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Preface to Fourth Edition


The fourth edition of Cardiac Surgery has been prepared without contributions from two of the authors of the third edition, Drs. Robert B. Karp and Donald B. Doty. Dr. Karp was fatally injured in an automobile accident in 2006. Dr. Doty retired from the practice of cardiothoracic surgery in 2004. We are extremely grateful to both of them for their outstanding contributions, many of which remain in the fourth edition. We are equally pleased to welcome as a contributor to the fourth edition, Dr. James K. Kirklin, son of Dr. John W. Kirklin, co-author with Sir Brian Barratt-Boyes of the first two editions of Cardiac Surgery.


Except for Dr. Frank Hanley, we received our cardiothoracic surgical education at the University of Alabama Medical Center under the tutelage of John Kirklin, and we were privileged to serve as faculty members in the Department of Surgery at the University of Alabama at Birmingham School of Medicine during his tenure as chair of the department and director of the Division of Cardiothoracic Surgery. James Kirklin currently serves as director of that division.


We have all, including Dr. Hanley, been profoundly influenced by the teachings of John Kirklin, and by his intellect, vision, and clinical skills. His commitment to improving the quality of cardiac surgery through rigorous clinical and laboratory investigations and providing superb clinical care and disciplined training of young surgeons was truly exemplary. Although our interactions with Sir Brian Barrett-Boyes were less frequent and less intense, he possessed these same attributes and was an inspiration to us as well. In the last year of his life, he was engaged in updating the echocardiographic and structural valve deterioration data of the entire Green Lane Hospital experience of aortic allografts, with the intent of transmitting these data for analysis by one of us (EHB).


The systematic approach to cardiac surgery developed and promulgated by these two pioneering surgeons, who both died between publication of the third and this fourth edition of Cardiac Surgery, has been a major fixture in our professional careers. The decision to author the third and now fourth editions of Cardiac Surgery was in large part influenced by our desire to perpetuate their philosophical approach to this discipline. Thus, the general format of the three previous editions has been maintained.


All chapters present in the third edition have been revised. They have been rearranged so that every chapter relating to surgical treatment of congenital heart disease (except for Chapter 29, “Congenital Heart Disease in the Adult”) has been placed in Volume 2. Each chapter was rewritten with input from at least two of the four authors. Chapter 4 (“Anesthesia for Cardiovascular Surgery”) was revised by Drs. Colleen G. Koch and Chandra Ramamoorthy. The content, and in some instances the titles, of several chapters have been altered to reflect current knowledge and practice. As an example, the chapter “Heart Failure” in the third edition has been expanded into three chapters in the fourth edition: “Cardiomyopathy,” “Cardiac Transplantation,” and “Mechanical Circulatory Support.” New illustrations and new echocardiographic, computed tomographic, and magnetic resonance images have been added to reflect important advances in the diagnosis and management of congenital and acquired diseases of the heart and great vessels.


We recognize the potential limitation of four authors writing separate portions of this textbook. This challenge was met, in part at least, by dual authorship of each chapter, and by author meetings and correspondence. It was also met by a process of universal review. Specifically, as with the third edition, Dr. Blackstone was designated as the final arbiter. After completion of the revision of each chapter by the primary author, copyedited material was forwarded to Dr. Blackstone in Cleveland, where he and his assistant, Tess Muharsky Parry, reviewed, edited, reorganized, questioned, and adjudicated the entire content of each chapter. It is our hope that this intensive process has improved the accuracy and comprehensiveness of each chapter.


As in the previous editions, Part I of Volume 1 discusses basic concepts of cardiac surgery: anatomy, support techniques, myocardial management, anesthesia, postoperative care, and methodology for generating new knowledge from previous experience. These core chapters are applicable to the broad audience of medical professionals who care for patients with cardiac disease. The remaining chapters of Volume 1 (Parts II to V) discuss specific acquired diseases of the heart and great vessels, and congenital heart disease in adults. This edition has retained, in these later sections and in all of the chapters in Volume 2, presentation of “Indications for Operation” at the end of each chapter, because the indications are the derivatives of comparison of various outcomes (results) of alternative forms of treatments, including no treatment (natural history).


The abbreviation UAB has been retained, and is used to identify data and illustrations from the University of Alabama at Birmingham; similarly, GLH identifies those from Green Lane Hospital in Auckland, New Zealand. The bibliographic references are again designated using the first letter of the surname of the first author and a number (e.g., L4), rather than simply a number. This convention is simple and convenient, and allows the reader to easily locate a given author’s publication among the alphabetically arranged references. The abbreviation CL is used throughout to denote 70% confidence limits around the point estimate. The reasons for presenting 70% rather than 95% or 50% confidence limits are presented in Chapter 6.


The fourth edition is written at a time of great change for the specialty of cardiac surgery. Percutaneous catheter-based interventions are being increasingly used to treat patients with coronary arteriosclerotic heart disease, aortic valve stenosis, mitral valve regurgitation, hypertrophic obstructive cardiomyopathy, diseases of the thoracic aorta, and congenital cardiac lesions such as patent ductus arteriosus, coarctation of the aorta, atrial and ventricular septal defects, and pulmonary valvar stenosis and regurgitation. Less invasive techniques are rapidly being incorporated into cardiac surgical practice for many conditions that continue to require open surgical repair. These advances must be acknowledged and embraced if cardiac surgery is to thrive in the future.


It is our hope that this textbook will be of value to cardiac surgeons who care for patients with congenital and acquired heart disease and with disorders of major blood vessels in the chest, as well as to cardiologists and interventional cardiologists who treat children and adults with these conditions, anesthesiologists, intensivists, pulmonologists, imaging specialists, cardiovascular nurses, trainees in all of these disciplines, and others.







—Nicholas T. Kouchoukos, MD










—Eugene H. Blackstone, MD










—Frank L. Hanley, MD










—James K. Kirklin, MD
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Part I


General Considerations










1 Anatomy, Dimensions, and Terminology






Cardiac Chambers and Major Vessels



RIGHT ATRIUM




LEFT ATRIUM




RIGHT VENTRICLE




LEFT VENTRICLE




MYOARCHITECTURE OF THE VENTRICLES




GREAT ARTERIES



Atrial Septum


Ventricular Septum



MUSCULAR SEPTUM




MEMBRANOUS SEPTUM




ATRIOVENTRICULAR SEPTUM



Conduction System



SINUS NODE




INTERNODAL PATHWAYS




ATRIOVENTRICULAR NODE




BUNDLE OF HIS AND BUNDLE BRANCHES



Cardiac Valves



MITRAL VALVE




TRICUSPID VALVE




AORTIC VALVE




PULMONARY VALVE



Coronary Arteries



LEFT MAIN CORONARY ARTERY




LEFT ANTERIOR DESCENDING CORONARY ARTERY




LEFT CIRCUMFLEX CORONARY ARTERY




RIGHT CORONARY ARTERY




CORONARY ARTERIAL SUPPLY TO SPECIALIZED AREAS OF THE HEART



Dimensions of Normal Cardiac and Great Artery Pathways



DIMENSIONS OF THE PATHWAY




NORMALIZATION OF PATHWAY DIMENSIONS




STANDARDIZATION OF DIMENSIONS




DIMENSIONS OF THE PULMONARY ARTERIES




RELATING DIMENSIONS TO OUTCOME



Dimensions of Normal Ventricles


Terminology and Classification of Heart Disease



SITUS OF THE THORACIC VISCERA AND ATRIA




SITUS OF THE VENTRICLES




COMPLETENESS OF THE VENTRICLES




DOMINANCE OF THE VENTRICLES




CARDIAC CONNECTIONS




CARDIAC AND ARTERIAL POSITIONS




ATRIOVENTRICULAR FLOW PATHWAYS




DEFECTS AND ABNORMALITIES




CONVENTIONAL DIAGNOSES




SYMBOLIC CONVENTION OF VAN PRAAGH



Appendixes


1A:. Morphogenesis


1B:. Normal Pathway Dimensions from Autopsy Specimens


1C:. Normal Pathway Dimensions from Cineangiography


1D:. Normal Pathway Dimensions from Two-Dimensional Echocardiography


1E:. Comparison of Pathway Dimensions from Different Measurement Modalities


1F:. Comparison of Methods for Normalizing the Dimensions of Pulmonary Arteries


1G:. Normal Ventricular Volume, Masses, and Dimensions from Different Measurement Modalities


1H:. Illustrative Models of Congenital Heart Disease







This chapter describes normal cardiac and great artery anatomy and dimensions, as well as the terminology usually employed.






Cardiac Chambers and Major Vessels


Accurate diagnosis of congenital heart defects depends in part on identifying cardiac chambers and major vessels by their morphology, regardless of their spatial positions (Fig. 1-1).
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Figure 1-1 Surface anatomy of heart. Left atrial appendage is long and narrow, whereas right atrial appendage is short and blunt. Aorta originates posterior and to the right of the pulmonary trunk at the base of the heart, but is anterior and to the right by the pericardial reflection (not shown). Right ventricle occupies most of anterior aspect of heart, with left ventricle forming the apex and posterior aspects.








Right Atrium


The right atrium (Fig. 1-2) is the heart chamber that normally receives systemic venous drainage from inferior and superior venae cavae. It also normally receives the major portion of coronary venous drainage from the coronary sinus. Morphologic characteristics important for identifying the right atrium are presence of the limbus of the fossa ovalis, which surrounds the valve of the fossa ovalis (septum primum) superiorly, anteriorly, and posteriorly; a wide-based, blunt-ended, right-sided atrial appendage (auricle); eustachian valve at the orifice of the inferior vena cava and thebesian valve at the orifice of the coronary sinus; and crista terminalis, which separates trabeculated from nontrabeculated (venous) portions of the atrium (Fig. 1-3).
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Figure 1-2 Interior of normal right atrium, viewed from right side at operation. Key: AA, Atrial appendage; AnMV, position of mitral valve anulus on other side of septum, indicated by dotted line; AnTV, anulus of tricuspid valve, indicated by dotted line; ASCTV, anteroseptal commissure of tricuspid valve; CS, coronary sinus orifice; CT, crista terminalis (inside of sulcus terminalis); EuV, eustachian valve; FO, fossa ovalis (sometimes called septum primum); IVC, inferior vena cava orifice; LFO, limbus of fossa ovalis (C-shaped, extending anteriorly and posteriorly to enclose fossa ovalis); SLTV, septal leaflet of tricuspid valve; SVC, superior vena cava orifice; ThV, thebesian valve; TT, tendon of Todaro; X, muscular portion of atrioventricular septum; Z, membranous portion of atrioventricular septum.
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Figure 1-3 Interior of right atrium, oriented as at operation. Right atrium receives superior and inferior venae cavae. Its trabeculated portion is separated from its smooth portion by the crista terminalis. Fossa ovalis is located in center of atrial septum, surrounded on its superior, anterior, and posterior aspects by the limbus. Coronary sinus is positioned inferiorly. Coronary sinus, along with tendon of Todaro and anulus of septal leaflet of tricuspid valve, form the boundaries of triangle of Koch. Atrioventricular node and proximal portions of bundle of His, portions of the specialized conduction system, lie within the triangle of Koch. Right coronary artery lies in atrioventricular groove, the anatomic point of separation of right atrium and right ventricle.




The normal structures are sometimes expressed in an excessive or unusual manner. These are not themselves functionally important abnormalities but are usually associated with cardiac malformations. Thus, the eustachian and thebesian valves may be sufficiently prominent to appear to divide the right atrium into two parts, a common finding in tricuspid atresia.T6 The right atrial appendage may be juxtaposed leftward, and the left atrial appendage is less frequently juxtaposed rightward. Juxtaposition of the atrial appendages is usually associated with cardiac malformations.A17


Radiologically, the definitive morphologic features of the right atrium may be difficult to recognize.B11 Occasionally, the atrial septum is seen well enough in angiographic profile to delineate the limbus of the fossa ovalis, and sometimes the right atrial appendage is outlined sufficiently to differentiate its shape from that of the left atrial appendage. The fact that the hepatic portion of the inferior vena cava usually drains into the right atrium often makes it possible to determine the location of the right atrium by passage of a catheter from the inferior vena cava to the heart. Cardiovascular magnetic resonance imaging (MRI) and three-dimensional (3D) echocardiographic computed tomography are increasingly able to identify even complex morphologic features of this and other cardiac chambers and their connections.H3,H6,K4,Y2


The atria are not in normal position in some patients; in these cases, the wide-based, blunt-ended right atrial appendage is the most secure indicator that an atrium is morphologically a right atrium. Other indicators of the morphology of the atria, and of atrial situs, include venous drainage and the situs indicated by the pulmonary artery and bronchial anatomy.P1,S23,V3,V4









Left Atrium


The left atrium (Fig. 1-4) is the cardiac chamber that normally receives pulmonary venous drainage from the four pulmonary veins. Its septal surface is characterized by the flap valve of the fossa ovalis (septum primum), in contrast to the limbus of the fossa ovalis present on the right atrioseptal surface. The left atrial appendage (auricle) is long and narrow, in contrast to bluntness of the right atrial appendage, and is the best indicator that the atrium is morphologically a left atrium. There is no crista terminalis at the base of the left atrial appendage, the only trabeculated structure in the left atrium.
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Figure 1-4 Interior of normal left atrium viewed from right side at operation as, for example, during mitral valve operations. Stippled area indicates position of right trigone, which contains bundle of His. Crosshatching marks left trigone, the area of greatest risk to aortic valve during mitral valve replacement. Key: AA, Base of atrial appendage; ALMV, anterior leaflet of mitral valve; LPV, orifices of left pulmonary veins; PLMV, posterior leaflet of mitral valve; RIPV, orifice of right inferior pulmonary vein; RSPV, orifice of right superior pulmonary vein; SP, septum primum.




In general, at cardiac catheterization, the location of the left atrium is determined by exclusion after identifying the position of the right atrium as described earlier. With normal pulmonary venous connection, the left atrium may be well opacified after a right ventricular or pulmonary artery injection.









Right Ventricle


Topographically, the right ventricle has a large sinus portion that surrounds and supports a tricuspid atrioventricular (AV) valve (inlet portion) and includes the apex and a smaller infundibulum (outlet portion) that supports a semilunar valve. The inlet and outlet valves of the right ventricle are thus widely separated. The entire sinus portion of the right ventricle and most of the infundibulum (both free wall and septum) are coarsely trabeculated.


The septal surface of the right ventricle is divided into an inlet portion, a trabecular portion (sometimes called the apical trabecular portion), and an outlet portionA9,S29 (Fig. 1-5). Alternatively, the septal surface of the right ventricle may be divided into posterior (basal), middle, apical (anterior), and infundibular (conal) portions (Fig. 1-6). The inlet portion of the ventricular septum surrounds and supports the tricuspid valve.1 The trabecular portion is that portion with the coarse trabecular pattern typical of the right ventricle (see Fig. 1-6). The outlet portion of the right ventricular aspect of the ventricular septum is smooth but complex and has three components. The largest is the infundibular (conal) septum, which separates the pulmonary from the aortic and tricuspid valves. Only part of the infundibular septum is interventricular (see Fig. 1-5), and in some malformations (e.g., double outlet right ventricle), none of it may be. It must be emphasized that the most distal cephalad portion of the infundibular septum is not, strictly speaking, part of the ventricular septum, because in the normal heart, the pulmonary valve arises from the apex of a cone of muscle and does not have a septal attachment.A9,B4,C5,V7 A second part of the outlet portion of the septum is the anterior (superior) extension, or division, of the trabecula septomarginalis (septal band). A third small, very anterior portion is a narrow extension superior to the trabecular septum.
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Figure 1-5 Interior of normal right ventricle, particularly trabecular and outlet portions, oriented as at operation. Infundibular (conal) septum separates pulmonary valve from tricuspid valve, and only its rightward portion and inferior part of its central portion form part of the interventricular septum (see also Fig. 1-6). Entire outlet portion of septum of infundibulum is composed of the septal extension of infundibular septum, anterior limb of trabecula septomarginalis (septal band), and in front of that, a heavily trabeculated portion of septum. Key: AL, Anterior (superior) limb of TSM; AP, anterior papillary muscle; InfS, infundibular (conal) septum; MB, moderator band; MS, position of membranous septum; PE, parietal extension of infundibular septum (parietal band); PL, posterior limb of TSM, giving origin to medial papillary muscle; SE, septal extension of infundibular septum; TS, trabeculated portion of septum, part of which lies in infundibulum and remainder in sinus portion of ventricle; TSM, trabecula septomarginalis (septal band); VIF, ventriculoinfundibular fold.
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Figure 1-6 Right ventricular side of septum after right atrium, right ventricle, and pulmonary trunk have been exposed by removing their anterior walls and rightward portion of aorta and parietal band (or parietal extension of infundibular septum). Entire right ventricular septum is displayed, together with relationship of infundibular septum to aortic root. In this heart, infundibular septum is less prominent than in some. Dashed line defines atrioventricular portion of membranous septum. Dotted lines define arbitrary division of sinus septum into posterior (beneath septal tricuspid leaflet), middle, and apical portions. Specimen corresponds to a right anterior oblique projection in cineangiography. Key: A, Left anterior division septal band; Ao, aorta; CoS, coronary sinus; FO, fossa ovalis; IS, cut end of infundibular septum; NC, noncoronary aortic sinus; P, right posterior division of septal band; PT, pulmonary trunk; R, right coronary aortic sinus; SLTV, septal tricuspid leaflet; TSM, trabecula septomarginalis (septal band).




Laterally to the right, the infundibular septum imperceptibly merges with the free right ventricular wall immediately beyond its attachment to the membranous septum; at that point, it can be called the parietal extension of the infundibular septumS22 (Fig. 1-7). The parietal band lies anterior to the right aortic sinus (see Fig. 1-7), partially overlying that portion of the free wall of the right ventricle termed the ventriculoinfundibular fold. Many surgeons call the infundibular septum and the parietal band the crista superventricularis. Medially and to the left, the infundibular septum merges with the trabecular portion of the septum between the limbs of the particularly prominent smooth, Y-shaped muscle bundle called the trabecula septomarginalisA10,T2 (Fig. 1-8). The trabecula septomarginalis extends apically to become continuous with the moderator band, a prominent trabeculation running from septum to free wall.
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Figure 1-7 Demonstration of interrelationships between right ventricular aspect of ventricular septum and other structures in a longitudinal coronal section through heart. Key: AA, Ascending aorta; LC, left coronary cusp; LPC, left pulmonary cusp; MPM, medial papillary muscle; NC, noncoronary cusp; RC, right coronary cusp; TSM, trabecula septomarginalis (septal band); TV, tricuspid valve.
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Figure 1-8 Interior of right ventricle after it has been opened close to anterior septal margin and along its acute margin inferiorly, and the anterior wall hinged to the right. Specimen is oriented anatomically, with aorta and pulmonary trunk at top. Pulmonary trunk also has been opened. Attachments of trabecula septomarginalis (septal band) are clearly demonstrated. Key: A, Left anterior division of trabecula septomarginalis; APM, anterior papillary muscle; InfS, infundibular (conal) septum; MB, moderator band; P, right posterior division of septal band giving origin to medial papillary muscle; PPM, posterior papillary muscle; PV, pulmonary valve; TSM, trabecula septomarginalis (septal band).




The junction between outlet and sinus (trabecular) portions of the right ventricle is clearly demarcated only along the lower margin of the outlet portion of the septum. The incomplete muscular ridge formed by the outlet septum (here, specifically, the infundibular septum) and the parietal band, together with the septal and moderator bands, forms a natural line of division between the posteroinferior sinus portion and the anterosuperior outlet portion of the ventricle.V2 It is in this area that ventricular septal defects (VSDs) most commonly occur; the morphology of the area gives the name “junctional,” or “conoventricular,” to these defects.


The papillary muscle arrangement supporting the three leaflets of the tricuspid valve is different from that of the mitral valve in the left ventricle. In the case of the tricuspid valve, in addition to a single large anterior papillary muscle attached to the anterior free wall that fuses with the moderator band, there are multiple smaller posterior papillary muscles attached partly to the posterior (inferior) free wall and partly to the septum, and a group of small septal papillary muscles. The lowermost of these small septal muscles attaches posterior to the trabecula septomarginalis (see Fig. 1-5) and the uppermost, called the medial (conal) papillary muscle (muscle of Lancisi or muscle of Luschka), to the posterior limb of the septal band (Fig. 1-9).
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Figure 1-9 Interior of right ventricle, oriented as at operation. Right ventricle is divided into three portions: inlet, containing tricuspid valve and surrounding ventricular septum; sinus, or coarse trabecular portion; and outlet, or conus portion, containing infundibular septum and pulmonary valve. Right lateral extension of infundibular septum merges with right ventricle as ventriculoinfundibular fold (parietal band). Medially and to left, infundibular septum merges with right ventricle to form Y-shaped muscle bundle called trabecula septomarginalis (septal band). Trabecula septomarginalis extends to apex as the moderator band. An important landmark is the medial (conal) papillary muscle of the tricuspid valve.










Left Ventricle


The left ventricle consists of a larger sinus portion, which supports a bicuspid AV valve and includes the apex, and a much smaller outlet (outflow) portion beneath a semilunar valve. The inlet and outlet valves of the left ventricle lie juxtaposed within its base, and inflow and outflow portions are separated by the anterior mitral leaflet2 (Fig. 1-10).





[image: image]

Figure 1-10 Interior of left ventricle after anterior ventricular and aortic walls have been excised, leaving obtuse margin, posterior free wall, and septum intact. Specimen is oriented anatomically. Posterior (mural) mitral valve leaflet lies against posterior free wall, whereas anterior mitral leaflet hinges in part from fibrous subaortic curtain and in part from septum and separates outflow portion of ventricle from remaining sinus portion. Arrow indicates direction of left ventricular outflow. Papillary muscles and chordae tendineae support mitral valve. Key: APM, Anterior papillary muscle; ALMV, anterior leaflet of mitral valve; P, posterior free wall; PLMV, posterior leaflet of mitral valve; PPM, posterior papillary muscle; S, septal surface.




The entire free wall of the left ventricle and apical half to two thirds of the septum are trabeculated (Fig. 1-11; see also Fig. 1-10), but the trabeculations are characteristically fine compared with those in the right ventricle.B11 The septal surface of the left ventricle may be considered to have a sinus portion, most of which is trabeculated, and a smooth outlet (outflow) portion (see Fig. 1-11). The part of the sinus portion of the septum immediately beneath the mitral valve may be termed the inlet septum, and the rest of the sinus portion, the trabecular septum (Fig. 1-12). The outlet (outflow) portion lies in front and to the right of the anterior mitral leaflet, corresponding to the inlet portion on the right ventricular side of the septum, and includes the AV septum (Fig. 1-13). In contrast to the right ventricular side, where the septal tricuspid leaflet is the only valvar attachment to the septum, on the left ventricular side, the rightward half of the anterior mitral valve leaflet attaches to the septum posteriorly, and the right and part of the noncoronary aortic cusps attach to it anteriorly (see Fig. 1-12). The leftward half of the anterior mitral leaflet is in fibrous continuity with the aortic valve in an area termed the aortic–mitral anulus (Fig. 1-14; see also Figs. 1-12 and 1-13). The anteriorly placed right ventricular infundibular (conal) septum lies opposite the aortic valve (Fig. 1-15). It may occasionally be displaced into the left ventricular outflow beneath the aortic valve; occasionally, muscle may also extend between the aortic and mitral valves, forming a true infundibulum to the left ventricle (see Fig. 1-10). The papillary muscles are called anterolateral (or simply anterior) and posteromedial (posterior). No papillary muscles attach to the left side of the ventricular septum.
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Figure 1-11 Interior of left ventricle after the free wall, including mitral valve apparatus, has been displaced to observer’s right and away from the septal surface by a fish-mouth incision into the left ventricle and aorta to demonstrate sinus and outlet portions of the septum. Key: ALMV, Anterior leaflet of mitral valve; MS, membranous septum; NC, noncoronary aortic cusp; O, outlet septum; R, right coronary aortic leaflet; S, sinus septum.







[image: image]

Figure 1-12 Interior of normal left ventricle, viewed from a slightly different perspective than in Fig. 1-11 to demonstrate inlet, outlet, trabecular, and membranous portions of septum. Key: ALPM, Anterolateral papillary muscle; AoM, aortic-mitral anulus (continuity); InS, inlet septum; MS, membranous septum; OS, outlet septum; PMPM, posteromedial papillary muscle; TS, trabecular septum.
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Figure 1-13 Ventricular septum from its left ventricular side, displaying relationship between its outflow portion and aortic and mitral valves. Pins protrude along line of attachment of tricuspid septal leaflet to right ventricular side of septum. Septal tissue inferior to this and dashed line correspond to right ventricular inflow, and septal tissue superior to it corresponds to atrioventricular septum. Arrow indicates a nodulus Arantii. (In this specimen, also shown in Fig. 1-11, right coronary artery ostium is located eccentrically near right noncoronary commissure.) Key: ALMV, Anterior leaflet of mitral valve; AV, atrioventricular septum (muscular portion); L, left aortic cusp; MS, membranous septum, with AV portion superior to dashed line and interventricular portion inferior to it; NC, noncoronary aortic cusp; R, right aortic cusp.
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Figure 1-14 Interior of left ventricle, lateral view. Trabecular and outflow portions of ventricular septum are demonstrated. Inflow portion is beneath and behind mitral valve. Anterior leaflet of mitral valve is in fibrous continuity with aortic valve. Passageway below aortic valve, bounded by outflow portion of ventricular septum and anterior leaflet of mitral valve, is called the left ventricular outflow tract. Mitral valve is supported by two papillary muscles, anterior and posterior, arising from free wall of left ventricle.
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Figure 1-15 Transverse section of heart at level of medial papillary muscle of tricuspid valve, showing curvature of septum that results in right ventricular infundibulum lying superior and anterior to aortic valve. Curvature of papillary muscles of the mitral valve is also shown. (Specimen is from a 9-month-old infant with a patent ductus arteriosus and pulmonary hypertension.) Key: AV, Aortic valve; LV, left ventricle; MV, mitral valve; P, posterior division of trabecula septomarginalis (septal band) and medial papillary muscle; PB, parietal band (parietal extension of infundibular septum); PV, pulmonary valve; RV, right ventricle; TV, tricuspid valve; VS, ventricular septum.










Myoarchitecture of the Ventricles


The adult ventricular mass is made up of a three-dimensional network of myocardial cells.S3 This network is highly structured and arranged in layers in which the myocardial cells have a preferred orientation. In all hearts, the ventricular wall is arranged in three layers: superficial (subepicardial), middle, and deep (subendocardial). Superficial and deep layers are present in both right and left ventricles, whereas the middle layer is only present in the left ventricle. The superficial and deep layers are anchored at the ventricular orifices to fibrous structures of the central fibrous skeleton of the heart. This suggests that myocardial contraction plays an active role in cardiac valve function. The middle layer, unique to the left ventricle, shows a circumferential pattern. No planes of fibrous septation are present between the three layers. Instead, the distinction between one layer and the next is made by a change in muscle fiber direction. This is particularly evident in the ventricular septum, where the superficial layer of the right ventricle invaginates at the interventricular sulcus to form a thin muscular layer that forms the right side of the ventricular septum, covering the circumferentially arranged muscle fibers of the middle layer of the left ventricle. There are age-related changes in direction of the muscle fibers in the superficial layer. With advancing fetal and infant age, muscle fiber arrangement progresses from a horizontal to an oblique orientation.S2 This change is especially evident in the right ventricle and probably reflects the changing pressure gradient between right and left ventricles.


The anatomy of the muscular subpulmonary infundibulum was studied by Merrick and colleagues.M5 They point out a freestanding sleeve of myocardium supporting the pulmonary valve that is separate from the underlying anatomic ventricular septum, and Van Praagh argues that this subsemilunar infundibulum “belongs” to the great arteries, not the ventricles.V7 It may be identified by changing directions of myocardial muscle fibers, referred to by surgeons as “layers” of the septum. This anatomic feature makes possible the safe separation of the pulmonary trunk from the right ventricular outflow tract for use as a valve substitute (autograft).









Great Arteries


The aorta is the great artery arising from the base of the heart that normally gives rise to the systemic and coronary arteries. Identity of the aorta is established by recognizing it as the vessel of origin of the brachiocephalic arteries, which never arise from the pulmonary artery. It is not so definitively the vessel of origin of the coronary arteries; occasionally one, or rarely both, coronary arteries may arise from the pulmonary arteryO1 (Appendix 1A).


The pulmonary trunk (main pulmonary artery) is the great artery that normally gives rise to the pulmonary arterial system. The pulmonary trunk characteristically has no brachiocephalic vessels arising from it. At angiography, differentiation between pulmonary trunk and aorta may require careful study, as the brachiocephalic vessels may opacify with the pulmonary trunk by filling through a patent ductus arteriosus. The pulmonary valve is normally anterior, and the aortic valve posterior and to the right, in individuals with visceral and atrial situs solitus.











Atrial Septum


See “Right Atrium” and “Left Atrium.”









Ventricular Septum


The right and left ventricular septal surfaces are asymmetric, related mainly to presence of an infundibulum in the right ventricle only (although Van Praagh and colleagues argue that a small portion of the subsemilunar conus lies just beneath the right aortic valve cuspV9 [see Appendix 1A]). In addition, higher pressure in the left ventricle makes the sinus septal surface concave on the left side and convex on the right (see Fig. 1-15), a feature accentuated during ventricular systole. The axes of the right and left ventricular outflow tracts differ. That of the right ventricle is almost vertically oriented, whereas that of the left ventricle angles sharply to the right (Fig. 1-16), a feature profiled cineangiographically in the left anterior oblique (LAO) view and in the parasternal long axis view by two-dimensional (2D) echocardiography.B2,B11
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Figure 1-16 Oblique section of a heart from which superior portion of both ventricles has been removed, including entire right ventricular infundibulum and pulmonary trunk and front half of aorta. Sharp rightward angulation of outflow portion of left ventricular septum is well seen, as is the manner in which anterior leaflet of mitral valve contributes one boundary to the left ventricular outflow tract. Key: ALMV, Anterior leaflet of mitral valve; Ao, aorta; LA, left atrium; LV, left ventricle; OS, left ventricular outflow septum; RA, right atrium; RV, right ventricle; S, septum; TV, tricuspid valve.








Muscular Septum


See “Right Ventricle” and “Left Ventricle.”









Membranous Septum


The membranous septum (pars membranacea) is the fibrous part of the cardiac septum separating the left ventricular outflow tract from, in part, the right ventricle and, in part, the right atrium. The line of division between these components is determined by attachment of the tricuspid valve anulus to the septum (see Fig. 1-12). On the right ventricular side of this attachment is the interventricular component. On the right atrial side, it forms the membranous portion of the AV septum.









Atrioventricular Septum


The AV septum is the portion of the cardiac septum that lies between the right atrium and left ventricle. It consists of a superior membranous portion and an inferior muscular portion. The AV septum is apparent because the septal attachment of the tricuspid valve is more apical than the septal attachment of the anterior leaflet of the mitral valve (Fig. 1-17). Viewed from the left ventricular side, the muscular component forms part of the outlet septum (see Fig. 1-13). The AV node lies in the atrial septum adjacent to the junction between membranous and muscular portions of the AV septum, and the bundle of His passes toward the right trigone between these two components (Fig. 1-18).
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Figure 1-17 Cardiac septation. Atrioventricular septum lies between left ventricle and right atrium. Septal attachment of tricuspid valve is more toward apex of heart than is attachment of mitral valve. Left ventricular outflow tract is angulated to the right.
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Figure 1-18 Diagram of right heart, aortic root, and conduction tissue at approximately 65-degree right anterior oblique projection. Plane of mitral valve attachment (dashed line) corresponds to atrial edge of muscular atrioventricular septum and inferior edge of membranous septum, but differs from plane of tricuspid valve (solid line). Muscular portion of atrioventricular septum is frequently smaller than depicted. Key: Ao, Ascending aorta; AVN, atrioventricular node extending into bundle of His and right bundle branch; AVS, muscular atrioventricular septum; CS, coronary sinus; FO, fossa ovalis; IVC, inferior vena cava; M, moderator band; MS, membranous septum, crossed by attachment of tricuspid valve; MV, mitral valve anulus; RC, right coronary artery; S, portion of trabecula septomarginalis (septal band); SVC, superior vena cava; TV, tricuspid valve.


(Modified from McAlpine.M3)














Conduction System


The following description is based on studies of hearts without congenital defects.B7 Abnormalities of the conduction system are associated with certain congenital cardiac malformations and determined primarily by the alignment between atrial and ventricular septal structures and the pattern of ventricular architectureA13,A14 (see Chapters 55 and 56).






Sinus Node


The sinus (sinoatrial) node is located along the anterolateral aspect of the junction between the superior vena cava and the right atrial appendageH8,J1,L4,T5 (Fig. 1-19). In rare cases, it extends medially across the crest of the caval–atrial junction. The node is superficial, lying just beneath the epicardial surface in the sulcus terminalis, and is approximately 15 × 5 × 1.5 mm.J1 It is pierced by the relatively large sinus node artery. (For details of the blood supply, see “Coronary Arteries”.)
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Figure 1-19 Cardiac conduction system. A, Sinus node is located on anterolateral aspect of junction between superior vena cava and right atrial appendage. Internodal pathways are not well defined anatomically and are presented here as proposed pathways. Atrioventricular (AV) node lies in triangle of Koch. Right and left bundle branches spread out on subendocardial surfaces of right and left aspects of ventricular septum. B, This section of the heart, taken more posterior than that shown in A, demonstrates location of AV node in triangle of Koch, bounded by coronary sinus, anulus of tricuspid valve septal leaflet, and tendon of Todaro. The common AV bundle (bundle of His) continues from AV node to penetrate central fibrous body and reach posteroinferior margin of membranous septum. Left bundle branch spreads over left ventricular aspect of ventricular septum. Right bundle branch continues on right ventricular surface of ventricular septum into moderator band.










Internodal Pathways


The spread of activation between sinus node and AV node occurs preferentially through the muscle bundles delimited by orifices of the right atriumS27,S28 (see Fig. 1-19). Considerable histologic and electrophysiologic investigation has been carried out to determine whether pathways of specialized conduction tissue exist within these broad muscle bundles and connect the sinoatrial (SA) and AV nodes. Investigators have not found discrete internodal tracts composed of homogeneous cells or fibers, although some have identified Purkinje-like cells in the major muscle bundles of adult hearts.J4,J7,L5,T7 Controversy continues as to whether these pale cells seen in the atrial myocardium are Purkinje-type cells and whether they form preferential conduction pathways.









Atrioventricular Node


The AV node lies directly on the right atrial side of the central fibrous body (right trigone) in the muscular portion of the AV septum, just anterosuperior to the ostium of the coronary sinus.J3,T5 At times, its posterior margin has been found to lie directly against the coronary sinus ostium.J3 It has a flattened oblong shape and an average dimension in adults of 1 × 3 × 6 mm. Its left surface lies against the mitral anulus. Viewed from the right atrium, the AV node can be localized within a triangle—described by Koch (Fig. 1-20)—formed by the tricuspid anulus, tendon of Todaro (continuation of the eustachian valve that runs to the central fibrous body), and coronary sinus ostium. The opening of the coronary sinus is usually a good landmark for the nodal triangle,S7 but in hearts with an abnormal coronary sinus orifice, the nodal triangle is variable in relation to the coronary sinus. Examples of variability are when the coronary sinus opens to the left of the ventricular septum, when there is malalignment between atrial and ventricular septal structures, and when the atrial septum is absent.
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Figure 1-20 Anatomic and surgical aspects of cardiac conduction system. A, Diagram of triangle of Koch within right atrium; triangle is defined by tendon of Todaro, orifice of coronary sinus, and tricuspid anulus. B, Diagram showing relationship of atrioventricular (AV) node and atrioventricular bundle (bundle of His) to triangle of Koch. AV node lies within the triangle, and AV bundle is located at apex of triangle. CS, Coronary sinus; FO, fossa ovalis; IVC, inferior vena cava; RAA, right atrial appendage; Rvv, right venous valve; SVC, superior vena cava.


(From Anderson and colleagues.A11)











Bundle of His and Bundle Branches


The common AV bundle (bundle of His) is a direct continuation of the AV node. The bundle passes through the rightward part of the right trigone of the central fibrous body to reach the posteroinferior margin of the membranous ventricular septum. This area is just inferior to the commissure between the tricuspid valve’s septal and anterior leaflets (see Fig. 1-19, B). Its diameter in the region of the central fibrous body is about 1 mm.J3 The bundle courses along the posteroinferior border of the membranous septum and crest of the muscular ventricular septum, giving off fibers that form the left bundle branch. This branching occurs beneath the commissure between the right and noncoronary cusps in close proximity to the aortic valve, over a distance of 6.5 to 20 mm, after which the remaining fibers form the right bundle branch (Fig. 1-21). The bundle of His lies on the left side of the ventricular septal crest in about 75% to 80% of human hearts and on the right side of the crest in the remainder.M2 In the latter situation, the His bundle connects to the left bundle by a relatively narrow stem.M1
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Figure 1-21 Diagram of atrioventricular (AV) conduction system and its relationship to membranous septum and aortic valve, viewed from left ventricular side. AV node is in the AV septum on right atrial side of the right trigone, which is beneath the nadir of the posterior (noncoronary) cusp of aortic valve. Common AV bundle courses along posteroinferior margin of membranous septum, giving off fibers that form the left bundle branch. This region lies beneath the commissure of right and noncoronary (posterior) aortic cusps. Right bundle branch originates from common AV bundle in the region of anteroinferior border of membranous septum. Key: approx, Approximately; AVN, atrioventricular node; CB, branching portion of common atrioventricular bundle; fasc, fascicle; LBB, left bundle branch; MS, membranous septum; RBB, right bundle branch.


(From Titus.T5)





The left bundle branch fans out over the left ventricular septal surface, gradually forming two or three main radiations.D6,S26,T5 It is not uncommon for the anterior and posterior subdivisions to be accompanied by a central, third radiation that originates from the His bundle or from both of the former subdivisions. The anterior radiation travels toward the base of the anterolateral papillary muscle of the left ventricle. The wider posterior subdivision courses toward the base of the posteromedial papillary muscle. Multiple peripheral anastomoses occur among the subdivisions of the left bundle branch system as it distributes to the left ventricle.D6


The right bundle branch originates from the bundle of His in the region of the anteroinferior margin of the membranous septum and courses along the right ventricular septal surface, passing just below the medial papillary muscle and along the inferior margin of the septal band and the moderator band to the base of the anterior papillary muscle.L5 The fibers then fan out to supply the walls of the right ventricle. Proximally, the right bundle averages about 1 mm in diameter.T5 It is usually subendocardial in its proximal portion, intramyocardial in its middle portion, and again subendocardial near the base of the anterior papillary muscle.T5 VSDs associated with malalignment of portions of the ventricular septum affect these relationships to some extent.T1











Cardiac Valves


The interrelationships among the heart valves in normally formed hearts are remarkably uniform.M4 The aortic valve occupies a central position, wedged between the mitral and tricuspid valves, whereas the pulmonary valve is situated anterior, superior, and slightly to the left of the aortic valve (Fig. 1-22). The anuli of the mitral and tricuspid valves merge with each other and with the membranous septum to form the fibrous skeleton of the heart.G4 The core of the skeleton is the central fibrous body, with its two extensions, the right and left fibrous trigones. The right fibrous trigone forms a dense junction between the mitral and tricuspid anuli, the left ventricular–aortic junction below the noncoronary cusp, and the membranous septum. The trigone is pierced by the bundle of His. The left fibrous trigone, situated more anteriorly and to the left, lies between the left ventricular–aortic junction and the mitral anulus. The tendon of the infundibulum is a fibrous band joining the more superiorly placed pulmonary valve to the central cardiac skeleton. The tendon of Todaro also joins the central fibrous body (see “Atrioventricular Node”).
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Figure 1-22 Cardiac valves viewed from superior aspect. Interrelationships of heart valves are shown, with aorta and semilunar aortic valve wedged between mitral and tricuspid valves. Pulmonary trunk and semilunar pulmonary valve are anterior and slightly to left of aortic valve. Left atrioventricular (mitral) valve has two leaflets: anterior (septal) and posterior (mural). Tricuspid valve has three leaflets: anterior, septal, and posterior. Blunt and broad-based right atrial appendage is contrasted to long and narrow left atrial appendage, providing identification of anatomic structures.




By virtue of similarities in morphology and function, the heart valves naturally fall into two groups: AV (mitral and tricuspid) valves and semilunar (aortic and pulmonary) valves.






Mitral Valve


The AV valve of the left ventricle, the mitral valve, is bicuspid, with an anterior (aortic, or septal) leaflet and a posterior (mural, or ventricular) leaflet (Fig. 1-23). Tissue that could be called commissural leaflets is usually present at the commissures between these two leaflets. The combined area of the two mitral leaflets is twice that of the mitral orifice, resulting in a large area of coaptation.P3,S17 When this large area is lost because of malalignment of the leaflets, undue stress is placed on the chordae tendineae, and they may rupture. Although there has been some controversy as to the definition of commissural areas, particularly in regard to clefts in the posterior leaflet, Silver and colleagues describe chordae tendineae that define the limits of the septal (anterior) and posterior leaflets.L1,R1 Rusted and colleagues found the depth of commissures in the normal mitral valve averaged 0.7 to 0.8 cm and never exceeded 1.3 cm in the 50 hearts they studied.R5
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Figure 1-23 Normal mitral valve viewed from an anterolateral left ventriculotomy, with anterolateral left ventricular wall held forward and to observer’s right. Key: ALMV, Anterior leaflet of mitral valve; ALPM, anterolateral papillary muscle; LVOT, left ventricular outflow tract; PLMV, posterior leaflet; PMPM, posteromedial papillary muscle.




The larger anterior (septal, aortic, anteromedial) leaflet is roughly triangular in shape, with the base of the triangle inserting on about one third of the anulus. It has a relatively smooth free margin with few or no indentations. A distinct ridge separates the region of closure (rough zone) from the remaining leaflet (clear zone).R1 The clear zone is devoid of direct chordal insertions. The anterior leaflet is in fibrous continuity with the aortic valve through the aortic–mitral anulus and forms a boundary of the left ventricular outflow tract.W1 This region of continuity occupies about one fourth of the mitral anulus and corresponds to the region beneath half the left coronary cusp and half the noncoronary cusp of the aortic valve. The limits of this attachment are demarcated by the right and left fibrous trigones (Fig. 1-24). The commissure between the left and noncoronary sinuses of the aortic valve is located directly over the middle of the anterior leaflet of the mitral valve (Fig. 1-25; see also Fig. 1-24). These points do not correspond to the commissures of the mitral valve (see Fig. 1-4). The AV node and bundle of His are at risk of surgical damage adjacent to the right trigone.





[image: image]

Figure 1-24 Diagram of the crownlike area of attachment of aortic valve. A, View from direction of mitral valve. This area is in continuity with the membranous septum and anterior (septal) mitral valve leaflet. Subaortic curtain is the aortic–mitral anulus. Posterior commissure of aortic valve is directly over midpoint of anterior leaflet of mitral valve. B-C, Aortic wall flattened out, illustrating U-shaped attachment of aortic valve.


(From Zimmerman.Z2)








[image: image]

[image: image]

[image: image]

Figure 1-25 Anatomic relationships of mitral and aortic valves. A, Commissure between left and noncoronary sinuses of aortic valve is located directly above midpoint of anterior leaflet of mitral valve. Dashed line represents the midpoint of both anterior and posterior leaflets of mitral valve, separating the chordal attachments to anterior and posterior papillary muscles. B, Three-cusp semilunar aortic valve opens widely during systole without touching aortic wall, owing to sinuses of Valsalva. During diastole, mitral valve opens not only as anterior leaflet swings away from posterior leaflet but also as it flexes, to create the widest possible orifice. This is illustrated as a series of flexion lines. C, Segmental classification used to describe mitral valve morphology at surgery and two-dimensional and three-dimensional echocardiography.




