Percutaneous coronary intervention (PCI) 
 ancillary devices , 395  
 benefits, coronary revascularization , 278  
 Duke cardiac catheterization database , 431–432  
 guide catheters , 390  
 initial optimal medical therapy , 278  
 IVUS , 399  
 and medical therapy , 278, 279  
 revascularization , 431  
 severe calcification , 401  
 thrombotic coronary lesions , 393  
 vein bypass grafts , 401   

  Perhexiline 
 CPT-1 and CPT-2 , 433, 434  
 drug concentration range , 433   

  Pericarditis , 321, 346   
  Peripartum cardiomyopathy 

 ECG 5 weeks prior, development , 491, 493  
 two-dimensional echocardiogram, parasternal axis view , 491, 494   

  Personalized medicine 
 cDNA chips/microarrays , 515  
 gene expression analysis, technologies , 515, 516  
 LVAD , 516  
 oligonucleotide microarrays , 515  
 RNA-seq , 515  
 transcriptome analysis , 514–515   

  Pharmacogenomics , 213   
  PIT.    See  Pathologic intimal thickening  
  Pluripotency 

 ES cells, tetraploid host embryo , 253  
 normal fibroblasts , 251  
 teratoma assay , 251  
 transcription factors , 252   

  POBA complications 
 anticoagulants , 390, 391  
 balloon dilation , 389  
 coronary stent restenosis , 392  
 dissections , 389–390  
 epicardial surface , 390  
 fibrotic healing response , 391, 392  
 ostium , 390  

 PCI , 390  
 polytetrafluoroethylene (PTFE) , 390  
 predictors , 391  
 smooth muscle cell , 391  
 vascular trauma , 389   

  Polyunsaturated fatty acids , 479   
  Pregnancy, ACHD patient , 38   
  Prevention, CAD 

 established , 500–505  
 HRT , 506  
 lifestyle , 499–500  
 non-HDL cholesterol , 505  
 pathogenesis , 498  
 therapeutic adherence , 506  
 vitamin supplements , 505–506   

  Preventive cardiovascular medicine , 520   
  Progenitor cells progression, atherosclerosis 

 BOOST trial , 245  
 CD34+ and CD133+ cells , 244  
 OSIRIS trial , 245  
 unfractionated intracoronary BMCs , 245  
 VEGF-A , 245   

  Pseudoaneurysm 
 electrocardiographic changes , 428  
 electromechanical dissociation , 428  
 hypothermic circulatory arrest , 428  
 inferior wall, left ventricle , 428  
 left ventricular free wall rupture and hemopericardium , 428, 429   

  Pulmonary embolism 
 anticoagulants , 343  
 thromboembolism 

 anteroseptal region , 344, 345  
 cardiac hypertrophy , 343  
 complications , 343–344    

  Q 
  Quality of life with ACHD , 38    

  R 
  Ramus intermedius (RI) , 1, 3   
  Ranolazine 

 CARISA trial , 435  
 ERICA Trial , 435  
 ischemia-driven metabolites , 435  
 MARISA trial , 435  
 MERLIN-TIMI-36 trial , 435   

  Refractory angina 
 definition , 431  
 epidemiology , 431–432  
 ESC definition , 432  
 exertion or atypical chest discomfort , 432  
 myocardial oxygen requirements and supply , 432  
 nonpharmacologic therapies 

 EECP , 436–437  
 gene therapy , 439–440  
 neuromodulation , 437–438  
 protein therapy , 438  
 stem cell therapy , 440  
 therapeutic angiogenesis , 438  

 TMLR , 440–441  
 treatment 

 angina pectoris and potential therapeutic targets , 432, 433  
 nonpharmacologic therapies , 436–440  
 novel pharmacologic therapies , 433–435   
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  Regenerative cardiovascular therapies 
 cardiac guardian angel , 518  
 cell therapy, heart disease , 517  
 cellular architecture , 516  
  14 C-radiolabeling techniques , 516  
 DMD , 518  
 endogenous and exogenous progenitor/stem cells , 517  
 human iPSCs , 517  
 molecular band-aid, failing heart , 518   