The smaller posterior (mural, ventricular, posterolateral) leaflet inserts into about two thirds of the anulus and typically has a scalloped appearance. Ranganathan and colleagues found the posterior leaflet to be divided into three segments in 46 of the 50 normal mitral valves they studied.R1 The posterior leaflet has rough and clear zones corresponding to those of the anterior leaflet, as well as a basal zone close to the anulus, which receives chordae directly from left ventricular trabeculae.L1,R1


The mitral valve leaflets may be described using a segmental classification. The valve leaflets are segmented into six sections, A1 to A3 for the anterior and P1 to P3 for the posterior (see Fig. 1-25, C). Sections A1 and P1 represent the anterolateral sections, A2 and P2 the middle sections, and A3 and P3 the posteromedial sections. This segmental classification has been useful in describing morphology observed at operation,K10 multiplane 2D transesophageal echocardiography,F4 and 3D echocardiography.C4


The majority of chordae tendineae to the mitral valve originate from the two large papillary muscles of the left ventricle: anterolateral and posteromedial. Each leaflet receives chordae from both papillary muscles, and the majority insert on the free leaflet edge.R5 Papillary muscles are often thought of as fingerlike structures protruding into the left ventricular cavity from the ventricular wall, possibly because these muscles are frequently visualized in two dimensions by angiography or echocardiography. Actually, the papillary muscles have a somewhat crescent shape that conforms to the curvature of the free wall of the left ventricle. This is reasonable because the papillary muscles and chordae tendineae are derived embryologically by undermining of the left ventricular myocardium.


Victor and Nayak examined 100 normal human hearts at autopsy, evaluating and characterizing the papillary muscles and arrangement of the chordae.V17 The anterolateral papillary muscle is attached by chordae tendineae to the left half of the anterior and posterior mitral leaflets (as viewed by a surgeon through the usual right-side approach to the mitral valve), whereas the posteromedial papillary muscle is attached by chordae tendineae to the right-sided half of both anterior and posterior leaflets. Papillary muscles are considered an anterolateral “group” and a posteromedial “group” because there is often more than a single papillary muscle “belly.” There are patterns of mostly single or two muscle bellies, but occasionally three, four, or even five bellies are observed. When there are three muscle bellies, the papillary muscle supporting the chordae to the commissure arises separately from the ventricular wall. Commissural chordae are shorter than the others and usually originate from the highest tip of the papillary muscle. Victor and Nayak also described variations of the chordal attachments. There are usually 4 to 12 chordae originating from each papillary muscle group (range, 2 to 22). Chordal branching results in a number of chordae inserting to the mitral valve leaflet, ranging from 12 to 80.


Acar and colleagues proposed a clinical morphologic classification of the papillary muscles.A3 A single undivided papillary muscle is referred to as type I. Type II refers to papillary muscles cleaved in a sagittal plane into two heads that separately support the anterior and posterior leaflets of the mitral valve. Type III papillary muscles are cleaved in a coronal plane, forming an individual head that supports the commissural chordae. Type IV refers to papillary muscles divided into multiple heads, with a separate papillary muscle originating as a separate muscular band close to the mitral anulus, which supports short chordae to the commissure.


Tandler defined three orders of chordae.T2 Those of the first order insert on the free margin of the leaflet, those of the second order insert a few to several millimeters back from the free edge, and those of the third order insert at the base of the leaflet (applicable only to the posterior leaflet).


Lam and colleagues reclassified chordae into rough zone (including strut chordae), cleft, basal, and commissural chordae.L1 These investigators suggest that this classification provides a clear definition of mitral valve leaflets and should be useful in studying mitral valve function.


The design of the mitral valve offers the largest possible orifice during the diastolic phase of ventricular filling and limits the slightest obstruction to flow at low pressures in the left atrium and left ventricle. The valve opens as the anterior leaflet swings anteriorly away from the posterior leaflet. Orifice dimensions are enhanced by flexion of the anterior leaflet (see Fig. 1-25, B). During systole, the mitral valve closes under the full load of left ventricular contraction. The anterior leaflet straightens and extends toward the posterior leaflet. The posterior leaflet functions like a shelf to stop the movement of the anterior leaflet as the leaflets appose.









Tricuspid Valve


The tricuspid valve, the AV valve of the right ventricle, has three leaflets: anterior, posterior, and septal (Fig. 1-26). Its orifice is roughly triangular and larger than the mitral orifice. The anulus is relatively indistinct, especially in the septal region. The leaflets and chordae tendineae are thinner than those of the mitral valve.B3,G5 Its orientation is nearly vertical.
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Figure 1-26 Normal open tricuspid valve, viewed from in front through right ventricular cavity. Key: ALTV, Anterior leaflet; APM, anterior papillary muscle; ASCTV, anteroseptal commissure; MPM, medial papillary muscle; PLTV, posterior leaflet; PPM, posterior papillary muscle; SLTV, septal leaflet.




The anterior (anterosuperior) leaflet is the largest of the three leaflets and may have notches creating subdivisions. Silver and colleagues found a notch close to the anteroseptal commissure in 47 of the 50 anterior leaflets they examined.S16 This notch was occasionally as deep as a commissure, but could be differentiated from a true commissure by the type of chordal attachments. The chordae attaching to this leaflet arise from anterior and medial papillary muscles. The anterior papillary muscle is the larger of the two, its base arising from the right ventricular free wall and trabecula septomarginalis.


The posterior (inferior) leaflet is usually the smallest and is commonly scalloped. Its chordae originate from the posterior and anterior papillary muscles. It is attached wholly to the ventricular free wall.


The septal leaflet is usually slightly larger than the posterior leaflet. Its chordae arise from the posterior and septal papillary muscles. Most of this leaflet and its chordae attach to the membranous and muscular portions of the ventricular septum, although part may attach to the posterior wall of the right ventricle. The transition between the attachments to the posterior wall and septum is associated with a fold in the leaflet.S16


Of major surgical importance is proximity of the conduction system to the septal leaflet and its anteroseptal commissure. The membranous septum usually lies beneath the septal leaflet inferior to the anteroseptal commissure, but attachments at the septal and anterior leaflets are variable, so parts of either may attach to the membranous septum. The bundle of His penetrates the right trigone beneath the interventricular component of the membranous septum (usually about 5 mm inferior to the commissure) and runs along the crest of the muscular septum (see Conduction System). That portion of the septal leaflet between the membranous septum and the commissure extends around the tricuspid anulus, away from the septum, to the right ventricular free wall (see Fig. 1-2). This portion of the tricuspid valve may form a flap over some VSDs.S10









Aortic Valve


The aortic valve is normally tricuspid and composed of delicate cusps and sinuses of Valsalva. These components form three cuplike structures that constitute the entire valve mechanism; the valve is in fibrous continuity with the anterior leaflet of the mitral valve and the membranous septum (see Fig. 1-25).


The free edge of each cusp is of tougher consistency than the remainder of the cusp. At the midpoint of each free edge is a fibrous nodulus Arantii. On either side of each nodulus is an extremely thin, crescent-shaped portion of the cusp termed the lunula (see Fig. 1-13). The lunulae are occasionally fenestrated near the commissures. These regions form the area of coaptation during valve closure.


The aortic sinuses (sinuses of Valsalva) are dilated pockets of the aortic root that form the outer component of the three cuplike closing structures of the aortic valve (see Fig. 1-25). The coronary arteries arise from two of the aortic sinuses. The walls of the sinuses are considerably thinner than the wall of the aorta proper,Z2 an important consideration when designing proximal aortotomies.


The crown-shaped anulus, fibrous trigones, aortic cusps, aortic sinuses, and sinutubular junction share a dynamic coordinated action to provide unidirectional transmission of large volumes of blood pumped intermittently through the channel while maintaining laminar flow, minimal resistance, optimal coronary artery flow, and least damage to blood elements during widely variable and frequently changing conditions.Y1


The origins of the coronary arteries are the basis of a nomenclature for the sinuses and cusps. The ostia of the right and left coronary arteries identify the right and left sinuses and cusps. The sinus and cusp without an associated coronary artery are termed noncoronary. Several other nomenclatures for the cusps and sinuses have been describedB3,G5,K3 (see Morphology in Chapter 52).









Pulmonary Valve


Pulmonary valve structure is similar to that of the aortic valve.G5 The pulmonary valve normally has three cusps, with a nodule at the midpoint of each free edge, and lunulae and thin, crescent-shaped coaptive surfaces on both sides of the nodules. The pocket behind each cusp is the sinus. Major differences from the aortic valve are (1) lighter construction of pulmonary valve cusps,G4,G5 (2) normal absence of coronary artery origins, and (3) normal lack of fibrous continuity with the anterior tricuspid valve leaflet. Pulmonary valve cusps are supported entirely by freestanding musculature, having no direct relationship with the ventricular septum.M5 The pulmonary valve is lifted away from the ventricular septum by the subpulmonary infundibulum. The first septal branch of the left anterior descending coronary artery pierces the ventricular septum below the shortest part of the subpulmonary infundibulum. The artery is protected by the subpulmonary infundibulum.


Pulmonary valve cusps have been described by several terminologies,B3,G5,K3 usually named by their relationships to the aortic valve: right, left, and anterior (nonseptal). Kerr and Goss found that a commissure of the pulmonary valve was adjacent to a commissure of the aortic valve in 199 of 200 specimens they studied.K3 These investigators suggested that the cusps of each arterial valve should be termed right adjacent, left adjacent, and opposite (or, as suggested by Anderson, right facing, left facing, and nonfacing) in relationship to the adjacent commissure of each valve.











Coronary Arteries


From an anatomic point of view, the coronary artery system divides naturally into two distributions, left and right. From the standpoint of the surgeon, the coronary artery system is divided into four parts: the left main coronary artery, the left anterior descending coronary artery and its branches, the left circumflex coronary artery and its branches, and the right coronary artery and its branches. The branches of each of the last three vessels must also be familiar to the surgeon.


The major coronary arteries form a circle and a loop about the heartD3,S24 (Fig. 1-27). The circle is formed by the right coronary and left circumflex arteries as they traverse the AV sulci. The loop between the ventricles and at right angles to the circle is formed by the left anterior descending (interventricular) coronary artery and the posterior descending (interventricular) coronary artery as they encircle the septum. Blood supply to the back of the left ventricle streams down as a series of parallel obtuse marginal arteries coming from the posterior half of the circle, formed on the left by the left circumflex artery and on the right (in hearts with a dominant right coronary circulation) by the extension of the right coronary artery across the crux cordis, the area along the posterior aspect of the AV groove where the atrial and ventricular septa meet, termed the right posterolateral segment. This latter segment supplies inferior surface (marginal) branches to the inferior (diaphragmatic) surface of the left ventricle.
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Figure 1-27 Coronary angiograms demonstrating circle-loop concept of coronary artery anatomy. Circle is formed by right coronary and left circumflex arteries and is displayed in the left anterior oblique (LAO) projection. Loop is formed by left anterior descending and posterior descending arteries and is demonstrated in the right anterior oblique (RAO) projection. A, Right coronary injection in LAO projection. Circulation is right dominant. Right coronary artery, which forms the right component of circle, is visualized. B, Left coronary injection in LAO projection. Note that this is a left dominant circulation. Left circumflex artery, which forms the left component of circle, is visualized. C, Left coronary injection in RAO projection. Left dominant circulation allows demonstration of both components of the loop: left anterior descending and posterior descending arteries. Key: AV, Atrioventricular node artery; CX, left circumflex artery; LAD, left anterior descending artery; LM, left marginal artery; PD, posterior descending artery; RC, right coronary artery; RPL, right posterolateral artery.




Although the right coronary artery may not supply a large portion of the posterior left ventricular wall, it nevertheless serves the left side of the heart to a greater extent than it does the right side in terms of the number and volume of vessel segments involved.Z1 A right dominant artery does not necessarily supply branches to the inferior surface of the left ventricle, however, because it may terminate only as the posterior descending artery. Blood supply to the anterior portion of the left ventricle comes from the diagonal branches of this portion of the loop, the left anterior descending coronary artery. That to the lateral part of the anterior portion comes from the first branches of both the left anterior descending and circumflex arteries. The ventricular septum receives its blood supply from the loop that encircles it, formed by the left anterior descending coronary artery in front and the posterior descending artery behind.


Variability in the origin of the posterior descending artery is expressed by the term dominance. A right dominant coronary circulation is one in which the posterior descending coronary artery is a terminal branch of the right coronary artery. A left dominant circulation, which occurs in about 10% to 15% of hearts, is one in which the posterior descending coronary artery is a branch, usually the last one, of the left circumflex coronary artery. Left dominance occurs more frequently in males than in females. This distinction as to whether the right or left coronary artery supplies the posterior descending artery is important in evaluating patients with coronary artery disease and in planning coronary artery bypass grafting.


The following is a general description of coronary artery anatomy in normal hearts.B1,F6,G1,J2,M3,S24,V18 As with the conduction system, some congenital cardiac malformations are associated with abnormalities of the coronary arteries. The nomenclature is based on the U.S. National Heart, Lung, and Blood Institute’s Proposal and Manual of Operations for Collaborative Studies in Coronary Artery SurgeryN3 (Fig. 1-28) and the American Heart Association’s coronary artery disease reporting system.A5 Both systems include rules for defining the various segments of the major coronary arteries. Fig. 1-29 is also supplied to provide a more dimensional representation of the coronary arteries on the surface of the heart and should be studied along with the brief descriptions that follow.
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Figure 1-28 Diagram of anatomic segments of coronary arteries for use in locating lesions in individual patients. 1, 2, 3, Proximal, mid-, and distal portions of right coronary artery. 4, 27, Posterior descending coronary artery, which, as dotted segments proximal to it indicate, may arise from the right (4) or left (27) system. 5, Right posterolateral segment, an extension of right coronary artery in association with right dominant systems. 6, 7, 8, From it come several inferior surface (marginal) branches, called right posterolateral arteries, to the back of the left ventricle. Left dominant systems have a comparable left posterolateral segment leading to posterior descending artery. 9, Inferior septal branches of posterior descending artery. 10, Acute marginal branches of right coronary artery. 11, Left main coronary artery. 12, 13, 14, Proximal, mid-, and distal portions of left anterior descending coronary artery. 15, 16, First and second diagonal branches. First diagonal may originate near bifurcation of left main coronary artery and was formerly called ramus intermedius. Additional diagonal branches may be present. 17, First septal branch of left anterior descending artery. 18, 19, Proximal and distal portions of left circumflex coronary artery. 20, 21, 22, First, second, and third obtuse marginal branches of circumflex artery, the first usually being a large vessel. 23, Extension of circumflex artery, called the left AV artery, present only in patients with a left dominant system. In such patients, this vessel gives off further inferior surface (“marginal”) branches to the back of the left ventricle, called left posterolateral arteries (24, 25, 26) before terminating in left posterior descending coronary artery (27).


(Modified from the National Heart, Lung, and Blood Institute Coronary Artery Surgery Study [CASS].C2)
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Figure 1-29 Coronary arteries. A, Left coronary artery. Left main coronary artery originates from aorta and divides to form left anterior descending and left circumflex coronary arteries. Branches of left anterior descending artery on surface of heart are termed diagonal arteries, whereas those coursing into the ventricular septum are called septal arteries. Branches of left circumflex artery on posterior wall of left ventricular surface are termed obtuse marginal arteries. A large artery originating near the left main coronary bifurcation and supplying the obtuse margin between the diagonal branches of left anterior descending and circumflex marginal branches was formerly called an intermediate branch or ramus intermedius. B, Right coronary artery, right dominant pattern. Right coronary artery originates from aorta and courses in the atrioventricular (AV) groove. Branches of right coronary artery supplying blood to right ventricle are called right ventricular branches, except for the nearly constant and often large branch at the acute margin of the heart, termed the acute marginal artery. Right coronary artery divides at the crux of the heart into right posterior descending branch, which courses over posterior aspect of ventricular septum, and right posterolateral segment artery, which continues in the AV groove, providing branches to posterior wall of left ventricle. Arterial branches to the specialized conduction system frequently arise from right coronary artery. Sinoatrial node branch originates from proximal portion of right coronary artery. AV node branch originates from the U-bend in posterior lateral segment of right coronary artery.








Left Main Coronary Artery


The left main coronary artery extends from the ostium in the left sinus of Valsalva to its bifurcation into the left anterior descending and left circumflex branches. Its usual length is 10 to 20 mm, with a range of 0 to 40 mm. It normally courses between the pulmonary trunk and the left atrial appendage to reach the left AV groove. Occasionally, additional vessels originate from the left main coronary artery and course parallel to the diagonal branches of the left anterior descending branch.J2 Such an additional artery (formerly called a ramus intermedius) is termed the first diagonal branch of the left anterior descending artery. Rarely (in 1% of persons), the left main coronary artery is absent, the left anterior descending and left circumflex coronary arteries originating directly from the aorta via separate ostia.









Left Anterior Descending Coronary Artery


Beginning as a continuation of the left main coronary artery, the left anterior descending coronary artery courses along the anterior interventricular sulcus to the apex of the heart. Part of it may be buried in muscle. In most cases, this artery extends around the apex into the posterior interventricular sulcus, supplying the apical portion of both right and left ventricles.J2 This vessel supplies branches to the right ventricular free wall (usually small), septum, and left ventricular free wall. One or more branches to the right ventricle connect with infundibular branches from the proximal right coronary artery. This important route for collateral flow is the loop of Vieussens. The septal arteries arise almost perpendicularly from the left anterior descending coronary artery, a characteristic sometimes helpful in angiographic identification of the anterior descending artery. A variable number of diagonal arteries course obliquely between the anterior descending and left circumflex arteries and supply the left ventricular free wall anteriorly and laterally.


Variations in the left anterior descending artery are infrequent, although in about 4% of hearts, it exists as two parallel vessels of about equal size. It may terminate before the apex or extend as far as the posterior AV groove.









Left Circumflex Coronary Artery


The left circumflex coronary artery originates from the left main coronary artery at about a 90-degree angle, with its initial few centimeters lying medial to the base of the left atrial appendage. The sinus node artery occasionally originates from the first few millimeters of the left circumflex artery. Rarely, the circumflex artery terminates before the obtuse margin. A large branch originating from the proximal left circumflex artery and coursing around the left atrium near the AV groove is termed the atrial circumflex artery. The ventricular branches of the circumflex artery, the obtuse marginal arteries, supply the obtuse margin of the heart and may be embedded in muscle. Often their position can then be identified at operation by the altered color (reddish or light tan) of the overlying thin muscle layer compared with that of the remainder of the ventricular wall. Those branches supplying the inferior surface of the left ventricle in a heart with a left dominant system (or in one with a co-dominant system in which the right coronary artery gives rise only to a posterior descending artery) are termed left posterolateral (marginal) arteries. In hearts with a left dominant system, the left circumflex coronary artery gives rise to the posterior descending artery at or usually before the crux. Variations in the origin and length of the left circumflex artery, and in the number and size of its marginal branches, are common.









Right Coronary Artery


The right coronary artery is usually a single large artery and courses down the right AV groove. Branches supplying the anterior right ventricular free wall exit from the AV sulcus in a looping fashion because of the depth of the right coronary artery in the sulcus. In this same area, the anterior right atrial artery arises, and this branch often gives origin to the sinus node artery. More distally, a lateral right atrial artery usually arisesB14 (this artery is frequently severed when an oblique right atriotomy is made). In the region of the acute margin of the heart, a relatively constant long branch of the right coronary artery arises, the acute marginal artery, which courses most of the way to the apex of the heart. The right coronary artery in most hearts crosses the crux, where it takes a characteristic deep U-turn, giving off the atrioventricular node artery at the apex of the turn. The right coronary artery then terminates by bifurcating into the right posterior descending coronary artery and the right posterolateral segment artery. The posterior descending coronary artery descends in the posterior interventricular sulcus for a variable distance, giving rise to septal, right ventricular, and left ventricular branches. Variations in its anatomy are numerous, and it frequently arises before the crux. The right posterolateral segment of the right coronary artery gives origin to marginal branches to the inferior surface of the left ventricle in most hearts with a right dominant system.


Variations in the right coronary artery are common. It may have a dual origin from the right sinus of Valsalva. In about 10% of hearts, it bifurcates within a few millimeters of the aortic ostium, forming two diverging trunks of equal size. In half the cases, the artery supplying the right ventricular infundibulum arises separately from the aortic sinus and is then termed the conus artery.J2,S5 The sinoatrial node (sinus node) artery originates from the second or third centimeter of the right coronary artery in many hearts (see “Coronary Arterial Supply to Specialized Areas of the Heart”).J2 The acute marginal artery crosses the diaphragmatic surface of the right ventricle in 10% to 20% of hearts and reaches the anterior aspect of the diaphragmatic portion of the ventricular septum, to which it gives branches.A4









Coronary Arterial Supply to Specialized Areas of the Heart


The predominant blood supply to the ventricular septum is from the left anterior descending coronary artery via four to six large septal arteries 70 to 80 mm in length.J5,J6 In contrast, the septal arteries from the posterior descending coronary artery (except for the AV node artery) are rarely more than 15 mm in length (Fig. 1-30). They supply only a small zone of the ventricular septum near the posterior interventricular sulcus and in the region of the AV node. The septal arteries from the posterior descending artery may, however, serve as an important source of collateral circulation. Until their final terminations, the septal arteries from both anterior and posterior descending arteries course along the right ventricular side of the septum, where pressure is lower than on the left side.J6 In the 10% of hearts with a left dominant circulation, the entire blood supply is from the left coronary artery.
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Figure 1-30 Blood supply of ventricular septum. Most of the septum is supplied by left anterior descending coronary artery via large septal arteries. Septal arteries from posterior descending artery are relatively small. In this right dominant circulation, note origin of the atrioventricular (AV) node artery from the characteristic U-turn of right coronary artery.


(Modified from James and Burch.J6)





The sinus node artery is a single artery in 89% and double in 11% of hearts.S25 Its origin is from the right coronary artery in 55% to 65% of cases and from the left circumflex or left main coronary artery in the remainder. When it arises from the right coronary artery, it courses posteriorly and superiorly over the anterior wall of the right atrium beneath the right atrial appendage to the base of the superior vena cava (Fig. 1-31). The sinus node artery may penetrate the interatrial septum in its course to the superior vena cava. It then encircles the cava clockwise or counterclockwise, or bifurcates and encircles it in both directions. If the sinus node artery arises from the left circumflex artery, it courses over the left atrial wall, variably penetrates the interatrial septum, and ascends to the base of the superior vena cava, encircling that vessel as when it originates from the right coronary artery.
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Figure 1-31 Origin and distribution of sinus node artery. Sinus node artery may arise from right coronary artery and encircle base of superior vena cava in (A) a clockwise direction or (B) a counterclockwise direction, or it may (C) bifurcate and encircle it in both directions. It may also arise from (D) the left circumflex artery and encircle the base of the superior vena cava as in A, B, or C.


(Modified from Lewis and colleagues.L8)





The AV node artery arises from the characteristic U-turn of the right coronary artery as it crosses the crux of the heart. The AV node is usually supplied by the dominant coronary artery. The AV node artery courses superiorly and anteriorly and terminates with a distinctive angulation.S24 An important accessory blood supply to the AV node is Kugel artery, which originates from the proximal segment of either the right coronary artery or the left circumflex artery and courses through the interatrial septum to the crux of the heart to anastomose with the AV node artery. In the atrial septum, Kugel artery anastomoses with branches of the sinus node artery.J2 Kugel artery is the source of blood supply to the AV node in 40% of normal hearts.A1 The right superior descending artery supplied the AV node in 70% of hearts studied by Abuin and Nieponice.A1 This atrial vessel has its origin within the first centimeter of the right coronary artery, giving branches to the ventriculoinfundibular fold of the right ventricle, penetrating the right atrium, and continuing along the anterior border of the fossa ovalis. The artery goes through the central fibrous body and supplies the bundle of His and the area within the triangle of Koch, including the AV node. Kugel artery and the right superior descending artery are at risk of injury in operations requiring dissection around the right coronary artery (aortic root replacement, Ross procedure) and in the AV groove (extended transseptal approaches to the mitral valve).A2


The bundle of His and proximal few millimeters of the main bundle branches are supplied by the AV node artery. The remainder of the bundle branches and the Purkinje arborization within the septum are supplied by septal arteries originating from the left anterior descending artery.


The anterolateral papillary muscle of the right ventricle, located near the junction of apical septum and free wall, is supplied by branches from the left anterior descending coronary artery. The anterolateral papillary muscle of the left ventricle is supplied primarily by one or more branches from the left anterior descending coronary artery, but it may also be supplied by circumflex marginal branches. The arterial supply of the posteromedial papillary muscle of the left ventricle is from terminal branches of the right or circumflex arteries, depending on the distribution of these arteries to the inferior surface of the left ventricle.











Dimensions of Normal Cardiac and Great Artery Pathways


Cardiac and great artery pathways with normal dimensions accommodate blood flow at rest and during exercise and stress, with little or no pressure drop across the pathway. Sluysmans and Colan have hypothesized that optimal size of cardiovascular structures is such as to mimic hemodynamic cost of providing blood flow across the physiologic range of cardiac output.S20 The body does this by optimizing the relationship between vessel radius and flow rate. To achieve minimum work requires minimizing viscous energy (shear stress related to inverse radius) and inertial energy related to pulsatile flow, which is directly related to radius (Fig. 1-32). Sluymans and Colan show that this optimization of energy is related to body surface area (BSA) over a wide range of sizes of mammals, including humans. For valve and blood vessel area, this relationship is linear with BSA; for diameter of vessels, this relationship is to the square root of BSA (BSA0.5).
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Figure 1-32 Optimal aortic valve radius calculated according to the principle of minimal work for two levels of cardiac output. Energy loss per second (erg · s−1) due to viscous friction (red line) is plotted against the radius of the aortic valve (cm). On the same scale, the inertial energy content of blood (gold line) and total energy loss calculated as the sum of viscous energy loss and inertial energy content loss (blue line) are plotted for theoretical cardiac outputs (QS) of 3.5 L · min−1 (A) and 17.5 L · min−1 (B), representing the theoretical cardiac output at rest and at maximal exercise of a normal subject with a body surface area (BSA) of 1 m2. The least amount of total energy loss per unit time corresponds to the minimum of the total energy loss curve. The corresponding radius is 0.45 cm for 3.5 L · min−1 flow and 0.8 cm for 17.5 L · min−1 flow. These values represent the theoretical range of normal optimal aortic valve radius for this BSA.


(From Sluysmans and Colan.S20)





Although the theoretical relationship tolerates vessel dimensions over a substantial range, in some patients being considered for cardiac surgery, dimensions are so small as to preclude a satisfactory outcome. Therefore, prediction of outcome based on dimensions of a pathway becomes important. A major problem in predicting outcome in a patient simply from subjective evaluation of the size of a structure is that this evaluation may be grossly inaccurate because of unconscious comparison of the size of the structure in question with that of a neighboring unusually large structure. Prediction of outcome simply from subjective evaluation is also affected by the preformed bias of the observer, as well as by inexperience. Therefore, measurements and their relationship to outcome are required for reproducible, accurate predictions, and decisions must be made regarding the methods for expressing the dimensions.






Dimensions of the Pathway


The measured dimension is usually expressed as diameter of the pathway. Occasionally a circular shape is assumed, and the dimension is transformed to cross-sectional area. Under some circumstances, cross-sectional area can be measured directly. In other circumstances, an elliptical shape is assumed, and major and minor axes are measured and area calculated with an equation that applies to ellipses.


Use of observed (measured) dimensions generally requires their being related to normal dimensions, which vary with body size and age (allometric growth). Normal dimensions may also vary according to imaging modality, image projection (e.g., anteroposterior vs. lateral), phase of the cardiac cycle, method of fixation in the case of specimens, and other factors. These must be specifically controlled in making the measurements.


Dimensions have been measured in autopsy specimensC1,C4,R4,U1 and by cineangiography (in which dimensions must be corrected for magnification), echocardiography (M-mode, 2D, 3DB5,C3,N4,S1,S4), and in a few instances MRI. However, normal values are not available in each of these modalities, so dimensions have to be related to available normal values, even if from another modality.


Echocardiography has evolved as the most commonly used modality for measuring these dimensions. Pathway dimensions have been determined by echocardiography at nearly all ages of life, from fetal to age 90. Hornberger and colleaguesH7 established dimensions by high-resolution 2D echocardiography for the fetal aortic arch in 92 fetuses aged 16 to 38 weeks gestation to facilitate diagnosis of left heart and aortic abnormalities, particularly coarctation. Skelton and colleaguesS19 followed changes in cardiac dimensions of preterm infants during the first month of life, suggesting there are differences from term infants, with preterm babies showing mild left ventricular dysfunction.


Pathway dimensions for hearts from birth to about 20 years have been determined by M-modeK1 and 2DS9 echocardiography. Daubeney and colleagues’D2 prospective study aimed at developing equations relating cardiac dimensions to body area over the range of 0.1 to 2.0 m2 is particularly useful. A number of studies in adults use 2D echocardiography (transthoracic or transesophageal) with pathway dimensions measured directly or derived from Doppler ultrasound measurements and the continuity equation. The age range is often wide, but there are populations studied at mean age 23,D11 28,S18 33,D4 45,C8 and 53 years.S31 Swinne and colleaguesS31 call attention to age-associated changes in left ventricular outflow tract geometry observed in normal subjects, mostly after age 70. These changes consist of a more acute septoaortic angle or septal bulge that is not associated with left ventricular outflow tract obstruction. These may represent degenerative changes associated with aging.









Normalization of Pathway Dimensions


Pathway dimensions may be used without any normalization to body size or age. Some cardiologists who work exclusively with adult patients express aortic size simply in centimeters. This method is not recommended, not only for the obvious reason that it is unacceptable when the population being considered consists of patients who range from very young to very old, but also because it takes no account of differences between adults of differing size.


Normalization may be based on age, height, weight, or BSA. Normalization to body size generally is termed indexing. Normalization may also be to another structure, such as the size of the descending aorta at the diaphragm. Normalization to another body structure generally is termed a ratio. The preference is for normalization to BSA of the patient, but this is often done by dividing the value of the dimension by the BSA, expressing it as “per square meter BSA.” This preference presumes a strictly linear relation between the dimension and BSA, which may be inaccurate. If a structure’s area is measured, the relationship to BSA is probably accurate. If instead a diameter of a structure is normalized this way, it will be inaccurate. What must be achieved is normalization that is constant across body size from smallest neonate to adult.


Indexed cross-sectional area and diameter of mitral and tricuspid valves, left ventricular–aortic junction (aortic valve “anulus”), right ventricular infundibulum, and right ventricular–pulmonary trunk junction (pulmonary valve “anulus”) in normal individuals are summarized in Table 1-1 according to the modality in which the dimension was measured. Those for the pulmonary trunk, right and left pulmonary arteries, and descending thoracic aorta at the diaphragm are summarized in Table 1-2. Values for the diameter of the upper descending thoracic aorta on both sides of the ductus arteriosus are also available.V1 These tables are not intended as a source of normalized dimensions in patients, but rather as a reference and guide to the appendixes to this chapter, which contain specific regression equations and nomograms for calculating mean normal values and their standard deviations for use in patients.


Table 1-1 Summary of Indexed Dimensions of Cardiac Pathways in Normal Individualsa






	Structure, Modality, and Source

	Cross-Sectional Area (mm2 · m−2 BSA)

	Diameter (mm · m−2 BSA)






	Mitral Valve

	 

	 






	AUTOPSY

	 

	 






	Rowlatt et al.R4


	343

	26






	Westaby et al.W2


	425

	17






	ANGIOGRAPHY

	 

	 






	None

	 

	 






	2D ECHOCARDIOGRAPHY

	 

	 






	King et al.K5


	602

	34






	Riggs et al.R2


	471

	30






	Pollick et al.P5


	420

	 






	Ormiston et al.O2


	380

	 






	Tricuspid Valve

	 

	 






	AUTOPSY

	 

	 






	Rowlatt et al.R4


	507

	32






	Westaby et al.W2


	576

	20






	ANGIOGRAPHY

	 

	 






	Bull et al. (not normals)B13


	1065

	46






	Alboliras et al.A6


	547

	33






	2D ECHOCARDIOGRAPHY

	 

	 






	King et al.K5


	611

	35






	Tei et al.T3


	610

	 






	LV-Aortic Junction (Aortic “Anulus”)

	 

	 






	AUTOPSY

	 

	 






	Rowlatt et al. (children)R4


	156

	18






	Westaby et al. (adults; age 58)W2


	239

	13






	Krovetz (children)K9


	180

	 






	Krovetz (adults, age 50)K9


	310

	 






	ANGIOGRAPHY

	 

	 






	Sievers et al. (children)S15


	291

	24






	2D ECHOCARDIOGRAPHY

	 

	 






	Pollick et al. (children)P5


	180

	 






	Habbal and Somerville (≤1.5 m2 BSA)H1


	212

	20






	Habbal and Somerville (>1.5 m2 BSA)H1


	249

	13






	Hanséus (from diameter)H2


	236

	22






	Hanséus (from area)H2


	236

	22






	RV Infundibulum

	 

	 






	ANGIOGRAPHY

	 

	 






	Sievers et al. (systole)S15


	138

	17






	Sievers et al. (diastole)S15


	311

	25






	Infundibular RV–Pulmonary Trunk Junction (Pulmonary “Anulus”)

	 

	 






	AUTOPSY

	 

	 






	Rowlatt et al.R4


	194

	20






	Westaby et al. (adults)W2


	260

	13






	ANGIOGRAPHY

	 

	 






	Bini M, Naftel DC, Blackstone EH (unpublished observations, 1984)

	279

	24






	Sievers et al.S15


	280

	24






	2D ECHOCARDIOGRAPHY

	 

	 






	Hanséus et al. (short axis)H2


	281

	24







Key: 2D, Two-dimensional; BSA, body surface area; LV, left ventricle; RV, right ventricle.


a Normalization is in terms of BSA.


Table 1-2 Summary of Indexed Dimensions of Aortic and Pulmonary Arterial Pathways in Normal Individualsa






	Structure, Modality, and Source

	Cross-Sectional Area (mm2 · m−2 BSA)

	Diameter (mm · m−2 BSA)






	Pulmonary Trunk

	 

	 






	AUTOPSY

	 

	 






	None

	 

	 






	ANGIOGRAPHY

	 

	 






	Bini M, Naftel DC, Blackstone EH (unpublished observations, 1984)

	346

	32






	Sievers et al.S15


	347

	26






	2D ECHOCARDIOGRAPHY

	 

	 






	Snider et al.S21


	217

	21






	Right Pulmonary Artery

	 

	 






	AUTOPSY

	 

	 






	None

	 

	 






	ANGIOGRAPHY

	 

	 






	Bini M, Naftel DC, Blackstone EH (unpublished observations, 1984) (origin, midportion, prebranching)

	174, 137, 180

	21, 18, 22






	Sievers et al. (prebranching)S15


	186

	19






	2D ECHOCARDIOGRAPHY

	 

	 






	Snider et al. (mid-RPA, short axis)S21


	82

	13






	Snider et al. (mid-RPA, long axis)S21


	110

	15






	Left Pulmonary Artery

	 

	 






	AUTOPSY

	 

	 






	None

	 

	 






	ANGIOGRAPHY

	 

	 






	Bini M, Naftel DC, Blackstone EH (unpublished observations, 1984) (origin, prebranching)

	134, 136

	19, 19






	Sievers et al. (prebranching)S15


	161

	17






	2D ECHOCARDIOGRAPHY

	 

	 






	None

	 

	 






	Right Pulmonary Artery Plus Left Pulmonary Artery

	 

	 






	AUTOPSY

	 

	 






	None

	 

	 






	ANGIOGRAPHY

	 

	 






	Bini M, Naftel DC, Blackstone EH (unpublished observations, 1984)

	320

	41






	Nakata et al.N1


	330

	 






	Sievers et al.S15


	347

	36






	Descending Thoracic Aorta at Diaphragm

	 

	 






	AUTOPSY

	 

	 






	None

	 

	 






	ANGIOGRAPHY

	 

	 






	Sievers et al. (children, systole)S15


	153

	17






	Bini M, Naftel DC, Blackstone EH (unpublished observations, 1984) (children, systole)

	129

	19






	Arvidsson (normals and abnormals)A18


	120

	15






	2D ECHOCARDIOGRAPHY

	 

	 






	Hanséus et al.H2


	97

	14







Key: 2D, Two-dimensional; BSA, body surface area; RPA, right pulmonary artery.


a Normalization is in terms of BSA.









Standardization of Dimensions


Values of dimensions are made useful by standardizing them to body size. They are expressed as deviation from their mean normal value for body size in terms of number of standard deviations from the mean. Standardization takes into account the fact that values in normal individuals of the same size vary. The mathematical framework for standardization of dimensions is the normal distribution domain because of its mathematical flexibility and tractability. This framework may require transformation of the dimension scale of the variable under consideration to comply with assumptions of the normal distribution.


A less desirable alternative is standardization according to percentiles (the 50th percentile is the median). This method is commonly used in relating body weight or height to age. Although percentiles are easily expressed, the method has the major disadvantage that the relationships cannot be reduced to equations. This increases the difficulty of relating dimensional data to outcome.


Once in the normal distribution domain, any given value for a dimension can be expressed in terms of the number of standard deviations of the given value from the mean value of that dimension in normal individuals. This is the z value, or z score (Fig. 1-33). The transformation to a dimensionless z value is as follows:





[image: image]

Figure 1-33 Depiction of relationship of the z value of a patient’s dimension to the percentage of a population of normal individuals with that specific dimension or a smaller one. Exact percentage on vertical axis, related by dashed lines to the patient z value, is the percentile of normal individuals with the corresponding z value. A patient with a specific z value has the dimension of the corresponding percentile of the normal population.
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where (1) is the observed dimension or its appropriate transformation in scale in the patient who is of a known size (BSA), and (2) and (3) refer to corresponding values in normal individuals of the same BSA as the patient, obtained from regression analysis and equations.


Appendix 1B includes dimensions (obtained at autopsy) of various cardiac and pulmonary artery pathways in normal individuals. In Appendix 1C, the dimensions were obtained at in vivo cineangiography, and in Appendix 1D at in vivo 2D echocardiography. Appendix 1E compares pathway dimensions in normal individuals from different measurement modalities. Additional reliable information is contained in other sources (e.g., Roman et al.R3).









Dimensions of the Pulmonary Arteries


Indexing and standardizing the dimensions of the pulmonary arteries present special problems because of the multiplicity of methods that have been used. They have been important in considering treatment for patients with tetralogy of Fallot and pulmonary stenosis, tetralogy of Fallot with pulmonary atresia, and conditions for which the Fontan operation is performed.


Among the different methods for expressing dimensions of the pulmonary arteries are the McGoon ratio,B9,P4 the sum of the diameters of the prebranching portions of the right and left pulmonary arteries, pulmonary artery area index (PAAI),S12 cross-sectional area index (Nakata index),N1 and z value. The z value is the preferred method. It should be applied to more distal portions of the pulmonary arteries as well.


To facilitate transformation of already published dimensions of the pulmonary arteries in patients with congenital heart disease to a different normalization, relationships between the values obtained by these various methods are shown in Appendix 1F.









Relating Dimensions to Outcome


The goal is an equation expressing the continuously variable relationship between normalized dimensions of the patient and some outcome event (e.g., death, freedom from reoperation, postrepair PRV/LV, cardiac index). Obtaining the equation may require detailed studies and complex analyses, but once obtained, the equation is made easy to use by expressing it in a nomogram. This process is the basis of many of the depictions in the subsequent chapters.


As is already evident from Appendixes 1B, 1C, and 1D, the normalization used in relating dimensions to outcome can be to measurements made at autopsy or at cineangiography, 2D echocardiography, MRI, or other imaging method. Although in theory it may seem proper to normalize measurements made on cineangiography, for example, using normalizing equations based on cineangiographic measurements, this is in fact unnecessary. If the same method of normalizing the patient’s dimensions is used in predicting outcome as was used in previous studies that determined the relationship between dimensions and outcome, this suffices. For example, in normalizing measurements of the dimensions of the tricuspid valve made at cineangiography, one might like to use equations based on cineangiographic measurements. Unfortunately, an insufficient number of measurements is made at cineangiography in normal individuals to generate equations for indexing or standardizing tricuspid measurements by this modality.


Equations for standardization of tricuspid measurements using measurements obtained by 2D echocardiography are available, as are measurements made at autopsy.C1,R4 Based on these practical considerations, normalization to autopsy or echocardiographic measurements may be used for standardizing tricuspid dimensions to a z value, even though these measurements are made by cineangiography (see Appendix 1E). Thus the nomograms shown in Appendix 1D or the actual equations described in tables in Appendixes 1B through 1D may be used. However, once a disparate standardization of a dimension is related to outcome, the user of that relationship must make that identical standardization. This is analogous to the use of a ruler. Rulers may be subdivided into inches or centimeters, but once a scale is chosen, it must be used consistently.











Dimensions of Normal Ventricles


Normal ventricular volumes, masses, and dimensions—assuming normal myocardial contractility and loading conditions—can accommodate normal blood flow at rest and during exercise. Sometimes the dimensions of the left or right ventricle are smaller or larger than those of the other, leading to problems in simply judging the normality of the size and its relationship to outcome, for the same reasons as in the case of pathway dimensions.


Accurate and precise ventricular diameters,P2 volumes, and masses are difficult to obtain, because ventricles may have unusual shapes. Nevertheless, a number of useful studies have been done that use M-mode and 2D directed M-mode echocardiography to determine left ventricular volume and mass and to relate these dimensions to body size over the life course of humans.D1,D9,G6,G7,H9 Particularly interesting is de Simone and colleagues’D8 study of left ventricular mass in overweight children and adults. They found that height is the best means of normalizing left ventricular mass. Normalization of ventricles to body size has also been challenged for obese subjects by Whalley and colleagues.W3 BSA is highly sensitive to weight, less so to height. Whalley and colleagues support normalizing to fat-free mass, but requirement of specialized equipment is a barrier to its widespread use. Their view is not shared by all.S20 Vasan and colleaguesV16 provide “cut” limits for range of normal values (90th and 95th percentiles) for ventricular mass and thickness and atrial and ventricular dimensions derived from nearly 5000 subjects in the Framingham Heart Study. Bull and colleaguesB13 proposed making surgical decisions based on the size (in terms of z values) of the AV valve guarding the entrance to the ventricle, rather than on the size of the ventricle itself.


The z value method (standardization) can be used to describe patients’ ventricular volumes and masses, although this general body of knowledge is not yet well developed, in part because of methodological problems. The z value method can also be used for diameters. Table 1-3 gives the mean values for normal individuals of various body sizes, as an approximation and for guidance rather than for use in calculating patient-specific z values. Appendix Fig. 1G-1 presents the information in a form from which patient-specific z values can be calculated.


Table 1-3 Summary of Indexed Dimensions of Ventricular Volumes, Wall Thicknesses, and Masses in Normal Individualsa






	Structure

	Dimension · m−2 BSA






	Left Ventricle

	 






	VOLUME (mL)

	 






	Angiography, end-diastolic:

	 






	 Graham et al.G3


	67






	 Lange et al.L3


	58






	 Nakazawa et al.N2


	66






	 Thilenius and ArcillaT4


	61






	Angiography, end-systolic:

	 






	 Lange et al.L3


	16






	 Thilenius et al.T4


	16






	WALL THICKNESS (mm)

	 






	Autopsy:

	 






	 Rowlatt et al.R4


	13






	2D echocardiography:

	 






	 Henry et al. (diastolic)H5


	9.9






	 Henry et al. (systolic)H5


	15






	SEPTUM (mm)

	 






	2D echocardiography:

	 






	 Henry et al. (diastolic)H5


	10






	 Henry et al. (systolic)H5


	13






	MASS (g)

	 






	Angiography:

	 






	 Graham et al.G3


	88






	2D echocardiography:

	 






	 Henry et al.H5


	95






	Right Ventricle

	 






	VOLUME (mL)

	 






	Angiography, end-diastolic:

	 






	 Graham et al.G3


	58






	 Lange et al.L3


	68






	 Nakazawa et al.N2


	67






	 Thilenius and ArcillaT4


	74






	Angiography, end-systolic:

	 






	 Graham et al.G3


	37






	 Lange et al.L3


	25






	 Thilenius and ArcillaT4


	29






	WALL THICKNESS (mm)

	 






	Autopsy:

	 






	 Rowlatt et al. (conal)R4


	5.3






	 Rowlatt et al. (inlet)R4


	5.6






	
Heart Weight (g)


	 






	Autopsy:

	 






	 Kitzman et al. (adult females)K8


	186






	 Kitzman et al. (adult males)K8


	187






	 Rowlatt et al. (children)R4


	112






	 Scholz et al. (female infants and children)S6


	110






	 Scholz et al. (male infants and children)S6


	114







Key: 2D, Two-dimensional; BSA, body surface area.


a Normalization is in terms of BSA.









Terminology and Classification of Heart Disease


Understanding the morphology of heart disease is fundamental to its surgical treatment. Morphology could be described fully using any one of a number of systems of terminology and classification. However, appropriate and accurate terminology and classification are important because they greatly facilitate understanding and teaching of cardiac morphology, diagnosis, and surgical treatment. Also, they determine the method of categorization of cases, a procedure essential to the study of groups of patients.