  Rentrop semiquantitative scale , 112   
  RI.    See  Ramus intermedius  
  Right coronary artery (RCA) system 

 branches , 7  
 RPDA , 7  
 short nondominant RCA , 7–10   

  Right posterior descending artery (RPDA) , 7   
  Right ventricular failure 

 echocardiography , 346  
 hemodynamically significant , 345  
 infarctions , 345   

  Risk factors, CAD 
 established 

 antiplatelet therapy , 504–505  
 blood pressure management , 500–501  
 lipid management , 501–504  

 lifestyle 
 CHD death rate , 499  
 exercise , 499–500  
 heart-healthy diet , 499  
 smoking cessation , 499  
 structure, categories , 498  
 weight reduction , 500   

  Risk stratification with MPI , 67–69   
  RPDA.    See  Right posterior descending artery   

  S 
  SBP.    See  Systolic blood pressure  
  SCA.    See  Sudden cardiac arrest  
  SCD.    See  Sudden cardiac death registry  
  Severe stenosis 

 in intermediate segment , 167, 170  
 in small branches , 168, 170   

  SHARP.   See  Study of heart and renal protection  
  Short circumflex artery , 5–6   
  Short left anterior descending artery , 5   
  Short left main coronary artery , 4–5   
  Short nondominant RCA 

 LC arteriogram in RAO view , 10  
 photomicrography , 9  
 RC arteriogram , 9  
 VRT–CCTA , 7   

  Short-term support devices 
 CentriMag and Abiomed systems , 458  
 percutaneous and surgically implanted devices , 458   

  SMCs.    See  Smooth muscle cells  
  Smoking cessation 

 ACE , 474  
 cost-effective intervention , 499  
 independent risk factor , 473  
 programs reduce tobacco use , 474   

  Smooth muscle cells (SMCs) , 188   
  Smooth muscle progenitor cells (SPCs) 

 atherosclerotic plaques , 243  
 immunodeficient ApoE -/- RAG2 -/- mice , 243  
 localization, CD34 + /CD31 - cells , 241  

 mononuclear (myeloid) cells , 240  
 myeloid markers , 243  
 vascular repair and bone marrow transplant studies , 240   

  SPCs.    See  Smooth muscle progenitor cells  
  Spontaneous coronary artery dissection (SCAD) 

 dissection , 298, 299  
 eosinophils , 299, 300  
 hormonal factors , 297  
 iatrogenic , 297  
 oral contraceptive , 298   

  Stable CAD 
 cost effectiveness , 70–71  
 MPI 

 diagnostic value , 63–67  
 to guide clinical management , 69–70  
 risk stratification with , 67–69   

  Statin 
 ASCOT–LLA and ALLHAT–LLT , 477  
 CARE trial , 478  
 HMG-CoA reductase inhibitors , 477   

  Stem cell biology and cardiac repair , 26–27   
  Stem cells.    See  Atherosclerosis  
  Stenting 

 bare-metal 
 lumen caliber , 393  
 recoil and seal , 392, 393  
 revascularization , 392  
 thrombotic reaction , 393  

 drug-eluting 
 antiproliferative drugs , 393  
 hypercoagulable states , 393  
 immunosuppressant , 393  
 thrombosis , 393, 394   

  Stress echocardiography 
 bicycle , 58  
 dobutamine , 58  
 exercise stress , 57–58  
 treadmill , 58   

  Stress-induced cardiomyopathy , 489   
  Study of heart and renal protection (SHARP) , 504   
  Sudden cardiac arrest (SCA) , 488   
  Sudden cardiac death 

 atherosclerotic coronary artery disease 
 acute myocardial infarct , 292–293  
 causes , 291  
 complications , MI, 293–294  
 coronary arterial thrombi , 293  
 healed myocardial infarction , 293  

 definition , 291  
 etiology , 291  
 ischemic-induced arrhythmia , 291  
 nonatherosclerotic coronary disease 

 coronary arteritis , 299–300  
 coronary artery emboli , 303–304  
 coronary artery ostia, anomalies , 294–297  
 fibromuscular dysplasia , 300–302  
 myocardial bridge , 302–303  
 spontaneous coronary artery dissection , 297–299   

  Sudden cardiac death (SCD) registry , 190   
  Sulfonylureas , 475   
  Surgical treatment.    See  Coronary artery disease  
  Surgical VAD.    See  Ventricular-assist devices (VADs)  
  Surveillance medicine 

  in vivo  sensors , 514  
 telemedicine , 514   

  Systolic blood pressure (SBP) , 500   
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  Systolic heart failure 
 angiotensin , 353  
 contractile strength , 353  
 HF syndromes , 353  
 “hibernating myocardium” , 353  
 myriad , 353    

  T 
  TCFAs.    See  Thin-cap fibroatheromas  
  Thiazolidinediones (TZDs) , 475   
  Thienopyridines 

 CHARISMA and CURE , 505  
 dual antiplatelet therapy , 505  
 gastrointestinal (GI) tracts , 505  
 PCI and PPI , 505   

  Thin-cap fibroatheromas (TCFAs) , 191   
  Thrombectomy 

 acute anterior STEMI , 394  
 ancillary devices , 395  
 coronary lesions , 393  
 methods , 393  
 saline jet , 395  
 thin-wall catheter , 395  
 T-wave inversion , 395   

  Thromboembolism 
 acute myocardial infarction , 321  
 complications , 343  
 HeartMate II LVAD, thrombus , 465, 466  
 HeartMate XVE , 465  
 inert compounds , 465  
 pump thrombus, HeartMate II , 465, 466  
 systemic , 342–343   

  Thrombus 
 anticoagulant therapy , 355  
 aspirin , 355  
 echocardiogram , 355  
 LV apex , 355, 356  
 STEMI , 355   

  Tissue Doppler imaging , 60   
  TMLR.    See  Transmyocardial laser revascularization  
  Transcatheter treatment 

 ACSs , 399, 400  
 acute myocardial infarction 

 adjunctive therapy , 399  
 anterior ST-segment , 399, 400  

 aneurysmal disease , 401  
 atherectomy , 396  
 balloon angioplasty , 389, 390  
 bypass grafts 

 catheter , 402  
 embolic protection system , 402  
 filters and aspiration devices , 

401, 402  
 CTO , 399–401  
 intravascular ultrasound , 397–399  
 POBA complications , 389–392  
 severe calcification , 401  
 stenting 

 bare-metal stents , 392–393  
 drug-eluting stents , 393  
 thrombectomy , 393–395   

  Transgenic mouse models 
 Cre–lox system , 23  
 gene knockouts , 23  
 homologous recombination , 22   

  Transmyocardial laser revascularization (TMLR) 
 ATLANTIC study , 441  
 DIRECT trial , 441  
 PTMLR trials , 441  
 ventricular cavity, channels and myocardium , 440   

  Transplant-related arteriopathy 
 angiographic morphology , 373, 374  
 epicardial inflammatory changes , 372, 374  
 intravascular ultrasound (IVUS) imaging , 372  
 vasculopathy , 372, 373   

  Treatment, ACS 
 antithrombotics , 316–317  
 bypass surgery 

 ACS , 317  
 myocardial infarction , 318  
 VANQWISH trial , 318  

 medical therapy , 317  
 revascularization 

 balloon dilation , 317  
 clinical trials , 317  
 dyspnea and vague episodic , 317, 318  
 LV function , 317  
 PCI , 317   

  Twenty-First century cardiovascular medicine 
 data management and coordination 

 ARPANET , 513  
 computer language , 513  
 CTSA , 514  
 DARPA , 513  
 databases , 512–513  
 devices , 519  
 EMR , 513–514  
 minimally invasive surgical procedures , 519  
 personalized medicine , 514–516  
 preventive cardiovascular medicine , 520  
 regenerative cardiovascular therapies , 

516–518  
 surveillance medicine , 514  

 innovations 
 ASD , 510–511  
 cross-circulation surgical procedures , 

511, 512  
 DeWall–Lillehei bubble oxygenator , 512  
 open heart surgery , 511  
 products, measurement , 512, 513  
 strategic investments fuel , 509, 510  
 and success programs , 509  
 timeline highlights, new treatment , 510  
 University of Minnesota , 510, 511  
 V-HeFT studies , 512   