The system of terminology and classification used here evolved over many years, to a considerable extent in response to clinical, and particularly surgical, needs. It was based originally on the teaching of Edwards and his pupil, Becu. It has been profoundly influenced and modified on numerous occasions by the work of Van Praagh, has benefited through the years from the work of Van Mierop and of Lev and Bharati, and has embraced many of the concepts of Anderson and Becker.A12,B6


Following the ideas of Lev, terminology based on the somewhat shifting sands of embryology has been avoided as much as possible. Any terms that have embryologic implications are used only because they have become conventional. This is not to deny the importance of the science of embryology, but rather to emphasize the importance of precise description of morphology (see Appendix 1A). Complete description of a cardiac anomaly includes the anatomic variables listed in Box 1-1.B6,B11,K6,K7,S14,V10





Box 1-1 


Anatomic Variables in the Complete Description of a Cardiac Anomaly







Situs of thoracic viscera and atria


Situs of ventricles


Completeness of ventricles


Dominance of ventricles:



Balanced ventricles



Right ventricular (left hypoplasia)



Left ventricular (right hypoplasia)


Cardiac connections:



Atrioventricular



Ventriculoarterial


Cardiac and arterial positions:



Heart



Atria



Ventricles



Great arteries


Defects or malformations


Conventional diagnosis (when available)







Nomenclature and classification schemes are essential for accurate data reporting and establishment of databases. A continuing worldwide effort of surgeons, cardiologists, morphologists, perfusionists, pathologists, and government officials has resulted in the International Pediatric and Congenital Cardiac Code (IPCCC).F5 The framework of this effort will serve as a guideline for future efforts at classification of cardiac morphology. These efforts have not as yet embraced a true ontology of congenital heart disease that, at least in theory, could integrate with a cardiovascular Gene Ontology to couple phenotype with genotype.






Situs of the Thoracic Viscera and Atria


The possible situs of the thoracic viscera and atria are (1) situs solitus, or usual situs, (2) situs inversus, and (3) situs ambiguus. Situs solitus means that the right/left relationships of the asymmetric viscera and the atria are usual. That is, the right (eparterial) and left (hyparterial) mainstem bronchi are normally positioned, the right atrium is to the right of the left atrium, and the left atrium is to the left. Situs inversus indicates that the right/left relationships are the opposite of usual. In chemical language, these are isomers. With rare exceptions, atrial and thoracic visceral situs are the same (concordant). Situs ambiguus is the absence of lateralization in the thoracic organs and atrial chambersV3,V4; in the latter case, this condition is termed atrial isomerism (see Chapter 58). It is usually but not invariably associated with lack of abdominal lateralization—that is, asplenia or polysplenia.


In asplenia and polysplenia, the usually asymmetric structures tend to be symmetric. In both, in contrast to normal, the length of the right and left mainstem bronchi is the same, as is the relation of each bronchus to its pulmonary artery and the configuration of the artery.L2,P1,V3 Persons with asplenia tend to have bilateral right-sidedness and right atrial isomerism, a condition identifiedS14,S30 by finding the right-type configuration of mainstem bronchus and its pulmonary artery on both left and right sides (the bronchus is relatively short and posterior and superior to the pulmonary artery, which bifurcates into an upper and lower trunk).B10,L2,S30 Patients with polysplenia tend to have bilateral left-sidednessM7 and left atrial isomerism, with the left-type configuration of the mainstem bronchus and its pulmonary artery on both sides (the bronchus is anterior and inferior to the pulmonary artery, which gives off individual branches rather than a discrete trunk to the upper lobe).


A determination of situs can sometimes be made by study of the plain chest radiograph.S23 When there is situs ambiguus, a common atrium is often present, and only the morphology of the atrial appendages indicates whether there is right or left atrial isomerism (see Chapter 58). Complex forms of congenital heart disease tend to occur in patients with atrial isomerism,L6,L9,M7,S30 although in rare cases the heart is normal.









Situs of the Ventricles


In situs solitus, ventricles are said to have normal (usual, concordant) situs when the morphologically right ventricle is anterior and to the right of the morphologically left ventricle, which is posterior and to the left. Van Praagh’s term, D-loop,V10,V11,V13 may be used to describe this ventricular situs or isomer, as may his term right-handedness,V8,V15 also used by Anderson.A8 D-loop indicates that the sinus portion of the morphologically right ventricle is to the right vis-à-vis that of the left. In hearts with D-loop (as described by Van PraaghV15), direction of blood flow in the right ventricle is from right to left through the right-sided tricuspid valve and inflow (sinus) portion to the usually left-sided outflow portion (infundibulum). D-loop or right-handedness can also be defined as existing when the palmar surface of the right hand can be placed on the septal surface of the right ventricle such that the thumb is in the inlet (tricuspid valve), the wrist is in the apical trabecular component, and the fingers are in the outlet (pulmonary valve).


In situs solitus, ventricles are said to be inverted when the morphologically right ventricle is more or less posterior and to the left of the morphologically left ventricle; Van Praagh’s term, L-loop, applies here, as does the term left-handedness. In L-loop, the sinus (inlet) portion of the morphologically right ventricle is to the left vis-à-vis that of left ventricle; that is, internal organization is opposite of that in D-loop, and direction of blood flow is from the left-sided tricuspid valve to the right-sided infundibulum. L-loop, or left-handedness, can also be defined as existing when the palmar surface of the left hand can be placed on the septal surface of the right ventricle such that the thumb is in the inlet, the wrist is in the apical trabecular component, and the fingers are in the outlet. L.M. Bargeron (UAB; personal communication) suggested that looking through the right ventricle’s AV valve toward its apex, in D-loop the septal structures are to the left, and in L-loop they are to the right.


In atrial situs inversus, L-loop is the normal (usual, concordant) situs and D-loop is the inverted situs. The definitions of loop, or handedness, are independent of atrial or visceral situs and are thus the same as just described. Because there are two possible ventricular situses (D-loop and L-loop) in both atrial situs solitus and atrial situs inversus, there are four basic hearts, an idea expressed many years ago by Stanger, Edwards, and colleaguesS29 (see Appendix 1H).


When thoracic and atrial situs are ambiguous, only ventricular situs can be described, and its relationship to thoracic and atrial situs is “ambiguus.”









Completeness of the Ventricles


Both the right and left ventricle may be considered to have inlet, sinus, and outlet portions when complete. Either ventricle may be incomplete (or rudimentary). For example, the inlet portion of the right ventricle is absent in hearts with tricuspid atresia.









Dominance of the Ventricles


Normally, the size of the two ventricles is similar and can be said to be balanced. In many kinds of cardiac conditions, one ventricle is larger, or dominant, and the smaller one can be severely hypoplastic. The dominance may be mild, moderate, or severe. Generally, a ventricle is said to be dominant only when the other ventricle is too small to maintain adequate pulmonary or systemic blood flow.









Cardiac Connections


Information about cardiac connections is fundamental in describing any malformed heart and requires elucidation at both AV and ventriculoarterial levels. The AV connection may be concordant (right atrium3 connects to right ventricle; left atrium connects to left ventricle), discordant (right atrium connects to left ventricle; left atrium connects to right ventricle), univentricular (atria connect to only one ventricle; see Chapter 56 for more details of this subset), or ambiguus (situs ambiguus of atria). When an AV valve is straddling, it is considered to be connected to the ventricle into which more than 50% of the valve orifice faces. As Bharati and colleagues have pointed out, it is pertinent to distinguish between straddling of the valve anulus across the septum and of the chordal attachments into an inappropriate ventricle.B8 Milo and colleagues suggested that the term overriding be used when referring to the anulus, and straddling when referring to chordal attachments.M6


The ventriculoarterial connection may be concordant (left ventricle connects wholly or nearly so to aorta; right ventricle to pulmonary artery) or discordant (right ventricle connects to aorta, left ventricle to pulmonary artery, commonly called transposition of the great arteriesV12). As with AV connections, when a semilunar valve is overriding a VSD, it is considered to be connected to the ventricle from which more than 50% of the valve area arises. The connection may also be double outlet (great arteries arise wholly or for the most part from one ventricle).


The ventriculoarterial connection may be considered single outlet when there is a common arterial trunk (truncus arteriosus communis) or only a single artery, usually the aorta, connected to a ventricle. In the latter case, there is usually pulmonary atresia, and categorization as single outlet ventriculoarterial connection, although morphologically precise, considerably complicates the presentation of information in many types of congenital heart disease. Alternatively, the ventriculoarterial connections can be termed concordant, discordant, or double outlet by identifying the connection, although atretic, of the pulmonary artery to a ventricle. Even when there is a ventriculopulmonary artery discontinuity, this is often possible. For example, when the morphology is typical for tetralogy of Fallot, except that there is only a single ventricular outlet because of pulmonary atresia, the condition is called tetralogy of Fallot with pulmonary atresia (see Chapter 38).









Cardiac and Arterial Positions


Normally, the cardiac apex points to the left, a situation called levocardia. The term dextrocardia applies when the cardiac apex points to the right, and mesocardia when it is in the midline. There is merit to using the term dextroversion to denote dextrocardia with situs solitus of the viscera and atria, and levoversion to denote levocardia with situs inversus. Dextroversion and levoversion alter the geometry and position of all cardiac chambers. Thus, the position of the heart is important surgically, but it is not a basic abnormality, as is D- or L-loop. The left atrium is generally to the left and the right atrium to the right in situs solitus, and vice versa in situs inversus.


Position of the ventricles is determined primarily but not exclusively by the ventricular situs (loop or handedness). The morphologically right ventricle is usually anterior and to the right in D-loop, and the left ventricle posterior and to the left. Generally, with L-loop (inverted ventricles), the morphologically left ventricle is anterior and to the right, and the morphologically right ventricle is posterior and to the left. However, the ventricles may be side by side or directly anteroposterior to each other, with either ventricle in either position. Ventricles may also be in a superoinferior (over and under) position; this occurs most commonly with L-loop but can occur with D-loop.V15 This and probably other positional anomalies are most clearly seen by echocardiographic and angiographic study and may be entirely overlooked by autopsy studies. Positional interrelations are not basic pathologic entities, but rotational anomalies producing variations of the four basic hearts.


The possible positions of the origins of the great arteries are nearly infinite around the 360 degrees of a circle but may be simplified as (1) normal, with aorta to the right (in visceroatrial situs solitus) or left (in inversus) and somewhat posterior to the pulmonary artery; (2) aorta anterior to the pulmonary artery, either directly or somewhat to the right (D-malpositionV12); (3) aorta to the left of the pulmonary artery (L-malposition); and (4) aorta posterior to the pulmonary artery. Normally, the great arteries tend to cross rather than run parallel. In contrast, when the great arteries are malposed, their first portions are usually parallel.D5


As indicated, these are all positional arterial abnormalities and are not basic parts of a malformation. However, certain probabilities exist. For example, the inflow portion of the right ventricle is usually on the side of the aortic origin.









Atrioventricular Flow Pathways


In normal hearts, AV flow pathways are more or less parallel. In cases of crisscross AV flow pathways, they cross over each other. The term crisscross hearts was introduced by Ando and colleaguesA16 and Anderson and colleaguesA15 in 1974, but the condition had been described earlier by Lev and Rowlatt in 1961.L7


The word crisscross has led to confusion and controversy. One point of view is that in some abnormal hearts, the pathways cross when viewed on cineangiography. Another point of view is that this is an illusion.V14 In any event, crisscross has no implications with regard to internal ventricular architecture or AV connections. The crisscross of the flow pathways is produced by positional abnormalities of the ventricles (often a superior/inferior position). Hypoplasia of the inflow or sinus of the right ventricle often contributes to crisscross. In most cases of crisscross, there is ventriculoarterial discordant connections and either discordant ventriculoarterial connections or double outlet right ventricle.









Defects and Abnormalities


Defects involving cardiac septa, chambers, and valves occur as more or less isolated anomalies, but are more common when connection and rotational anomalies exist. Such defects must be described separately for each heart, along with segmental situs, connections, and positions of the heart. Possible defects include VSD, atrial septal defect, AV septal defect, anomalous systemic and pulmonary venous connections, congenital valvar and subvalvar lesions, straddling AV valves, and abnormalities of septal morphology, including infundibular (conal) development.









Conventional Diagnoses


As a summarizing convenience, certain old and widely used phrases that are in themselves not anatomically specific but well understood by surgeons continue to be useful. In each instance, morphology denoted by a given phrase must be defined, in part because others may use the same phrase (e.g., transposition of the great arteries) differently. Such phrases include AV canal (see Chapter 34), tetralogy of Fallot (see Chapter 38), Taussig-Bing heart (see Chapter 53), complete transposition of the great arteries (see Chapter 53), double outlet ventricle (see Chapters 53 and 54), corrected transposition of the great arteries (see Chapter 55), isolated ventricular inversion (see Chapter 55), and anatomically corrected malposition of the great arteries (see Chapter 57). In the interest of readability, the text does not use quotation marks for these phrases; once defined they are used primarily for convenience.









Symbolic Convention of Van Praagh


Van Praagh’s symbolic convention for the heart—for example, S,D,D heart—is widely used and a convenient and concise way of expressing certain anatomic features and relations.V5 The first symbol refers to situs (isomerism) of thoracic viscera and atria (S for solitus, I for inversus). The second symbol indicates situs (isomerism) of the ventricles in terms of D-loop and L-loop (see “Situs of the Ventricles”). When taken with the first symbol, it is of fundamental significance in designating which of the four basic hearts, or isomeric combinations, is present. The third symbol refers to position of the aortic origin (D for right-sided, L for left-sided).











1A Morphogenesis


Kirklin and Barratt-Boyes were reluctant to use terms with developmental implications, but our understanding of developmental events that lead on the one hand to normal anatomy and on the other to morphologic abnormalities has greatly expanded in recent years. It is now well understood that certain anomalies of the aorta can be traced to abnormalities of fetal remodeling of the embryonic aortic arches. Abnormalities of the aorta in bicuspid aortic valve appear traceable to neural crest cells that migrate late in heart development.B12,D7,F1,F2,K2


Van Praagh and colleagues present a unifying developmental theory for a large number of congenital heart anomalies, including transposition of the great arteries, double outlet ventricles, tetralogy of Fallot, and VSD. These anomalies have in common variable remodeling (resorption) of the embryonic subarterial conus, particularly that under the developing aortic valve.V7 Insights such as this give rise to the idea, for example, that tetralogy of Fallot is fundamentally a monolesion from a developmental perspective.


Discoveries about the genetic basis for a number of cardiac abnormalities are also on the rise. How this knowledge will be instrumental in advancing cardiac surgery in particular and cardiothoracic medicine in general is uncertain at this time.









1B Normal Pathway Dimensions from Autopsy Specimens


Rowlatt and colleagues provided extensive information about the dimensions (measured as circumference) of cardiac valves in formalin-fixed autopsy specimens from apparently normal children.R4 Because usually it is the diameter that is measured by echocardiography, angiography, and in the operating room, circumferences have been transformed to diameter, assuming that valve orifices are perfectly circular and using the equation:





[image: image]





These dimensions can also be expressed in terms of cross-sectional area, using for the transformation the equation:





[image: image]





KrovetzK9 and Westaby and colleaguesW2 also made measurements from adult autopsy specimens that are compatible with those of Rowlatt and colleagues.R4 These investigators added the information that as adults age, the aortic orifice gradually enlarges. Eckner and colleagues measured pressure-fixed autopsy specimens and found dimensions similar to but slightly larger than those of Rowlatt and colleagues.E1


Scholz and colleagues also present extensive information on cardiac dimensions obtained in autopsy specimens.S6 Their findings and equations are generally similar to those of Rowlatt and colleagues, except they find that valve dimensions are best normalized to age and gender of the individual (rather than to body surface area [BSA]). These investigators believe that the predicted values from their regression equations are applicable to either fresh or fixed specimens and compare well with systolic anular dimensions obtained by imaging techniques in living subjects.


Most of the information in this book relating dimensions in patients to those obtained at autopsy uses equations derived from the work of Rowlatt and colleaguesR4 to compute the mean normal value and standard deviation based on the patient’s BSA. This group expressed dimensions as circumference and BSA as cm2. For use in this text, these have been transformed into diameter (assuming the cross-section was a perfect circle) and m2. Diameters of cardiac valves for normal individuals are summarized in Table 1B-1.




Table 1B-1 Diameters (mm) of Normal Cardiac Valvesa


[image: image]




Capps and colleaguesC1 analyzed 6801 fresh autopsied hearts for valve cryopreservation over the range of 0.18 to 3.55 m2 BSA. Mean indexed aortic valve area (n = 4636) was 2.02 ± 0.52 cm2 · m−2. Mean diameters of each valve within ranges of BSA are given in Table 1B-2. Regression equations useful for predicting mean normal aortic and pulmonary valve diameters are given for males, females, and overall in Table 1B-3. This analysis ignores increase in valve size due to aging, which, though normal, may be considered a degenerative process.




Table 1B-2 Left Ventricular–Aortic Junction (Aortic Valve) and Right Ventricular–Pulmonic Junction (Pulmonary Valve) Diameters in Males and Females According to Body Surface Area Range


[image: image]


[image: ]







Table 1B-3 Regression Coefficients of Valve Anulus Diameter (mm) on Body Surface Area (m2)a


[image: image]










1C Normal Pathway Dimensions from Cineangiography


Using cineangiograms made in both anteroposterior and lateral projections in 42 normal children, Bini and colleagues measured cardiac and great artery dimensions at peak systole and in diastole (Bini M, Naftel DC, Blackstone EM: unpublished study, 1984). Median patient age was 12 months, range 2 days to 16 years; 25% were 2 months of age or younger, and 25% were 67 months of age or older; 24 were males and 18 were females. Consideration of adoption was usually the indication for study. Structures measured included midportion of the right ventricular infundibulum and junction of the right ventricle and pulmonary artery (“anulus”); distal end of the pulmonary trunk; origin, midportion, and immediately prebranching portion of the right pulmonary artery; origin and immediately prebranching portion of the left pulmonary artery; and aorta immediately downstream to the aortic valve, immediately before the takeoff of the brachiocephalic artery, and immediately above the diaphragm. By dividing the measured internal diameter of the cardiac catheter in the same frame by the known internal diameter of the catheter, a correction factor was calculated and used to correct the measured value for magnification.


To account for increased scatter of dimension data as body surface area (BSA) increased, logarithmic transformations were made of both dimension and body size. Individual regression equations (derived only when the number of observations was >10) were developed for each location and individually for systole and diastole in the anteroposterior and lateral projections. Mean normal diameter and standard deviation according to BSA were derived from these equations. A similar analysis of cineangiographic measurements was made earlier by Sievers and colleagues.S15 Both groups, working without knowledge of the other, found logarithmic transformation to best express the relations. Information for the equations is presented in Tables 1C-1 and 1C-2. The equations may be used to calculate the mean normal dimensions and standard deviations of the right ventricular outflow tract and pulmonary arteries for a specific BSA, for use in determining the z value of the dimension of a structure in a patient.




Table 1C-1 Coefficients of Linear Regression Equation Relating Diameter in Anteroposterior Projection to Body Surface Area in Normal Subjectsa


[image: image]






Table 1C-2 Coefficients of Linear Regression Equation Relating Diameter in Lateral Projection to Body Surface Area in Normal Subjectsa


[image: image]




Dimensions of a part of the left ventricular tract and aorta were also determined by the Bini and Sievers groupsS15 (Bini M, Naftel DC, Blackstone EH: unpublished study, 1984) (see Tables 1C-1 and 1C-2). Clarkson and Brandt made measurements of the aorta in cineangiograms of normal infants and young children,C7 similar to those of Bini and colleagues.


Most of the information is this book relating patient dimensions to z values based on cineangiographic measurements uses regression equations derived from measurements made by Bini and colleagues, which are similar to those made by Sievers and colleaguesS15 (see Tables 1C-1 and 1C-2). Unfortunately, they did not measure the tricuspid valve. These equations are used to calculate normal mean values and standard deviations according to the patient’s BSA; then the equation given in “Standardization of Dimensions” (see text) is used to calculate the z value. These equations and nomograms are for diameter. Some prefer to express the dimensions of the pulmonary arteries as cross-sectional area. Because of the logarithmic transformation used in the Bini and Sievers analyses, the z value for cross-sectional area is the same as that for diameter.









1D Normal Pathway Dimensions from Two-Dimensional Echocardiography


Dimensions obtained by two-dimensional (2D) echocardiography are sometimes measured and expressed as length of anulus (without a commitment as to the shape of the orifice), sometimes as the shortest axis (anteroposterior) and the longest axis (lateral), and sometimes as cross-sectional area measured directly on the 2D echocardiographic image, without an assumption as to shape. Sometimes both the smallest and largest dimensions in a cardiac cycle are measured and expressed.


King and colleagues provided 2D echocardiographic measurements of the largest diameter of the mitral and tricuspid valves in apparently normal children.K5 These can be used for determining the normal mean values and standard deviations necessary for calculating the z values in individual patients.


Tei and colleagues provided similar measurements of the tricuspid valve.T3 Their mean value for area was 6.1 ± 0.9 cm2 · m−2 at the moment when the valve was largest and 4.1 ± 0.6 cm2 · m−2 when it was smallest; anular circumference was 7.8 ± 0.7 cm2 · m−2 and 5.2 ± 0.5 cm2 · m−2, respectively. These values correspond well with the data presented by King and colleagues.


Riggs and colleaguesR2 presented information on mitral valve area and diameters in normal children and derived a regression equation normalizing these to body surface area (BSA). These values are similar to King’sK5 with regard to the anteroposterior dimensions, but are smaller in the lateral dimensions. Pollick and colleagues reported dimensions in normal children that were similar to those obtained by Riggs.P5


Daubeney and colleaguesD2 have provided a comprehensive catalog of cardiac structural dimensions by 2D echocardiography in normal infants and children. Definition of each dimension and the 2D echocardiographic view in which it was measured are given in Table 1D-1. For the most part, a regression equation was developed using BSA in the logarithmic transformation domain. The regression equation is:


Table 1D-1 Cardiac Dimensions Measured, Echocardiographic Views Used, and Definitions of Each Measurement






	Cardiac Dimension

	Echocardiographic View

	Definition






	Tricuspid valve

	Apical four chamber

	Distance between “hinge points” of leaflets at level of anulus






	RV–pulmonic junction

	Parasternal short axis

	Distance between “hinge points” of attachment of the valve






	Pulmonary trunk

	Parasternal short axis

	Diameter of pulmonary trunk halfway between RV–pulmonic junction and bifurcation






	Right pulmonary artery

	Parasternal short axis

	Diameter immediately beyond bifurcation






	Left pulmonary artery

	Parasternal short axis

	Diameter immediately beyond bifurcation






	Mitral valve (anteroposterior)

	Parasternal long axis

	Distance between “hinge points” of leaflets at level of anulus






	Mitral valve (lateral)

	Apical four chamber

	Distance between “hinge points” of leaflets at level of anulus






	LV–aortic junction

	Parasternal long axis

	Distance between “hinge points” of attachment of the valve






	Sinuses of Valsalva

	Parasternal long axis

	Maximum anteroposterior diameter of aortic root at level of sinuses of Valsalva






	Sinutubular junction

	Parasternal long axis

	Maximum anteroposterior diameter of aortic root at level of sinutubular junction







Key: LV, Left ventricular; RV, right ventricular.
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where mean normal diameter is specific for BSA, BSA is expressed in square meters, and Ln is the natural logarithm. Values for the intercept and slope, as well as for the standard deviations (root mean square error), are presented in Table 1D-2. Values are the largest ones during the cardiac cycle, nearly always at end-diastole. The z value equation (see “Standardization of Dimensions” in text) can then be used to calculate the z value. More simply, a nomogram (Fig. 1D-1) may be used.




Table 1D-2 Regression Equations Relating Cardiac Dimension and Body Surface Areaa
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Figure 1D-1 Nomograms expressing measured diameter of the indicated structure (isobars) in an individual of a given body surface area (horizontal axis) as a z value (vertical axis). Mean normal values and standard deviations used in equations to calculate z values were obtained from Daubeney and colleaguesD2 (see Table 1D-2). A, Tricuspid valve. B, Right ventricular–pulmonic junction (pulmonary valve). C, Pulmonary trunk. D, Right pulmonary artery. E, Left pulmonary artery. F, Mitral valve (anteroposterior, parasternal long-axis view). G, Mitral valve (lateral, apical four-chamber view). H, Left ventricular–aortic junction (aortic valve). I, Sinuses of Valsalva. J, Sinutubular junction. Key: LV, Left ventricular.




King and colleagues measured dimensions of mitral and tricuspid valves by 2D echocardiography.K5 Based on these data, regression equations were developed for mean normal diameter (logarithmic transformation) and BSA (logarithmic transformation) as shown in Table 1D-3. A digital nomogram is presented in Table 1D-4.




Table 1D-3 Values for the Intercept, Slope, and Standard Deviation Describing Normal Echocardiographic Diameters
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Table 1D-4 Diameters of Mitral and Tricuspid Valves in Normal Children, Using Echocardiography to Measure Dimension of Valve
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Habbal and Somerville measured dimensions of the left ventricular–aortic junction (aortic “anulus”) in normal children by 2D echocardiography.H1 Their regression equation relating mean normal value to BSA is:
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where Ln is the natural logarithm and exp is e, the base of the natural logarithms. The standard deviation is 0.09717 and was obtained in the log-log domain to stabilize variability. Therefore, as in the case of Bini and colleagues’ analysis of cineangiographic data and Daubeney and colleagues’ analysis of 2D echocardiography,D2 the z value for cross-sectional area in a given patient is the same as for diameter, because of the logarithmic transformations used.


Using 2D echocardiography in children, Snider and colleagues measured cross-sectional dimensions of the right pulmonary artery and pulmonary trunk.S21 The regression equation is:
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where BSA is expressed in square meters. Values for the intercept and slope are given in Table 1D-5. Because insufficient numeric data are presented to permit derivation of the standard deviation for the mean normal diameter, z values cannot be derived from this analysis.


Table 1D-5 Coefficients for Use in Normal Pulmonary Arterial Dimension Equation






	Structure and View (in Diastole)

	Intercept

	Slope






	Right pulmonary artery:

	 

	 






	 Suprasternal long axis

	−0.0149

	11.84






	 Parasternal short axis

	1.50

	8.31






	 Suprasternal short axis

	−0.0372

	11.60






	Pulmonary trunk:

	 

	 






	 Parasternal short axis

	0.946

	15.44







Based on data from Snider and colleagues.S21









1E Comparison of Pathway Dimensions from Different Measurement Modalities






Comparisons between Cineangiographic Dimensions and Those Obtained at Autopsy


The relationship of measurements obtained by imaging techniques to those obtained from autopsy specimens is arguable, but as was expressed earlier, this is not critical in studies relating dimensions to outcome when the z value is used. Differences relating to measurement modalities are nonetheless interesting.


Dimensions obtained from autopsy data are probably the most complete and reliable dimensions available. Even among postmortem direct measurements of dimensions, however, differences exist. As stated earlier, Scholz and colleagues found that dimensions are similar in both fresh and fixed specimens (except that when pressure fixation is used, the tricuspid valve and right heart dimensions are somewhat larger) and that dimensions in autopsy specimens from normal children are similar to those obtained by imaging techniques.S6 However, Alboliras and colleagues obtained data indicating that autopsy measurements should be multiplied by 1.04 to be comparable to cineangiographic measurements.A6 Bull and colleagues derived a multiplication factor of 1.4 for this purpose.B13


A comparison of the carefully performed cineangiographic measurements of Sievers and colleaguesS15 with those of Rowlatt and colleaguesR4 indicates that normal dimensions for the left ventricular–aortic junction were about 40% larger cineangiographically than at autopsy (Fig. 1E-1). A similar comparison of the dimensions of the right ventricular–pulmonary artery junction indicated that in subjects of less than about 1 m2 body surface area (BSA), cineangiographic measurements were about 17% larger, and that in larger subjects, cineangiographic measurements were 33% larger (Fig. 1E-2).





[image: image]

Figure 1E-1 Relation between diameter of left ventricular–aortic junction (aortic “anulus”) and body surface area, according to whether measurements were made in fixed autopsy specimens (Rowlatt and colleaguesR4) or by cineangiography (Sievers and colleaguesS15). Solid lines represent continuous point estimates of the relations, and dashed lines enclose 70% confidence interval.
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Figure 1E-2 Relation between diameter of right ventricular–pulmonary artery junction (pulmonary “anulus”) and body surface area, according to whether measurements were made on fixed autopsy specimens (Rowlatt and colleaguesR4) or by cineangiography (Sievers and colleaguesS15 and Bini M, Naftel DC, Blackstone EH: Unpublished study, 1984). Meanings of depictions are as described for Fig. 1E-1.




Sepehri and colleagues found that in diseased states in children, dimensions of the left ventricular–aortic junction obtained at autopsy were similar to those obtained from cineangiography, whereas those of the mitral valve obtained by cineangiography were approximately 16% larger than those obtained at autopsy.S8 These same investigators, using a perfusion fixation technique, found the tricuspid valve to be about 50% larger by cineangiography and the pulmonary valve about 14% larger, thereby confirming the statements of Scholz and colleagues.S6









Comparisons between Two-Dimensional Echocardiographic Dimensions and Those Obtained at Autopsy


An informal comparison between the echocardiographic measurements of the mitral valve by King and colleaguesK5 and those obtained at autopsy by Rowlatt and colleaguesR4 suggests that in subjects who have less than about 0.5 m2 BSA, the echocardiographic dimensions are about 33% larger (Fig. 1E-3). A similar comparison between the echocardiographic dimensions obtained by Riggs and colleaguesR2 and those obtained in autopsy specimens by the Rowlatt groupR4 indicates that dimensions were similar in small subjects, but the echocardiographically determined dimensions were about 20% larger in patients with BSAs greater than 1 m2.
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Figure 1E-3 Relation between diameter of mitral valve orifice and body surface area, according to whether measurements were made in fixed autopsy specimens (Rowlatt and colleaguesR4) measuring circumference or by echocardiography (King and colleaguesK5 measuring major and minor axes; Riggs and colleaguesR2 measuring area directly). Meanings of depictions are as described for Fig. 1E-1. Key: AP, Anteroposterior.










Other Comparisons


Formal comparisons of dimensions of cardiac structures in normal subjects obtained by angiography and echocardiography are missing. However, N.C. Nanda (personal communication, 1989) believes that in diseased states, echocardiographic dimensions are slightly larger than angiographic ones, probably because different bordering structures are used to define the dimension in these two different imaging techniques.


It is particularly difficult to compare dimensions derived from all three modalities. However, a comparison made for the tricuspid valve suggests that there is considerable difference in dimensions obtained using different measurement modalities (Fig. 1E-4).
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Figure 1E-4 Relation between diameter of tricuspid valve and body surface area, according to whether measurements were made in fixed autopsy specimens (Rowlatt and colleaguesR4), by cineangiography (Alboliras and colleagues,A6 Bull and colleaguesB13), or by echocardiography (King and colleaguesK5). Meanings of depictions are as described for Fig. 1E-1.













1F Comparison of Methods for Normalizing the Dimensions of Pulmonary Arteries


Four data sets were used to derive the interrelationships among three methods of expressing the dimensions of the right and left pulmonary arteries: (1) 35 normal children among the 42 studied by Bini and colleagues (see Appendix 1C), (2) 168 patients who had undergone repair of tetralogy of Fallot with pulmonary stenosis, whose cineangiograms were made before any surgical procedure,S11 (3) 215 patients with tetralogy of Fallot and pulmonary atresia,S13 and (4) 106 patients who had undergone the Fontan operation.F3


Comparisons are expressed in Figs. 1F-1, 1F-2, and 1F-3.
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Figure 1F-1 Relation between McGoon ratio and z value for summed diameters of right and left pulmonary arteries just before the takeoff of their first branch. A, Analysis of all patients as a single group. Symbols represent an individual patient’s values, solid line represents the continuous point estimate of the relation, and dashed lines enclose 70% confidence interval. The regression equation is:
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where exp is e, the base of the natural logarithms. B, Individual analysis of each of the four groups. No confidence limits are displayed. Key: P, Pulmonary; PS, pulmonary stenosis; TF, tetralogy of Fallot.
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Figure 1F-2 Relation between cross-sectional area index (mm2 · m−2), the so-called Nakata index, and z value for summed diameters of the right and left pulmonary arteries just before takeoff of their first branch. A, Analysis of all patients as a single group. Meanings of depictions are as described for Fig. 1F-1. The regression equation is:
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where exp is e, the base of the natural logarithms. B, Individual analysis of each of the four groups. No confidence limits are displayed.
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Figure 1F-3 Relation between McGoon ratio and cross-sectional area index (mm2 · m−2). A, Analysis of all patients as a single group. Meanings of depictions are as described for Fig. 1F-1. The regression equation is:
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B, Individual analysis of each of the four groups. No confidence limits are displayed. Key: CSA, Cross-sectional area; P, pulmonary; PS, pulmonary stenosis; TF, tetralogy of Fallot.










1G Normal Ventricular Volume, Masses, and Dimensions from Different Measurement Modalities


Right and left ventricular dimensions and area, left ventricular wall thickness and mass, and septal thickness were measured by echocardiography (Table 1G-1).D2 Regression equations are presented in Table 1G-2. Fig. 1G-1 shows the information presented in pairs of figures.


Table 1G-1 Cardiac Dimensions Measured, Echocardiographic Views Used, and Definitions of Each Measurement






	Cardiac Dimension

	Echocardiographic View

	Definition






	RV inflow

	Apical four chamber

	Ventricular length from midpoint of plane of tricuspid valve anulus to apex of RV






	RV outflow

	Subcostal parasagittal

	Perpendicular from RV free wall to midpoint of RV pulmonic junction






	RV area

	Apical four chamber

	Maximal area bordered by RV endocardium (excludes area of papillary muscles)






	LV inflow

	Apical four chamber

	Ventricular length from midpoint of plane of mitral valve anulus to apex of LV






	LV end-diastolic dimension

	M-mode, parasternal long axis

	M-mode measurement of a line of inquiry of 2D echocardiogram at level of tips of mitral leaflet at onset of QRS






	LV end-systolic dimension

	M-mode, parasternal long axis

	M-mode measurement of a line of inquiry of 2D echocardiogram at level of tips of the mitral leaflet, narrowest dimension






	LV area

	Apical four chamber

	Maximal area bordered by LV endocardium (excludes area of papillary muscles)






	Interventricular septum

	M-mode, parasternal long axis

	M-mode measurement of a line of inquiry of 2D echocardiogram at level of tips of mitral leaflet at onset of QRS






	LV posterior wall

	M-mode, parasternal long axis

	M-mode measurement of a line of inquiry of 2D echocardiogram at level of tips of mitral leaflet at onset of QRS






	LV massa


	M-mode, parasternal long axis

	M-mode measurement of a line of inquiry of 2D echocardiogram at level of tips of mitral leaflet at onset of QRS







Key: 2D, Two-dimensional; LV, left ventricular; RV, right ventricular.


a Derived from LV end-diastolic dimension (LVEDd), diastolic LV posterior wall thickness (PW), and diastolic septal thickness (S) as: LV mass (g) = 1.04 [(LVEDd + PW + S)3 − LVEDd3] − 13.6.D10


Modified from Daubeney and colleagues.D2




Table 1G-2 Regression Equations Relating Cardiac Dimension and Body Surface Areaa


[image: image]







[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

Figure 1G-1 Relation between body size and right and left ventricular dimensions and area, and left ventricular (LV) wall thickness and mass. The expression of body size, height, weight, or body surface area that best correlated with the cardiac measurement is used. Presentation of the figures is in pairs, with the raw data points in the first panel, on which is superimposed the line of regression and confidence limits equivalent to 1 and 2 standard deviations, and z value and body size in the second panel as in Fig. 1D-1. A, Right ventricular (RV) inflow length and body surface area (BSA). B, RV inflow length, relating measured value and BSA to z value. C, RV outflow length and BSA. D, RV outflow length, relating measured value and BSA to z value. E, RV area and BSA. F, RV area, relating measured value and BSA to z value. G, LV inflow length and BSA. H, LV inflow length, relating measured value and BSA to z value. I, LV area and BSA. J, LV area, relating measured value and BSA to z value. K, LV end-diastolic dimension and BSA. L, LV end-diastolic dimension, relating measured value and BSA to z value. M, LV end-systolic dimension and BSA. N, LV end-systolic dimension, relating measured value and BSA to z value. O, Posterior wall thickness and weight. P, Posterior wall thickness, relating measured value and weight to z value. Q, Interventricular septum thickness and height. R, Interventricular septum thickness, relating measured value and height to z value. S, LV mass and BSA. T, LV mass, relating measured value and BSA to z value.





In addition to the measurements of Daubeney and colleagues,D2 the relation between right ventricular end-diastolic volume (RVEDV) and body surface area (BSA) was presented by Graham and colleagues,G2 Thilenius and Arcilla,T4 Nakazawa and colleagues,N2 and Lange and colleagues.L3 Graham’s equation and its use for z values is:
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and
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where 0.2710 is the standard deviation and Ln is the natural logarithm.


The relation between right ventricular end-systolic volume (RVESV) and BSA was presented by Graham and colleagues,G2 Thilenius and Arcilla,T4 and Lange and colleagues.L3 Graham’s equation and its use for z values is:
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and:





[image: image]





Mean normal value for right ventricular infundibular wall thickness from Rowlatt and colleaguesR4 is 2.962 ± 0.779 mm and:
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Mean normal value for right ventricular wall thickness in the area of the tricuspid valve is 3.117 ± 1.55 mm and:
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The relation between heart weight and BSA was studied by Kitzman and colleagues,K8 Scholz and colleagues,S6 and Rowlatt and colleaguesR4 (Table 1G-3). The regression equation in all cases is:




Table 1G-3 Regression Coefficients for Use in Estimating Mean Normal Heart Weight from Body Surface Area
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The values are for intercept and slope. The z value equation for heart weight is:
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where SD is standard deviation.


A study by Chirinos and colleagues reviews the various approaches for allometric scaling of left ventricular mass, with particular attention to the effect of obesity-associated increased heart mass.C6









1H Illustrative Models of Congenital Heart Disease


Van Praagh’s symbolic representation may be combined with those of atrioventricular and ventricular arterial connections as shown in Figures 1H-1 through 1H-3. In Van Praagh’s convention, the first letter (S or I) refers to atrial position (solitus or inversus), the second letter (D or L) to ventricular loop, and the third letter to position of the origin of the aorta (recognized by its two coronary ostia) in relation to origin of the pulmonary trunk.V6 Arrangement of boxes and abbreviations is identical in all similar models presented.
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Figure 1H-1 Model of atrioventricular connections of the four basic hearts, excluding situs ambiguus. Key: D, D ventricular loop; I, situs inversus; Inf., inferior; L, L ventricular loop; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; S, situs; Sup., superior.
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Figure 1H-2 Model of four so-called normal hearts—that is, hearts with atrioventricular and ventriculoarterial concordant connections. Vertical line above box represents position of ventricular septum. Note that in situs inversus, aortic origin lies to the left of pulmonary trunk origin.







[image: image]

Figure 1H-3 Model of varieties of ventriculoarterial connection. Aortic origin in transposition of the great arteries and the double outlet ventricles (DORV, DOLV) is indicated by D when it lies to the right of the pulmonary artery origin and L when it lies to the left. When aortic origin is anterior, it is almost always superior to the pulmonary trunk; when side by side, both origins are usually at the same level. Vertical line above box represents position of ventricular septum.
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1 The phrase inlet septum is in some ways undesirable because the term has developmental implications,A7 and the large inlet septum on the right ventricular side is not duplicated on the left side. Use of the term trabecular to describe a portion of the sinus septum is also undesirable in some ways because part of the infundibular septum is also trabeculated (see Fig. 1-5).


2 In this text, cusps of atrioventricular valves are termed leaflets, although current anatomy texts use the term cusp for both semilunar and atrioventricular valves.


3 The adjectives left and right used to modify atrium or ventricle mean morphologically right or left. The position of the chamber is referred to as right-sided or left-sided.
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Section I Hypothermic Circulatory Arrest






Historical Note


In 1950, Bigelow and colleagues, in their publications on experimental hypothermia produced by surface cooling, introduced the concept that whole-body hypothermia might be useful in cardiac surgery.B30,B31 They subsequently reported cooling dogs to 20°C by surface cooling, with recovery after 15 minutes of circulatory arrest.B29 In 1951, Boerema and colleagues reported experimental studies indicating that when animals were cooled by a femoral-femoral shunt through a cooling coil, up to 15 minutes of circulatory arrest (produced by inflow stasis) were tolerated without apparent ill effect.B41 Using surface cooling, Lewis and Taufic reported successful repair of an atrial septal defect in a 5-year-old girl in 1953, and in the same year, Swan and colleagues reported successful results in a series of patients treated using the same technique.L13,S42 In 1958, Sealy and colleagues reported successful clinical cases in which hypothermia was combined with cardiopulmonary bypass (CPB).S4 In 1959, Drew and colleagues reported experimental studies in which CPB (using the subject’s own lungs as the oxygenator) was used to cool and rewarm the subject, and operations were done during circulatory arrest at 15°C.D19


In 1960, Guiot and colleagues and Weiss and colleagues reported use of hypothermia and circulatory arrest for cardiac surgery in humans.G33,W10 In 1961, Kirklin and colleagues at Mayo Clinic reported results of operation with hypothermic circulatory arrest in 52 patients, using Drew’s technique in 23 and a pump-oxygenator in 29.K11 In 1963, Horiuchi and colleagues from Tohoku University reported using surface cooling to 25°C and circulatory arrest during repair of ventricular septal defect in 18 infants younger than 1 year of age, with 16 survivors.H38 Dillard and colleagues modified this technique to permit surface cooling to hypothermic temperatures of 17°C to 20°C and extension of circulatory arrest to 60 minutes. In 1967, they reported successful repair of total anomalous pulmonary venous connection in four infants by this method of surface cooling and rewarming.D12 Similar experiences with this and other congenital malformations were reported by Hikasa and colleagues and Wakusawa and colleagues.H29,W2


In 1970, Barratt-Boyes and colleagues in New Zealand reported repair of a variety of malformations during hypothermic circulatory arrest in 34 infants weighing less than 10 kg using surface cooling to 22°C to 27°C, followed by a brief period of CPB to reduce the temperature further, as well as rewarming with CPB.B8 In 1973, using only CPB for cooling (core cooling), Hamilton and colleagues reported operations with hypothermic circulatory arrest in 18 infants.H9 These experiences and subsequent modifications in technique opened the way for safer intracardiac surgery in neonates and infants.T31


Use of hypothermic circulatory arrest in combination with CPB in adults was first reported by Barnard and Schrire in 1963.B4 Two patients with aneurysms of the ascending aorta and aortic arch underwent replacement of the involved aortic segments using hypothermia to an esophageal temperature of approximately 10°C and short intervals of circulatory arrest. One survived. In 1964, Borst and colleagues reported successful repair of an arteriovenous fistula involving the aortic arch using a period of hypothermic circulatory arrest.B44 In 1969, Lillehei and colleagues reported use of partial CPB, hypothermia, and circulatory arrest for managing ruptured mycotic aneurysms, ruptured left ventricles, and other complicated cardiac pathology.L16 The first series of patients with aneurysms of the aortic arch that were successfully resected during an interval of hypothermic circulatory arrest was reported by Griepp and colleagues in 1975.G31









Hypotheses


A basic hypothesis underlying use of circulatory arrest for cardiac and aortic surgery is that there is a safe duration of this state, the length of which is inversely related to temperature of the organism during the arrest period. A safe period of circulatory arrest is characterized by absence of detectable functional or structural organ derangements in the early or late postoperative period. Structural derangements without apparent functional correlates are of concern, particularly in the central nervous system, because of an implied loss of neurologic reserve that may be important to the individual later in life.


Temperature of the organism is not easily defined or described. In normal humans, temperature gradients between areas of the body at rest are small, so a single representation of inner body temperature is generally acceptable.B61 When hypothermia is produced by surface cooling, internal temperature gradients are relatively small, although skin and muscles become cooler than inner organs, and rectal temperature is substantially lower than nasopharyngeal temperature.C18 During cooling by hypothermic perfusion with CPB (core cooling), the relationship of rectal to nasopharyngeal temperature is reversed, and regional differences in temperature are considerable, although they can be lessened by prolonging the period of cooling.C18 Thus, when the latter technique is used wholly or in part to induce hypothermia, the specific site of temperature measurement, as well as the limitations in interpretation of the measurements themselves, must be noted.


Another hypothesis is that hypothermia, without itself producing damage, reduces metabolic activity to the extent that available energy stores in the various organs maintain cell viability throughout the ischemic period of circulatory arrest and thus allow normal structure and function to return after reperfusion. The magnitude of reduction of oxygen consumption is hypothesized to directly relate to safe duration of circulatory arrest.









Oxygen Consumption During Hypothermia


Oxygen consumption ([image: image]) is considered a measure of metabolic activity, so the magnitude of its decrease by hypothermia (in the anesthetized subject in whom shivering is prevented) is an index of the degree of reduction of metabolic activity. Use of [image: image] as such a marker is reasonable because for all practical purposes, tissue and cellular stores of oxygen do not exist. The body is dependent on circulation to bring oxygen to tissues in amounts determined by their metabolic needs.






Relationship between Oxygen Consumption and Body Temperature


Energy requirements of the body, reflected in part by [image: image], are reduced during hypothermia, reflecting dependence of the rate of biochemical reactions on temperature.F30 Quantitative interrelations have been expressed mathematically in various ways (Box 2-1). Some have used a linear model. Others, including Harris and colleagues, have used a model based on the Arrhenius equation, which states that the logarithm of the rate of a chemical reaction is inversely proportional to the reciprocal of the absolute temperature.H20 The nomogram describing this relationship is S-shaped (similar to the oxygen dissociation curve) such that at high temperatures, the reaction rate ceases increasing with temperature (reaches an asymptote).





Box 2-1 


Kinetics of Oxygen Consumption


The relationship of oxygen consumption ([image: image]) to perfusion flow rate ([image: image]) and temperature (T) is not linear; that is, a unit increase in [image: image] or T does not increment [image: image] a constant amount. A number of formal mathematical models (see Box 6-5 in Chapter 6) have been proposed that relate, in particular, metabolic activity and T based on fundamental thermodynamics. These models provide a good starting point for examining [image: image] data for other empirical relations, such as with blood flow.






Arrhenius Equation


The Arrhenius equation relates reaction rate k to temperature T, the universal gas constant R, activation energy Ea, and a constant related to molecular collision as:





[image: image]





where e is the base of the natural logarithms. If logarithms are taken of both sides of this equation, one obtains the following:





[image: image]





Constants A, R, and Ea are coalesced (a, b) to obtain a log-inverse equation:
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Therefore, one can examine the correlation of the logarithm of oxygen consumption and inverse temperature to see if the data are consistent with this relation.









van’t Hoff Law (Q10)


Another relation is expressed in the van’t Hoff law, which is generally formulated in terms of change in metabolic rate (k) per 10°C change in temperature (Q10):





[image: image]





If T1 − T2 is 10°, then Q10 is simply the ratio of k1 to k2 (metabolic rates at each temperature). This relation can be derived from the parameter b in the Arrhenius equation.









Hyperbolic Equation


Metabolic rate (reflected in [image: image]) and [image: image] should be independent until blood flow becomes limiting. This suggests a hyperbolic relation between the two variables:





[image: image]




where c is the asymptotic (limit of [image: image]) value of [image: image] as [image: image] becomes large (metabolic rate independent of flow).









Empirical Relations


Actual data may be better characterized by (1) a linear relation (rare), (2) a log-linear (exponential) relation, (3) a log-log relation, (4) an inverse-log relation, or a more complex relation. Many of these models can be fitted to data using linear regression (see Box 6-5 in Chapter 6) by logarithmic or inverse transformations of scale. Others require iterative nonlinear optimization methods to obtain parametric estimates (see Box 6-14 in Chapter 6).







At physiologic temperatures, biochemical systems operate only on the upswing of the curve. Thus—particularly when the range of temperatures is relatively small—this relationship finds numeric expression in the van’t Hoff law, which relates the logarithm of a chemical reaction rate directly to temperature. Conveniently, according to this equation, the reaction rate increases by two to three times for an increase in temperature of 10°C. Chemists use the symbol Q10 for this multiple.


Because oxygen uptake is the expression of all oxidative reactions, both direct and indirect, the logarithm of [image: image] might be expected to be directly proportional to temperature. In general, this appears to be so. Whether the observed decline in [image: image] during clinical hypothermia can be accounted for entirely on this physicochemical basis is doubtful, however (see “Oxygen Consumption during Hypothermia in Tissue Slices and Isolated Organs” later in this section).









Total Body Oxygen Consumption after Surface Cooling


When hypothermia is induced by cooling the surface of anesthetized humans or experimental animals, cooling is rather uniform throughout the body, and temperatures of internal organs and regions differ by less than 2°C.C18 Therefore, values for whole-body [image: image] at various body temperatures are probably useful, and the relative magnitude of reduction can be assumed to be similar throughout the body.


Good data in this area are available from the animal experiments of Bigelow and colleagues, Ross, and Penrod.B31,P12,R22 Data for surface cooling in humans are sparse, although Harris estimated Q10 to lie between 1.9 and 4.2 in 10 surface-cooled infants.H17 The experimental data were reanalyzed using (1) a linear equation, (2) the Arrhenius equation, and (3) the van’t Hoff law. The van’t Hoff law best fits this combined set of data (Fig. 2-1) and is considered the most appropriate model for this purpose.B31,P12,R22 This model also best fits the relation between temperature and cerebral oxygen consumption during CPB in humans.C37
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Figure 2-1 Temperature and oxygen consumption. (Note reversal of temperature scale from normothermia on the left to hypothermia on the right.) A, Figure contains two depictions. One is a group of symbols representing data points relating measured whole-body oxygen consumption ([image: image]) to body temperature in dogs made hypothermic by surface cooling. (Crosses are data points from RossR22; circles from Bigelow and colleaguesB31; squares from Penrod.P12) From these, a regression equation, the second depiction, was derived, showing the van’t Hoff relation between [image: image] and temperature (Appendix Equation 2A-1). Solid line (representing the point estimates) and dashed lines (70% confidence band) are nomograms of the equation. Slope indicates a Q10 of 2.7. B, Nomogram of the same equation, with oxygen consumption expressed as percentage of control value at 37°C.




Kent and Peirce studied [image: image] in experimental animals during hypothermia produced by combined surface and core cooling.K4 Their data are similar to those obtained from surface cooling alone.









Oxygen Consumption during Hypothermia in Tissue Slices and Isolated Organs


Data from the studies described could lead to an underestimation of true oxygen demand, because only areas in which perfusion of the microcirculation continues can participate in oxygen consumption (tissue and cellular stores of oxygen being trivial). In theory at least, a considerable part of the reduction in oxygen consumption from surface cooling could be from shutting down the microcirculation of portions of the body or from arteriovenous shunting. New technologies, particularly magnetic resonance imaging (MRI), may resolve some of these questions.N14,S7


Studies of tissue slices at various temperatures show that oxygen consumption is in fact reduced by hypothermia.F12,F29,F31 These studies and those of isolated organs suggest that Q10, although differing from tissue to tissue, is on average about 2 (for references and a table of Q10 values, see Harris and colleaguesH18). Measurement of human whole-body [image: image] before and after heating, rather than cooling, indicates a Q10 in this same range (≈1.9).S11 Vasodilatation caused by heating presumably ensures access of oxygen to the tissues, and this Q10 probably represents true tissue oxygen requirement. A Q10 greater than 1.9 associated with cooling may therefore indicate that oxygen delivery has been compromised by inadequate flow rate. Fuhrman and colleagues have spent many years investigating this possibility. They showed that, in general, there was a close agreement between resting [image: image] at 37°C and tissue slice respiration.F31,M9 However, rats cooled by immersion to 18°C exhibited a 33% lower [image: image] than would be expected from studies of tissue slice respiration at this temperature.F12 The discrepancy was not accounted for either by inhomogeneities in whole-body temperature or by known changes in Q10 exhibited by some tissues (in part related to altered function at reduced temperatures). The precise mechanism remains unknown. It could be due to arteriovenous shunting or to shutting down of perfusion to some areas of the body. Microvascular physiologists have referred to the latter as a decrease in effective capillary density. This may result not only from reduced cardiac output and vasoconstriction but also from changes in blood viscosity, geometry, and compliance of red blood cells, plasma “skimming,” and clumping of formed blood elements.


Some studies of tissue slices and isolated perfused organs show a relative reduction of oxygen consumption at any degree of hypothermia that is greater than in those of the body as a whole (Table 2-1). This may be related to known species differences in tissue respiration, suboptimal conditions for tissue respiration in the studies with tissue slices, or increased [image: image] during whole-body perfusion caused, for example, by catecholamine release.M9




Table 2-1 Oxygen Consumption ([image: image])a


[image: image]




A striking and important fact from whole-body, tissue, and organ studies is that [image: image] is not reduced to near zero at temperatures close to 0°C.H36,M16,R21 Metabolic activity is therefore continuing, and the time limits of safe circulatory arrest must be finite. Furthermore, this continuing metabolic activity causes a tendency for organs and systems to rewarm during the arrest period. Donald and Kerr showed in dog brains cooled to 1°C to 2°C that an increase in temperature occurred during a 30-minute period of circulatory arrest and that this was in part related to the gradient between brain and room temperature and in part to continuing metabolic activity in the brain.D17











Other Phenomena During Hypothermia and Circulatory Arrest






No-Reflow Phenomenon


It is only a hypothesis that a numeric relationship exists between [image: image] and safe circulatory arrest time at any given temperature. In fact, existence of a necessary and close relationship between the two over a wide range of temperatures would be surprising in view of other phenomena that occur during circulatory arrest. One of these is regional vascular occlusion in the brain and probably in all organs and tissues, leading to the no-reflow phenomenon.A13 This is an obstructive lesion of the microcirculation that prevents local reperfusion and leads to additional damage after the general circulation of blood has been reestablished.


The no-reflow phenomenon could theoretically damage the brain after hypothermic circulatory arrest. However, Norwood and colleagues have shown experimentally that this phenomenon develops as a result of severe hypoxia or anoxia, not because of circulatory arrest per se.N13 They have also shown that hypothermia to 20°C prevents the no-reflow phenomenon from 90 minutes of anoxia produced by continuing perfusion at an arterial PaO2 of about 10 mmHg. Thus, this phenomenon may represent, at least in part, hypoxic endothelial cell injury, with altered expression of endothelial relaxing and constricting factors.K21 In experimental studies, hypoxia followed by reoxygenation results in an almost twofold increase in release by endothelial cells of endothelin-1, the most powerful vasoconstrictor yet identified.G6 Other experimental studies have shown that this response can be blunted when ischemia is induced under hypothermic conditions,Z2 so hypothermia may provide protection against hypoxic endothelial cell injury. Hypoxia may also promote a procoagulant response in endothelial cells that can result in intravascular microthrombosis.G7,S24 Edema, as well as neutrophil and platelet plugging, may also contribute to the impaired perfusion that occurs following ischemia, despite what appears to be adequate restoration of blood flow.B46,R13









Changes in Plasma Volume


Chen and colleagues demonstrated progressive hemoconcentration and decrease in plasma volume during surface cooling of infants to 25°C, an observation supporting their own and previous experimental studies.C8,D2 This may represent sequestration of plasma in portions of the vascular bed and plasma leakage into the interstitial fluid compartment.











Damaging Effects of Circulatory Arrest During Hypothermia


It is generally agreed that the brain has the shortest safe circulatory arrest time of any organ or region of the body, although occasionally the kidney seems to be damaged by a period of circulatory arrest when the brain is not. Although other organs and regions can be severely damaged by long periods of circulatory arrest, their safe arrest times are generally longer than that of the brain.






Brain Function and Structure: Risk Factors for Damage


The possibly damaging effects of circulatory arrest on the brain, as well as the risk factors related to it in patients undergoing cardiac operations during hypothermic circulatory arrest, are incompletely understood. The conduct of cooling and rewarming by CPB and the damaging effects of CPB itself likely contribute to or interact with the injury produced by circulatory arrest per se.


Duration of total arrest of cerebral blood flow is clearly a determinant of the amount of brain damage, but the safe duration of circulatory arrest to the brain (the duration within which irreversible structural or functional damage does not occur) is affected by a few known risk factors and no doubt by other risk factors that are as yet poorly understood. Furthermore, in patients undergoing cardiac surgery, brain damage that occurs in the setting of hypothermic circulatory arrest is rarely diffuse. In adults, it is usually manifested by specific intellectual or motor deficits, whereas in neonates, infants, and small children it is more likely to be manifested by seizures or choreoathetoid movements. This may be related to the phenomenon of selective neuronal vulnerability, a heightened sensitivity of specific neuron groups to ischemic injury. This sensitivity has been correlated with the concentration of specific membrane receptors whose density in specific areas varies with age.G28,R23 Concentration of these receptors is transiently high in the basal ganglia in the neonatal period, which may relate to the appearance of choreoathetosis as a result of ischemic injury in the very young.


Risk factors for irreversible structural and functional brain damage from circulatory arrest, in addition to duration of the arrest, include mean and regional brain temperature during circulatory arrest, rate of cooling and rewarming, cerebral blood flow and distribution during cooling, arterial blood pressure during cooling and reperfusion, electrical activity before arrest, biochemical milieu and catecholamine levels during cooling and circulatory arrest, absence of pharmacologic interventions before and after cessation of cerebral blood flow, and total management of reperfusion.






Temperature and Duration


Most clinical studies of the relationship of temperature to safety of a given circulatory arrest time are flawed by lack of information about the temperature of the brain itself and by the variety of sites of measurement of temperature (tympanic membrane, nasopharynx, rectum, midesophagus, bladder, extremity skin) used to estimate safety.B62 There is little consistent correlation between some of these sites, although temperature of the tympanic membrane and nasopharynx most closely resembles mean temperature of the brain.C30,G33,W10 For this reason, these sites should be used whenever possible.


Animal experiments and clinical experiences indicate that when the brain is cooled to 15°C to 20°C, circulatory arrest of 30 minutes or less is tolerated without development of evident structural or functional damage.F14,F15,F16,K22,R9,T25,W23 During such a period, adenosine triphosphate (ATP) concentrations decline to 35% of initial values but return rapidly to normal during reperfusion.K22 Evidence that circulatory arrest of 45 minutes at these temperatures is safe is less secure.E16,R9,T25


Considerable information supports the inference that circulatory arrest of 60 minutes or more at temperatures of 15°C to 18°C is associated with irreversible structural or functional damage, although it may be tolerated without evident damage by some subjects under some circumstances. In experimental studies by Folkerth and colleagues and Fisk and colleagues, histologic evidence of anoxic brain damage was found in all animals subjected to hypothermic circulatory arrest for 45 to 60 minutes, although some animals survived without evident functional abnormality.F14,F15,F16 Half (2 of 4) of the animals studied by Kramer and colleagues showed no recovery of ATP when subjected to 60 minutes of hypothermic circulatory arrest.K22


Some clinical studies have found few problems associated with 60 minutes or more of hypothermic circulatory arrest. Particularly striking is the experience of Coselli and colleagues, who found no clinical evidence of brain damage attributed to hypothermic circulatory arrest (mean nasopharyngeal temperature 16.9°C; range, 10.1°C-24.1°C) in 56 patients with arrest times ranging from 14 to 109 minutes (median 36 minutes).C30 Comprehensive neuropsychometric studies were not undertaken. Hemiparesis or hemiplegia attributed to cerebral edema developed in 3 of 51 surviving patients (6%; CL 3%-11%). In contrast, Gega and colleagues, in a subsequent study of 394 patients undergoing aortic arch replacement, reported 8 strokes (13%; CL 8.6%-18%) among 61 patients in whom the duration of hypothermic circulatory arrest exceeded 40 minutes.G4 Only 10 strokes (3.3%; CL 2.3%-4.3%) occurred among the remaining 333 patients with shorter intervals of circulatory arrest.


Temporary neurologic dysfunction (postoperative confusion, agitation, delirium, obtundation, or transient parkinsonism without localizing signs) can occur in up to 20% of survivors of operations on the thoracic aorta in which hypothermic circulatory arrest is used.E14 Incremental risk factors associated with developing this complication are duration of hypothermic circulatory arrest and increasing patient age.E14 Prevalence of temporary neurologic dysfunction increases substantially among patients in whom duration of circulatory arrest exceeds 60 minutes (Fig. 2-2). Although postoperative delirium is not permanent, it can be an important complication. Among a group of patients undergoing pulmonary thromboendarterectomy, circulatory arrest times of greater than 50 minutes were a powerful risk factor for its occurrence.W27





[image: image]

Figure 2-2 Prevalence of temporary (TE) neurologic dysfunction as a function of duration of circulatory arrest time.


(From Ergin and colleagues.E14)





Some evidence supports the concept that continuous perfusion of the brain for 60 or more minutes at low temperature also produces neurologic sequelae in a few patients (see “Evidence of Gross Neurologic Damage”).M27 However, cold (10°C-15°C) continuous perfusion of brains already at 15°C resulted in no intellectual or other deficit in trained rhesus monkeys.W23









Characteristics of the Cooling Process


Uneven cooling of the brain is probably a risk factor for brain damage, although evidence is largely indirect.B62 Almond and colleagues conducted experiments in dogs undergoing hypothermic circulatory arrest for 30 minutes.A10 Results were interpreted to indicate structural and functional brain damage when cooling by CPB was done with the perfusate 20°C colder than the patient. These investigators believed that this did not occur when the blood was only 4°C to 6°C cooler than the subject. However, the damage might have been related to the short period of cooling required with the very cold blood, producing uneven brain cooling, as suggested by the work of Zingg and Kantor.Z5 The longer period of cooling required with the blood only 4°C to 6°C colder than the subject probably produced more uniform cooling. In their patients, Stewart and colleagues noted a considerably higher prevalence of major neurologic events after circulatory arrest when core cooling by CPB alone was used, compared with surface cooling first to 28°C, followed by core cooling (Table 2-2).S31 A reasonable presumption is that the more rapid core cooling resulted in uneven cooling of the brain. In another study in neonates and infants, rapid core cooling was associated with more evidence of neurologic deficits after hypothermic circulatory arrest than more prolonged core cooling.B11 Again, a reasonable presumption is that prolonged core cooling results in more uniform cooling of the brain.




Table 2-2 Major Neurologic Events after Hypothermic Circulatory Arrest
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Cerebral Blood Flow during Cooling and Rewarming


The relationship of cerebral blood flow during cooling (before establishing hypothermic circulatory arrest) to safety of the arrest period has received little investigation. The earlier literature suggested that reduced arterial blood pressure during CPB without circulatory arrest contributes to postoperative neurologic dysfunction, presumably because the hypotension resulted in reduced cerebral blood flow,B48,J4,S33,S34 but this possibility now appears less certain (see “Cerebral Blood Flow” under Distribution of Blood Flow in Section II).


More recently, when cerebral blood flow was measured during operations involving hypothermic circulatory arrest in children, Greeley and colleagues observed that patients with increased oxygen extraction before circulatory arrest may be particularly vulnerable to cerebral injury.G27 In a subsequent study, they demonstrated that during cooling, a parallel reduction in cerebral oxygen consumption and cerebral blood flow occurred.G25 However, in three of four patients who were subsequently found to have sustained neurologic injury, oxygen extraction before the period of circulatory arrest was increased, suggesting that cerebral blood flow during this period was inadequate to sustain metabolic requirements. Other studies in children have confirmed the observation that cerebral blood flow generally decreases with temperature during cooling, and that coupling with cerebral metabolism is maintained even at low temperatures when ventilation is managed according to the alpha-stat strategy.G30,H31,V2


Information is available about the magnitude and effect of cerebral blood flow during rewarming. Experimental studies have found that cerebral blood flow is reduced during rewarming after circulatory arrestK10,S35 (Fig. 2-3). With or without circulatory arrest, this phenomenon occurs in humans during cardiac surgery and may affect outcome.G30 In infants, cerebral blood flow is reduced during rewarming immediately after hypothermic circulatory arrest and after achieving normothermia.G30 Based on measurements of jugular venous oxygen saturation, oxygen delivery appears to be adequate during this period of reduced flow.V3 In a study of 255 adult patients undergoing elective coronary artery bypass grafting (CABG) with or without associated cardiac valve replacement, Croughwell and colleagues observed a decline in postoperative cognitive function in 38%.C38 The severity of decline was related to greater arteriovenous oxygen content difference between radial artery and jugular venous blood (CavO2) during rewarming. This increase in oxygen extraction was associated with a low jugular venous oxygen saturation and low cerebral blood flow.





[image: image]

Figure 2-3 Cerebral blood flow (mL · 100 g−1 · min−1) in gerbils after induction of and recovery from hypothermia by surface cooling. Along the horizontal axis is rectal temperature. Break between 37°C and 18°C represents 48 minutes of circulatory arrest (total bilateral carotid artery occlusion) at 18°C (arrest group) or continuing hypothermic perfusion (no arrest group). Note that cerebral blood flow was lower during rewarming in those animals that had total cessation of cerebral blood flow for 48 minutes.


(From Kirklin.K10)











Biochemical Milieu


Only incomplete information is available in the area of biochemical milieu. It is uncertain whether some variables are actual risk factors or surrogates for the real risk factor. Arterial blood pH and PCO2 during cooling may have important direct effects on brain tissue at the beginning of the period of circulatory arrest, and thereby on outcome, but they also influence cerebral blood flow, and perhaps its distribution, during cooling (see Controlled Variables in Section II). Any effect they may have on neurologic outcome, which is uncertain, could be through either mechanism.


Brunberg and colleagues and Anderson and colleagues suggested that increased tissue glucose, such as is usually present at the beginning of the arrest period, may lead to excessive glycolysis and acidosis during the arrest period, possibly resulting in tissue damage from lactic acid accumulation.A18,B58 This possibility makes it imprudent to use glucose solutions for priming the pump-oxygenator and for intravenous infusion when a period of circulatory arrest is contemplated.


Based on the work of Choi and of Olney and colleagues, evidence has accumulated indicating that the neuroexcitatory amino acids—particularly glutamate, the major transmitter mediating synaptic excitation in the mammalian central nervous system—have potent neurotoxic activity during conditions of depleted cellular energy (e.g., hypoxia, ischemia) when the synaptic reuptake of these amino acids, a highly energy-dependent process, is compromised.C17,O6 Resulting overaccumulation of glutamate leads to excessive excitation of the glutamate receptors, leading to an increase in intracellular calcium and eventual neuronal cell injury and death. This process has been observed in experimental animals after 2 hours of circulatory arrest.R5 Neuronal necrosis is selective and corresponds closely to distribution of excitatory amino acid receptors.R4 The hippocampus, cerebellum, and basal ganglia, which have high concentrations of glutamate receptors, are characteristically most vulnerable to this injury, implying excitation as an underlying mechanism.R4,R5


Apoptosis, or programmed cell death, has been demonstrated experimentally in the neocortex of piglets following hypothermic circulatory arrest for 90 minutes at 19°C.D14 Damaged neurons were observed between 8 and 72 hours after reperfusion. Caspase 3 and caspase 8, the principal cysteine proteases involved in apoptosis, were substantially elevated in these animals compared to control animals (no CPB or CPB without circulatory arrest). ATP levels were similar to those of control animals. Glutamate excitotoxicity secondary to hypothermic circulatory arrest has been shown to mediate neuronal apoptosis as well as necrosis.T29


Fessatidis and colleagues’ experimental studies using histopathologic techniques demonstrated that the cerebellum is the most vulnerable area of the brain to prolonged periods (>70 minutes) of hypothermic (15°C) circulatory arrest.F10,F11









Electroencephalogram Before Arrest


Electroencephalographic (EEG) criteria for safe circulatory arrest are conflicting. In a study by Coselli and colleagues, the longest recorded durations of safe circulatory arrest in adults were in situations in which a full formal EEG had recorded electrocerebral silence (no electrical activity of cerebral origin at maximal gain, 2 µV · mm−1) for 3 minutes before the arrest.C30 Mean nasopharyngeal temperature at this point was 16.9°C (range, 10.1°C-23.1°C).


In a subsequent study by Stecker and colleagues of 109 adult patients undergoing hypothermic circulatory arrest, electrocerebral silence was achieved at a mean nasopharyngeal temperature of 17.8°C (range, 12.5°C-27.2°C).S28 Using a standardized protocol, this required cooling for a mean of 27.5 minutes (range, 12-50 minutes). Distributions of times to cool to various EEG events are shown in Fig. 2-4. The time to cool to electrocerebral silence was prolonged by high hemoglobin concentration, low arterial partial pressure of carbon dioxide, and slow cooling rates. Only 60% of patients demonstrated electrocerebral silence by either a nasopharyngeal temperature of 18°C or a cooling time of 30 minutes. Although cooling to an end point such as electrocerebral silence provides a more reproducible effect of hypothermia on the nervous system than cooling to a specific temperature (e.g., 12.5°C, which was sufficient to produce electrocerebral silence in all patients in this study), the optimal temperature for circulatory arrest could not be determined.S28
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Figure 2-4 Distribution of nasopharyngeal temperatures at which various electroencephalogram (EEG) landmarks occur. A, Appearance of periodic complexes. B, Appearance of burst suppression. C, Electrocerebral silence. Examples of typical EEG patterns during cooling are also shown: D, Precooling. E, Appearance of periodic complexes. F, Appearance of burst suppression. G, Electrocerebral silence. Each of the EEG samples represents four channels recorded from the left hemisphere.


(From Stecker and colleagues.S28)





Others have found that in infants and children cooled to a nasopharyngeal temperature of 18.5°C, the EEG was characterized by continuous phasic activity.C25,H13,S10,W11 During cooling, however, there was a gradual disappearance of fast components and an increase in slow components. Occasionally, repetitive rapid discharges occurred. Such reports indicate that when circulatory arrest is established, electrocerebral silence develops after an interval that is inversely related to nasopharyngeal temperature at the beginning of the arrest periodH13,K22 (Fig. 2-5). However, Reilly and colleagues reported persistent EEG activity during circulatory arrest, perhaps reflecting activity in the white matter and cerebellum.R11 This is of interest because of the occasional postoperative occurrence of choreoathetoid movements in humans and high-stepping gaits in experimental animals. These abnormalities may be due in part to uneven brain cooling secondary to regional differences in flow.
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Figure 2-5 Relationship of interval (seconds) from beginning of circulatory arrest to appearance of electroencephalographic quiescence, and nasopharyngeal temperature at time of circulatory arrest. (Note reversal of temperature scale.)


(Redrawn from Harden and colleagues.H13)





When CPB is resumed after circulatory arrest in infants, EEG activity is absent initially and then gradually returns as rewarming proceeds.C25 In general, after 20 to 30 minutes of rewarming, the EEG has returned approximately to its control condition.C25 This latent period between resumption of whole-body perfusion for rewarming and time of return of reasonably normal EEG activity is believed by Weiss and colleagues to be related to the important metabolic (oxygen) debt that develops during the arrest period.W11 This in turn is influenced by brain temperature during arrest and by duration of the arrest. They observed that when circulatory arrest lasted less than 40 minutes, EEG activity always reappeared within less than 20 minutes, whereas longer periods of circulatory arrest were followed by longer and more varied latent periods.W11


In adults, Stecker and colleagues observed that lower nasopharyngeal temperatures at the time of circulatory arrest resulted in a slower return to continuous activity.S29 Prolonged time to recovery of continuous EEG activity and higher temperature at which the EEG first became continuous were associated with increased risk of neurologic injury. Patients who sustained postoperative neurologic injury also had a longer period of circulatory arrest (52 ± 21 minutes) than patients who did not (37 ± 12 minutes) (P = .006).









Patient Age


Although it has been stated that very young patients suffer less brain damage than older patients from hypothermic circulatory arrest, there is little factual support for this concept. Relative to the general population, cognitive, language, and motor performances are importantly reduced at age 4 years in infants younger than 3 months in whom circulatory arrest has been used.B14 In a randomized trial of 171 neonates with D-transposition of the great arteries who had open repair using either hypothermic circulatory arrest or low-flow CPB, the circulatory arrest group at age 4 years had lower motor scores and more speech abnormalities (P = .03). They also performed worse on tests of fine motor and visuospatial skills.B14 At 8 years, the circulatory arrest group performed worse on tests of motor function (P = .003), speech apraxia (P = .01), visual motor tracking (P = .01), and phonologic awareness (P = .0003) than children in whom low-flow CPB was used.B12 In adults in whom circulatory arrest is used, increasing age is an important predictor of both stroke and temporary neurologic dysfunction.E14,E15 Temporary neurologic dysfunction is a marker for long-term functional neurologic deficit.E16











Effects of Brain Damage






Evidence of Gross Neurologic Damage


Choreoathetosis has occurred early postoperatively in infants and children undergoing hypothermic circulatory arrest.B20,B58,C21,S31 When it occurs, it usually develops 2 to 6 days postoperatively. As time passes, the movements usually lessen in severity. If mild, they disappear completely, but if severe, they or hypotonia may persist. Brunberg and colleagues found no correlation between circulatory arrest time or depth of cooling (between 16°C and 20°C) and development of choreoathetosis.B58 These reports suggest that this specific complication occurs in 1% to 12% of patients and that its residual effects are permanent in some. When choreoathetosis occurs, it is often in the setting of prolonged circulatory arrest.S31


Choreoathetosis has been observed in infants and children subjected to hypothermic CPB without circulatory arrest.D8 There are suggestions that this complication can result from perfusion of the brain with very cold blood for a prolonged period at relatively high flows.B6,B34,D8,E9 This is the basis for the recommendation that arterial temperature not be reduced to less than 15°C.


The cause of choreoathetosis is unclear. Deep hypothermia per se may cause neurologic injury. Egerton and colleagues reported that continuous hypothermic perfusion at 10°C to 12°C produced moderate or severe brain damage, including choreoathetosis, in 10 of 16 patients (63%; CL 46%-77%).E9 Air or particulate embolization to the brain may be a contributing factor. When circulatory arrest is used, choreoathetosis may be related to uneven brain cooling, leading to continued metabolic activity in the white matter and cerebellum (as reported by Reilly and colleaguesR11), and possibly to uneven brain reperfusion related to vascular changes associated with the no-reflow phenomenon.C11,G14,H5,H6,O7 The latter finding lends support to the rationale for using hemodilution during cooling, because absence of red cells in the perfusion used just before circulatory arrest to the brain eliminates the no-reflow phenomenon.A13 Use of the alpha-stat strategy of acid-base balance has also been implicated as a causative factor.J8


Seizures have occurred in the early postoperative period in 5% to 10% of patients undergoing hypothermic circulatory arrest.B7,B15,B58,C21,V10 Because seizures are usually transient and followed by uneventful convalescence, they have not been considered major neurologic events. However, in an analysis from the Boston Circulatory Arrest Study involving 171 children with D-transposition of the great arteries, transient postoperative clinical and EEG seizures were associated with worse neurodevelopmental outcomes at ages 1 and 2.5 years, as well as neurologic and MRI-detected abnormalities at age 1 year.R2 At age 4 years, occurrence of perioperative seizures was associated with lower IQ scores (P = .01) and increased risk of neurologic abnormalities (odds ratio 8.4, P = .05).B14


In a more recent prospective study of 178 neonates and infants less than age 6 months undergoing CPB with or without hypothermic circulatory arrest for a variety of congenital heart defects, including hypoplastic left heart syndrome and other forms of single ventricle, EEG-recorded seizures occurred in 20 patients (11.2%; CL 8.8-14.2%).G3 Patients with duration of circulatory arrest of more than 40 minutes had more seizures (14 of 58, 24%; CL 18%-31%) than those with a duration of 40 minutes or less (4 of 59, 6.8%; CL 3.5%-12%; P = .04). Occurrence of seizures among patients with a duration of circulatory arrest of 40 minutes or less was similar among those in whom circulatory arrest was not used (P = .38).


The comments concerning possible causes of choreoathetosis are applicable to seizures. However, it is well known that infants are highly susceptible to seizures from other causes, such as disturbances of thermoregulation and fluid balance, as well as from metabolic disorders, especially those related to glucose and calcium, and many of these factors may be operative in these patients.


Severe gross evidence of brain damage occurs uncommonly after hypothermic circulatory arrest in infants and children, including coma either dating from surgery or developing some hours later, followed by lasting impairment or death. In a study by Stewart and colleagues, 3 (1.4%; CL 0.6%-2.7%) such instances occurred among 218 young patients undergoing repair of the common types of congenital heart disease with hypothermic circulatory arrest; 5 other patients developed choreoathetosis.S31 All these events occurred in the group of patients in whom core cooling alone was used. None occurred in patients in whom the duration of circulatory arrest was less than 45 minutes, and the probability of developing major neurologic events increased as circulatory arrest time increased beyond this (Fig. 2-6).
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Figure 2-6 Relationship between probability of freedom from a major postoperative neurologic event and hypothermic circulatory arrest time in 219 infants younger than 3 months of age (8 events) undergoing open intracardiac operations. (See Appendix 2A, Equation 2A-5.)


(Data from Stewart and colleagues.S31)





Focal neurologic damage resulting in serious neurologic impairment (stroke) occurs in adult patients following hypothermic circulatory arrest. Ergin and colleagues demonstrated that this form of injury is related to older age (P < .0001) particularly beyond 60 years, presence of clot or atheroma in the aortic arch (P < .0001), as well as longer duration of hypothermic circulatory arrest (P < .0001).E14 In the series of adult patients reported by Gega and colleagues in whom hypothermic circulatory arrest was used as the sole means of brain preservation, prevalence of stroke was 13.1% (8 of 61; CL 8.6%-19.1%) among patients in whom the duration of circulatory arrest exceeded 40 minutes.G4 Computed tomographic (CT) scans demonstrated that 62% of these strokes were embolic in origin and 38% were related to hypoperfusion.









Postoperative Intellectual Capacity


The effect of hypothermic circulatory arrest on late postoperative intellectual capacity and behavior in infants and children has been difficult to study. Problems in testing infants preoperatively so that each may serve as his or her own control contribute to the difficulty. Associated congenital developmental disorders, possible adverse effects before operation of severe congenital heart disease, and effects of other perioperative events complicate interpretation of the data.


Results of psychomotor testing in 146 children undergoing cardiac surgery during hypothermic circulatory arrest early in the experience with this technique, obtained by combining the three largest reported series, are summarized in Table 2-3.C21,D10,S30 Late postoperatively, 23 of the 146 (16%; CL 13%-19%) had an IQ of 80 or less, more than 1 standard deviation below the test mean. In approximately half these patients, preoperative events were considered likely to account for the low scores. In the remainder, an occasional child suffered an adverse perioperative event, but the low scores were unexplained in nine (6.2%; CL 4.1%-9.0%) patients.




Table 2-3 Results of Intelligence Testing Some Years after Surgery Performed in Infancy Using Hypothermic Circulatory Arrest


[image: image]




Wells and colleagues obtained data on intellectual and psychological development in children that caused them to question the idea that 60 minutes of circulatory arrest at 18°C is safe.W12 They found that verbal (P = .06), quantitative (P = .07), and general cognitive (P = .003) IQ scores of patients with an arrest time of 50 minutes or more were lower late postoperatively than those of patients with an arrest time of less than 50 minutes.


The first randomized clinical trial comparing prevalence of brain injury after corrective heart surgery in infants with D-transposition of the great arteries using deep hypothermia, predominantly with circulatory arrest or low-flow CPB, was conducted at Boston Children’s Hospital.N8 This study demonstrated that infants in whom circulatory arrest was used had a higher prevalence of neurologic abnormalities and poorer mental function at age 1 year, and poorer expressive language and motor development at age 2.5 years. Follow-up studies of the same cohort at age 4 years showed that use of circulatory arrest is associated with worse motor coordination and planning but not with lower IQ or worse overall neurologic status.B14 However, neither IQ nor overall neurologic status was correlated with duration of circulatory arrest. In the cohort as a whole, cognitive, language, and motor performance were reduced relative to the general population.B14


In summary, there is increasing evidence that intervals of hypothermic circulatory arrest of 40 minutes or more are associated with brain injury in infants, children, and adults. Early experience at the Mayo Clinic suggested that 45 minutes was the maximum safe duration even when nasopharyngeal temperature was reduced to 20°C.K11











Spinal Cord Function


The spinal cord is less susceptible to ischemic injury than the brain, as evidenced by absence of sensory or motor deficits of the trunk or the upper and lower extremities of infants, children, and adults who have been subjected to intervals of hypothermic circulatory arrest of up to 60 minutes. Hypothermia also provides important protection of the spinal cord during ischemic intervals produced by aortic clamping. In a clinical study of hypothermic CPB and circulatory arrest (mean interval of arrest, 38 minutes; range, 8-62 minutes) for operations on the descending thoracic and thoracoabdominal aorta in 161 patients, prevalence of paraplegia or paresis (severe injury resulting from spinal cord ischemia) remained constant and less than 3.5% for ischemic (but hypothermic) intervals of up to 138 minutesK20 (Fig. 2-7).
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Figure 2-7 Risk of paraplegia or paresis according to duration of spinal cord ischemia. Dashed lines represent 70% confidence limits. P value for relationship is .98.


(From Kouchoukos and colleagues.K20)











Renal Function and Structure






Experimental Studies


At normothermia, at least in rats, 20 minutes of circulatory arrest to the kidney produces no histochemical evidence of cell death, whereas 30 minutes produces extensive cell death in the distal portion of the proximal convoluted tubules, with scattered areas of cell death being seen at 25 minutes.V15 Vogt and Farber identified progressive accumulation of lactic acid during ischemia as a causative factor, and rapid decrease of ATP to 20% of control values as an indicator of impending renal death.V15


Hypothermia prolongs the safe circulatory arrest time for the dog kidney. Ninety minutes of circulatory arrest after surface cooling to 18°C to 20°C produces no late morphologic changes in the kidney,R16 but precise relationships among temperature, duration of circulatory arrest, and morphologic and functional renal damage are not clear. Gowing and Dexter suggest that minimal morphologic changes evolve in the rat kidney after 60 minutes of circulatory arrest at 21°C.G22 It is apparent, however, that at any temperature, the safe circulatory arrest time for the kidney is longer than it is for the brain and shorter than it is for the liver. In addition, a scattered loss of cells through cell death probably results in no detectable loss of renal function, whereas this may not be true in the brain.


As with other organs, the question of damaging effects of hypothermia per se is not fully resolved. Ward found fewer morphologic and functional derangements of the kidney after 90 minutes of circulatory arrest at 15°C than at either lower or higher temperatures.W8 This suggests that temperatures less than 15°C may damage the kidney.









Studies in Humans


Important oliguria beginning about 12 hours postoperatively occasionally complicates recovery of infants operated on with hypothermic circulatory arrest for less than 60 minutes. Venugopal and colleagues reported 4 deaths (3%; CL 2%-6%) from renal failure among 130 patients operated on with surface-induced hypothermic circulatory arrest.V10 Among patients who died, renal failure was the mode of death in 14%.


The primary cause of the renal failure appears to be low cardiac output after operation. However, in at least some cases, severe oliguria develops when the hemodynamic state of the patient appears to be adequate. In view of the finding in experimental studies that morphologic and functional damage to the kidney does not occur after 60 minutes of circulatory arrest at temperatures of 18°C to 20°C (Fig. 2-8), damaging effects from CPB must be implicated. In part, this may be the result of low cardiac output preceding and following the interval of circulatory arrest. In part, it may be due to damage to the kidneys by free hemoglobin and circulating toxins that appear during CPB (see Section II). Free hemoglobin has been found in the renal tubules of some of these patients at autopsy.





[image: image]

Figure 2-8 Freehand nomogram for the kidney of the relation between probability of safe total circulatory arrest and duration of circulatory arrest at two temperatures. Normothermic relationship is based on the work of Vogt and FarberV15 and the hypothermic one on data presented in the text.




In 161 adult patients undergoing resection of the distal aortic arch and descending thoracic and thoracoabdominal aorta in whom hypothermic circulatory arrest was used (mean nasopharyngeal temperature, 14.5°C; mean interval, 38 minutes; longest interval, 62 minutes), prevalence of postoperative renal failure requiring dialysis among 157 operative survivors was 2.6% (4 patients; CL 1.3%-4.6%).K20 Among the subgroup of 18 operative survivors who had evidence of renal dysfunction preoperatively (serum creatinine level > 1.5 mg · dL−1), none developed renal failure that required dialysis.











Liver Function


Studies in dogs suggest that complete hepatic circulatory arrest for 45 minutes or more at 37°C is followed by serious functional derangements.A8,B22 The normothermic liver of humans resumes normal function after its complete isolation from the circulation for 35 to 40 minutes.H41 With hypothermia (20°C-22°C), 60 minutes of circulatory arrest does not produce structural or functional abnormalities in the liver.R16











Safe Duration of Circulatory Arrest


The preceding information does not allow formulation of a table or an equation relating safe duration of circulatory arrest to various temperatures based on rigorously derived rules. Knowledge of biological systems in general indicates that if adequate information were available, relationships should be expressed as probability of no functional or structural damage (i.e., probability of safe circulatory arrest) at a given temperature, rather than as an absolute value.


Fig. 2-9, A shows three curves relating probability of safe circulatory arrest to arrest time at nasopharyngeal temperatures of 37°C, 28°C, and 18°C. These estimates are based on available information, but because of lack of data they have not been rigorously derived. To emphasize that each curve would have a degree of uncertainty even if considerable data were available, the 70% confidence limits around the continuous point estimate for 18°C are shown in Fig. 2-9, B. The preceding pages indicate that histologic changes in the central nervous system, without functional abnormalities, are the most sensitive indicators of lack of complete safety of the arrest period used. The portrayal at 18°C of essentially complete safety of 30 minutes of circulatory arrest is consistent with all available information. The portrayal of essentially complete safety of arrest of 45 minutes for at least 70% of subjects is also consistent with the facts, and the damage produced within this period is likely to be structural and without permanent functional sequelae. Most patients will have some structural evidence of damage from 60 minutes of arrest, but only about 10% to 20% will have evident functional damage, and in many of them the manifestations will be transient. It remains a vexing clinical problem that the probability of the safe period of circulatory arrest varies widely, especially because state-of-the-art medicine is not yet capable of defining specific patient genetic or phenotypic profiles that may help identify individual patient vulnerability. The attendant uncertainty is particularly problematic because perfusion strategies other than circulatory arrest are available for essentially all clinical cardiac surgical problems.
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Figure 2-9 Probability of safe (absence of structural or functional damage) circulatory arrest according to duration. A, Estimate at nasopharyngeal temperatures of 37°C, 28°C, and 18°C. B, Estimate at 18°C, with dashed lines representing 70% confidence limits. Number of experiments in the literature concerning 40 minutes of circulatory arrest at 18°C nasopharyngeal temperature is estimated at 20 as a basis for calculating these confidence limits. Note that at 30 minutes, safe arrest is highly likely and that at 45 minutes it is probable. Other data suggest that at 45 minutes, damage will probably be only structural and without evident functional sequelae.




Other support systems, such as continuous CPB at normothermia or with moderate or deep hypothermia, with or without low perfusion flow rates, have their own potential for damaging one or more organ systems.H12 It should be kept in mind that the damage uniquely caused by circulatory arrest is likely additive to the damage caused by continuous CPB, because a long period of CPB is required when circulatory arrest is used. Furthermore, the heart disease being treated has the potential for producing damage. An inaccurate repair can produce damage, and such inaccuracies are more likely to result when surgical exposure is poor. The surgical team must therefore weigh the relative risks of these and other factors in deciding whether circulatory arrest should be used for a given patient and, if it is to be used, determining its duration and temperature during the arrest period (see Section III for additional details).











Section II Whole-Body Perfusion during Cardiopulmonary Bypass


CPB for cardiac surgery is conceptually simple, and equipment is available to accomplish it with relative ease. Most or all of the patient’s systemic blood, which normally returns to the right atrium, is diverted into a device in which oxygen is supplied to the blood and carbon dioxide is removed. The newly arterialized blood is pumped from the device into the aorta. Among the complexities of CPB are that blood does not naturally (1) circulate through nonendothelially lined channels, (2) contain gaseous and particulate emboli, and (3) experience nonphysiologic shear stresses. Also, the body is unaccustomed to absence of any appreciable pulmonary blood flow and to presence of only minimally pulsatile aortic pressure. In addition to CPB, the patient undergoing cardiac surgery experiences all of the stress responses characteristic of major surgical procedures and trauma.


What is truly remarkable is that most patients survive operation and CPB and convalesce in a reasonably normal manner. For a time, however, almost every patient retains a few demonstrable stigmata from the procedure; some have major morbidity, and a few die of their response to CPB. Prevalence of these unfavorable outcomes in a group of patients is in part determined by identifiable risk factors, but determinants of their occurrence and severity in an individual patient remain incompletely defined.


When essentially all systemic venous blood returns to the pump-oxygenator instead of to the heart, the situation is termed total cardiopulmonary bypass. When some systemic venous blood returns to the right atrium and right ventricle and is pumped into the lungs, then passes back into the left atrium and is pumped by the left ventricle into the aorta, the situation is termed partial cardiopulmonary bypass. Partial CPB has long been known to be better tolerated than complete CPB. Reasons for this have not been clearly defined, but continuation of at least some pulmonary blood flow is a likely explanation. The remainder of this section is concerned with total CPB.