  TZDs.    See  Thiazolidinediones   

  U 
  UKPDS.    See  United Kingdom Prospective Diabetes Study  
  Unfractionated BMCs 

 CD34 +  and CD133 +  cells , 244–245  
 stem and progenitor cells , 245  
 wild-type mice into ApoE -/-  , 244   

  United Kingdom Prospective Diabetes Study (UKPDS) , 471   
  Unstable angina 

 Braunwald classification , 310  
 revascularization , 317  
 stenosis , 314  
 thrombotic syndromes , 314   

  Unusually long left main coronary artery , 4    
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  VADs.    See  Ventricular-assist devices  
  VAHIT.    See  Veterans administration HDL intervention trial  
  VANQWISH.    See  Veterans Affairs Non–Q–Wave Infarction 

Strategies in Hospital  
  Vascular access and patient preparation 

 intravascular sheath , 99–100  
 intravenous access , 99  
 proper sedation , 99  
 vascular closure devices , 100   

  Vascular remodeling, acute catheter based support 
 algorithm, coronary interventions , 451, 452  
 clinical investigation , 453  
 groups, patients , 451  
 high-risk PCI factors , 451  
  in vivo  atherosclerosis , 452  
 laws of physics , 452  
 morphologic changes, blood vessel wall , 452   

  Vascular risk factors 
 chronic autoimmune diseases , 488  
 coronary angiography , 488  
 CVD , 488  
 mechanism, ischemic heart disease , 487  
 Minnesota-based study , 488  
 SCA , 488   

  Vasculitis 
 aneurysmal dilation , 375  
 aneurysm formation , 375, 376  
 coronary abnormalities , 374  
 healed coronary arteritis , 375  
 infectious agent , 375  
 Kawasaki disease , 375, 376  
 lupus erythematosus , 374  
 polyarteritis nodosum , 375, 377  
 vascular diseases , 374   

  Vasculogenesis 
 angioblasts , 219  
  vs.  angiogenesis , 261  
 and angiogenesis, molecular regulation 

 angiopoietin-1 , 263  
  b -catenin , 264  
 EphrinB2 and cognate receptor EphB4 , 264  
 induction , 263  
 TIE1 and TIE2 , 263  

 bone marrow and adipose stromal cells , 265  
 circulating endothelial progenitors , 264–265  
 and endothelial cells 

 proper embryo , 262  
 yolk sac , 261–262  

 hypoxia , 221  
 ischemic tissue repair , 265–266  
 nascent endothelial cells , 219   

  VEGFR2 
 KDR/CD3 , 264  
 tyrosine kinase receptor , 263   

  Ventricular-assist devices (VADs) 
 bridge-to-decision , 457  
 bridge-to-transplant (BTT) , 457  
 destination therapy (DT) , 458   

  Very-low-density lipoprotein (VLDL) , 505   
  Veterans administration HDL intervention trial (VAHIT) , 503   
  Veterans Affairs Non-Q-Wave Infarction Strategies in Hospital 

(VANQWISH) , 318   
  VLDL.    See  Very-low-density lipoprotein  
  Vulnerable plaque 

 AHA classification scheme , 187, 188–190  
 atheromatous progression 

 contribution, intraplaque hemorrhage , 190–191  
 fibroatheroma , 189, 190  
 heme toxicity and subsequent inflammation , 191  
 intimal thickening and fatty streaks , 188  
 pathologic intimal thickening , 189  

 categories , 187  
 CTO and lipid-rich cores , 187  
 HPR , 193  
 morphological predictors 

 OCT and NIRS , 195  
 odds ratio (OR) , 195  
  vs.  thin-cap fibroatheroma (TCFA) , 194, 195  

 sudden coronary death victims 
 coronary arteries, distribution , 194  
 cross-sectional luminal narrowing , 194  
 TC/HDL , 193  

 thrombosis 
 calcified nodule , 193  
 causative substrates, coronary , 191, 192  
 erosion , 192–193  
 rupture , 191–192  
 TCFAs , 191    

  Y 
  Yolk sac 

 bipotent progenitors , 262  
 hematopoietic progenitor cells, blood island , 

261, 262  
  in vitro  differentiation, ES and EBs , 262  
 VPC and VPE , 262       
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