Historical Note


The historical aspects of CPB for cardiac surgery are not easily described, because it is almost impossible to determine who first conceived the idea of diverting the circulation of a patient to an oxygenator outside the body and pumping it back to the arterial system to allow surgery to be performed on or within the heart. References to extracorporeal gas exchange in blood go back to the last part of the 19th century. For example, Frey and Gruber worked with an oxygenator in 1885.F24 Subsequently, scores of laboratory studies with oxygenators and pumps were reported. However, serious consideration of pump-oxygenators for cardiac surgery had to await development of modern anesthesia, modern surgical methods, and scientific developments such as discovery and use of heparin and manufacture of biocompatible plastic materials.


Without doubt, John Gibbon, with his pioneering experimental work at Massachusetts General Hospital in Boston in the late 1930s, was a major contributor to development of CPB and its advancement to the stage of successful clinical application.G8 Gibbon’s work was interrupted by World War II, but when he came to Jefferson Medical College in Philadelphia after military service, he resumed work with CPB, its pathophysiology, and the equipment required for it. Most of the medical and surgical world took little note of his work, considering it unlikely to lead to any useful purpose, but Gibbon persevered. In 1953, he performed the first successful operation in which the patient was totally supported by CPB when he repaired an atrial septal defect in a young woman using a pump-oxygenator.G9 Unfortunately, his subsequent four patients died of a variety of problems, and he became discouraged with the method (Gibbon JH Jr: personal communication, 1955).


Meanwhile, a few others began to work with pump-oxygenators for CPB during the late 1940s. Among them were Clarence Dennis and his colleagues at the University of Minnesota. His laboratory studies led him to make what may have been the first attempt to use a pump-oxygenator for clinical cardiac surgery in 1951.D9 Dennis and Richard Varco operated on a patient thought to have an atrial septal defect. These surgeons believed they had done a satisfactory repair, but the patient died. Autopsy showed that the lesion was in fact a partial atrioventricular septal defect, and misinterpretation of the anatomy was a major factor in the patient’s death. In Stockholm, Viking Bjork and Åke Senning also worked with CPB during the late 1940s and early 1950s.B33,S9 In related efforts, Clarence Crafoord was an early user of this method for removal of an atrial myxoma.C35


After Dennis’s unsuccessful effort, C. Walton Lillehei and his colleagues at the University of Minnesota began working in the laboratory with controlled cross-circulation, using another intact subject as the “oxygenator.”C24 Their experimental studies led them to adopt the now discarded “azygos flow principle,” which presumed that only low perfusion flow rates were needed.A19 In March 1954, they began a spectacular series of operations in 45 children with congenital heart disease using “controlled cross-circulation” with the mother or father as the oxygenator.W9 A 53-year follow-up of the 28 hospital survivors documented only 8 late deaths, and of the remaining 20 survivors, none was limited by cardiac conditions.M28 Although this particular technique was soon abandoned, the work of Lillehei and colleagues brought into being the modern era of open intracardiac surgery.


Experimental work at the Mayo Clinic with pump-oxygenators began in the early 1950s under the direction of John Kirklin.D16,J10 This led to the first use of CPB with a pump-oxygenator at the Mayo Clinic on March 22, 1955, when a ventricular septal defect was successfully repaired, and subsequently to the world’s first published series of intracardiac operations performed with use of CPB and a pump-oxygenator.K12 These procedures were performed using the Mayo-Gibbon pump-oxygenator, which was designed and constructed in the engineering shops of the Mayo Clinic.K8,K9,K10,K13 Use of a pump-oxygenator for CPB during cardiac surgery expanded rapidly, and today the method is used many times a day in hospitals in almost every country in the world.









Uniqueness of Cardiopulmonary Bypass


The patient whose arterial blood flow is temporarily provided by means of a pump-oxygenator is in an abnormal state that affects most if not all physiologic processes. Throughout evolution, blood has passed only through channels lined with endothelial cells, but during CPB, it is passed across nonendothelial foreign surfaces. As a result, and perhaps because of other factors, virtually all humoral and cellular components of the inflammatory response are acutely activated, and probably some of the more slowly reactive specific immune responses are activated as well, at least initially.K8 The general stress response seen after surgery and trauma also occurs to a major degree.


During total CPB, a number of physiologic variables are under direct external control, in contrast to the situation in intact humans. These include total systemic blood flow (“cardiac” output); input pressure waveform; systemic venous pressure; pulmonary venous pressure; hematocrit and chemical composition of the initial perfusate; arterial oxygen, carbon dioxide, and nitrogen levels; and temperature of the perfusate and patient.


Another group of variables is determined in part by the externally controlled variables but in large part by the patient. These include systemic vascular resistance, total body oxygen consumption ([image: image]), mixed venous oxygen levels ([image: image]), lactic acidemia and pH, regional and organ blood flow, and organ function.


A third group of largely uncontrolled variables includes, to a greater or lesser degree, all components of the process of inflammation, incited in large part by the organism recognizing the foreign surfaces across which blood passes as “nonself.”


These features make the patient who has undergone CPB a unique organism, at least for a few days. Recognition of this, as well as a detailed knowledge of the post-CPB state, is necessary for delivery of optimal postoperative care (see Chapter 5).









Controlled Variables






Arterial Output to the Patient


Arterial output (outflow) from the pump-oxygenator to the subject is achieved by generating a large pressure gradient by a pump. The most commonly used type of arterial pump is the roller pump (originally used by DeBakey for blood transfusionD7). It generates a relatively nonpulsatile flow and is simple, reliable, and relatively inexpensive. In clinical use, roller pumps are generally set to be nearly occlusive.1 When they are occlusive, trauma to the formed elements in blood is increased; when they are too nonocclusive, they are unable to maintain the same rate of flow against the wide range of resistances (pressure differentials of 30-300 mmHg) offered by arterial cannulae and the patient’s systemic vascular resistance. The tubing passing through the roller pump head is most often Tygon, a special nontoxic surgical grade of polyvinyl chloride. During hypothermia, Tygon tubing decreases in elasticity and filling volume, so stroke volume of the pump is slightly decreased. Silicone rubber tubing does not have this disadvantage and may be used in the roller pump head when hypothermia is required. Volume output of the roller pump is more certain to be that predicted when output resistance is high than when a high negative pressure is generated on the input side. When generated negative pressure on the input side exceeds about 200 mmHg, volume output of the roller pump becomes less predictable.


The controlled vortex (centrifugal) pump is also commonly used for cardiac surgery and for closed-chest support of patients in whom both arterial and venous cannulation are accomplished centrally or peripherally (termed cardiopulmonary support [CPS]). Flow generated by a controlled vortex pump varies with changes in resistance to flow into and out of the pump. When pressure in the output line reaches about 500 mmHg, both outflow from and inflow into the pump become zero. When pressure in the inflow line decreases to about −500 mmHg, both inflow and outflow become zero. Therefore, in contrast to the roller pump, revolutions per minute (rpm) of the controlled vortex pump cannot be used to estimate flow. Instead, a flow meter must be placed on the arterial (output) or venous (input) line. However, if the arterial line becomes completely occluded, either intentionally or by accident, flow immediately ceases, but pressure in the arterial line will rise no higher than 500 mmHg, and it is unlikely that the tubing will rupture or a junction connector will give way. Blood trauma is similar in controlled vortex and roller pumps. Although air can be entrapped within the controlled vortex pump, it, like the roller pump, can transmit air bubbles from the venous to the arterial lines. (However, air entrapped in a vortex pump breaks down into microbubbles that eventually pass out of the pump; a roller pump will pump gross air presented to it.)









Venous Input from the Patient


The venous input (inflow) into the pump-oxygenator from the patient is achieved by a negative pressure gradient from patient to machine. The negative pressure required to move blood from the patient to the pump-oxygenator is considerably less than the pressure required to move blood from the pump-oxygenator to the patient, because of the different characteristics of the venous and arterial systems of the patient and to some extent of the venous and arterial cannulae.


Sufficient negative pressure for venous input into the pump-oxygenator can be generated by:




[image: image] Creating a controlled vacuum within a venous reservoir


[image: image] Using a siphon system in which gravity creates the negative pressure


[image: image] Using a controlled vortex pump to create the negative pressure within the venous line from the patient









Vacuum-Assisted Venous Return


The ideal method for creating negative pressure for venous input into the pump-oxygenator is by a regulated and monitored vacuum pressure system coupled to the venous reservoir. The patient and machine can be at or near the same vertical level from the operating room floor, the negative pressure does not rise above the controlled level if the cannula becomes occluded, and the amount of negative pressure can be varied as needed. Most importantly, the two pressures (i.e., output pressure to the patient and input pressure from the patient) are uncoupled and can be varied independently with an arterial roller pump. If a controlled vortex pump is used, the vacuum pressure in the venous system will reduce the outflow pressure of the nonocclusive vortex pump, thus requiring higher rpm to achieve a constant flow.


Use of a hard-shelled venous reservoir in currently available oxygenators and a vacuum regulator connected to wall suction set at −40 to −60 cm H2O has allowed vacuum-assisted venous return (VAVR) to become widely accepted.F25,T23 VAVR permits use of smaller venous cannulae, smaller reservoirs, considerably shorter tubing, and low priming volume. It is of considerable value for cardiac operations performed in infants and through small incisions in children and adults (see Special Situations and Controversies in Section III).O4,T23 In a study by Banbury and colleagues at Cleveland Clinic, VAVR was found to reduce priming volume from 2.0 ± 0.4 L to 1.4 ± 0.4 L (P < .0001), increase hematocrit both on bypass and immediately postbypass (P < .0001), and reduce use of blood products both intraoperatively and postoperatively from 39% of patients to 19% (P = .002).B3









Siphon (Gravity) Drainage


A common method of generating the negative pressure gradient is through siphonage. Disadvantages of this approach include an imposed difference in the levels of patient and pump-oxygenator, the relatively narrow range of negative pressures that can be generated in the operating room by its use, and its interruption by large boluses of air in the venous line. Most importantly, the need for a reservoir increases the filling (priming) volume of the pump-oxygenator. It is, however, simple, reliable, effective, and inexpensive.









Venous Pumping


The controlled vortex pump permits direct pumping from the patient’s venous system and is more effective and safer than a roller pump. The potentially large pressure gradient between the tip of the venous cannula and right atrium or venae cavae must be controlled in some way to prevent “fluttering” of their walls around the end of the cannulae. One way of accomplishing this is to use small venous cannulae to impose a considerable resistance between the pump and tip of the cannula, rather than between the tip of the cannula and the patient’s venous system. This is fortuitously advantageous in percutaneous peripheral cannulation, because an 18F or 20F venous cannula of some length can be easily passed into the venous system of a normal-sized adult and provides adequate venous drainage. It also facilitates minimally invasive cardiac surgery. By contrast, 28F to 32F catheters are required when gravity drainage is used.











Gas Exchange


The device for gas exchange, the oxygenator, is a highly important component of pump-oxygenators. Not only does it regulate tension of gases in the arterial blood emerging from the pump-oxygenator, it is also the largest area of foreign surface blood comes into contact with, and therefore probably the component of the pump-oxygenator where the most blood damage occurs. This contact occurs in the boundary layer of the blood, which is made very large in the oxygenator to facilitate gas exchange. Only a small proportion of the formed and unformed blood elements comes into contact with tubing and pump surfaces.


Gas exchange occurs directly across the blood/gas interface in bubble oxygenators, rotating disk and cylinder oxygenators, and stationary vertical screen oxygenators used in the past. It occurs across a multitude of tiny pores in so-called membrane oxygenators of the hollow-fiber, microporous polypropylene and other types, in which there are still blood/gas interfaces. However, damage to the blood is less in these types of oxygenators than in bubble oxygenators.V8 Only in the true silicone rubber membrane oxygenator of the type devised by Kolobow and colleagues, or the tightly woven microporous polymethylpentene membrane currently used for extended extracorporeal membrane oxygenation, is there no blood/gas interface.K17 This allows CPB to be used for more than 24 hours with reasonable safety.


Because of their efficiency, hollow-fiber and true membrane oxygenators do not depend on minute ventilation (gas flow) to the oxygenator for CO2 regulation under most circumstances. Rather, the ventilating gas flow rate and composition are regulated independently. This allows precise regulation of arterial PO2 and PCO2.






Arterial Oxygen Levels


With present-day oxygenators, maintaining PaO2 at about 250 mmHg is easily accomplished. Higher PaO2 is unnecessary and theoretically subjects patients to the risk of oxygen toxicity and bubble formation. PaO2 lower than about 85 mmHg results in a declining arterial oxygen content (CaO2) (according to the oxygen dissociation curve of blood) and a corresponding reduction of tissue and mixed venous oxygen levels. Shepard demonstrated that when arterial oxygen saturation (SaO2) fell below 65% in dogs undergoing normothermic CPB, [image: image] fell, indicating hypoxic cell damage.S12


PaO2 is related to temperature of the patient, which is related to [image: image] (see Fig. 2-1), blood flow rate ([image: image]), performance of the oxygenator, and, in a complex fashion, to ventilating gas flow rate and composition (see “Gas Exchange,” earlier). Reducing the patient’s body temperature reduces [image: image] and increases [image: image], resulting in increased PaO2. During rewarming by perfusion from the pump-oxygenator, the increasing [image: image] and the metabolic debt that has accumulated result in relatively low [image: image].T18,T19 (Fig. 2-10). This period, then, places maximal demands on the oxygen transfer capacity of the oxygenator.L11,T19,T20





[image: image]

Figure 2-10 Hemoglobin saturation (top) and temperature (bottom) during rewarming on cardiopulmonary bypass. Note sharp decrease in mixed venous oxygen saturation (open circles in upper panel) as rewarming proceeds. “Entering” saturations and temperatures are those in the arterial tubing, and “leaving” saturation and temperatures are those in the venous return tubing.


(From Theye and Kirklin.T18)











Arterial Carbon Dioxide Pressure


Arterial carbon dioxide pressure (PaCO2) is controllable during CPB by varying the ratio between gas flow rate into the oxygenator ([image: image], or ventilation · min−1) and [image: image] through the oxygenator.H7 This is facilitated by use of microporous or true membrane oxygenators, because [image: image] is not the force driving blood through the oxygenator, as is the case in bubble oxygenators, and PaO2 is well maintained over a wide range of [image: image]. Inline PCO2 and pH meters facilitate control of PaCO2 and pH.


Some clinical perfusions for cardiac surgery are performed at normothermia (≈37°C) and others at various levels of hypothermia: mild (30°C-35°C), moderate (25°C-30°C), or deep (<25°C). Therefore, it is necessary to consider the strategy for controlling PaCO2 and, indirectly, pH. The alpha-stat strategy is based on (1) using the pH measured at 37°C and uncorrected for the temperature of the patient’s blood, and (2) maintaining this level at pH 7.4. That is, the ventilation of the oxygenator is maintained at the level appropriate for a body temperature of 37°C, no matter how low the temperature. This hyperventilation during hypothermia results in a decrease in PaCO2 and an increase in pH when the values for these are corrected for the temperature of the patient’s blood. Swan and Reeves and Rahn and colleagues have all emphasized that at low temperatures, neutrality exists at a higher pH than at normothermia, because of the change of the dissociation constant of water with temperature.R1,R7,R8,S40 The alpha-stat strategy results in optimal function of a number of important enzyme systems, including lactate dehydrogenase, phosphofructokinase, and sodium-potassium ATPase.Y1


In contrast, the pH-stat strategy strives for the same values of pH and PaCO2, corrected to the temperature of the patient’s blood, during hypothermia as at normothermia. This represents a state of respiratory acidosis and hypercarbia. Cerebral blood flow usually increases under these circumstances. This may be considered advantageous in some situations, but so-called luxury perfusion may expose the brain to a larger number of microemboli than would otherwise be the case, and therefore could be disadvantageous.H26,J7


At a cellular enzyme level, the alpha-stat strategy may be preferable, but which is preferable in clinical cardiac surgery in neonates, children, and adults is the subject of continued investigation and debate.J8 The alpha-stat strategy results in a lower PaCO2, which may adversely affect cerebral blood flow.V9 This may be of particular importance for patients with cyanotic congenital heart disease (e.g., tetralogy of Fallot with pulmonary atresia) for whom low PaCO2 may result in pulmonary vasodilatation in addition to cerebral vasoconstriction.M14 Thus, there can be a steal of blood from the cerebral to the pulmonary vascular bed.K14,W26 Several studies in infants suggest that pH-stat management results in superior neurologic outcome during deep hypothermic CPB and hypothermic circulatory arrest.B13,K14,P11 The pH-stat technique may depress cardiac function.B10 However, at least in dogs, regional distribution of blood flow during normothermic and hypothermic full-flow CPB is similar with the alpha-stat and pH-stat strategies.B45


A recent review of 16 best-evidence published papers concluded that better results were achieved with the alpha-stat technique in adult patients and with the pH-stat technique in pediatric patients.A1











Heparin Levels


Before CPB is established, the patient is anticoagulated by intravenous or intracardiac injection of heparin, usually in a dose of 300 to 400 units · kg−1 body weight (sometimes expressed as 3 to 4 mg · kg−1). (Details of dosage of heparin and protamine, and of activated clotting time (ACT), are given later in “Heparinization and Later Protamine Administration” under Preparation for Cardiopulmonary Bypass in Section III). Heparin, one of a heterogeneous group of glycosaminoglycans, has an approximate molecular weight of 3000 to 100,000. It binds to and greatly amplifies the effect of antithrombin III, which is responsible for virtually all of its anticoagulant activity. Currently, a purified form derived from porcine intestinal mucosa is commonly used, whereas the form derived from bovine lung was used more commonly in the past. Experimental and limited prospective clinical studies suggested that lung heparin may be preferable for CPB, because bovine lung heparin has a more reliable protamine neutralization response.S14 However, current supply of heparin in the United States is 100% derived from porcine intestinal mucosa.


Heparin concentrations in plasma can be measured directly; the usual values during CPB are 3.5 to 4 units · mL−1. Usually these measurements correlate well with ACT.W24 One exception is the situation of antithrombin III deficiency, a state of heparin resistance.B5,B26 Two or three times the usual dose of heparin may be required to produce satisfactory anticoagulation (i.e., ACT of 480 seconds); if only the heparin level is measured, initiation of CPB might produce thrombosis in the pump-oxygenator system and introduce thrombus into the patient. The most common cause of antithrombin III deficiency is previous exposure to heparin in a dose-dependent fashion.E17,S26 If repeated ACTs indicate an unsafe level for CPB, antithrombin III supplementation must be considered. This is accomplished with either fresh frozen plasma or antithrombin III concentrate.


Although heparin used in the manner described has been clinically satisfactory, activation of the clotting cascade during CPB is not completely neutralized. At least factor XII, factor XI, and prekallikrein are activated, and high-molecular-weight kininogen is cleared.C27 Thus, markers of fibrin formation can be detected in most patients during and early after CPB, and fibrin deposition and embolization can occur.D3 In most patients, this subclinical coagulation does not cause the concentrations of the soluble coagulation factors to become sufficiently low during or early after CPB to cause bleeding.H15


Increasing the dose of heparin does not prevent this subclinical coagulation during CPB,G23 so maintaining ACT at 300 to 350 seconds (rather than 450 seconds) results in no more subclinical plasma coagulation than does the traditional method, requires less heparin, and may be associated with less bleeding after operation.C2,G23 Yet a 2008 survey of 54 cardiac surgery centers in the United States and Canada indicated that the majority of institutions (71% for U.S. and 69% for Canadian sites) used a target ACT for instituting CPB of between 400 and 480 seconds.L18


The former use of aprotinin affected the concepts of heparinization for CPB for intracardiac surgery, because this agent prolongs both clotting time and ACT, depending on the method of measurement (see “Fibrinolytic Cascade” under Details of the Whole-Body Inflammatory Response later in this section).H42,N3,W7 If aprotinin is used, an optimal recommendation is to administer the usual initial dose of heparin and add additional heparin to maintain the ACT above 700 seconds if the activating agent is Celite (diatomaceous earth). Kaolin is a more dependable activating agent, giving ACTs in the presence of aprotinin similar to those without aprotinin in vitro and during CPB.F7,W6 Therefore, a preferable method when aprotinin is used during CPB is to use kaolin as the activating agent and maintain the usual ACT at 480 seconds. Alternatively, the heparin concentration is measured at intervals and kept above 3 mg · kg−1. Because of results of randomized trials demonstrating that aprotinin was associated with a higher risk of death after cardiac surgical procedures than other antifibrinolytic agents used to decrease the need for red blood cell transfusions,F9 Bayer Pharmaceuticals withdrew their drug Trasylol (aprotinin) from the market in May 2008. Subsequent meta-analysisG1 has confirmed higher morbidity and mortality associated with use of aprotinin.2


It has been estimated that 1% to 5% of patients who receive therapeutic anticoagulation with unfractionated heparin develop antibodies, with concomitant development of thrombocytopenia defined as HIT (heparin-induced thrombocytopenia).L12 HIT may complicate management of patients who require cardiac surgery using CPB when a large dose of heparin is required. In patients with established or suspected HIT, all heparin must be withheld and alternative forms of anticoagulation used.


Bivalirudin, a synthetic 20-amino-acid peptide analog of hirudin, has become the anticoagulant most commonly used to replace heparin in patients with HIT who require cardiac surgery.C41,L12 A randomized, open label, multi-institution trial comparing bivalirudin (101 patients) with heparin (49 patients) for operative procedures requiring CPB demonstrated similar procedural safety (freedom from death, Q-wave myocardial infarction, reoperation for coronary artery surgery, or stroke) between the two groups at 7 days, 30 days, and 12 weeks.D26 Secondary end points including mortality, 24-hour blood loss, transfusion requirements, and duration of operation were similar. Avoiding blood stasis was critical for patients receiving bivalirudin. A more recent single-institution study of 115 patients receiving bivalirudin during operations requiring CPB demonstrated procedural safety (similarly defined) of 99.4% at 7 days and 30 days.K18 Although specific dosage protocols have not been determined, Czosnowski and colleagues, in a review of available randomized trials and other clinical studies, recommended a 1-mg · kg−1 bolus followed by a 2.5-mg · kg−1 · h−1 infusion (goal: ACT > 2.5 times baseline).C41









Perfusate






Diluent


The diluent (which is used to prime the pump-oxygenator system, wholly or in part, and for any erythrocyte-free additions during CPB) is a balanced electrolyte solution with a near-normal pH and an ion content resembling that of plasma. There is some evidence for the concept that in both adults and young patients, it is disadvantageous to include either glucose or lactate in the priming solutionM19,M24 (see “Biochemical Milieu” under Brain Function and Structure: Risk Factors for Damage in Section I). However, priming solutions containing glucose and lactate are used in some centers.M20


In pump-oxygenator systems without a venous reservoir or those using VAVR, mixing of blood and prime may be partially or wholly avoided, with residual prime discarded.









Hemoglobin Concentration


At some institutions, in adult patients and even young patients, no effort is made to control hemoglobin concentration or hematocrit during CPB. Instead, the pump-oxygenator is routinely filled initially with a balanced salt solution.


In intact humans at 37°C, the normal hematocrit of 0.40 to 0.50 is optimal rheologically and for oxygen transport (assuming a normal red blood cell hemoglobin concentration).C13 This provides sufficient oxygen delivery to maintain normal mitochondrial PO2 levels of about 0.05 to 1.0 mmHg, and average intracellular PO2 levels of about 5 mmHg, these being reflected in normal [image: image] of about 40 ([image: image] of about 75%). When the hematocrit is abnormally high, oxygen content is high, but the increased viscosity tends to decrease microcirculatory blood flow. The rate of oxygen transport varies directly with hematocrit (because oxygen content varies directly with hematocrit, assuming normal red blood cell hemoglobin concentrations and adequate oxygenation) and inversely with blood viscosity (which is also determined primarily by hematocrit). Hypothermia increases blood viscosity; therefore, at low temperatures, a lower hematocrit is more appropriate than at 37°C.


A lower-than-normal hematocrit appears desirable during hypothermic CPB because the perfusate has a lower apparent viscosity and low shear rates and provides better perfusion of the microcirculation. Thus, a hematocrit of about 0.20 to 0.25 may be optimal during moderately and deeply hypothermic CPB, although a low hematocrit could predispose the patient to neurologic dysfunction, particularly when it exists during a period of low CPB flow and also in elderly and diabetic patients with poor cerebral regulation of blood flow. Several studies of infants suggest that a hematocrit of 0.25 is associated with better neurologic outcome than one of 0.20, but that there is no incremental improvement for hematocrit greater than 0.25 (up to 0.35).J9,N7 During rewarming, a higher hematocrit may be desirable because of increased oxygen demands, and the higher apparent viscosity of a higher hematocrit is appropriate during normothermia. This may be achieved by ultrafiltration (see “Components” under Pump-Oxygenator in Section III) or by adding packed red blood cells if the blood volume is too low to allow this.


The need for and amount of additional blood or packed red blood cells to achieve a desired hemoglobin concentration during CPB can be determined before the start of CPB (Box 2-2). If the calculated hematocrit is in the desired range, a blood-free priming solution is used. If the calculated hematocrit is lower than desired, an appropriate amount of blood (or packed red blood cells) is added.





Box 2-2 


Algorithm for Calculating Patient-Machine Hematocrit


The need for and amount of additional packed red blood cells to achieve a desired hemoglobin concentration early after commencing bypass is determined by the patient’s blood volume (VpB) and hemoglobin concentration prior to CPB (expressed as hematocrit, HCTp), and the volume of pump-oxygenator prime (VmB) and its hemoglobin concentration (expressed as hematocrit, HCTm). Patient blood volume is estimated as





[image: image]





where f is the proportion of body weight attributable to blood volume; f = 0.08 for infants and children up to 12 years of age, f = 0.065 for older patients, and wt is weight in kg. (These are average values for the proportion of body weight that is blood volume. More complex regression equations are available for more accurate estimates.N1)


Patient (VpRBC) and machine (VmRBC) red cell volumes are:
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Then, mixed patient-machine hematocrit (HCTpm) is:
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If no blood is in the prime:
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These calculations may be included in a computer-prepared printout for the perfusionist, available before the patient comes to the operating room.





Banked blood preferably less than 48 hours old is preferred, but older blood is accepted for adults when necessary. Banked blood is rendered calcium-free by the anticoagulant solution (citrate-phosphate-dextrose [CPD]) and is acidotic, so additions of heparin, calcium, and buffer may be required before placing it in the pump-oxygenator, before or during CPB. However, in at least a few institutions, no calcium is added before placing the blood in the pump-oxygenator, and none is added thereafter until the patient’s nasopharyngeal temperature reaches about 28°C during the rewarming process. It is important to monitor the ionized calcium level, and calcium is added if necessary. (The normal level is about 1.2 mmol · L−1, with total calcium being about 2.5 mmol · L−1 or 10 mg · dL−1.) This practice results in extremely low levels of ionized calcium when CPB is first established. Unduly high levels of ionized calcium could be more deleterious (see “Damage from Global Myocardial Ischemia” in Chapter 3). A reasonable practice would be to initially add 3 mL of calcium chloride (10%) rather than 5 mL for each unit of banked blood used, and then add no more until the ionized calcium is measured.









Albumin Concentration


Concentration of albumin in the mixed patient-machine blood volume, as well as of hemoglobin, is affected by the amount of hemodilution. Theoretically, according to the Starling law of transcapillary fluid exchange (see “Pulmonary Venous Pressure” later in this section), a reduction of albumin and thus of the colloidal osmotic pressure of the plasma accentuates movement of fluid out of the vascular space into the interstitial space. That this occurs is indicated by the work of Cohn and colleagues, who showed that extracellular fluid volume increases more rapidly when hemodilution is used than when it is not.C26


During CPB, microvascular permeability to macromolecules is increasedS21; some of the administered albumin leaks into the interstitial fluid and has an unfavorable effect on the relationships expressed in the Starling law. Homologous albumin may provoke an allergic response, which also increases microvascular permeability and causes leakage of albumin into the interstitial fluid.


These complex interrelations probably explain the failure of a randomized trial to find a favorable effect from adding homologous albumin to the prime in adults.M7 It is not uncommon for cardiac surgical patients, particularly the elderly, to present with low-normal or below-normal albumin levels. Whether albumin concentration should be maintained at normal levels in some special situations such as this remains arguable.


Other colloidal solutions (dextran 40, dextran 70, hydroxyethyl starch) can also be added to the priming solution to attenuate loss of fluid from the intravascular space. However, none of them has been conclusively shown to have a beneficial effect.









Other Additives


Practices vary regarding addition of substances and drugs to the perfusate (by administering them into the priming volume of the pump-oxygenator or patient before CPB, or into the patient or pump-oxygenator during CPB), other than basic balanced salt solution and blood and its required additives.


Use of an osmotic diuretic may be advisable. Mannitol (≈0.5 g · kg−1), a pure osmotic diuretic, can be included as part of the prime. Mannitol also has the advantage of being an effective agent against oxygen free radicals generated during CPB.E13,M2 Glucose (added to the prime of the pump-oxygenator in sufficient quantity to obtain a glucose concentration of about 350 mg · dL−1 in the prime) also produces diuresis. However, its use in the priming volume and its administration during and early after CPB, employing more than moderate hypothermia, may be unwise in view of the strong suggestion that hyperglycemia during cooling and early after hypothermic circulatory arrest increases the probability of brain injury.A18,E10,S16


Administration of a potent diuretic during CPB is generally useful. Incorporating furosemide in the pump prime is practiced by many groups. It may be more advantageous to give it as a bolus in a dose of 1 to 2 mg · kg−1 at the start of rewarming, either after an interval of circulatory arrest or moderately or deeply hypothermic CPB.


The short-acting adrenergic α-receptor blocking agent phentolamine is capable of antagonizing the vasoconstriction produced by catecholamines and has been shown to produce more uniform body cooling and rewarming and improved tissue perfusion when given during CPB.B52 A bolus of 0.2 mg · kg−1 is administered just after the start of CPB and the initiation of cooling. When circulatory arrest is used, an additional dose of 0.2 mg · kg−1 is administered with the resumption of CPB for rewarming.


Alternatively, the long-acting adrenergic α-receptor blocking agent phenoxybenzamine can be used in infants and children to produce total α-blockade for 8 to 10 hours. It is given in a dose of 1 mg · kg−1 about 15 minutes before commencing CPB and at the beginning of rewarming after the period of circulatory arrest.L15 A continuous infusion of nitroprusside during cooling and again during rewarming is preferred to either of these agents by some groups. Nitroprusside reduces arterial blood pressure (by ≈ 25 mmHg), yet maintains cerebral blood flow during moderately hypothermic CPB.R19


Opinions differ about the advisability of routinely administering (or adding to the perfusate) corticosteroids and the appropriate agent to use. Available evidence suggests that corticosteroids improve tissue perfusion and lessen the increase in extracellular water that usually accompanies CPB.N9 Although some studies have reported improved clinical status when steroids are given in the manner described, this matter remains controversial.J3 Methylprednisolone in a single dose of 30 mg · kg−1 or dexamethasone in a single dose of 1 mg · kg−1 given at the onset of CPB and not repeated may be advantageous. These agents do not appear to reduce complement activation, but there is evidence to support the hypothesis that they attenuate complement-mediated leukocyte activation, particularly that associated with reperfusion of the heart and lungs in the latter part of CPB.H4,H30,J3,K7,T17 In piglets, corticosteroids provide brain protection during operations that involve hypothermic CPB and circulatory arrest.L2,S15


The powerful antifibrinolytic agent aprotinin is a biological product that acts as a serine proteinase inhibitor. It may have a favorable effect on some platelet membrane-specific receptors, specifically GPIb. Aprotinin has been shown in several randomized studies to reduce bleeding after CPB by about 50%,B27,B28,F20,F28,R24,V6,V7,W17 but as mentioned previously, the drug is no longer available for use during cardiac surgical procedures. ε-Aminocaproic acid (EACA) and tranexamic acid are two other antifibrinolytic agents that can be administered before, during, and after CPB to reduce bleeding and the need for allogeneic blood transfusions.B55,C4,G29,L4,L9,M3,M32,N15,T3 EACA is administered using an empirical dose of 10 g before the skin incision, 10 g during the procedure, and 10 g early postoperatively.V5 Alternatively, it can be given at a dose of 150 mg · kg−1 at the time of the skin incision, with an additional 30 mg · kg−1 for 4 hours upon initiation of CPB.B19 Tranexamic acid is given at a dose of 1 g before the skin incision, 500 mg in the pump prime, and 400 mg · h−1 during the procedure.C4









Changes during Cardiopulmonary Bypass


During CPB for cardiac surgery, blood loss in the operative field and gradual increase in interstitial fluid and urinary output combine to steadily deplete the patient-machine blood volume. Usual practice is for the perfusionist to add increments of a balanced electrolyte solution to maintain the volume at a safe level; in adults, up to 2000 mL may be added. Unless special precautions are taken, such as avoiding return of irrigating fluids to the pump-oxygenator by cardiotomy pump suckers and using ultrafiltration during the final stages of CPB, severe hemodilution results and persists into the postbypass period.


In neonates and infants, ultrafiltration immediately after CPB (before removal of cannulae) is often advisable using the modified ultrafiltration (MUF) technique introduced by Elliot.E11 Its efficacy has been confirmed by others.D1,T21 In children and adults, ultrafiltration may be performed during the latter part of CPB if the hematocrit is below about 0.25 and there is excess volume in the pump-oxygenator. If not, it may be performed after discontinuing CPB, slowly circulating blood through the patient before any cannulae are removed. A third option, and one that is frequently used, is ultrafiltration of the volume remaining in the pump-oxygenator after CPB is discontinued and the venous cannulae have been removed. Hemoconcentrated pump-oxygenator volume is then infused slowly into the patient before the arterial cannula is removed (see Pump-Oxygenator in Section III).











Total Systemic Blood Flow


Although total CPB has generally been considered to require two separate caval cannulae and occlusive tapes around each cannula, a single large, properly designed, and properly positioned venous cannula can direct all venous return to the pump-oxygenator and provide total CPB.


During total CPB, systemic blood flow (perfusion flow rate) is controlled by the perfusionist. It can be set at an arbitrary level or may be kept equal to the venous return from the patient. A rational approach is to set it at an arbitrary level.


In clinical practice, when body temperature is at 28°C or greater, a flow of 2.5 L · min−1 · m−2 is usually chosen for infants and children younger than about age 4 years, and a flow of 2.2 L · min−1 · m−2 for older patients. For adults with a body surface area of 2.0 m2 or more, a flow of 1.8 to 2.0 L · min−1 · m−2 may be chosen to avoid the disadvantage of high flow through the oxygenator. When moderate hypothermia is chosen, the CPB flow can safely be reduced to about 1.7 L · min−1 · m−2 for prolonged periods (Fig. 2-11). When cardiac operations are performed with body temperature reduced to 18°C to 20°C in neonates, infants, or adults, CPB flows of 1 L · min−1 · m−2 are adequate for prolonged periods, at least as judged by persistence of the somatosensory evoked response (SSER) under these circumstances.W21 Flows as low as 0.5 L · min−1 · m−2 (20-30 mL · min−1 · kg−1) have been shown to be adequate at these temperatures to maintain cerebral oxygen consumption and ATP levels for at least 30 to 60 minutes.F19,M25,R3,S39





[image: image]

Figure 2-11 Nomogram of equation expressing relationship of oxygen consumption ([image: image]) to perfusion flow rate ([image: image]) and temperature (T). Small Xs have been added to represent perfusion flow rates used clinically at these temperatures (see Appendix 2A, Equation 2A-3).




When flow rates are lower than optimal for more than a short time, [image: image] is considerably subnormal (<85% of the asymptote of the temperature-specific curve in Fig. 2-11 is considered subnormal), primarily as a result of perfusion of less than the total capillary bed. Also, the areas of the capillary bed that are open are underperfused, resulting in lactic acidemia and metabolic acidosis.


[image: image] and saturation ([image: image]) have been widely used as indices of adequate perfusion flow rate (see Box 2-3; for references, see Harris and colleaguesH19), the assumption being that these values reflect average cellular PO2. If [image: image] is high and the entire microcirculation perfused, this is true. However, it has been shown that during CPB, with [image: image] within the conventional range, [image: image] is inversely related to [image: image].H19 This might have been predicted from the Fick equation:





Box 2-3 


Mixed Venous Oxygen Levels


Mixed venous oxygen saturation ([image: image]), mixed venous oxygen pressure ([image: image]), and mixed venous oxygen content ([image: image]) may all be used to express mixed venous oxygen levels. The equation is:





[image: image]




where [image: image] is in mL · dL−1, [Hb] is hemoglobin concentration in g · dL−1, [image: image] is a decimal fraction, and [image: image] is in mmHg.
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where CaO2 is arterial oxygen content, [image: image] is mixed venous oxygen content, and [image: image] is flow rate.


If [image: image] and CaO2 are fixed, [image: image] increases with [image: image]. If instead [image: image] and CaO2 are fixed, [image: image] increases as [image: image] decreases, and [image: image] may decrease, despite a perfectly adequate [image: image], if the capillary bed is not evenly perfused. In this case, the distance between perfused capillaries and many tissue cells increases, and these cells do not obtain their oxygen requirement. In effect, this amounts to a shunt of arterial blood into the venous system. This effective shunt may at times amount to half the total flow. Rudy and colleagues, using microspheres in normothermic rhesus monkeys during CPB, found that shunting was only 1.4% of total [image: image].R26


A high [image: image] or [image: image] does not, therefore, mean that cellular oxygenation is satisfactory whatever the [image: image]. A [image: image] at or near the whole-body requirement does. The [image: image] is not difficult to calculate during CPB; the problem is, rather, to decide what the oxygen requirement is in a given case.H19,H20 Moreover, if [image: image] is less than the usual levels at conventional [image: image], increasing [image: image] probably will not increase [image: image] (see Fig. 2-11). The fault is not in [image: image] but in the capillary bed or at the cellular level.


As might be expected, high [image: image] is achieved at the expense of some loss of safety and convenience in other variables. Blood trauma in the oxygenator is probably greater when high blood flows pass through it. With a bubble oxygenator, risks of gaseous emboli are also greater. Pressure gradients across the arterial cannula are greater at high [image: image]. This increases cavitation, blood trauma, and the risk of bubbles forming as blood emerges from the cannula.









Arterial Pressure Waveform


CPB is usually conducted in such a manner that the arterial pressure pulse is very narrow and essentially nonpulsatile, but if desired, a pulsatile arterial input can be achieved in several ways. One is by using left ventricular ejection. With no tapes around the caval cannulae, arterial flow to the patient may be temporarily increased over venous return, or venous return may be temporarily reduced by partially occluding the venous tubing. Atrial pressures and thus ventricular filling pressures are increased, left ventricular ejection augments systemic blood flow, and a somewhat pulsatile arterial blood flow results. In other words, pulsation is achieved by partial CPB. This mechanism is used during cooling and rewarming whenever cardiac action is sufficiently vigorous to prevent overdistention of the heart during the process. The procedure of partial CPB produces not only some arterial pressure pulsations but some pulmonary blood flow as well, with its favorable effect.


A pulsatile waveform can also be produced by using intraaortic balloon pumping during bypass.P8 A third method is to use a pulsatile arterial pump.


Effects on the organism of using a system that results in a pulsatile rather than nonpulsatile arterial waveform during CPB have been questioned since the beginning of clinical CPB. An already complex problem is still further complicated by an almost universal failure to describe the energy of the pulsatile flow in a proper manner, such as by energy-equivalent pressure.S13


Intuitively, pulsatile flow seems advantageous over nonpulsatile flow. Several physiologic studies lend strong support to this idea, demonstrating that with nonpulsatile flow, vascular resistance increases, red blood cells aggregate, renal function is impaired, renin is released, and cellular hypoxia leads to metabolic acidosis.G5,G15,M6,W18 It is not clearly established that pulsatile flow during CPB results in fewer functional derangements than nonpulsatile flow. A number of studies have concluded that pulsatile perfusion is beneficial, but not all of them present convincing evidence, and several have found little or no benefit.A26,B32,D21,H1,J2,M1,N6,N11,S19,S20,T12,T14,T15,T26,T27,W15,W28 Extensive reviews of this subject have been presented.H28,M13


A randomized clinical study by Singh and colleagues investigated pulsatile versus nonpulsatile flow during moderately hypothermic (25°C-30°C) CPB.S19 No statistically significant differences between the two techniques were found in whole-body [image: image], blood lactate concentration, systemic vascular resistance, urine flow, or thermal gradients. Thus, no evidence was found that pulsatile flow improved perfusion of the microcirculation during clinical CPB. It is possible that pulsatile flow would result in fewer functional derangements at lower flows than were used in this study.D21,N5,O3,S12 Bixler and colleagues found that nonpulsatile perfusion of a hypertrophied fibrillating dog’s heart at a mean pressure of 50 mmHg resulted in subendocardial ischemia, whereas pulsatile flow did not.B32 When the mean perfusion pressure was 80 mmHg, neither pulsatile nor nonpulsatile flow resulted in subendocardial ischemia.


It is also possible, but not proven, that pulsatile flow has an advantage over nonpulsatile flow in infants. Williams and colleagues drew this conclusion from a clinical study in which they found more rapid cooling and rewarming and greater urine flow with pulsatile flow.W19 Results of this study are difficult to interpret, however. Finally, pulsatile flow could prove beneficial in high-risk patients who come to operation desperately ill with end-stage disease (low cardiac output, acidosis, or renal failure).H39


Currently, there is insufficient evidence to conclude that pulsatile flow from the pump-oxygenator importantly reduces the ill effects of the relatively short periods of CPB required for cardiac surgery in the great majority of patients.









Systemic Venous Pressure


During CPB, systemic venous pressure is determined by the techniques used,K13 because:





[image: image]     (2-2)





where [image: image] is mean systemic venous pressure, [image: image] is systemic blood flow rate, and f means “a function of.” The cross-sectional area and length of the single or multiple venous cannulae, and to a lesser extent (because it usually has a large diameter) those of the venous tubing, are fixed factors determining venous pressure during total CPB. For this reason, the largest venous cannulae compatible with the clinical situation are commonly used, mindful of the need for the cannulae to lie loosely, not snugly, in the caval veins. When smaller cannulae are used, the other variables in Equation 2-2 can be manipulated. For example, systemic blood flow can be reduced or suction applied to the venous return to ensure an acceptable venous pressure (see “Vacuum-Assisted Venous Return,” earlier).


There is no apparent physiologic advantage in having a central venous pressure greater than zero during total CPB. Increasing the venous pressure requires more intravascular volume and often additional priming volume. Venous pressure should therefore be kept close to zero, and certainly not more than 10 mmHg, to minimize increases in extracellular fluid.









Pulmonary Venous Pressure


Ideally, pulmonary venous pressure should be at zero during total CPB, and certainly not more than 10 mmHg. Undue elevations are dangerous because they produce increased extravascular lung water and eventually gross pulmonary edema, according to the Starling law of transcapillary fluid exchange (neglecting lymph flow):





[image: image]     (2-3)





where Pc is effective blood pressure within the capillary, Pt is tissue turgor pressure (interstitial fluid pressure), πc is osmotic pressure of the plasma (colloid) inside the capillary, and πt is osmotic pressure of the extracellular fluid (tissue colloid osmotic pressure).


Increase in extracellular lung water is related to duration of elevation of pulmonary venous or pulmonary capillary pressure, other things being equal. Not only can pulmonary edema result, but a combination of the damaging effects of CPB and increased pulmonary venous pressure can lead to pulmonary hemorrhage. Maintaining a very low pulmonary venous pressure will not always eliminate these complications.


Maintenance of a low pulmonary venous pressure can be ensured by monitoring left atrial pressure in patients undergoing CPB (see Section III). In most clinical settings, there is little tendency for pulmonary venous pressure to increase. If it does, the pulmonary venous system can be decompressed by suction on either a catheter (or an opening) in the pulmonary trunk, because no valves are present in pulmonary veins, or a catheter inside the left atrium or left ventricle.









Temperature


Since the introduction by Brown and colleagues of an efficient heat exchanger for extracorporeal circulation, temperature of the perfusate, and secondarily of the patient, has been controlled by the perfusionist.B54 In decisions regarding temperature of the patient during CPB, several facts must be considered. Flexibility of CPB is achieved when it is combined with hypothermia. Hypothermia of even moderate degree appears to blunt some of the damaging effects of CPB.M30,T1 It allows use of lower pump [image: image] with less blood trauma and achieves better myocardial protection and protection of other organs than normothermic CPB.C1 Systemic hypothermia also provides a margin of safety for organ protection if equipment failure occurs. The patient’s body temperature is the most important determinant of the length of safe circulatory arrest time (see Section I).


Moderate hypothermia is used in many patients, and we consider at least mild hypothermia (31°C-34°C) to be advisable in essentially all cases. A nasopharyngeal temperature of 14°C to 20°C is chosen when circulatory arrest is required.


During core cooling, blood entering the patient’s aorta should be kept no greater than 10°C to 14°C below the nasopharyngeal temperature to minimize the tendency for gas to come out of solution when the cold blood is warmed by the patient. This is a conservative recommendation, in that some groups use the coldest perfusate temperature obtainable (4°C-5°C) once CPB is initiated.


Because blood is damaged by temperatures greater than 42°C, and the boundary layer of blood next to the wall surface of the heat exchanger probably reaches the temperature of that surface and thus of the water on the other side of the wall, water temperature should not exceed 42°C during rewarming. Blood temperature should not exceed 39.5°C during rewarming. Solubility of gas in blood is decreased when blood is warmed, but this is not a problem when the heat exchanger is upstream (proximal) to the oxygenator. When it is downstream (distal) to the oxygenator, it is a potential problem during rewarming, and a bubble trap may be interposed in the arterial tubing downstream to both. In general, maintenance of a temperature gradient from the heat exchanger to the blood of not more than 10°C to 12°C will prevent bubble formation.











Response Variables


Alberts and colleagues state in their textbook: “There is a paradox in the growth of scientific knowledge. As information accumulates in ever more intimidating quantities, disconnected facts and impenetrable mysteries give way to rational explanations, and simplicity emerges from chaos. The essential principles of a subject gradually come into focus.”A7 The patient response to CPB using current techniques and equipment is still largely described by “disconnected facts and impenetrable mysteries,” but considerable effort has been made to develop simplicity and reduce chaos. Continued interest in this response has stimulated the search for more cohesive knowledge and ways of minimizing unfavorable outcomes of cardiac surgery using CPB and whole-body perfusion from a pump-oxygenator.


Unfavorable aspects of the response of the patient to CPB and use of a pump-oxygenator were evident during the early days of open cardiac surgery, but tended to be overlooked in the excitement generated by this new technology. Subsequently, surgeons observed that (1) diffuse bleeding was more common with CPB than after other types of surgery; (2) some patients, particularly small ones, became edematous during the procedure; (3) occasionally severe and truly malignant hyperthermia occurred with no demonstrable infection; (4) pulmonary dysfunction was sometimes unexpectedly prominent; and (5) the heart often did not perform as well as anticipated after its repair. Yet they also noted that many patients appeared to be free of these developments, and most survived. Since then, more information has been gathered, but not as much as is desirable.






Whole-Body (Nonspecific) Inflammatory Response to Use of a Pump-Oxygenator


Diversion of blood through nonendothelialized channels to, through, and from pumps and the oxygenator appears to stimulate the organism to recognize the extracorporeal system as nonself. Thus, potential is present for the specific immune and nonspecific inflammatory response systems to be activated. Specific immune responses of an immunologically naive (unprepared) patient are slow to develop and not in evidence during the first few days after CPB. In any event, they are generally not strong. Nonspecific inflammatory responses appear rapidly, and in a few patients they dominate the early minutes, hours, and days after use of a pump-oxygenator. We initially named this response the whole-body inflammatory response, which we hypothesized unified the many diffuse responses to exposure of blood to abnormal events.B35 It is now often called the systemic inflammatory response syndrome (SIRS) because processes other than CPB can stimulate it.






Humoral Response


Initial response is probably humoral, initiated by the contact of plasma with the foreign surfaces of the tubing and pump-oxygenator and with air. Gas exchange requires a large surface area; it is therefore in the oxygenator that the greatest stimulus to this response occurs. Humoral response appears to begin with activation of specialized plasma proteins, developed and conditioned through centuries of life to recognize and repel transcutaneous invaders. Whereas previously this invasion has generally been a relatively small, localized, and often extravascular process, in the patient exposed to a pump-oxygenator it is a massive intravascular process. Even though the patient is heparinized, parts of the coagulation cascade respond virtually immediately to the activating capability of the foreign surface, as do the complement, kallikrein, fibrinolytic, and other cascades. Activation of Hageman factor (factor XII) may be the initial event in activation of these cascades, although platelets appear to be independently activated at about the same time. Nearly all the split products resulting from these multiple activations can be found in the patient’s blood during and, for a time, after bypass. Mechanisms for their disappearance have not been elucidated, but presumably they are to some extent metabolized, taken up by specific cell-surface receptors, dissipated into extravascular fluids, including peritoneal and pleural fluids, and excreted in the urine.


Products of activation of these cascades have powerful physiologic effects, both directly and by activation of other systems and cells. The complement cascade, once activated, results in the production of powerful anaphylatoxins (C3a and C5a) that increase vascular permeability, cause smooth muscle contraction, mediate leukocyte chemotaxis, and facilitate neutrophil aggregation and enzyme release.G17,H40 Complement activation occurs through either the classic or the alternative pathway.


Contact activation of Hageman factor also immediately initiates the kallikrein-bradykinin cascade, resulting in the production of bradykinin. Plasma kallikrein circulates in the blood as a precursor, prekallikrein, 75% of which is bound to high-molecular-weight kininogen (HMWK) in the plasma. Bradykinin, formed largely from HMWK, increases vascular permeability, dilates arterioles, initiates smooth muscle contraction, and elicits pain. Kallikrein also activates Hageman factor and plasminogen to form plasmin, again demonstrating the complex interactions and feedback loops between the various reactions of blood to nonself.


Once activated, the contact activation system overcomes its normal regulating system, and all the responses are amplified. Because plasma kallikrein leads to conversion of plasminogen to plasmin, whose basic function in the circulation is to digest fibrin clots and thrombi, the fibrinolytic cascade is activated by this and other humoral and cellular mechanisms.









Cellular Response


Blood cells and endothelial cells participate in the nonspecific inflammatory response to use of a pump-oxygenator. Lymphocytes (both antibody-forming B cells and T cells) are part of the specific immune system and, as indicated earlier, participate little in the response to CPB in the usual immunologically naive patient. Eosinophilic granulocytes also seem to have limited participation. Basophilic granulocytes (mast cells) may well participate, but the extent to which they do so is not clear, and the same is true of the natural killer (NK) cells within the leukocyte family. Monocytes, once activated, participate in the cellular response.


Neutrophilic granulocytes (polymorphonuclear leukocytes) play a major role in the response to CPB. Neutrophils are activated by complement and other soluble inflammatory mediators. When activated, they migrate directionally toward areas of higher complement concentration (usually in the tissues, but during CPB, probably in blood), change their shape, become more adhesive, and secrete cytotoxic substances, including oxygen-derived free radicals. Of importance—and possibly a clue as to why most patients recover uneventfully from cardiac operations in which CPB is used, despite the strong humoral and cellular response—is the fact that complement can also desensitize neutrophils, thereby reducing their ability to participate in the inflammatory response.D20 Neutrophils are also activated by other humoral agents participating in the cascades in the blood, including kallikrein, as well as by other inflammatory mediators (cytokines) generated by cells, including tumor necrosis factor (TNF) and platelet activating factor (PAF). These molecules also have been shown to increase in amounts both during and early after CPB.


Platelets are strongly affected by CPB using a pump-oxygenator, but in a complex manner that has been well summarized by Edmunds and colleagues.E1,E4 As in the case of neutrophils, platelets must be activated from their normally passive state; this occurs within 1 minute of the start of CPB. The precise initial trigger is uncertain, but possibilities include direct surface contact, abnormal shear stresses, mechanical lysis, exposure to adenosine diphosphate, and unidentified chemical agonists. The mechanism for activation of platelets is exposure on the surface of the platelet of numerous specific membrane receptors. Exposure of the fibrinogen glycoprotein receptors (GPIIb-IIIa complex), and subsequent binding of fibrinogen to them, are essential for adherence of platelets to the foreign surfaces of the pump-oxygenator and for their aggregation. Many other specific receptor sites are expressed and exposed by activated platelets. Control, feedback, and amplification mechanisms regulate platelets as well as the humoral systems, all of which are involved in the response to CPB.


Endothelial cells do not pass through the pump-oxygenator, but their complex activities are affected while the patient is connected to it. Triggering mechanisms are not clearly defined, but they probably include abnormal pressures and shear stresses, localized ischemia, and increased concentrations of normal and abnormal substances and cells in the blood. As a result, endothelial surface receptors are exposed, substances are elaborated and extruded, and spaces between the endothelial cells and their membranes are enlarged.B47,S6,V11


Endothelial and other cells, particularly those in the locally ischemic areas that surely exist during CPB, express phospholipid molecules derived from arachidonic acid (eicosanoids). These are important mediators of inflammation and include the prostaglandins, thromboxanes, leukotrienes, and lipoxins. Other cells in areas of acute inflammation that may be present during CPB can produce soluble factors (cytokines) that normally act on other cells to regulate their function; after CPB, they can induce elevation of body temperature, among other things.









Metabolic Response


Magnitude of the acute elevation of catecholamine levels in the blood that develops during CPB (see “Catecholamine Response” later in this section) is a measure of severity of the stress reaction induced by most cardiac surgery using CPB. Thus, in addition to the responses induced by CPB, cardiac operations and CPB induce the important perturbations associated with other major operations and trauma. Characteristics of this “metabolic response to stress” have been intensively studied by a number of investigators and clinicians. Among the first was Cuthbertson in 1930,C40 and among the most prominent, Francis D. Moore.M29 The essence of this process has been well summarized by WilmoreW20:





The human body responds to these stresses with dramatic resilience. For example, following injury, clotting mechanisms are immediately activated to reduce blood loss; body fluids shift from the extravascular compartment to restore blood volume; blood flow is redistributed to ensure perfusion of vital organs; and respiratory and renal functions compensate to maintain acid-base neutrality and body fluid tonicity. Following these acute adaptations, other changes occur; these responses are more gradual and prolonged but are apparently necessary for recovery of the injured organism. A variety of immunologic alterations are initiated; leukocytes are mobilized, macrophages and specialized T cells are produced, and “acute phase” plasma proteins are synthesized by the liver. Inflammatory cells invade the injured area, set up a perimeter defense, and engulf the dead and dying cells and other wound contaminants. These initial steps are followed rapidly by ingrowth of blood vessels, appearance of fibroblasts that build collagen scaffolding, and a host of other local changes that aid wound repair.


Local changes that occur at the injury site are accompanied by systemic alterations in body physiology and metabolism. Cardiac output is elevated, minute ventilation is increased, and the patient becomes febrile. Lipolysis and skeletal muscle proteolysis are accelerated, providing an ongoing fuel supply and an immediate source of amino acids that are utilized for wound healing and synthesis of “acute phase” proteins and new glucose. The glucose provides essential energy for the brain and other vital organs and for healing of the wound.





Phenomena associated with CPB not only produce their own damage but also interfere with the metabolic response to stress, a process necessary for recovery. Uneventful recovery of most patients after cardiac surgery means that a vast array of control and counteractive phenomena of both humoral and cellular types is in place, many of which await discovery and exploitation.











Details of the Whole-Body Inflammatory Response






Neutrophil Activation


During CPB, an initial mild leukopenia develops, which soon returns to baseline values.K24 Similar changes occur without an oxygenator in the system and are in part the result of transient movement of leukocytes out of the vascular system.K25 By the end of CPB, leukocytosis is present, consisting primarily of mature segmented forms of neutrophils (coming primarily from the bone marrow, most of which are activated).Q1,R15 Leukocyte count often increases to a peak of 12,000 to 24,000 cells · mL−3 at 24 to 28 hours postoperatively. Both T and B lymphocytes are decreased early after CPB, and T-cell function is decreased.R15


Pulmonary sequestration of neutrophils occurs during CPB.C10 An inflammatory response follows their disruption and release of proteolytic and vasoactive substances and powerful lysosomal enzymes, contributing to the increased vascular permeability associated with CPB (see “Complement Activation” later in this section).A4,S21 Also, activation of neutrophils during CPB by the C3a and C5a complement fragments liberates oxygen-derived free radicals; this contributes to the damaging effects of CPB.E13,T28 Neutrophil elastase, a connective tissue protease and product of neutrophil activation that appears in plasma, is considerably increased by CPB, and the peak concentration correlates positively and closely with the duration of CPB.H32 Such proteases break down elastin, collagen, and fibronectin, destroying extracellular structures, and contribute to the capillary leak that leads to postoperative extracellular volume overload and electrolyte imbalance.F4


Neutrophils in healthy persons are distinct cells. By inference, these cells are inactive and unprepared for the numerous deleterious effects they exert during and early after CPB. However, when stimulated, neutrophils transiently aggregate and cluster with each other and to other cell types, such as vascular endothelial cells.P10,R27 The process of aggregation and clustering is rapid, mediated by cell adhesion molecules (CAMs), and a critical step in development of inflammatory and immune responses. In myocardial infarction, anti-CAM antibodies of specific types, which can be produced by monoclonal techniques and can attenuate or prevent neutrophil aggregation and clustering, have been shown to considerably reduce the extent of cell death produced by ischemia and reperfusion.S17


Gillinov and colleagues used the anti-inflammatory agent NPC15669 to inhibit neutrophil adhesion in a CPB model and found a marked decrease in pulmonary injury.G12


Nifedipine, infused during CPB in doses of about 6 µg · kg−1 · h−1, appears to inhibit neutrophil activation.R15 Hypothermia has been shown to delay, though not prevent, the expression of neutrophil adherence molecules.J6,L6 Other interventions that have been evaluated clinically and experimentally to reduce the adverse effects of neutrophil activation include leukocyte filtration and pharmacologic agents (aprotinin, oligosaccharide antagonists, antioxidants, corticosteroids, and omega-3 fatty acids).B47,C39,E18,M18,P7,S17,S18,T8









Platelet Response


In vitro test circuits show that the platelet count (corrected for dilution) decreases within 2 minutes of the beginning of extracorporeal circulation to about 80% of the pre-CPB level. By 8 minutes, the count has decreased to about 70% of the pre-CPB level and then stays close to that level during the rest of CPB and the period therafter.Z4 Decrease in platelet count during clinical CPB tends to be greater than this because of hemodilution.H24 Cardiotomy sucker systems substantially reduce platelet count.E7 Interestingly, membrane oxygenators are associated with greater reduction than bubble oxygenators.C19,E5 As a result of these and other factors, the number of platelets in circulating blood post CPB decreases to about 60% of the prebypass value and does not correlate with duration of CPB.A5,F26, H15,K2


Sequestration of platelets in the liver and other organs during CPB in humans is slight and therefore not a major factor in reducing the platelet count.H37 Something other than mere loss of platelets by adhesion to foreign surfaces is involved, because the platelet count continues to be low in some patients for as long as 72 hours postoperatively. One factor may be reduced survival time of platelets after CPB.H37 Shear stresses likely do not reduce either the number or function of platelets.A2,S22,T4


More complex and probably more important than the change in numbers are qualitative changes that occur in the platelets of patients undergoing CPB. Normally, platelets adhere only to cut ends of blood vessels and to subendothelial surfaces (presumably because subendothelial collagen causes them to adhere). Once CPB begins, platelets almost immediately adhere to foreign (nonendothelial) surfaces.B2,D23 Once this process begins, platelets also begin to clump (aggregate), primarily on the foreign surfaces they have already adhered to.D24 There is some evidence that initial aggregation is in small clumps (primary aggregates) capable of deaggregating. If the stimulus is strong, however, these primary aggregates are transformed into larger aggregates. It is believed that only then do platelets begin to release the contents of their granules and become irreversibly activated.A3,Z4 Aggregates break off on occasion and become particulate emboli. Either platelets aggregate and disaggregate for many days after CPB, or the aggregates formed during CPB persist in the circulation, because platelet aggregates can be seen passing through the retinal vessels of patients for days after cardiac surgery with CPB.


As blood circulates normally through endothelially lined tubes, platelets are generally inactive. The stimulus to platelet adherence and aggregation on the surfaces of the pump-oxygenator system, whatever it may be, also activates the platelets, a process that changes their form and internal architecture. This activation causes platelets to expose or assemble specific membrane receptors on their surfaces—for example, membrane glycoproteins IIb and IIIa (which bind fibrinogen) and GPIb (which binds von Willebrand factor)—with a resultant cascade of further platelet adherence to the foreign surfaces and aggregation.G16 The activation process simultaneously affects platelet granules, which are concentrations of selectively sequestered intraplatelet substances. These substances include (1) serotonin, ATP, adenosine diphosphate, pyrophosphate, and calcium in the “dense bodies”; (2) α1-antitrypsin, β-thromboglobulin, platelet factor 4, and platelet-derived growth factor; and (3) lysosomes. When activated, prostaglandin synthesis (arachidonic acid cascade) and other reactions take place in the surface membrane of the platelet as well as within it and lead to external secretion of the highly reactive components of the platelet granules. The entire process may well contribute to a number of the damaging effects of CPB.


As is usual in the humoral and cellular cascades, the same processes that lead to platelet activation lead virtually simultaneously to processes that inhibit it. This proceeds because platelets, like most cells in humans, contain adenylate cyclase, which converts ATP to cyclic adenosine monophosphate (cAMP). This conversion is greatly stimulated by products of the arachidonic acid cascade, which is known to be accelerated by CPB. In sufficient amounts, cAMP leads to inhibition of platelet adhesion, aggregation, change of shape, and secretion. This is part of the normal autoregulatory process, but it may be abnormally amplified during CPB.


Although platelet adherence to the foreign surfaces of the pump-oxygenator is the initial feature of the platelet response to CPB, and is surely accompanied by other major and complex responses, there remains a degree of uncertainty about subsequent events. There are even doubts as to whether platelet depletion and dysfunction are the primary causes of the bleeding tendency usually present after cardiac surgery. In any event, a short time after the first few minutes of CPB, about 60% of circulating platelets have a normal smooth discoid form, as do about 80% 8 minutes after the start of CPB and at the end of CPB.Z4 The implication is that either these platelets have never been activated (because they have just been released into the bloodstream or because foreign surfaces of the pump-oxygenator, passivated by absorption and denaturation of fibrinogen and albumin, no longer activate plateletsA2,P2,S3), or they have been reversibly activated and returned to an inactive state. The latter is supported by the work of Zilla and colleagues but is contested by Edmunds.E1,Z4 Sufficient irreversible activation occurs that partially degranulated platelets, platelets with damaged membranes, and platelet fragments can be recovered both during and at the end of CPB, along with a large number of normal-appearing platelets.E1,W14 Thus, by the end of CPB, platelet aggregability is reduced by 60% and bleeding time is prolonged, abnormalities that may persist more than 24 hours.Z3


Most events during CPB that profoundly depress platelet function appear to take place initially in platelet membranes. During CPB, there appears to be a loss or inactivation of the functionally important glycoprotein-specific surface receptor sites.M35,W1,W14 It is possible that abnormal shear stresses are partly responsible.Z3 The GPIb receptor (to which plasma von Willebrand factor must bind for platelet adhesion) is markedly reduced shortly after the onset of CPB and remains low throughout bypass (Fig. 2-12). The GPIIb and IIIa receptors (which bind fibrinogen in a process that leads to platelet aggregation in the presence of extracellular calcium) are markedly reduced by the end of CPB.M35,W14 Other changes in the platelet membranes may occur. Zilla has postulated, as have others, that the key to preventing loss of platelet function during CPB, and therefore to preventing the sometimes strong bleeding tendency associated with cardiac surgery, is to avert loss of action of platelet membrane-specific receptor glycoproteins.Z3





[image: image]

Figure 2-12 GPIb antigen on platelet membrane from patients on cardiopulmonary bypass (CPB), untreated (placebo) (closed circles), and treated with aprotinin (closed squares). At 5 minutes of CPB and at end of CPB, differences unlikely to be due to chance were observed. Results are given as mean ± standard error.


(From van Oeveren and colleagues.V6)





Whatever the mechanisms and despite the high probability that development of platelet abnormalities is inherent in CPB as it is currently used, these alterations can be favorably influenced. The true membrane oxygenator, made from silicone rubber, appears to cause less platelet (and erythrocyte) damage than occurs with bubble oxygenators.B42 Aprotinin, no longer available for clinical CPB, may further lessen the development of platelet abnormalities (see Fig. 2-12 and “Other Additives,” earlier).









Complement Activation


Complement is a group of circulating glycoproteins that function as part of the body’s response to various kinds of injury such as traumatic, immunologic, or foreign-body insults.J1 The complement system can be activated upon contact of blood with nonbiological surfaces, perhaps by way of Hageman factor, but other substances (e.g., thrombin, plasmin) can also activate it.


Complement activation during CPB was reported by Hairston, Parker, and Hammerschmidt and their colleagues.H3,H10,P9 Complement consumption during CPB was demonstrated by Chiu and Samson.C16 Chenoweth and colleagues identified C3a, a complement breakdown product, in blood shortly after commencing CPB for cardiac surgery, and found that its continuing production was directly related to body temperature and perfusion flow rate.C10 The result is that more than 50% of patients have serum C3a levels above 1000 ng · mL−1 at the end of operation with CPB (Fig. 2-13). Complement activation has also been demonstrated to occur during hemodialysis from exposure of blood to the dialysis membrane.A9,C33,C34 Complement activation in this setting is through the alternative pathway, with depletion of C3 but not C1.C33,C34 During CPB, activation is also through the alternative pathway.C19,K6 Further complement activation by the classic pathway occurs after administration of protamine at the end of CPBK6; this may add to the whole-body inflammatory response in some patients.N12
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Figure 2-13 C3a levels at end of cardiopulmonary bypass, expressed in a cumulative percentile plot. Steep vertical (blue) line on the left represents closed cases, 100% of which had near-normal or normal levels. Curve on the right (red line) represents open cases, virtually all of which had increased levels. Fifty percent of patients had levels greater than 1000 ng · mL−1, and 25% had levels greater than 1600 ng · mL−1.


(From Kirklin and colleagues.K7)





Recent studies suggest that complement activation after CABG with CPB is biphasic, with a second phase occurring between 8 and 48 hours postoperatively.B57,H34 The second phase appears to be activated by the classical pathway, not by the alternative pathway.H34 Bruins and colleagues demonstrated that higher peak levels of C4b/c on the second postoperative day correlated with increased occurrence of arrhythmia.B57


Magnitude of complement activation is affected by several factors that probably interact with still other factors in complex ways.V12,V13 The nature of the foreign surface has some effect; nylon is apparently a particularly potent complement activator.C10 True membrane oxygenators are weaker activators of complement than bubble oxygenators.C5 Duration of CPB has a weak positive effect on the final level of C3a, but administration of protamine has a considerably stronger effect.C5,C6,K6 Pretreatment of the patient with methylprednisolone or other steroids may decrease the amount of complement activation.C5


Adverse effects of complement activation relate to depletion of a component (complement) necessary for normal immune response and to adverse effects of the intravascular production of anaphylatoxins (C5a and C3a). Hairston and colleagues showed a decreased ability of postbypass serum to inhibit the growth of certain bacteria and related this in part to complement depletion.H3 Adverse effects of anaphylatoxins probably account for the degree of complement activation as a risk factor for morbidity after clinical CPB (Table 2-4, Fig. 2-14).


Table 2-4 Incremental Risk Factors for Morbidity after Cardiopulmonary Bypass






	Incremental Risk Factor

	Logistic Coefficient ± SD

	P






	Higher C3a levels (ng · mL−1) 3 hours after CPB

	.0006 ± 0.00033

	.07






	Longer elapsed time of CPB (min)

	.017 ± 0.0048

	.0004






	Younger age at operationa


	−.71 ± .131

	<.0001






	Intercept

	2.0 ± 60

	 







Key: CPB, Cardiopulmonary bypass; SD, standard deviation.


a Natural logarithmic transformation.


Based on data from Kirklin and colleagues.K7
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Figure 2-14 Nomogram of probability of morbidity after cardiopulmonary bypass (CPB), according to level of C3a. Relationships are shown for three different CPB times in patients 1 year of age.


(From Kirklin and colleagues.K7)





Pulmonary sequestration of polymorphonuclear leukocytes and neutropenia have been shown to develop during hemodialysis and to be temporally related to complement activation.C34 Similar observations have been made during CPB (see “Neutrophil Activation,” earlier).C10,W22 That these changes are functionally significant is evident from the increased alveolar-arterial oxygen difference that develops during hemodialysis and after CPB, and from the pulmonary edema observed after CPB.C33 Activation of complement has been shown to be directly involved in production of pulmonary edema.E8 These findings suggest that neutrophil-mediated pulmonary endothelial injury (see “Cellular Response,” earlier) and increased lung vascular permeability, perhaps also mediated by reactive oxygen metabolites, may contribute to the adverse effects of CPB on pulmonary function.P13 Similar sequestrations may take place in other organs.


That important complement activation is dependent on a large proportion of blood in the boundary layer (e.g., in an oxygenator or hemodialysis coil) is evident from the demonstration in sheep that a simple venovenous shunt produces no adverse effects on white blood cells, platelets, or pulmonary artery pressure. Addition of an oxygenator to the circuit results in a decrease in circulating white blood cells and in platelets (presumably from pulmonary sequestration) and in a marked increase in pulmonary artery pressure. Fountain and colleagues showed that infusion of complement-activated plasma produces the same result.F17









Kallikrein-Bradykinin Activation


Another humoral amplification system involves kallikrein and bradykinin. Several studies have shown important amounts of bradykinin to be present during CPB.E12,F27,P6 Hypothermia itself apparently results in production of bradykinin. Immaturity, such as is present in young infants, results in less effective elimination of bradykinin.F27 Exclusion of the pulmonary circulation probably also reduces the ability of the organism to cope with circulating bradykinin, because the lungs are the main site of bradykinin elimination. Bradykinin, a small peptide, is a powerful vasodilator, and this effect is probably important in the overall response of the organism to CPB.


Nagaoka and Katori demonstrated a reduction in peripheral resistance and in fluid requirement during CPB accompanied by the administration of aprotinin.N2 This agent is known to neutralize the kallikrein-bradykinin system.









Coagulation Cascade


Coagulation, the formation of fibrin clots, is largely inhibited by heparin during CPB (see “Heparin Levels,” earlier under Controlled Variables), but the coagulation cascade is in part activated. Related or unrelated to this, coagulation is often defective for a period of time after CPB.


Normally, in the presence of damaged endothelium or an exposed subendothelium, platelets and soluble components of the coagulation cascade are activated. Through the contact phase, intrinsic phase, and extrinsic phase of activation, prothrombin is converted to thrombin, which acts on fibrinogen to produce fibrin monomers that polymerize spontaneously to form a fibrin clot. Were CPB to be started in a nonheparinized patient, the contact phase and intrinsic phase would be rapidly activated, and within a short time the pump-oxygenator would be filled with clot.


Because of the incomplete blockade of the coagulation cascade by heparin, small amounts of fibrin form even during routine CPB.D3 Many of the soluble coagulation factors are mildly reduced by the end of CPB.H15 Most authorities believe these changes are insufficient by themselves to be responsible for the bleeding tendency following CPB.









Fibrinolytic Cascade


The fibrinolytic cascade, another humoral amplification system, is probably activated to some degree in all operations in which CPB is used. Important hyperfibrinolysis was shown to be present in 159 (20%) of 774 patients undergoing CABG.L1


Naturally occurring inactive plasminogen (normally incorporated within thrombi) is transformed into the active fibrinolytic agent plasmin under certain circumstances, and measurable blood plasmin levels have been demonstrated in patients shortly after initiation of CPB.B1 Because conversion of plasminogen to plasmin is facilitated by kallikrein, which also results from activation of Hageman factor, the fibrinolytic cascade may be initiated during CPB by activation of factor XII. However, extrinsic plasminogen activator expressed by endothelial cells has been shown to be the major stimulant for conversion of plasminogen to plasmin, and thus for the fibrinolytic cascade.S32 A reasonable explanation for this behavior of endothelial cells during CPB is the abnormally high levels of such substances as catecholamines, bradykinins, and other molecules that are generated.S32


Because plasmin also serves as an activator of complement, prekallikrein, and possibly Hageman factor, the intravascular activation of plasminogen into plasmin (which in intact humans is usually a localized phenomenon) may continue to stimulate cascades of all the humoral amplification systems. Breakdown products of fibrinogen (produced to some extent by the coagulation cascade during CPB), when acted upon by plasmin, have been shown experimentally to lead to important pulmonary dysfunction. This is another example of the powerful effects of the intravascular occurrence of events that are usually localized and extravascular in intact humans.


For a time, it was conventional wisdom that excessive bleeding after CPB was primarily the result of platelet depletion and dysfunction.H15 More recently, several lines of information strongly suggest that activation of the fibrinolytic cascade also contributes importantly to postoperative bleeding after cardiac surgery in which CPB is used.B28,H35,V4,W24 One of these is the favorable effect of aprotinin on bleeding, with most reports indicating a 50% reduction in bleeding after CPB when this drug is administered.B28,B36,E6,H14,H22 However, its action is probably not limited to the antifibrinolytic effect of inhibition of plasmin. Plasmin itself appears to cause platelet aggregation, and its inhibition by aprotinin could therefore favorably affect platelets as well as fibrinolysis.E6









Arachidonic Acid Cascade


The completely cellular arachidonic acid cascade is activated by a disturbance of cell membranes, which in turn activates phospholipase A2. This releases arachidonic acid from the phospholipid fraction of cells, but the arachidonic acid can also come from intracellular lipid pools. The cascade proceeds through the prostaglandin-endoperoxide (cyclooxygenase) pathway. Stationary, migrating, and intravascular cells are susceptible to the arachidonic acid cascade and liberate the active products, which exhibit a short half-life.


The lung, bypassed during CPB, is a major site of synthesis, release, and degradation of eicosanoids (products of the arachidonic acid cascade), although not necessarily the cellular source of those compounds. Prostacyclin and prostaglandin E2 (PGE2) production appears to be sharply increased shortly after CPB is begun, but later when CPB becomes partial and some blood again passes through the lung, levels decrease.F3 By contrast, thromboxane B2 production (thromboxane B2 is a stable metabolite of thromboxane A2) becomes apparent and reaches peak levels when total CPB becomes partial as the lungs again are perfused.F3 Many researchers believe that most of the thromboxane A2 comes from platelets, even though release occurs to a great extent in the lungs. PAF, another product of the cascade, appears to be an important mediator of inflammation.D13


Leukotriene B4, a product of the arachidonic cascade that promotes plasma leakage and leukocyte adhesion, is also increased during and for a time after CPB.J3


Details and overall effects of activation of the arachidonic acid cascade during CPB are not completely understood, but there is at least evidence that the magnitude of the release of both of these eicosanoids during CPB is greatest in the very young.G24 The activation releases agents that are somewhat counteracting, including the vasoconstricting agent thromboxane A2, a PAF, and the vasodilating and platelet-inhibiting factors prostacyclin and PGE2.









Cytokines


Cytokines are soluble factors elaborated by cells of the immune system (e.g., T-cell lymphocytes) that normally act on other cells to regulate their function. During CPB, cytokines such as the interleukins (ILs) elaborate other mediators of the inflammatory process (e.g., TNF, leukocyte adhesion molecules, PAF), which in turn continue the process.


IL-1 is an intracellular derivative of stimulated mononuclear phagocytes and a mediator of fever, changes in endothelial cell function and permeability, and decreased vascular resistance.D22 Its concentration in monocytes is increased during CPB and again 24 hours later.H2 A positive correlation has been found between intracellular IL-1 activity and the patient’s temperature 24 hours after CPB.H2 The interrelation between complement activation (which activates monocytes), prostaglandins (which also mediate IL-1 production), and IL-1 illustrates the complexity of the whole-body inflammatory response to CPB and the problems inherent in efforts to prevent its damaging effects.


IL-6 and IL-8 levels rapidly increase after initiation of CPB.D25 Degree of cytokine response appears to correlate with duration of CPB and aortic clamping.H23









Other Mediators of Inflammation


TNF is released by activated monocytes (and macrophages) and is increased in many patients in the later stages of CPB and during subsequent hours.J3 It is known to increase endothelial cell permeability and open interendothelial cell spaces, thereby promoting development of interstitial edema.B23,B51


Endotoxin, a powerful stimulant of complement and endothelial activation, is also a potent agonist of release of TNF from macrophages and is elevated in some patients after CPB.B46,B63,F13,F23,H23,K1 Endotoxin release may be the result of translocation of bacteria from the gut as the result of splanchnic ischemia and possibly impaired function of Kupffer cells in the liver.T2











Protein Denaturation


Proteins are denatured by a blood/gas interface, such as in a bubble or stationary vertical film oxygenator, but are denatured considerably less in microporous and true membrane oxygenators.L7 Denaturation of albumin has a nonspecific effect, but denaturation of immunoglobulins yields degradation products that activate the complement cascade.T5









Oxygen Consumption






Total Body Oxygen Consumption


Theoretically, total body [image: image] during CPB at normothermia (37°C) should be that of an intact human under anesthesia, if all parts of the microcirculation are perfused. Yet, in two studies in humans, [image: image] during normothermic CPB at flows of 1.8 to 2.4 L · min−1 · m−2 was highly variable. Values of 74 to 162 mL · min−1 · m−2 were found in one studyM26; in the other study, which consisted of 12 patients, mean ± standard deviation of [image: image] was 131 ± 20 L · min−1 · m−2.L11


A combined analysis of experimental studies in animals during normothermic CPBC9,P5,S27 indicates a best-fit hyperbolic relationship between the perfusion [image: image] and [image: image] (Fig. 2-15). [image: image] in these studies was expressed in L · min−1 · m−2. (These units were not used in the excellent study of Andersen and Senning, nor could the data be recalculated in these terms, hence their exclusion.A17) The following linear regression equation was derived from the data:





[image: image]

Figure 2-15 Relationship of total body oxygen consumption ([image: image]) to perfusion flow rate ([image: image]) at normothermia during nonpulsatile cardiopulmonary bypass. Figure contains two depictions. One is a scattergram of data from animal experiments (n = 213) performed at about 37°C by Cheng and colleaguesC9 (n = 33), Paneth and colleaguesP5 (n = 60), and StarrS27 (n = 120). Note that scatter of data increases as flow increases. Second depiction is solid and dashed lines (presented as in Fig. 2-1), which is a solution of the hyperbolic equation (Appendix Equation 2A-2) derived from these data. The hyperbolic equation is chosen because the correlation coefficient, r, was .69, whereas it was .39, .54, and .52 for the linear equation,S27 log-log equation,H20 and Arrhenius equation,P5 respectively.
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where [image: image] is oxygen consumption expressed as a percentage of measured control value before bypass, and [image: image] is flow from the pump-oxygenator, expressed as mL · kg−1 · min−1 (correlation coefficient = 0.83). Andersen and Senning noted, however, that [image: image] and [image: image] must meet at zero and that the control value for [image: image] was usually reached at high flows (100-125 mL · kg−1 · min−1).A17 Visual observation of their scattergram suggests that the hyperbolic model derived from the combined analysis fits their data and ideas well.


Temperature of the patient is also related to [image: image] during CPB, as it is in intact, anesthetized, nonshivering subjects. Harris and colleagues were first to express mathematically the interrelation among [image: image], temperature, and [image: image], but their data covered a narrow range of temperature.H20 Complete data of the type desired are not available. Using the experimental data at 37°C just described and the relation of [image: image] to flow at 20°C measured during CPB in humans, a multivariable equation and nomogram have been developed (see Fig. 2-11) portraying the relations of [image: image] to flow at various temperatures.F19


Pulsatility of the arterial input does not affect [image: image], at least during flow rates greater than about 1.4 L · min−1 · m−2, nor does the strategy (pH-stat vs. alpha-stat) of managing the acid-base balance.A12 Other factors that may affect [image: image] include amount of developed pericapillary edema and amount and type of catecholamine release.









Cerebral Oxygen Consumption


Cerebral oxygen consumption is important during CPB, particularly hypothermic CPB at low flow, because cerebral [image: image] that is reduced below the usual (normal) value at a given temperature implies incomplete or uneven cerebral perfusion (decreased effective capillary density). An equation has been developed from the data of Croughwell and colleagues that appears to be the best expression available of the normal relation during CPB at full flow (2.0 L min−1 · m−2) between cerebral [image: image] and temperature during CPB. It is presumably applicable to all agesC37 (Fig. 2-16). Assuming that cerebral oxygen consumption at 37°C before CPB is the same as that at 37°C during CPB is inappropriate, because whole-body [image: image] on CPB is a little less than off CPB. This may be from presumed uneven perfusion on CPB.





[image: image]

Figure 2-16 Relation between body temperature (nasopharyngeal) and cerebral oxygen consumption (CMRO2) during full flow (2 L · min−1 · m2) cardiopulmonary bypass, which is presumed to be applicable to all ages. The equation (van’t Hoff) is:
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where e is the base of the natural logarithms and T is temperature in °C.


(Based on data from Croughwell and colleagues.C37)





Cerebral oxygen consumption does not appear to change with the variations in cerebral blood flow that occur during clinical CPB.F18,S23 This is consistent with findings in experimental studies. For example, Fox and colleagues found that in monkeys on CPB at 20°C, cerebral oxygen consumption was the same at CPB flow rates of 0.5 and 1.6 L · min−1 · m−2, even though cerebral blood flow at 0.5 was 50% of that at 1.6.F19











Mixed Venous Oxygen Levels


Although mixed venous oxygen levels are related to the controlled variables of [image: image], hemoglobin concentration of the perfusate, and PaO as expressed by the Fick equation (see Equation 2-1), they are also related to the patient’s response in terms of [image: image] and thus to some partially controllable variables that affect [image: image], such as pH and 2,3-diphosphoglyceric acid levels in red blood cells.S41


When most of the microcirculation is known to be perfused, [image: image] levels reflect the mean value for tissue oxygen levels. Thus, the assumption can be made that when [image: image] levels during CPB are relatively normal ([image: image], 30-40 mmHg; [image: image], 60%-70%) and [image: image] is relatively normal, tissue oxygen levels are relatively normal, and the whole-body perfusion is meeting the patient’s metabolic demands (see “Total Systemic Blood Flow,” earlier under Controlled Variables).









Metabolic Acid-Base Status


Metabolic acidosis tends to develop during CPB, even when apparently adequate flow rates are used.A12 This is probably related to uneven distribution of flow during CPB, with the consequent development of underperfused areas that release lactic acid.C23 Resultant metabolic acidosis is usually not severe, and the concentration of lactic acid rarely exceeds 5 mmol · L−1.H18









Hemolysis


Hemolysis of red blood cells during CPB has long been recognized. During the early years of open heart surgery, plasma hemoglobin levels during and after operation were monitored as an index of damage caused by the pump-oxygenator. However, serum hemoglobin levels during clinical CPB do not accurately reflect the amount of hemolysis, because hemoglobin either bound to haptoglobins or free when haptoglobin binding sites are saturated is continuously removed from the circulating blood by the reticuloendothelial system and kidneys.D24 When the plasma free hemoglobin level exceeds about 40 mg · dL−1, hemoglobin casts may form in renal tubules. There is little likelihood of renal shutdown from this effect unless the plasma hemoglobin level exceeds 100 mg · dL−1.


Han and colleagues found plasma free hemoglobin levels to be 8.3 ± 1.3 mg · dL−1 before CPB, 33 ± 3.6 mg · dL−1 10 minutes after the start of CPB, and 91 ± 8.4 mg · dL−1 after CPB.H11 The plasma free hemoglobin level may be still higher several hours after CPB. Classically, this has been explained as continuing destruction of erythrocytes damaged but not destroyed during CPB.


Red blood cell mass often declines still further during the first 3 or 4 postoperative days. Although in the past this has been attributed to the shortened half-life of damaged erythrocytes, the entire matter of hemolysis during and after CPB may be considerably more complex than this finding suggests. C5b-9, a product of complement activation, is deposited on the surface of erythrocytes during CPB. This may play a major role in hemolysis associated with CPB.S2









Systemic Vascular Resistance and Arterial Blood Pressure


At the onset of normothermic or moderately hypothermic CPB, systemic vascular resistance usually decreases abruptly. It then gradually increases toward normal throughout the period of CPB and may become higher than normal.C29,M17 Considerable variation exists from patient to patient in systemic vascular resistance and thus in systemic arterial blood pressure during perfusion. In patients with coronary artery disease, a high systemic vascular resistance tends to develop during CPB.W4


Precise mechanisms underlying these variations in systemic vascular resistance during clinical CPB have not been identified, except in one situation. When, after a protracted period of global myocardial ischemia, cardiac reperfusion is commenced, systemic arterial pressure and resistance decrease within about 30 to 45 seconds.D11 This interval coincides with the time it takes the cardiac reperfusate to appear in the coronary sinus, return to the pump-oxygenator via the venous cannula, pass through that machine, and be returned to the patient. Contents of the coronary sinus blood first appearing after an appreciable period of global myocardial ischemia likely contain vasodilating substances that develop in the heart during the ischemic period. Some studies have suggested that this blood contains a large number of leukocytes that have been sequestered in the heart during global myocardial ischemia.B25,B53,S8


In general, it is not necessary to pharmacologically manipulate systemic vascular resistance during CPB, but some evidence indicates that cerebral blood flow is lower than desirable when mean arterial blood pressure during normothermic or moderately hypothermic CPB goes below about 40 mmHg. Therefore, when mean blood pressure is lower than 40 mmHg for more than a few minutes during rewarming, the rational approach is to increase systemic vascular resistance with pharmacologic agents that will elevate arterial blood pressure (see Chapter 4). Increasing [image: image] above usual values during rewarming is generally ineffective in increasing arterial pressure. When systemic vascular resistance becomes so high during this phase of CPB that mean arterial blood pressure increases to more than 100 mmHg, it is prudent to reduce it pharmacologically to less than that level (see Chapter 4).


A vasoplegic syndrome (low systemic arterial pressure despite high cardiac output or CPB [image: image] and adequate fluid infusion with low systemic vascular resistance) has been observed following onset of CPB.A21,G18,G19 Patients who have a significant decline in mean arterial pressure early after initiation of CPB are more likely to become vasoplegic postoperatively and are more likely to die in the hospital or have a prolonged length of stay.L10 Patients with the vasoplegic syndrome have inappropriate low serum arginine vasopressin concentrations.A21 Infusion of vasopressin increases blood pressure and reduces catecholamine requirements.A21,M12 Methylene blue has also been used to treat patients with catecholamine-resistant vasoplegia.L14


Other risk factors for developing the vasoplegic syndrome after CPB include preoperative angiotensin-converting enzyme inhibitor or beta-blocker use, low ejection fraction, use of pressors or aprotinin before CPB, low pre-CPB mean arterial blood pressure, longer length of CPB, higher temperature on CPB, and higher pre- and post-CPB hematocrit.A21,L10









Distribution of Blood Flow


Distribution of blood flow during CPB cannot be assumed to be similar to that when the circulation is intact. Distribution (and thus regional and organ blood flow) during CPB may vary according to age of the patient, amount of hemodilution, [image: image], arterial pulse contour, any pharmacologic manipulation, temperatures of the perfusate and patient, and arterial PCO2, pH, and PO2. The specific effect of some of these variables on distribution of blood flow is unclear. There may well be species differences, making data based on human subjects the most useful.R26






Cerebral Blood Flow


Under conditions that often pertain in adults undergoing cardiac operations (nonpulsatile perfusion; flow 1.6 L · min−1 · m−2; temperature ± 25°C), cerebral blood flow (measured by radioactive xenon clearance) is about 25 mL · min−1 · 100 g brain tissue−1, with some variability depending on PaCO2.G21 During CPB in monkeys, a similar value has been found (using microspheres), representing about 6% of total systemic blood flow.F18


In humans, cerebral blood flow during CPB is no less in elderly patients than in other adult patients, and it appears to be proportionally similar in neonates and infants to that in adults.B59,G26,G27 Thus, age appears to have little effect on the proportion of total flow represented by cerebral blood flow under usual circumstances of CPB.


During normothermic and moderately hypothermic CPB in adults and elderly patients, cerebral blood flow is not importantly altered with variations of mean arterial blood pressure.B59,G26 This is similar to the situation in normal awake adult humans, in whom cerebral blood flow does not vary significantly with variations of arterial blood pressure (mean) from about 60 to 150 mmHg. When arterial blood pressure during CPB falls below about 40 mmHg, cerebral blood flow may decline appreciably, with a concomitant decrease in cerebral oxygen consumption.F6,T7 A reasonable inference is that in adults on CPB, arterial blood pressure need not be manipulated pharmacologically unless it is less than 40 to 50 mmHg.


By contrast, during hypothermic CPB—at least in neonates, infants, and children—cerebral blood flow is dependent on arterial blood pressure.G25,G26,G27 Corresponding variations in cerebral oxygen consumption have not been established with certainty. In view of this, arterial blood pressure should probably be kept above about 25 mmHg in this setting in young patients.


The effect of decreased CPB flow rate ([image: image]) on cerebral blood flow in humans is incompletely understood, in part because of the interaction between perfusion [image: image] and arterial blood pressure (see Chapter 4).F6 However, during moderately hypothermic CPB at the usual flow rates, there appears to be a direct correlation between CPB and cerebral blood flow rates, despite the poor or absent correlation between arterial blood pressure and cerebral blood flow.S23


Cerebral blood flow during CPB is affected by arterial carbon dioxide pressure (PaCO2). Hypercarbia increases cerebral blood flow, whereas hypocarbia decreases it.G21,M33,P18 In children undergoing hypothermic CPB, the flow increases 1.2 mL · min−1 · 100 g brain tissue−1 for every 1-mmHg increase in PaCO2 (measured at 37°C) between 33 and 50 mmHg.K5 Infants have a slightly blunted response. Data gathered by Kern and colleagues are compatible with the hypothesis that under usual conditions of hypothermic CPB, metabolic needs of the brain are met with a PaCO2 value of 33 mmHg.K5


Although autoregulation of cerebral blood flow has been described during normothermic and moderately hypothermic CPB, it may well be that it is the remainder of the body, not the brain, that accomplishes autoregulation. This was suggested by the experimental studies of Fox and colleagues.F18


Cerebral blood flow during CPB may at times be excessive in relation to cerebral oxygen consumption. For example, Croughwell and colleagues found that during CPB and reduction of the patient’s body temperature from 37°C to 28°C, cerebral blood flow decreased less than cerebral oxygen consumption. This was referred to as a situation of luxuriant cerebral blood flow accompanied by a narrowing of the cerebral arteriovenous oxygen difference.C37 Similar luxury perfusion can result from hypercarbia, and it has been argued that this increases the risk of cerebral damage by microemboli.H25,H27 This is an argument against use of pH-stat strategy for control of PaCO2 during CPB.









Cutaneous Blood Flow


Clinical information strongly suggests that blood flow to the skin is severely reduced during nonpulsatile CPB in humans. The small bald spot that develops on the back of the head after CPB in some patients is probably the result of the pressure produced by weight of the head on an area of poorly perfused skin in contact with even a well-padded pillow during operation. Ease with which burns are produced by the cautery pad may also be the result of poor blood flow to the skin during CPB.


Of interest, a study of the sublingual microcirculation in humans has shown that the proportion of perfused small blood vessels decreases importantly and similarly with induction of anesthesia in patients undergoing thyroidectomy, and cardiac surgery with or without CPB.D6 In the CPB group, the proportion of perfused small vessels decreased after induction, improved slightly thereafter, failed to return to baseline, and persisted after 24 hours (Fig. 2-17). The off-pump cardiac surgery patients had less severe but statistically significant microcirculatory alterations immediately postoperatively. These alterations improved slightly but also persisted after 24 hours. Thus, microvascular perfusion was altered similarly in CPB and off-pump patients 6 to 24 hours after admission to the intensive care unit. In thyroidectomy patients, early changes reversed rapidly in the postoperative period. Severity of microvascular alterations correlated with peak lactate levels after cardiac surgery (P < .05).D6 These findings suggest that changes in the microcirculation cannot be attributed entirely to CPB.





[image: image]

Figure 2-17 Evolution of the proportion of perfused small vessels in patients undergoing cardiac surgery with (red boxes, n = 9) and without (blue boxes, n = 6) cardiopulmonary bypass, and in patients undergoing thyroid surgery (green boxes, n = 7).


(From DeBacker and colleagues.D6)














Venous Tone


Veins constrict during CPB, and venous tone is increased. This increase may persist for some hours afterward.G2,R10 The mechanism has not been determined with certainty, but high levels of circulating catecholamines probably play an important role.









Catecholamine Response


Response of circulating epinephrine (released primarily from the adrenal medulla) and norepinephrine (which overflows into the bloodstream from generalized sympathetic nervous system discharge) has been studied by many groups, with somewhat conflicting results.H17,H33,P15,T6,T32 However, it is now clear that CPB is associated with a massive catecholamine release, greater than that from nearly any other form of stress. With onset of CPB in adult patients with coronary artery disease, plasma epinephrine levels increase; they begin to decline after discontinuation of bypassW4 (Fig. 2-18, A). Persisting elevation 1 hour after operation occurs only in patients with postoperative hypertension.
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Figure 2-18 Plasma catecholamines and arterial pressures (mean ± SE) in patients undergoing cardiopulmonary bypass (CPB) for coronary artery bypass grafting at various stages of operation and early postoperatively. Blue lines represent patients who were normotensive early postoperatively, and red lines those who were hypertensive. A, Epinephrine (Epi). B, Norepinephrine (NE). C, Mean arterial blood pressure (MAP). Key: CICU, Cardiac intensive care unit.


(From Wallach and colleagues.W4)





Plasma norepinephrine levels do not increase in adult patients who remain normotensive postoperatively, but in those with postoperative hypertension, it increases at the start of operation and reaches a peak at the start of CPB (Fig. 2-18, B). It remains elevated at 1 hour postoperatively in this group. These patients show arterial blood pressure responses typical for patients undergoing CPB, with a striking decrease at the onset of CPB from reduced systemic arteriolar resistance (Fig. 2-18, C).


Mean arterial blood pressure 1 hour after operation correlates positively with both plasma epinephrine and norepinephrine levels. Neonates, infants, and young children also demonstrate marked increase in catecholamine concentration during CPB.A15,A16,R12,W4


Sympathetic–adrenal system discharge during, and in some patients after, operation is presumably related to use of CPB. The increased catecholamine response, particularly of norepinephrine, is partly attributable to the fact that during CPB, blood does not pass through the lungs, where norepinephrine is largely inactivated.R12









Adrenal Cortical Hormones


Clinical studies nearly uniformly demonstrate large increases in cortisol and adrenocorticotropic hormones with initiation of CPB.A16,T13,T15 After CPB, patients exhibit markedly elevated levels of cortisol (free and total) for more than 24 hours.U3 It is not clearly established whether the elevated corticosteroid concentrations during CPB are deleterious or beneficial.









Vasopressin


Vasopressin, or antidiuretic hormone (ADH), is secreted by the pituitary gland and is a potent regulator of renal water excretion. Cardiac operations employing CPB are associated with large increases in ADH concentration that exceed those during other major surgical procedures; they can persist early postoperatively.K3,V14,W29









Body Composition


After CPB, extracellular fluid volume is increased.B49,C22 The increase is in the interstitial fluid compartment, as shown by increased interstitial fluid pressure during CPB.C22,R20 Plasma volume tends to be decreased.C22 The magnitude of increase in extracellular fluid volume is directly related to duration of CPB (Fig. 2-19) and is greater when hemodilution is used.C26 It is also greater with hypothermia and higher CPB [image: image].F2,H21 The large thoracic duct lymph flow occurring during CPB is related to this tendency of the interstitial fluid volume to increase.B9 Also, exchangeable sodium is increased after CPB, while total exchangeable potassium is decreased.P1 Amount and concentration of intracellular potassium are decreased.P1





[image: image]

Figure 2-19 Relation between duration of cardiopulmonary bypass (CPB) and increment in extracellular fluid minus plasma volume soon after operation (patients with heart failure are not included). Key: ECF, Extracellular fluid; PV, plasma volume.


(From Cleland and colleagues.C22)





These acute changes are probably, at least in part, the result of some of the damaging effects of CPB, including increases in capillary permeability, which probably facilitate the changes in body composition.B35,C36,D4,M8,T10,T11 Neurohumoral alterations resulting from a period of relatively nonpulsatile flow may also be contributing factors.









Thermal Balance


Heat is lost during CPB. A study of 6 adult patients cooled to 30°C during bypass lasting 130 minutes showed a mean net loss of 1000 kJ of heat (1 kilocalorie = 4.2 kJ) by the end of hypothermia.D5 Loss to the heat exchanger and pump circuit was 840 kJ, and evaporative and convective loss was 380 kJ; the patient’s metabolism supplied 220 kJ. During rewarming to a nasopharyngeal temperature of 37°C, the pump-oxygenator returned 670 kJ to the patient. Loss of heat during the period of anesthesia preceding bypass was not accounted for. Patients therefore left the operating room with a deficit of at least 330 kJ, equivalent to more than 1.5 hours of basal energy production. This deficit has to be restored early postoperatively, and the extra metabolism necessary to do this places a strain on the circulation that at times may be substantial. When deeper hypothermia is used, the problem is magnified, because muscle rewarms slowly and heat loss during operation is greater. It is necessary to bear in mind that the temperature of the muscles and body fat remains considerably lower than that of the nasopharynx after a short period of rewarming.


After CPB, a hypermetabolic state exists for at least 6 hours, sometimes longer. [image: image] and carbon dioxide production are increased during this period, and body temperature may rise precipitously.C12,T30 The possible relationship between intracellular levels of IL-1 and hyperpyrexia is discussed earlier in this section under “Cytokines.”











Agents of Damage






Foreign Surfaces


Recognition by the cells that the surfaces in the pump-oxygenator system are foreign is a fundamental inciting agent for the damaging effects of CPB, as previously described.E2,E3 All elements of blood, formed and soluble, are affected. These phenomena were perhaps first reported by Lee and colleagues in 1972 and termed protein denaturation.L7 In subsequent years, further effects of CPB on the complement cascade, white cell, and platelet elements and humoral and endothelial systems have been elucidated. Selectins, kallikreins, kinins, leukotrienes, TNF, proteases, cytokines, and others are activated, liberated, or suppressed during CPB, presumably by exposure to foreign or nonbiological surfaces or the blood/gas interface.


Because it is only in the boundary layer of flowing blood that the foreign surface is encountered, opportunity for damage is directly related to the proportion of the blood flowing there. Thus, it is in the oxygenator, where this proportion is deliberately made as large as possible to promote efficient gas exchange, that the opportunity for surface interactions and damage is greatest. This includes bubble oxygenators, because gases themselves are recognized as foreign surfaces when in direct contact with blood. It is next greatest in the heat exchanger, next in filters, and least in tubing and reservoirs.


Some artificial surfaces are more interactive with blood than others; nylon may be a particular offender.C10 Surfaces may be passified to some extent in the initial few minutes of CPB by deposition on them of denatured albumin, platelets, and other substances, but in oxygenators this is disadvantageous to gas exchange.G20 Experimentally, some of the surfaces of certain parts of pump-oxygenator systems have been seeded with endothelial cells, but this has not yet been made practicable.


Currently, most pump-oxygenator systems have coated circuits to reduce the formed blood elements’ response to the artificial surface of the perfusion circuit. These range from synthetic coatings, to covalent heparin bonded coatings, to albumin-based coatings. All have been associated with a decrease in the amount of formed blood elements deposited on the surfaces of the perfusion circuit.









Shear Stresses


Shear stresses are generated by blood pumps, suction systems, abrupt acceleration and deceleration of blood, and cavitation around the end of the arterial cannula. For the leukocyte, they are an important abnormal event during CPB. This is in part because leukocytes are the largest formed blood element and are normally exposed to nonendothelialized surfaces, and because they are capable of exiting from the vascular space by diapedesis and by migrating via chemotactic gradients. They are also capable of phagocytosis and, because of their proteolytic and enzymatic components, of digesting almost any biological material. Martin demonstrated that shear stresses not only increase leukocyte disruption but also increase degranulation and adherence and decrease aggregation, chemotactic migration, and phagocytosis in nondisrupted leukocytes.M10


Erythrocytes are damaged during CPB primarily by shear stresses. The amount of hemolysis and liberated free hemoglobin increases linearly as shear increases.S22 In CPB systems, hemolysis is much less without the oxygenator in the system, and bubble oxygenators have been shown to produce more hemolysis than membrane oxygenators.A11,C19,M35 Interaction of the damaging effects is again demonstrated by the fact that the critical shear stress for erythrocytes is lowered by presence of an unphysiologic surface. Intracardiac sucker systems are particularly damaging to erythrocytes, not only because of high shear stresses and deceleration injury but also because negative pressures are more damaging to erythrocytes than positive ones.











Incorporation of Foreign Substances


In intact humans, foreign substances rarely enter the arterial bloodstream, although when they do, the well-recognized pathologic state of arterial thromboembolism may develop. During CPB, air bubbles, particulate matter from the pump-oxygenator, platelet aggregates and fragments, fibrin aggregates, denatured protein particles, atheroma, and chylomicrons may be contained in the arterial blood and may be distributed throughout the patient’s arterial system.B39,B50,C20,D15,R6


Microembolization is greatest during the first 5 to 10 minutes of CPB.C20 Perhaps related to this, the total amount of microembolization is not correlated with duration of CPB.B39 The amount does seem to be decreased by a small-pore filter in the arterial tubing of the pump-oxygenator, but this is arguable.B39 Microembolization is greater when bubble oxygenators rather than membrane oxygenators are used.B38,B40 Embolized particles, whatever they may be, usually cause only transient obstructions to flow; thus, after 5 to 10 days, there is usually little evidence of their presence.B37 Nevertheless, there is some correlation between depressed neuropsychometric test scores postoperatively and number of microemboli.B39,F5


There are many potential sources of microemboli. In some instances, pump-oxygenator surfaces have fine deposits of debrisR6; this has led some to advocate preliminary filtration of blood that has passed through the system before CPB is established. Gas bubbles are commonly found in the arterial input to the patient; these must have multiple sources, although they have been shown to be more prevalent when bubble oxygenators are used. There is some suggestion from the work of Clark and colleagues and Donald and Fellows that large temperature gradients between the water bath and blood in the heat exchanger (i.e., rapid cooling and rewarming) are accompanied by a showering of gaseous microemboli.C20,D15 Adhesion and aggregation of platelets during CPB (see “Platelet Response,” earlier) and formation of fibrin despite heparinization (see “Humoral Response,” earlier) contribute importantly to microembolization.B39 Intracardiac sucker systems incorporate gaseous macro- and microemboli, fibrin, platelet aggregates, and debris into the blood, some of which cannot be removed before the blood is returned to the patient.


Gradual improvements in techniques and equipment for CPB have decreased the prevalence of foreign substances and cellular debris entering the patient’s arterial system during cardiac surgery.A22,B39 This problem remains important and the subject of continuing research, because it probably contributes to neuropsychiatric abnormalities after CPB and to cardiac, pulmonary, and other subsystem dysfunction.B39









Heparin


Heparin is administered before and during CPB to prevent coagulation of blood (see “Heparin Levels” under Controlled Variables earlier in this section, and see “Heparinization and Later Protamine Administration” under Preparation for Cardiopulmonary Bypass in Section III). It is an agent of damage, in part because it is an imperfect anticoagulant that permits formation of microthrombi in the pump-oxygenator that can embolize to the patient. In rare instances, heparin produces an adverse effect such as severe thrombocytopenia.


Efforts continue to be made to avoid heparinizing patients in the usual manner, primarily by making surfaces of the pump-oxygenator biocompatible. The most common method involves bonding heparin to these surfaces.V12


Contraindications to use of unfractionated heparin include HIT, heparin allergy, or protamine allergy. Currently, alternative agents are undergoing laboratory and clinical investigation. These include low-molecular-weight heparin and heparinoids, ancrod (a defibrinogenating agent derived from pit viper venom), hirudin (a coagulation inhibitor derived from the salivary glands of the medicinal leech), and coagulation factor inhibitors such as factor IXia, an inhibitor of factor IXa, and argatroban, an inhibitor of factor IIa.F22









Protamine


Protamine is generally necessary after terminating CPB to reverse the effect of heparin. However, it is an agent with damaging effects because it activates the complement cascade through the classic pathway, and occasionally provokes temporary (5-15 minutes) severe bronchospasm, elevation of pulmonary vascular resistance, and hypotension.K6,L20 Whether prevalence of these undesirable reactions is reduced by slow administration of the drug or by infusing it into the left atrium or aorta rather than the right atrium is arguable.




















Prevention of Undesirable Responses


True prevention of the fundamentally disadvantageous and undesirable responses to CPB has eluded the cardiovascular surgical community despite intensive efforts. Developments in molecular biology may provide techniques that some day accomplish this. To date, only palliative measures are available, some of which are described in “Other Additives” under Controlled Variables.









Safe Duration of Total Cardiopulmonary Bypass


Partial CPB is better tolerated than total CPB,I1 and its safe duration is measured in days if a true membrane oxygenator is used (see “Cardiopulmonary Support and Extracorporeal Membrane Oxygenation” in Section I of Chapter 5). Safe duration of total CPB is much shorter and is measured in hours, although not fully defined. The safety of CPB is known to be adversely affected by certain incremental risk factors.


Duration of CPB is clearly a risk factor for morbidity (Fig. 2-20) and mortality after cardiac surgery, but the relationship between duration of total CPB and morbidity and mortality is affected by other risk factors as well. Type of oxygenator is probably one such risk factor; in general, true membrane oxygenators are the safest, followed by microporous oxygenators. Bubble oxygenators are generally the least safe. In contrast to moderate or deep hypothermia, normothermia throughout most of the period of total CPB is arguably a risk factor that affects the relationship between duration of CPB and unfavorable outcomes (see General Comments and Strategy in Section III). Absence of hemodilution is probably a risk factor. Very low venous oxygen levels, although no doubt interrelated with some of the previously mentioned risk factors, appear to increase the risk of unfavorable events after CPB.
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Figure 2-20 Nomogram from a multivariable analysis (see Table 2-4) of probability of morbidity (cardiac, pulmonary, renal, and coagulation dysfunction) after cardiopulmonary bypass (CPB) according to its duration. Relationships are shown for four age groups at a C3a level of 882 ng · mL−1 (median value in the study). Dashed lines enclose 70% confidence intervals.


(From Kirklin and colleagues.K7)





It is arguable that patient age is a risk factor for unfavorable outcome events after CPB, but the impression is that very young (Fig. 2-21) and very old age have an unfavorable effect on the relation between duration of CPB and prevalence of unfavorable outcomes. Immature patients may have a greater tendency to develop increased capillary permeability than older patients, although this has not been well documented. Strength of the patient’s humoral and cellular responses to CPB also affects this relationship, with greater complement activation appearing to have an unfavorable effect (see Table 2-4).
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Figure 2-21 Nomogram from a multivariable analysis of probability of morbidity after cardiopulmonary bypass (CPB) according to age at operation in children at three different CPB times. Dashed lines enclose 70% confidence intervals.


(From Kirklin and colleagues.K7)





Thus, the relationship between safety and duration of total CPB depends on a number of factors that have mitigated against a complete understanding of it. Duration of CPB has clearly been identified as a risk factor for poor outcome in a wide range of studies of open heart surgical procedures. Nevertheless, it remains a possibility, even a likely one, that longer duration of CPB is primarily a marker for an operation that has not proceeded as planned. For example, in fairly well standardized operations such as CABG or the arterial switch procedure for transposition, duration of bypass beyond the expected range likely is a marker for technical problems with the procedure. It is factors related to poor technical operation, and not CPB duration, that have a causal relationship with increased morbidity. Other indirect evidence suggests that safe duration of CPB may be many hours, rather than a few. Patients can be supported on extracorporeal membrane oxygenation (ECMO) for days and even weeks without developing circulation-related complications. It must be fully acknowledged, however, that closed ECMO circuits and open CPB circuits have many differences.











Section III Clinical Methodology of Cardiopulmonary Bypass






General Comments and Strategy


CPB should be used as a flexible clinical tool, recognizing its physiologic limitations, risks, and damaging effects. CPB is combined with at least some degree of hypothermia in many situations for the reasons given in Section II. An important advantage of hypothermia is that it allows safe periods of very low perfusion flow rate (≈0.5 L · min−1 · m−2) or circulatory arrest when needed, but the possible advantages of normothermic CPB continue to be explored. These include lower systemic vascular resistance and higher cardiac output in the early postoperative period and less blood loss.T22 However, decreased oxygen saturation (<50%) in the cerebral venous blood has also been observed, particularly during the early period of CPB.C28


Size of the arterial and venous cannulae is determined primarily by perfusion flow rate and type of venous return, but total perfusion flow rate—even at normothermia—is not an absolute quantity but encompasses a range of acceptable values. Thus, if the surgical situation compels use of smaller cannulae, perfusion flow rate can be set at a smaller value, or assisted venous return (vacuum, centrifugal pump) can be used.B3,F25,O4,T23 Two venous cannulae may be used as a routine or only for congenital heart disease operations, including those in infants, and operations involving the right atrium, such as tricuspid valve surgery. A single two-stage venous cannula, having additional holes that come to lie in the right atrium while the tip is in the inferior vena cava (IVC), may be used for CABG; operations on the aortic valve, mitral valve, and ascending aorta; some operations for congenital heart disease; and combinations of these procedures. Such a cannula has been shown experimentally to efficiently decompress the right heart.B18 On occasion, a single venous cannula may also be used with conventional CPB and without aortic clamping for simple operations such as replacement of a valved extracardiac conduit.


Method of cannulation, use of left atrial and left ventricular vents, monitoring catheters, and indeed all aspects of clinical CPB should be flexible within certain limits. The combined knowledge and experience of the surgeon, anesthesiologist, and perfusionist should allow adaptation to the surgical situation while ensuring the greatest possible safety for the patient.


Some operations traditionally performed with CPB support can be designed to avoid use of CPB. These include off-pump CABG (Chapter 7), bidirectional superior cavopulmonary shunt (Chapter 41, Section III), and extracardiac conduit Fontan operation (Chapter 41, Section IV). Percutaneous aortic valve replacement (Chapter 12), investigative percutaneous techniques to address mitral valve regurgitation, and intravascular aortic stent-grafting (Chapter 26) are examples of traditionally surgical procedures that are becoming catheter based or hybrid procedures that do not require CPB.









Positioning Monitoring Devices


Monitoring devices used for various cardiac operations in infants, children, and adults and specific positioning are discussed in Chapter 4.









Positioning Patient


The surgeon should collaborate with the anesthesiologist to position the patient correctly for operation, because an improperly positioned patient can make the operation more difficult and injure the patient. For a median sternotomy, both arms may be placed at the side to permit optimal access for the surgical team and avoid traction on the brachial plexus during operation. Alternatively, a carefully positioned arm board can be used for the left arm (and for venous and arterial catheters).


Particularly in infants, a pad is placed under the back to project the chest forward and extend the neck. The patient’s trunk must not be rotated, and the arms at the side must be secured and protected to prevent compression of the ulnar nerve at the elbow. A cautery pad is placed under the buttocks or the back. Pads for external defibrillation may also be placed on the anterolateral left chest and the back. A draping framework is placed over the head of the patient and extended to either side to screen the patient’s head and the anesthesiologist from the sterile field. A urethral catheter containing a thermistor is inserted into the bladder. A thermistor probe is positioned in the nasopharynx.









Preparing Surgical Field


The skin of the anterior thorax and abdomen is prepared with an antiseptic solution after mechanically cleansing it. In most patients, both groins should be prepared as well and draped into the surgical field so that the femoral vessels can be cannulated if necessary. Both legs are surgically prepared in their entirety for individuals undergoing CABG.


Appropriate sterile drapes are applied. Draping must shield the surgical field from the anesthesiologist, while at the same time allowing him or her an unobstructed view into the field.


Finally, the surgical field is covered by an impervious adhesive plastic sheet, in part to prevent the side drapes from falling away from the skin. It also prevents the drapes in the vicinity of the wound from becoming wet and thus losing their sterility.


Pump tubing is passed from the operating table to the perfusionist, who completes the CPB circuit. Tubing for infusion of cardioplegia, pericardial irrigation, suction, and venting is also positioned.









Incision






Primary Median Sternotomy


A straight vertical midline skin incision is generally made in patients undergoing CPB through a median sternotomy. This incision commences several centimeters below the suprasternal notch and extends to the tip of the xiphoid.


An exception may be made in prepubertal girls in whom a bilateral submammary skin incision is made that follows the fourth intercostal space. A flap of skin and subcutaneous tissue is raised superiorly and inferiorly to expose the full length of the sternum for a vertical sternotomy. However, this incision may cause underdevelopment of the breasts in girls of this age and should be used judiciously. When used in female patients of all ages, this incision may cause hypesthesia or anesthesia of the anterior chest wall.


The exact midline over the sternum is scored with the cautery. A retractor elevates the upper angle of the vertical skin incision, placing the underlying tissues on tension. The soft tissue is separated from the superior surface of the manubrium, and a right-angled clamp is passed over the denuded manubrium into the space behind, hugging the bone. The clamp is spread to create a space for the tip of the sternal saw. The suprasternal ligament is cut with the cautery.


The blade of an electric or air-driven saw is held snugly against the posterior surface of the manubrium with the cutting edge against the superior manubrial surface. After activating the saw, the surgeon cuts the manubrium and sternum, staying precisely in the midline. The tip of the saw is kept elevated so that the toe of the saw hugs the back of the sternum. During sawing, the anesthesiologist should cease ventilating the patient and exert no pressure on the lungs, so that the soft tissue and pleura will fall away from the sternum. Drifting away from the midline with the saw must be avoided because the sternum will not spread evenly, and its later closure will be more difficult.


Alternatively, the sternum can be divided from the bottom up. The xiphoid process is mobilized or excised, and the tip of the blade is introduced beneath it. In neonates and infants, the xiphoid process may be excised, the costal margin on either side elevated by sharp retractors, and sharp, well-aligned scissors used to cut the sternum in the midline, from below upward.


When the incision is properly made, the pleural spaces are infrequently entered. A thin layer of bone wax is spread over the bone marrow, primarily where the bleeding is active. When the sternum is fragile, as in older patients, it is better to avoid wax altogether. Bleeding points in the cut edge of the anterior and posterior sternal periosteum are cauterized, but excessive cauterization should be avoided. A retractor is inserted and opened just enough to permit dissection. After a few minutes, it is opened further. It should be opened no more than is necessary for the procedure, because excessive retraction, particularly of the upper half of the sternum, may cause rib fractures, dislocation of costochondral junctions, injury to the brachial plexus, and damage to the stellate ganglion.


Dissection continues by incising the fascia that envelops the thymus gland. The right and left lobes of the thymus are separated up to the level of the brachiocephalic vein. In infants and children, and occasionally in adults, the thymus may be subtotally resected, leaving only the cervical portion cephalad to the brachiocephalic vein, to avoid expanding hematomas that may cause postoperative bleeding.


The pericardium is then opened longitudinally in the midline, from the diaphragm below to the brachiocephalic vein above. Where this incision meets the diaphragm, care must be taken not to incise the parietal peritoneum. If entry is made into the peritoneal cavity, the opening is sutured to avoid sequestration of blood and fluid in it. The pericardium is cut at right angles to the longitudinal incision at its diaphragmatic end, farther on the left than on the right, after pushing back the pleura to avoid entering the pleural spaces. Pericardial stay sutures are then placed.









Alternative Primary Incisions


Incisions other than a full median sternotomy are being used with increasing frequency. These incisions and the techniques of cannulation required for their use are described at the end of this section in Special Situations and Controversies.


The remainder of the general discussion on the clinical methods of CPB focuses on the median sternotomy approach to the pericardial cavity and its contents.









Secondary Median Sternotomy


The surgeon must estimate preoperatively the chances that catastrophic hemorrhage will develop from repeat sternotomy. This affects the decision regarding whether to cannulate peripheral vessels and establish CPB before sternotomy. It is helpful to study the chest radiograph and any available cineangiograms. However, cross-sectional imaging by CT or MRI provides the most useful information. When one of the great arteries, right ventricle, coronary artery bypass grafts, or a right ventricle to pulmonary trunk conduit is in close proximity to the back of the sternum, peripheral cannulation, establishment of CPB, and induction of moderate hypothermia before sternotomy are prudent precautions.


When a previous sternotomy has been performed, an oscillating saw is commonly used. Properly used with a light touch by the operator, this saw allows the sternum to be split without damage to underlying structures. Once the sternum is divided, a sharp handheld retractor is inserted to elevate the lower left sternal fragment. Dissection is commenced just beneath the xiphisternum, dividing the tissues just behind the sternum. Working from below upward, the surgeon frees the left sternal edge in this manner to the level of the suprasternal notch. The same maneuver is repeated on the right side. Returning to the left sternal edge, the surgeon fully elevates it with two retractors and carries the dissection leftward, keeping fairly close to the sternum until the divided edge of the pericardium is identified (when the pericardium has not been sutured at the first operation, it retracts well away from the midline). The left edge of the pericardium is separated from the underlying ventricle with scissors. This plane is usually easily developed inferiorly above the diaphragm. This limited left-sided dissection is carried superiorly also over the pulmonary trunk, avoiding damage to the tip of the left atrial appendage and left phrenic nerve. If the left internal thoracic artery was used as a bypass graft during the previous operation, it must be identified and protected.


The rib spreader is then inserted and opened. Right-sided structures usually must also be completely dissected. The plane of dissection for this is also most easily developed inferiorly above the diaphragm. It is often best accomplished partly from below and partly from above at the anterior and right lateral margins of the aorta. The inferior and superior dissections can frequently be easily connected by careful blunt dissection with the finger posteriorly, just in front of the right pulmonary veins and left atrium. Finally, the lateral right atrium is carefully freed, leaving a piece of pericardium attached to the atrium if it is too densely adherent. This is often at the site of previously placed purse-string sutures.


It is very important during dissection of the aorta to remain outside the adventitial layer. The outer edge of the superior vena cava (SVC) is then dissected. To permit later clamping, the aorta requires further dissection, particularly posteriorly in front of the right pulmonary artery and on the left lateral margin.


Further dissection should be avoided unless it is necessary for proper exposure. Operations in which more extensive dissection may be necessary include redo CABG and repairs inside the right ventricle (see later chapters). When further mobilization is necessary, it is usually deferred until CPB has been established. The heart can then be emptied and dissection performed more precisely and more easily, with no hemodynamic disturbances. However, perfusion at this stage should be normothermic to prevent ventricular fibrillation and overdistention of the heart. If the heart cannot be completely mobilized, the left pleural space may be entered and opened widely, because this allows cardiac defibrillation and the usual de-airing maneuvers at the end of the operation.











Preparation For Cardiopulmonary Bypass


Once the pericardial stay sutures are inserted, size and any abnormalities of the cardiac chambers are noted, anomalies of systemic venous return (especially a persistent left SVC) or pulmonary venous return are sought. A left atrial monitoring catheter, if indicated, may be inserted at this time or later, just before discontinuing CPB. For this, a 3-0 purse-string stitch is placed on the right superior pulmonary vein just posterior to the right atrium (Fig. 2-22). A fine polyvinyl catheter is threaded into a 16-gauge Tuohy needle, the needle is inserted into the left atrium through the purse string, the catheter is advanced about 2 cm, the needle is withdrawn, and the purse string is tied. A 5-0 stitch is placed in the adjacent pericardium and tied snugly around the catheter, very near the purse string. The other end of the catheter is brought through the skin and attached to a pressure gauge.
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Figure 2-22 Schematic representation showing positions of sites for cannulae and catheters. As indicated in the text, not all are used in every patient. Key: IVC, Inferior vena cava; LA, left atrium; RA, right atrium; SVC, superior vena cava.








Siting and Purse-String Sutures for Aortic Cannulation


The site for cannulation of the aorta should be within the pericardial reflection whenever possible, because the aorta where the pericardium is fused onto the anterior surface is tougher and better for cannulation than the part outside (beyond and downstream to) the reflection. In this location, the cannulation site is proximal (upstream) to the origin of the brachiocephalic artery. The site should be a little to the left side of the anterior aortic surface (to the right side in patients with right aortic arch) as an added precaution against the cannula tip entering the brachiocephalic artery. At times in infants, in children with a previously constructed Waterston anastomosis or with truncus arteriosus, in adults with short ascending aortas or ascending aortic aneurysms, and in those about to undergo primary or redo CABG, the pericardial reflection over the cephalad end of the ascending aorta can be dissected off the aorta, the aorta retracted inferiorly, and the purse-string sutures placed on the anterior aortic wall at the level of, or if necessary distal (downstream) to, the orifice of the brachiocephalic artery on the aortic arch. In such situations, care is taken to position the aortic clamp proximal (upstream) to the orifice of the brachiocephalic artery.


Two purse-string sutures of 2-0 or 3-0 polyester or polypropylene are placed. They should catch only the adventitia and must not penetrate into the lumen. Tourniquets are placed on these sutures. When the aorta is scarred from a previous operation, a single pledgeted 3-0 polypropylene box stitch may be used at the cannulation site. A purse-string stitch is also placed for the cardioplegic needle or venting cannula (see Fig. 2-22).


The aorta of older patients, particularly those with coronary artery disease, may be arteriosclerotic, and its manipulation, cannulation, and clamping may result in dislodging and embolizing atheroma. It is prudent to perform epiaortic ultrasonographic scanning of the aorta in such patients to detect severe arteriosclerosis and position cannulae and clamps in areas where arteriosclerotic disease is minimal or absent (see Chapter 26). Alternatively, off-pump coronary revascularization may be used or on-CPB beating heart revascularization with peripheral cannulation and without aortic clamping (see “Cardiopulmonary Bypass Established by Peripheral Cannulation” under Special Situations and Controversies later in this section).T9









Siting and Purse-String Sutures for Venous Cannulation


Purse-string sutures for venous cannulation can be placed before or after heparinization and aortic cannulation. Number and sites of these purse strings depend on the perfusion technique to be used. When a single venous cannula is used, only a right atrial appendage purse-string suture is needed.


When two venous cannulae are used, the SVC and IVC may be cannulated directly. This approach is an old one, but has been refined by availability of smaller cannulae. With this method, venous drainage and exposure within the atria and ventricles are excellent, even in infants. An oval-shaped purse string is placed on the presenting surface of the SVC (see Fig. 2-22), and a tape is placed around the SVC. For this, an incision is made in the pericardial reflection over the right pulmonary artery on the medial side of the SVC and again lateral to the SVC. These incisions allow a right-angled clamp to be passed easily around the SVC to grasp the tape and pull it through. The tape is placed in a rubber or plastic tourniquet. Alternatively, the SVC may be cannulated through a purse string in the right atrial appendage. To pass a tape around the IVC, the pericardial reflection posterior to the IVC and just inferior to the right inferior pulmonary vein is incised. This maneuver clearly delineates the inferior border of the right inferior pulmonary vein and left atrium. It establishes a free communication between the two pericardial spaces, which permits better circulation of the external cooling fluid, and provides a space for the IVC tape to be placed. Alternatively, the IVC can be mobilized by first passing the fingers to the right of and behind the cava and breaking down the pericardial reflection posteriorly by blunt dissection. The hand is then removed and a right-angled clamp substituted. The tip of this instrument is exposed by retracting the lateral right atrial wall superiorly and to the left. Usually, the clamp slides around the IVC without further dissection. Occasionally, tissue must be divided with scissors, working lateral to the right atrium and below the inferior pulmonary vein. Then the surgeon, with tissue forceps or a sponge, retracts the right atrium superiorly and to the left to expose the presenting surface of the IVC, which may require limited dissection from the diaphragm. A purse-string stitch is placed at the junction of the right atrium and IVC, or on the IVC itself, in a transverse oval shape (see Fig. 2-22).









Heparinization and Later Protamine Administration


Measurement of activated clotting time (ACT) and calculation of a heparin dose-response curve allows heparin and protamine doses to be individualized for each patient.B1 First a baseline, or control, ACT is established after sternotomy. Heparin (300-400 units · kg−1 or 3-4 mg · kg−1) is then given. After 3 to 5 minutes, the ACT is again determined. Additional heparin is given as needed to achieve an ACT of greater than 400 seconds. Cannulation is then performed. Heparin (3 units · mL−1) is added to the priming volume of the pump-oxygenator (e.g., 5000 units for a 1600-mL clear solution). After CPB is established, the ACT is determined every 30 minutes, and additional heparin is given to maintain the ACT at greater than 400 seconds during normothermic CPB and at greater than 480 seconds during hypothermic CPB (<30°C). The ACT should be measured more frequently if it does not respond appropriately to additional doses of heparin. (See cautions about the interference of aprotinin and other factors with interpretation of ACT, particularly when measured with Celite, in “Other Additives” in Section II.)


Protamine sulfate is given at the end of CPB, after removal of all cannulae. This biological product, obtained from the sperm of fish, is a simple protein of low molecular weight. It is a heparin antagonist, forming with heparin a heparin-protamine complex. Protamine has a rapid onset of action, but the heparin-protamine complex may be partially metabolized or react with fibrinolysin, thus freeing heparin and causing a heparin rebound.


Several methods are available to calculate the dosage of protamine to be administered at the end of CPB.M31 These methods and their advantages and disadvantages are listed in Table 2-5. A widely used method involves administering 1 to 1.5 mg of protamine for each 100 units (or each mg) of heparin; 1 mg of protamine neutralizes approximately 85 units of heparin. Extra protamine is given to prevent heparin rebound associated with heparin release from tissue stores or from heparin-protamine aggregates, and to compensate for the probable shorter biological half-life of protamine.M31


Table 2-5 Comparison of Methods for Calculating Protamine Dosage






	Method

	Advantages

	Disadvantages






	Fixed dose

	Simple

	Inadequate or excessive protamine






	(1-1.5 mg heparin · kg−1)

	Not reliant on ACT

	Potential for increased coagulation times with standard doses






	ACT/heparin dose-response curves

	Rapid, easy to use in OR

	No correlation between ACT and heparin levels






	More accurate protamine administration

	Relies on ACT






	Decreased blood product requirements

	Dependence on plasma volume






	Heparin levels

	Less protamine given

	Requires peripheral laboratory






	 

	Not reliant on ACT

	Time consuming
Assumes point on static curve






	Protamine titration

	Less protamine required than fixed dose

	Variability between heparin and protamine preparations






	Decreased postoperative bleeding

	Dependence on blood volume estimate






	No rebound effect seen with small protamine doses

	Several steps for potential error
Assumes point on static curve







Key: ACT, Activated clotting time; OR, operating room.


Modified from Moorman and colleagues.M31









Arterial Cannulation


After heparin has been administered, the adventitia within the purse string is incised. With the aorta stabilized by a gauze sponge under the surgeon’s left index finger, a digitally controlled stab wound of sufficient length is made within the purse string. The aortic cannula can then be slipped into the aorta easily and usually bloodlessly. Care is taken to adjust the cannula so that only 5 to 10 mm projects into the aorta. If an angled cannula is used, it is positioned so that the opening faces distally into the aortic arch.


The tourniquet on the purse-string suture is secured, and the cannula is tied to it. The arterial cannula is connected to the arterial tubing from the pump-oxygenator and carefully de-aired. All clamps are then removed from this tubing if a roller pump is used, but not if the arterial pump is of the controlled vortex type. This technique may be used in adults, children, infants, and neonates.


Alternatively in neonates, infants, and small children, a fine side-biting clamp (Cooley or Castaneda) is used. All layers of the aorta, including the adventitia, are thicker in these small patients, and an excluding clamp will not damage the intima. The excluded portion of aorta is opened longitudinally with a knife. The purse-string stitch is then positioned, and the cannula tip is inserted into the opening while releasing the clamp. With this technique, the arterial cannula can have a long tip beyond the collar and is positioned so that this tip lies in the transverse portion of the aortic arch, safely beyond the origin of the brachiocephalic artery. Alternatively, the arterial cannula may have a very short tip beyond its collar, and the cannula will be perpendicular to the aorta after its insertion.









Venous Cannulation


When a single venous cannula is to be used, a suitable clamp is placed across the right atrial appendage, the appendage is opened, hemostats or forceps are placed on both edges, and the cannula is inserted into the right atrium. A single two-stage venous cannula of variable diameter may be used in adults undergoing CABG, aortic valve replacement, or in some cases of mitral valve replacement. When properly positioned, the tip will be in the IVC and the side holes in the mid-right atrium.


When two venous cannulae and caval taping are to be used, a clamp is placed across the right atrial appendage, the appendage is opened, and one and then the other venous cannula is inserted through this opening. One is guided into the SVC and the other into the IVC. Alternatively, direct caval cannulation can be used. The right atrium adjacent to the IVC is retracted by the surgeon with tissue forceps or a sponge, a stab wound is made in the center of the IVC purse string, and the cannula is inserted. A stab wound is made in the center of the purse string on the SVC, and this venous cannula is inserted. CPB is then established (see Commencing Cardiopulmonary Bypass and Left Heart Venting later in this section). Direct caval cannulation can be difficult in neonates and infants when the heart is large. In these small patients, maneuvers required for exposure of the IVC can lead to severe hypotension.


After the cannulae are inserted, each tip must lie directly parallel to the walls of the vena cava, with the tip of the SVC cannula pointing upward and that of the IVC downward. Otherwise, venous obstruction will result. Precision in positioning the tips of the cannulae can be obtained by attaching the cannulae to the Y connector on the venous line in exactly the right orientation before their insertion. When exposure of the IVC is particularly difficult, the SVC may be cannulated first, partial CPB established, and the IVC then exposed for placing the tape and purse-string suture and for inserting the cannula.


Two venous cannulae inserted directly into the cavae as described are well suited for operations in children, infants, and neonates down to a body weight of about 2.5 kg. When the cannulae are placed as described, venous drainage is excellent; this can be verified by routine measurement of SVC pressure through an indwelling small catheter previously introduced into the internal jugular vein. An advantage of direct caval cannulation in cases in which the major portion of the operation is performed during hypothermic circulatory arrest is that the heart may be opened and the exposure arranged during the latter part of cooling and before the arrest period. The cardiac chambers can be closed during rewarming. A disadvantage is that when the heart is closed, the inferior caval cannula may have to be repositioned into the right atrium to prevent its distention by blood returning from the coronary sinus, SVC, or both.











Commencing Cardiopulmonary Bypass and Left Heart Venting


On command from the surgeon, the perfusionist commences CPB. The surgeon removes the arterial and venous line clamps (if present). The perfusion flow is gradually increased to about 2.2 L · min−1 · m−2, and after the proper flow has been obtained, perfusion cooling (if indicated) is begun.


In neonates and infants, the priming volume of the pump may be maintained at a temperature of 18°C to 22°C, 30°C, or 37°C. If a cold prime is used, myocardial function is immediately affected after establishing CPB. Heart rate slows and contraction is impaired. The contribution to total blood flow by the heart rapidly diminishes. Therefore, the arterial pump must rapidly reach full flow to maintain adequate systemic perfusion. The heart should be carefully observed during this period for ventricular distention, especially in infants and neonates with high ventricular compliance and a heart less tolerant of excessive preload. If distention occurs, pump flow must be reduced and the venous cannulae repositioned. If cardiac contractility is maintained during initiation of CPB, it is preferable to maintain ventilation until full flow is achieved.


For operations in adults and older children, the left-heart venting catheter is inserted from the right side directly into the left atrium through a purse-string stitch positioned at the junction of the right superior pulmonary vein and the left atrium (see Fig. 2-22). The stitch should pick up atrial wall and the adventitia of the pulmonary vein, and should not be large enough to compromise the pulmonary vein orifice when tied down. In most cases a long, soft, angled catheter is used, and it is advanced through the mitral valve into the left ventricle. This must be done precisely if the heart is beating, in view of the possibility that air can be introduced into it and embolize to the brain unless the aorta has been clamped. Therefore, venous pressure is increased by reducing venous drainage to increase the volume of blood in the heart. A small incision is made within the purse string, and the venting catheter is introduced. After the venting catheter has been advanced into the left atrium, the left hand is placed behind the heart to palpate the tip of the vent and guide it toward the mitral valve and into the left ventricle. The same precautions with respect to air are necessary as the vent is withdrawn at the end of the operation.


For operations in the right atrium or right ventricle in which increased pulmonary venous return is anticipated, venting of the left heart can be performed as described in the previous paragraph. Alternatively, when two venous cannulae are used for operations in the right ventricle or right atrium, the caval tapes are secured after cooling has been initiated and the right atrium opened through a small oblique atriotomy. If a patent foramen ovale or atrial septal defect is present, a sump catheter is placed partially across it and into the left atrium. If neither is present, a stab wound is made in the fossa ovalis directly beneath the superior limbus. If this landmark is not used and the stab wound is imprecisely made, the vent may come to lie outside the heart rather than in the left atrium. Because the sump catheter lies only partially across the atrial septum, it removes both left and right atrial blood. The right atrium remains open during the repair.


If the right superior or inferior pulmonary vein is not accessible for venting, the pulmonary trunk and apex of the left ventricle are alternative sites. If the pulmonary trunk is used, a catheter or sump is inserted through a purse string in it immediately above the pulmonary valve. Drainage and decompression of the left heart may be suboptimal with this technique. If the left ventricle is to be vented directly, a pledgeted mattress suture of 2-0 or 3-0 polyester or polypropylene is placed near, but not at, the apex of the heart on the anterolateral wall, and a catheter or sump is introduced after the ventricle has been incised with a stab blade.


For operations in which the heart is not opened (e.g., CABG), the left heart can be vented through the ascending aorta proximal to the aortic clamp, using a needle vent that can be connected either to the venous line (gravity drainage) or directly to the reservoir of the pump-oxygenator using a roller pump.









Cardiopulmonary Bypass During Operation and Rewarming


When the desired perfusion flow rate is achieved, perfusate temperature is reduced, the aorta is clamped, and cardioplegic solution is infused (see Chapter 3). Cooling by the perfusate is continued until the nasopharyngeal temperature reaches the desired level, and then the perfusate temperature is stabilized at that level. A broad range of temperatures can be used. In most cases, the nasopharyngeal temperature should be lowered to at least 32°C. When the temperature is lowered to less than this level, perfusion flow rate can be safely reduced. For example, if 25°C is chosen, the flow can be safely reduced to 1.6 L · min−1 · m−2. Brief periods of lower flow may be used.


After completing most or all of the repair, rewarming is begun. It is usually at this point that preparation for myocardial reperfusion is commenced. The precise moment for commencing rewarming depends on the strategy used for myocardial management (see Chapter 3). For rewarming, the water in the heat exchanger is raised to 42°C; the arterial blood temperature should not exceed 39°C. It is advantageous but not essential to have the nasopharyngeal temperature at 37°C for about 10 minutes before CPB is discontinued, lest there be excessive downward drift of temperature in the postbypass period.









De-Airing The Heart


After completing the repair and as the cardiac chambers are closed or as CABG is being completed, the heart must be freed of as much air as possible before it begins to eject into the systemic circulation. Clinical studies have demonstrated a correlation between the number of gaseous microemboli and the severity of neuropsychological impairment after surgical procedures employing CPB.B43,P19 Thus, special maneuvers are necessary to avoid air embolism, as has clearly been demonstrated by intraoperative echocardiography.M23,O5,V1 The exact steps and sequences and the time of de-airing may vary, but the principles are well established:




[image: image] The heart is filled with fluid (blood or electrolyte solution) before closing to minimize air entrapment.


[image: image] The heart must be reperfused and beating.


[image: image] Residual air is aspirated from the heart before allowing it to eject.


[image: image] The lungs are intermittently ventilated to express air from the pulmonary veins.


[image: image] Continuous suction is applied on a needle vent or catheter in the ascending aorta as the heart commences ejecting blood to retrieve any air that may have remained in the heart or pulmonary veins (alternatively, a freely bleeding stab wound may be used).H16





The exact technique used will depend in part on the method used for myocardial management (see Chapter 3). One technique can be illustrated with the procedure for aortic valve replacement:




1. As the suture line for aortic closure is being completed, suction on the left atrial vent is discontinued, and flow is reduced to allow the heart to fill with blood. If blood is not freely escaping from the most anterior portion of the aortotomy before completing this suture line, fluid (saline or Ringer’s lactate) is injected into the opened aorta with a syringe. The suture line is completed. A needle vent connected to tubing from the pump-oxygenator is inserted into the ascending aorta. The anesthesiologist gently inflates the lungs to remove air from the pulmonary veins into the left atrium; vigorous inflation is inadvisable because when the lungs collapse, air can be drawn into the left ventricle through the still-opened aorta.


2. With a large-bore needle connected to a 20-mL syringe or to tubing from the pump-oxygenator, the left atrium is aspirated through its dome beneath the aorta. Air is almost invariably obtained. Aspiration is combined with gentle ventilation on two or three occasions until no further air appears. The left atrial appendage is inverted to evacuate air.


3. The heart is gently pulled forward and to the right, and needle aspiration of the left ventricular cavity is performed through the front of the left ventricular apex. This is a simple and effective way of removing the pocket of air that is almost always present at this site. The maneuver can be repeated several times.


4. The operating table is tilted, with the patient’s head down.


5. Perfusion flow rate is temporarily reduced as the aortic clamp is slowly released. Blood and air are gently aspirated from the needle vent in the ascending aorta. Left ventricular overdistention must be prevented.


6. The left atrial vent is removed while the lungs are gently inflated, and the central venous pressure is slowly increased to evacuate any residual air. The purse-string suture is secured. The heart is electrically defibrillated if not already beating. The left ventricle is shaken with the left hand several times.


7. Central venous pressure is slowly raised by the perfusionist. The heart begins to eject. Air may then appear in the aortic vent suction line. When the central venous pressure has been elevated to 10 mmHg and the heart has ejected for several minutes, CPB flow is slowly reduced. The ventricle is again shaken, and CPB is discontinued.


8. The table is leveled. Suction on the aortic needle is reduced and then discontinued, the needle is removed, and the stitch is tied. These maneuvers should not be hurried. The longer the aortic needle vent is in use, the better, and it should not be removed until the heart has been ejecting well for some time.





Because small amounts of intracardiac air have a low probability of causing any detectable damage, adherence to a strict protocol for removal of air, such as the one described, will suffice for most patients.R18,T24 Transesophageal two-dimensional echocardiography (TEE) is commonly used to monitor removal of air from the heart before CPB is discontinued. TEE enables the operating team to identify the presence of even small amounts of intracardiac and intraaortic air.F32,S25 The clinical benefit conferred by TEE during operations in which standard de-airing procedures are used has not been conclusively demonstrated. However, TEE is of particular value during operations employing small incisions, when the left-sided cardiac chambers are not fully mobilized, or when some of the usual maneuvers for removal of air, such as aspiration and manipulation of the left ventricle, cannot be used.


Flooding the operative field with carbon dioxide is used for displacing air from the cardiac chambers. Its use was first reported by Nichols and colleagues in 1988.N10 The theoretical value of this technique is that carbon dioxide will displace air from the operative field because it is a heavier gas and because carbon dioxide emboli, if they occur, are better tolerated than air emboli.K23 In a randomized trial of patients undergoing single valve surgery, the number of microemboli assessed by intraoperative TEE was significantly less in the left atrium, left ventricle, and ascending aorta among patients in whom carbon dioxide (CO2) insufflation was used than in those in whom it was not.S36 The median number of detectable microemboli after CPB fell to zero 7 minutes after CPB vs. 19 minutes in the control group. CO2 may have an important role in operations performed through small incisions or during reoperative procedures, but the potential for inducing profound systemic hypercarbia and acidosis exists.B60,O1 Thus, frequent monitoring of arterial blood gases and electrolytes is necessary when the technique is used. Persson and colleagues have shown in vitro that efficient de-airing of a cardiothoracic wound by carbon dioxide insufflation depends on its flow and velocity.P14 To compensate for diffusion with the ambient air, they observed that the flow of carbon dioxide should be 5 L · min−1 and the outflow velocity about 0.1 m · sec−1 or less to avoid turbulence in the wound. This was best obtainable with a gas diffuser apparatus (Cardiac Innovation AB).









Completing Cardiopulmonary Bypass


As rewarming is being completed, two temporary pacing wire electrodes are positioned on the lateral wall of the right atrium.W3 The bared end of the shielded wire electrode is secured to the atrium with 5-0 sutures or with small clips. In most patients, one or two pacing wire electrodes are similarly sutured to the right ventricular myocardium on the anterior or inferior surface.


When the patient has been rewarmed to a nasopharyngeal temperature of 37°C, perfusion flow rate is gradually decreased until the right and left atrial and aortic pressures are adequate, and CPB is then discontinued. The venous cannulae are removed and the purse-string sutures are tied. Protamine is administered slowly (see “Heparinization and Later Protamine Administration” earlier in this section).






Positioning Chest Tubes


There is considerable surgeon-to-surgeon difference in the location and number of chest tubes placed before closure of the median sternotomy incision. In general, to avoid unnecessary bleeding, the tubes are placed after CPB is discontinued and protamine has been administered. If the pleural spaces have not been entered, then one or two tubes are placed. A single tube can be positioned in the anterior mediastinum and brought out through a stab wound in the midline just below the sternotomy incision. Alternatively, two tubes—one in the anterior mediastinum as described and one (an angled or flexible tube) in the inferior-posterior portion of the pericardial cavity—are brought out through stab wounds in the epigastric region on both sides of the midline. If a pleural space has been entered, as often occurs when the left internal thoracic artery is dissected from the parasternal area, a tube is positioned with the tip well posterior and inferior in the pleural space to ensure maximum removal of fluid. This tube can be brought out through the epigastrium in the midline below the sternotomy incision or through a stab wound on the lateral chest wall.











Completing Operation


After CPB is discontinued, aside from ensuring adequate hemodynamics, the surgeon’s primary task is to obtain hemostasis. This should be accomplished in a systematic fashion. All cardiac and aortic suture lines and purse strings are inspected. Fine (4-0 or 5-0) single or pledgeted polypropylene sutures can be placed in the adventitia or epicardium to control bleeding from suture lines.


Generally, electrocautery suffices to control bleeding from the mediastinal tissues and around the sternum. Troublesome bleeding from the sternum itself can be managed by tying heavy, encircling, absorbable sutures around it. The wound should be closed only after hemostasis is secure.


The pericardium is generally left open after operations with CPB through a median sternotomy. A few sutures may, however, be placed at the upper end to partially cover a particularly prominent aorta or an aortic graft. Reoperations have not posed a major problem with this technique. Advantages of leaving the pericardium open are (1) good blood drainage into the pericardial cavity (and then out through the drainage tubes) from the mediastinal and substernal tissues, thus preventing hematomas from developing in that area; and (2) reduction (but not elimination) of the tendency of retained blood to produce a positive intrapericardial pressure, thus lowering ventricular transmural pressure (tamponade).


Secure closure of the sternum is critically important. Stainless steel wire sutures are used, with the most cephalad one or two placed through the manubrium, the next three or four through the sternum or around the sternum close to the bone, and the most inferior one or two through the sternum. Different sizes and types of stainless steel sutures are available to match the patient’s size. The wires are twisted, not tied, to bring the sternum together; in adults, these are further twisted with an instrument to ensure that the sternal fragments are securely approximated. If the sternal edges are thin or fragmented, wire sutures can be passed vertically in the parasternal position in front of and behind the costal cartilages on one or both sides. These vertical sutures can then be incorporated into the closure by the transverse wire sutures.R17 Absorbable sutures are used for closing the muscles over the sternum and the linea alba. The skin is closed with a subcuticular absorbable suture or with metal staples.


Some patients have a suboptimal hemodynamic state as preparations are made to close the chest.J5 In most of them, the sternum should probably not be closed, because this frequently further depresses cardiac function. Rather, the sternum, subcutaneous tissue, and skin are left unsutured. An impervious sheet of silicone rubber can be fit into the cutaneous defect and sutured to the skin edges with a running monofilament suture. Alternatively, the wound can be packed loosely with sponges and covered by an impervious, sterile adhesive sheet. This maneuver is lifesaving in some patients.B24,F1,G10,J5,J11,M11,M34,O2,O8,R14,U1 Usually a secondary closure can be performed 24 to 48 hours later.









Pump-Oxygenator


The available apparatus for CPB changes continually, but some general points are important.






Components


A venous reservoir is currently used and is positioned to provide adequate siphonage by gravity if gravity drainage is used.P5 Alternatively, the venous reservoir may be a hard-shell device providing for vacuum-assisted venous return. Such a reservoir allows escape of any air returning with the venous blood and provides storage of excess volume. This reservoir is generally incorporated within the housing of the oxygenator. Although useful, venous reservoirs substantially increase priming volume of the pump-oxygenator system.


The oxygenator is probably the most varied and yet most important part of the system, while at the same time it is probably the most damaging part of the extracorporeal apparatus. Microporous and true membrane oxygenators have advantages over bubble oxygenators and are currently indicated for cardiac surgery (see “Gas Exchange” under Controlled Variables in Section II).


An efficient heat exchanger is necessary. This may be integral within the oxygenator or freestanding. Integrated heat exchangers have generally been less efficient than freestanding ones, but they reduce priming volume.


The arterial pump is most commonly a roller pump. It should be adjusted before each perfusion so as to be slightly nonocclusive, and should be calibrated at frequent intervals so that the flow rate can be accurately established. A centrifugal pump may also be used.


The arterial line pressure in the pump-oxygenator must be continuously monitored. When this pressure exceeds 250 to 300 mmHg, risk of disruption of the arterial line and of cavitation in the region of the arterial cannula increases. A proper arterial line pressure is ensured by a properly positioned cannula of adequate size.


The advantages, disadvantages, and need for a low-porosity filter in the arterial line remain somewhat controversial.S7 A randomized study by Walker and colleagues (Walker DR, Blackstone EH, Kirklin JW, Karp RB, Kouchoukos NT, Pacifico AD, et al: unpublished data, 1976) showed good neuropsychiatric function (determined by specialized testing) in patients after CABG, whether or not a low-porosity arterial filter was present in the circuit. A similar study in patients undergoing open cardiotomy provided the same result.A22 However, studies using transcranial Doppler ultrasound have shown that gaseous microemboli, more prevalent with bubble than with membrane or hollow-fiber oxygenators, can be considerably reduced by 40-µm filters in the arterial line of the pump-oxygenator.B21,P3,P4,P19 Currently, routine use of a low-porosity filter of this type in the arterial line appears to be beneficial. The exact filter to be used and its compatibility with the other components of the pump-oxygenator must be determined within each institution performing cardiac surgery.


A device for ultrafiltration is incorporated into the circuit of the pump-oxygenator, usually between the cardiotomy reservoir and the arterial line. During CPB, if there is excess volume in the pump-oxygenator, the device is activated for removal of serum water by ultrafiltration (see “Perfusate” under Controlled Variables in Section II).


The CPB circuit generally should contain at least two cardiotomy suction ports for return of blood from the opened heart. This blood may contain particulate matter and boluses of air and must be passed through a low-porosity filter and defoamed in a separate chamber open to air before it is returned to the circuit. During the perfusion, blood should be promptly aspirated from the pericardium with these suckers. Blood left too long in the pericardium before being aspirated can promote thrombolysis. Ideally, these lines should be activated by a continuously and rapidly variable high-capacity vacuum system. Because this has so far proved to be impractical, roller pumps are used. With this system, when the open end of the line is blocked, the suction rapidly increases; this may damage either the tissue or the blood. Thus, constant monitoring of the roller pumps is necessary.









Priming Volume


Each component of the pump-oxygenator adds to the priming volume, which explains why many cardiac surgical groups are unwilling to add unessential components to their system. However, pump-oxygenator systems can be so oversimplified to reduce priming volume that safety may be compromised. Even with the most stringent efforts, the typical pump-oxygenator systems currently in use have a priming volume considerably larger than is ideal.









Miniaturized Cardiopulmonary Bypass Circuits


Miniaturized CPB circuits have been developed with the objective of reducing the damaging effects of conventional CPB. It is hypothesized that minimizing hemodilution and mechanical blood trauma will improve outcomes. These closed circuits with little or no blood/air contact consist of a controlled vortex blood pump and a membrane oxygenator as the only components. There is no venous reservoir and no integral cardiac suction device. The components, including the tubing, are heparin coated.


Clinical studies (nonrandomized) in patients undergoing CABG suggest that use of these circuits is associated with fewer transfusions of blood products, less release of cardiac troponin, less postoperative atrial fibrillation, a lower prevalence of acute kidney injury, suppression of thrombin generation and coagulofibrinolytic activation, and lower levels of IL-6 and SC5b-9.N4,W16


A meta-analysis of randomized clinical trials comparing conventional CPB with miniaturized CPB circuits indicated that miniaturized circuits are associated with substantial reductions in neurologic injury, number of patients requiring transfusion of blood products, and peak cardiac troponin release (Table 2-6).Z1 No difference in early mortality was noted. The majority of patients had CABG, and the remainder had aortic valve replacement. A separate meta-analysis examined only the need for red blood cell transfusion and demonstrated an absolute risk reduction in this variable among patients undergoing CABG.B16,B17




Table 2-6 Meta-analysis of Randomized Trials Comparing Conventional Cardiopulmonary Bypass with Miniaturized Cardiopulmonary Bypass Circuits


[image: image]













Special Situations and Controversies






One Versus Two Venous Cannulae


Use of a single two-stage venous cannula is optimal for many cardiac operations (CABG, aortic valve replacement, and in many instances mitral valve replacement) in adult patients and is widely practiced. The technique is likewise optimal in neonates, infants, and children when the entire repair (including closure of the cardiac chambers) is performed during hypothermic circulatory arrest.


A single venous cannula may also be used in operations in which part of the repair is done during circulatory arrest, but a portion is left to be performed during CPB. Although convenient, the method has some disadvantages. Unless assisted venous return is used, an air lock may occur in the venous line during operations within the right ventricle or pulmonary trunk, with the air entering the right atrium through the tricuspid valve. When this happens, venous return to the pump-oxygenator stops abruptly, and blood floods the right side of the heart. The perfusionist must not reduce the perfusion flow rate, but instead the intracardiac sucker is positioned outside the heart to keep blood from overflowing from the pericardial well, while the air lock is moved down the venous line and expelled into the venous reservoir. Principles for use of the single venous cannula in this setting are the same as those already described, including the need for the tip of the cannula to be in the IVC while its side holes remain in the right atrium.









Cardiopulmonary Bypass Established by Peripheral Cannulation






Femoral Cannulation


Closed-chest cannulation of the femoral artery and vein for CPB was practiced at the Mayo Clinic during the 1960s for establishing hypothermic circulatory arrest in patients undergoing intracranial operations.M21 It has since been used with increasing frequency to establish CPB before opening the sternum in reoperations in which there is a high probability of entering a cardiac chamber or major artery during sternotomy. In these situations, a vertical or oblique incision in the groin crease is made over the femoral vessels. After identifying the inguinal ligament and working just inferior to it, the common femoral artery and vein are dissected, and a tape is placed around each. After the patient has been heparinized, a clamp is placed on the distal common femoral artery, any branches are temporarily occluded with ligature loops or small clamps, a clamp is placed proximally, and a transverse incision is made between the clamps. An arterial cannula of appropriate size is inserted into the vessel and, as the proximal clamp is removed, is gently advanced. The tape is snugged down around the cannula using a tourniquet, and the cannula is connected to the arterial line of the pump-oxygenator with the usual precautions to eliminate air. A large (28F-32F) long cannula is similarly inserted into the common femoral vein. This cannula must be advanced over the sacral promontory and into the IVC.W13 When the right femoral vein is used, this is usually easily accomplished. If the left femoral vein is used, it is often necessary to first insert a guidewire, positioning the tip in the right atrium or the adjacent IVC, then a small-bore catheter which is passed over the wire, and then the venous cannula, which is inserted over the smaller catheter. After securing the tape and removing the smaller catheter and the guidewire, the cannula is connected to the venous line of the pump-oxygenator. Alternatively a two-stage cannula can be inserted over a guidewire from either femoral vein, positioning the tip in the SVC under TEE guidance. The upper openings in the catheter are located in the SVC and lower openings in the IVC. This permits placement of caval tapes and opening of the right or left atrium.









Axillary Artery Cannulation


Femoral artery cannulation may result in peripheral embolization, local thrombosis, or aortic dissection. Additionally, in the presence of an existing acute or chronic aortic dissection, retrograde flow from femoral artery cannulation may result in central malperfusion. An alternative is use of either axillary artery. Advantages include absence of malperfusion, establishment of brain blood flow during otherwise whole-body circulatory arrest, and presumably lack of retrograde particulate embolization. The axillary artery is exposed through a transverse incision below and parallel to the lateral two thirds of the clavicle. The pectoralis major muscle is divided in the direction of its fibers and the clavipectoral fascia incised, exposing the pectoralis minor muscle, which may be divided or retracted laterally. Using sharp dissection, the artery is dissected from surrounding tissue, taking care not to injure the branches of the brachial plexus. Proximal and distal control of the axillary artery is obtained. After administration of heparin, the artery can be cannulated directly.G13,S1 Alternatively, an 8- or 10-mm polyester or polytetrafluoroethylene graft is sutured end to side to the artery using a 6-0 polypropylene suture.G13,S1









Other Sites


Other less commonly used sites for cannulation include the brachial, brachiocephalic, and carotid arteries. Another option for cannulation in high-risk reoperative sternotomy patients is to expose the brachiocephalic artery by dissecting just above the sternal notch, and the IVC by dissecting just below the xiphoid. The skin incisions used are simply the upper and lower poles of the sternotomy incision. Cannulation of the brachiocephalic artery with an appropriate-sized arterial cannula, and the IVC with a large, right-angled, venous drainage cannula can provide full CPB support while the sternum is opened. This technique is particularly useful for patients weighing 40 kg or less, in whom these vessels are easily accessible, and in very small patients in whom peripheral cannulation is not practical.









Indications


Indications for peripheral cannulation have been expanded to include operations performed through small midline or lateral chest incisions (see “Alternative Primary Incisions” earlier in this section), resuscitation of preoperative and postoperative cardiac surgical patients, and support of high-risk patients during percutaneous catheter interventions.


Both arterial and venous cannulation can be accomplished by percutaneous techniques. In this setting, the pump-oxygenator should be used in conjunction with a controlled vortex pump or vacuum-assisted venous return, which permits use of smaller (22F or 24F) venous cannulae.











Blood Conservation


Since the earliest days of clinical use of CPB, there has been concern about the relatively large amounts of allogeneic blood that often must be administered during and early after operations. This concern has been magnified by the prevalence of cardiac operations requiring CPB and the possibility of acquiring deadly diseases such as hepatitis and human immunodeficiency virus. Methods of testing the suitability of donor blood have improved greatly; in well-regulated institutional settings, the current risk of acquiring such diseases from transfused blood is small (see Chapter 5).


A major reason for the near-routine use of non-blood solutions for initial priming of the pump-oxygenator is the desire to minimize use of allogeneic blood. Removal of 500 to 800 mL of blood from adult patients with hematocrits greater than 33% to 35% after induction of anesthesia is safe and is commonly performed. The blood is collected in bags containing CPD anticoagulant, as used by blood banks, and is left unrefrigerated in the operating room. (Refrigeration even for a short time renders platelets less effective.) This blood is not used during CPB, but rather is administered for its hemostatic and blood-volume effects after protamine is given and major bleeding has been controlled. Donation of blood by the patient several weeks before the operation, as well as by relatives and friends, is widely practiced. This blood has the disadvantages associated with stored blood.


The pump-oxygenator should incorporate one of the compact ultrafiltration devices currently available (see Pump-Oxygenator earlier in this section). This provides the capability of concentrating the blood left in the machine after CPB, including plasma proteins (in contrast to blood salvage systems), and preparing it for prompt administration to the patient.


Blood aspirated from the surgical field by a standard high-power sucker during and after the cardiac operation can be processed through a blood salvage system.M15 These systems separate, wash, and to some extent concentrate erythrocytes, which are then transfused to the patient. Anticoagulation is provided by heparin that is added to the apparatus. The components of plasma are lost. Postoperatively for about 12 hours, shed blood from the mediastinal and pleural tubes can be collected in the reservoir and returned intravenously to the patient.C31 This blood has been defibrinated in the patient before its collection and has the disadvantage of having essentially no clotting factors.


Most bleeding after cardiac surgery results from coagulation disturbances associated with CPB, related primarily to platelet dysfunction and activation of the fibrinolytic cascade (see Chapter 5 and Response Variables in Section II). Prophylactic administration of antifibrinolytic drugs (epsilon-aminocaproic acid, tranexamic acid, and formerly aprotinin) decreases the frequency of reoperation for bleeding and need for allogeneic blood transfusions in patients after operations employing CPB.L9 Comparative studies have demonstrated equivalent effectiveness of these three agents.C4,L9,M3,M32,N15,W25 As mentioned earlier in this chapter, aprotinin was withdrawn from the market in May 2008.









Left Superior Vena Cava


A left SVC presents no problems in operations in which a single venous cannula is used. When other techniques for venous cannulation are used, several options exist. A simple method is to use cannulae in the SVC and IVC and to pick up the left SVC flow by the sump-sucker that is positioned partially across the atrial septum (see Commencing Cardiopulmonary Bypass and Left Heart Venting earlier in this section) or in the coronary sinus ostium.


Alternatively, the left SVC may be occluded with a tourniquet for short periods when exposure in the right atrium is suboptimal. As another alternative, a pressure-monitoring needle may be inserted into the left SVC, or the pressure in the left jugular vein may be monitored. As a test, the left SVC is clamped below the needle (downstream). If the monitored pressure does not increase, it may be assumed that the vein can be safely occluded during CPB (see Chapter 58). If the pressure increases substantially, an additional cannula is inserted into the left SVC either via the right atrium and coronary sinus ostium or directly via a purse string where the vein enters the pericardium lateral to the left atrial appendage. The latter is most easily done after CPB has been established but before the right atrium is opened. It is essential if cardioplegic solution is to be delivered retrogradely into the coronary sinus. When three cannulae are in use, two Y connectors are required to connect the venous return to the single venous pump line.









Other Systemic Venous Anomalies


Although a left SVC is the most common systemic venous anomaly that influences management of CPB, it is not the only one. Hepatic venous anomalies, which occur particularly in the various heterotaxy syndromes, can present similar challenges (see Chapter 58). The hepatic veins may attach to the right atrium or even the left atrium, independent of the IVC attachment. They may attach as a single confluent trunk or as several separate veins. The same concerns, considerations, and management options as described for the left SVC are applied to these anomalies.









Left Atrial Pressure Monitoring


Knowledge of left atrial pressure both intraoperatively and postoperatively is important. The most direct way of measuring this pressure is to insert a fine polyvinyl catheter into the left atrium. There is danger of accidental introduction of air into the left atrial line and of cerebral embolization from a tiny thrombus on its tip, but these complications are rare. The only major complication has been occasional bleeding when the catheter is removed. This can be sufficient enough in infants to require immediate blood replacement and, rarely, reoperation. Even in neonates and infants, bleeding after removal has not been encountered when removal is delayed until at least 48 hours postoperatively.


A less satisfactory but more commonly used alternative is to introduce a catheter into the pulmonary artery for intraoperative and postoperative monitoring (as discussed earlier). Unless pulmonary vascular disease is present, the pulmonary artery diastolic pressure approximates mean left atrial pressure. Many groups routinely insert a Swan-Ganz catheter after induction of anesthesia, rather than using a left atrial catheter as described.









Alternative Primary Incisions






Minimal Sternotomy and Thoracotomy


Currently, a number of smaller incisions are being used for procedures on the cardiac valves, the ascending aorta and aortic arch, and the coronary arteries in adults, and for correction of congenital cardiac defects in children and in adults.A6,C15,C32,D18,G11,G32,G34,L5,L19 The various incisions used are shown in Fig. 2-23. They can be classified into three general types: a partial midline sternotomy (upper, lower, or middle), a parasternal incision with resection of one or more costal cartilages, and a more lateral approach through an intercostal space, with or without resection of a segment of costal cartilage or rib, and with or without partial or total transection of the sternum. The commonly used minimal incisions for CABG and for valve replacement or repair are described in Chapters 7, 11, 12, and 13.
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Figure 2-23 Currently used sternotomy and thoracotomy incisions (dashed lines) for cardiac operations.




Putative advantages of these less invasive incisions, when compared with the full sternotomy, include reduced blood loss, less pain and therefore a lowered requirement for analgesic agents, more rapid convalescence with reduced hospital stay, reduced prevalence of infection, better cosmetic result, and lower overall costs. In a number of observational studies comparing minimal incisions with a full sternotomy, these advantages have not been consistently observed.A23,A24,B56,C7,G32,H8,L5,L17,S37,S38,S43,W5 In many instances, duration of CPB and total time of operation are prolonged with the minimal incisions. The resulting increase in operating room costs often offsets the reduced costs achieved by a shorter hospital stay.


It appears likely that the trend toward using smaller incisions will continue as new instruments and cannulae are developed that facilitate performing procedures on the heart and great vessels through smaller openings. However, until clear advantages of minimal incisions are demonstrated, full sternotomy should continue to be used. Cardiac surgeons must be competent and experienced in use of the full sternotomy before attempting procedures through small incisions. Furthermore, they must recognize that the potential or real advantages of small incisions may be outweighed by the disadvantages that can result from limited exposure.









Right Anterolateral Thoracotomy


A right anterolateral thoracotomy through the fourth or fifth intercostal space may be used for cosmetic reasons in young women with developing breasts, for mitral and tricuspid valve operations, and for repair of atrial septal defects. It may also be used in patients who require reoperation only on the tricuspid valve and for reoperations on the mitral valve after one or more previous procedures. This approach provides excellent access to the left and right atria, although the field may be relatively restricted and cannulation of the ascending aorta may be difficult. When the aorta is inaccessible or when coronary artery bypass grafts have been anastomosed to the ascending aorta during a previous operation, the common femoral or axillary artery is used (see Cardiopulmonary Bypass Established by Peripheral Cannulation earlier in this section).


A double-lumen endotracheal tube is used to permit collapse of the right lung and enhanced exposure. The patient is positioned with the right side elevated 30 to 40 degrees. The right arm is flexed at the elbow and kept at the patient’s side. The left arm lies at the side. Groin areas are draped into the operative field. The skin incision follows the intercostal space to be entered and extends laterally to the anterior axillary line. The intercostal muscle is divided and a retractor placed. The pleural cavity is entered and the intercostal muscles are further divided laterally beneath the skin incision if exposure is not optimal. The collapsed lung is gently retracted posteriorly, and the pericardium is incised vertically 1 to 2 cm anterior and parallel to the phrenic nerve. If cannulation of both venae cavae is required, the cannulae are inserted through purse-string sutures in the SVC and in the right atrial wall adjacent to the IVC. Alternatively, a long cannula can be positioned in the IVC after insertion in the common femoral vein, or a two-stage long cannula can be inserted in the femoral vein and the openings positioned in the SVC and IVC. The aorta is cannulated on its right anterolateral aspect. For primary operations, the remainder of the procedure is similar to a median sternotomy approach.


For reoperations on the mitral valve, particularly after previous CABG, cannulating and clamping the ascending aorta may not be possible. In this situation, myocardial management is accomplished by hypothermic fibrillation. Temperature of the perfusate is lowered until the heart fibrillates or until the nasopharyngeal temperature reaches 18°C to 22°C. At that temperature, an external fibrillator is applied to the myocardium to induce ventricular fibrillation. The heart must be maintained hypothermic and in a fibrillating state to avoid ejection of air into the ascending aorta. Rewarming is not initiated until the left atrium has been closed. A soft rubber catheter attached to a cardiotomy suction line is positioned in the left ventricle through the mitral valve or a prosthesis, and is brought out through the atriotomy incision. Continuous suction is applied to this catheter during rewarming to evacuate air from the left ventricle. The catheter is removed just before CPB is discontinued and the left atrial suture line is secured.









Left Thoracotomy


A left thoracotomy may be used for primary or reoperative mitral valve replacement or repair,R28,S44,S45 and coronary artery bypass grafting (See Technique of Operation in Chapter 7). For mitral valve procedures, a standard posterolateral thoracotomy or minithoracotomy through the fourth or fifth intercostal space and a vertical incision in the left atrium anterior to the left pulmonary veins provide excellent exposure of the mitral annulus and valve. The procedure can be performed on a beating heart,S45 with hypothermic fibrillation (see preceding Section),S44 or with aortic occlusion and administration of cardioplegia.R28,S44 Peripheral cannulation is generally used (see earlier Section).









Port Access


Thorascopic, then robotically assisted, cardiac surgery through small thoracotomies and ports was introduced by Carpentier and colleagues in early 1996; length of incision for the first case was 5 cm. Subsequently, the technology has progressed to multiple degrees of freedom instrumentation,C3 three-dimensional imaging, and 3- to 4-cm port incision.L8 Conventional anesthesia is used with dual-lumen endotracheal intubation as for the anterolateral thoracotomy incision. CPB is established with peripheral cannulation (femoral artery and vein or venous cannulation via right internal jugular vein). The aorta is occluded either by an endoballoon or a transthoracic clamp,C14 and antegrade and retrograde cardioplegia are administered. For mitral valve repair, Mihaljevic, Gillinov, and colleagues insert the left arm of the robot through the third intercostal space in the anterior axillary line, the right arm through the fifth intercostal space in the midaxillary line, a working port in the fourth intercostal space in the midaxillary line, and a dynamic left atrial retractor in the midclavicular line.M22 Challenges of port-access surgery have led to a number of innovations, including new methods for mitral valve repair, arrested heart and beating heart CABG, atrial fibrillation surgery, epicardial lead placement for cardiac resynchronization, removal of cardiac tumors, atrial septal defect closure, and hybrid aortic valve replacement.L8


Port access procedures have permitted patients to proceed from surgery to a postanesthesia recovery unit rather than intensive care unit (Cleveland Clinic), with early extubation and shorter hospital stay than with conventional surgery via full sternotomy, partial sternotomy, or anterior thoracotomy,M22 and with more rapid return to work (Jarrett C, Mihaljevic T: personal communication, 2010).
















Section IV Clinical Methodology of Hypothermic Circulatory Arrest and Its Alternatives






General Comments and Strategy






Adults


Hypothermic circulatory arrest is widely used in adults for operations involving the ascending aorta, aortic arch, and descending thoracic and thoracoabdominal aorta. For operations involving the distal ascending aorta and aortic arch, it is used in conjunction with hypothermic CPB to provide brain protection and optimal exposure of the brachiocephalic vessels and proximal descending thoracic aorta. For operations involving the descending thoracic and thoracoabdominal aorta, it has been used in conjunction with hypothermic CPB, not only to provide brain protection and optimal exposure but also to eliminate the need to place occlusion clamps on the thoracic aorta, which reduces the risk for embolization of arteriosclerotic debris into the vasculature of the brain, kidneys, abdominal viscera, and lower extremities. Opinions differ regarding its use in these situations, because alternative methods of treatment exist. No studies to date have demonstrated the superiority of one technique over another. The various methods are discussed in detail in Chapter 24. Safe time limits of the arrest period are discussed in Section I of this chapter.









Neonates, Infants, and Children


Opinions differ regarding appropriate use of hypothermic circulatory arrest in the pediatric population. A 2003 survey of members of the Congenital Heart Surgeon’s Society indicated that about one third of respondents avoid using hypothermic circulatory arrest, and the frequency of use among the remaining respondents varied widely.U2


In previous eras, hypothermic circulatory arrest was essential for completing certain operations, such as neonatal operations requiring aortic arch reconstruction and a wide spectrum of other complex operations on neonates. Consensus opinion in the field also held that hypothermic circulatory arrest was a reasonable option for other operations, including most complex operations on full-term neonates and infants. Hypothermic circulatory arrest, however, was considered an unreasonable option for a large spectrum of congenital heart operations, including all simple operations regardless of age, and most if not all complex operations on older infants and children unless aortic arch reconstruction was involved.


In the current era, with technical- and equipment-related advances, it has been clearly established that all operations in neonates, infants, and children can now be performed using CPB strategies that do not use hypothermic circulatory arrest, but rather, continuous perfusion.A20,F21,M4,P16,T16,T33 Hypothermic circulatory arrest is not essential for any operation, and becomes only one of several options for all operations. Currently, the primary alternative to hypothermic circulatory arrest is continuous full-body CPB for all operations not involving aortic arch repair, and continuous antegrade cerebral perfusion for operations involving aortic arch repair.H12,M4 The technique of continuous full-body CPB is described in detail in Section III. Continuous antegrade cerebral perfusion is described in this section. Controversy exists regarding the relative merits of both of these continuous perfusion techniques when used as alternatives to hypothermic circulatory arrest.A14,F33


There are two major criteria for judging the efficacy of continuous full-body CPB and continuous antegrade cerebral perfusion relative to hypothermic circulatory arrest. First, in those operations that have traditionally utilized hypothermic circulatory arrest, continuous full-body CPB and continuous antegrade cerebral perfusion must achieve technical outcomes equal to or better than those using hypothermic circulatory arrest. Sufficient data have been accumulated over the last decade to confirm that this criterion is metA20,F21,M4,P16,T16,T33: All operations in neonates and infants, including those involving aortic arch reconstruction, can be performed using continuous CPB, including continuous antegrade cerebral perfusion when necessary, with technical outcomes that are at least as good as those achievable using hypothermic circulatory arrest.M4 Second, continuous full-body CPB and continuous antegrade cerebral perfusion must preserve end-organ structure and function, particularly with respect to the brain, as well as or better than hypothermic circulatory arrest. This is a complex and controversial criterion with no definitive resolution at this time, and readers are referred to an editorial by HanleyH12 that addresses the issue in depth. To date, no well-designed multicenter studies have addressed it.











Technique in Adults


The technique for establishing hypothermic circulatory arrest in adult patients is described in detail in Chapter 26 under “Aortic Arch Replacement” and “Thoracoabdominal Aorta Replacement.”









Technique in Neonates, Infants, and Children






Hypothermic Circulatory Arrest






Preparation for Cardiopulmonary Bypass


Preparation of the patient is the same as described for CPB in general (see Section III). Historically, surface cooling was used as an adjunct to core cooling. Now, most institutions use a cooling blanket and pack ice around the head. These maneuvers, plus a cool operating room, usually reduce the patient’s body temperature to 30°C to 32°C by the time CPB is initiated. The ice bags remain in place around the head until perfusion rewarming is begun after the period of circulatory arrest.









Cannulation


The aortic cannula is inserted into the ascending aorta in the usual manner. In some cases, particularly in infants, it is inserted near or into the brachiocephalic artery. It is critically important to remember that although the purse string around the aortic cannula may be hemostatic, it does not protect against the passage of air. This is important because when CPB is temporarily discontinued to establish circulatory arrest, the arterial pump may be sufficiently nonocclusive that suction initiated by gravity develops in the arterial system. With the aorta at essentially zero pressure, such suction draws air into the aorta and the cannula from the site of cannula insertion. The purse-string suture cannot be made snug enough to prevent this. Therefore, just before CPB is discontinued, the perfusionist clamps the arterial tubing and then discontinues CPB, making suction-driven air entry impossible because the arterial system has been “pressurized.” Just as CPB is recommenced, the perfusionist removes the clamp. These precautions are unnecessary if a clamp is placed on the aorta distal to the aortic cannula. The aortic cannula can then be used for delivery of cardioplegic solution.


Commonly, a single venous cannula is used (see “Siting and Purse-String Sutures for Venous Cannulation” and “One Versus Two Venous Cannulae” in Section III). Two venous cannulae and caval tapes may be used even if the patient weighs less than 3 kg. This allows maximal flexibility. The caval tapes are often left loose and then tightened during cooling and periods of low flow. Some procedures can be performed at low flow rate with a single venous cannula.









Cardiopulmonary Bypass for Cooling


After CPB is established, cooling is begun as described in Section III. Relatively high CPB flows, 2.2 to 3.0 L · min−1 · m−2, are used. The nasopharyngeal temperature in neonates and infants can sometimes decrease to 18°C within 10 minutes. However, rapid cooling has been demonstrated to be suboptimal for circulatory arrest (see “Characteristics of the Cooling Process” in Section I), probably because it is not homogeneous. Therefore, the cooling period should last at least 20 minutes and may at times approach 30 minutes.


The target temperature and its most appropriate site of measurement remain controversial (see “Brain Function and Structure: Risk Factors for Damage” in Section I). A nasopharyngeal temperature of 16°C to 18°C is a reasonable criterion to establish circulatory arrest.


Management of gas exchange during cooling is also controversial. The two management options, pH-stat and alpha-stat, each have advantages and disadvantages (see “Arterial Carbon Dioxide Pressure” in Section II). In any event, arterial PCO2, and thus arterial pH—the important variables—are quite controllable with membrane oxygenators and online measurement of arterial pH and PCO2. Mounting evidence suggests that pH-stat management results in superior neurologic outcome.B13,K14,P11


Hematocrit should not be allowed to drop below 0.25 throughout the operation. Although this variable has not been studied in enough detail to develop a linear relationship between hematocrit level and risk of neurologic injury, evidence suggests that levels of 0.20 result in greater neurologic injury than levels of 0.25, and there is no improvement with higher hematocrit levels.J9,N7


During cooling, dilatation of the heart must be avoided. It may be necessary to manipulate the position of the venous cannulae to ensure adequate drainage. A single infusion of cardioplegic solution will usually suffice if circulatory arrest does not exceed 30 minutes.









Circulatory Arrest


Time constraints of safe circulatory arrest are discussed in Section I. There is no secure evidence that interposing a short period of CPB increases safe duration of circulatory arrest, presumably because cerebral blood flow is low early after resumption of CPB and presumably inhomogeneously distributed under that conditionS39 (see Fig. 2-3). However, when time constraints are anticipated, intermittent perfusion to interrupt hypothermic circulatory arrest may be useful.L3









Cardiac Operation


The right atrial cannula is often removed from the heart. If arch reconstruction is part of the operation, the aortic cannula is removed as well. The heart and great arteries are opened where appropriate, and repair is performed. The right atrium is usually opened to close any atrial communication, including a patent foramen ovale, or to perform atrial septectomy, as appropriate. When the intracardiac repair is completed, the cardiotomy is closed.









Rewarming


The aortic and right atrial cannulae are inserted through the previous purse strings (if arch reconstruction is performed, depending on what reconstructive technique is used, a new arterial purse string may be needed). Extreme care should be taken to ensure that air entry into the aorta does not occur at the initiation of perfusion. Precise details of rewarming with CPB and time of its initiation, myocardial management, cardiac de-airing, and removal of the aortic clamp are highly interrelated and primarily dependent on the method of myocardial management. Each surgical group should determine these protocols individually, using the principles described in this chapter and in Chapter 3.











Continuous Antegrade Cerebral Perfusion






Preparation for Cardiopulmonary Bypass


This technique is reserved for operations in which aortic arch reconstruction or important aortic manipulation is to be performed. Preparation of the patient is the same as described for CPB in general (see Section III), with a few notable exceptions and areas of emphasis. Regional cerebral oxygen monitoring using near-infrared spectroscopy is performed routinely and has been shown to be beneficial.V16 To achieve a technically precise repair using continuous CPB, exposure is of prime importance. The skin incision is taken to the sternal notch, with a retraction stitch placed at the upper pole of the incision. The thymus, when present, is completely resected. It is critical to both mobilize the brachiocephalic vein in its entirety and to open the fascia above the vein to fully expose the brachiocephalic artery. The dissection is continued by complete mobilization of the three major arch vessels and the ductus arteriosus. Mobilizing the left pulmonary artery to the pericardial reflection facilitates exposure of the aorta distal to the ductus arteriosus (if present).









Cannulation


Arterial cannulation is accomplished by direct cannulation of the brachiocephalic artery,M4 although alternative methods exist.T16 The arterial purse string is placed inferior to the brachiocephalic vein while retracting the vein superiorly, using 6-0 polypropylene suture (Fig. 2-24). Care is taken to limit the width of the purse string to prevent narrowing the artery. For cases of interrupted aortic arch, a second arterial purse string is placed into the pulmonary trunk in preparation for lower-body perfusion through the ductus arteriosus. Standard setup also involves placing purse strings in the superior vena cava (SVC) and inferior vena cava (IVC) for bicaval venous cannulation, and in the right superior pulmonary vein for venting.





[image: image]

Figure 2-24 Standard setup for neonatal arch reconstruction using continuous antegrade cerebral perfusion. Brachiocephalic vein is retracted superiorly to expose brachiocephalic artery for cannulation. Arch vessels are completely dissected before commencing cardiopulmonary bypass.


(From Malhotra and Hanley.M4)





A 6F or 8F arterial cannula is selected for neonates, based on the patient’s weight and brachiocephalic artery size. Larger cannulae are used for larger patients. Before insertion, the obturator is withdrawn until it is flush with the catheter tip (Fig. 2-25). The artery is carefully cannulated to avoid obstructing flow in the brachiocephalic artery. Typically, the artery is opened with a fine-blade knife and the cannula placed directly, without using a vascular clamp. The cannula is advanced to the start of the wire spiral and no farther than 2 mm. The arterial line is then rigorously de-aired.





[image: image]
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Figure 2-25 Arterial cannulation for use of continuous antegrade cerebral perfusion. A, Arterial cannula used for brachiocephalic artery cannulation. B, Note that obturator is withdrawn into cannula, flush with cannula tip.


(From Malhotra and Hanley.M4)





The cavae are cannulated with right-angled 12F venous drainage cannulae (for neonates weighing 2.0 kg or more), and CPB is initiated at a flow rate of 200 mL · kg−1 · min−1. The IVC cannula is initially oriented superiorly into the atrium to avoid any potential obstruction of lower-body venous return at these high flow rates. A vent is placed into the left side of the heart through the right upper pulmonary vein purse string. Next, the ductus arteriosus is temporarily occluded with a snare. The ductus is permanently ligated when lower-body perfusion is assured, as judged by an appropriate drop in rectal temperature. In the case of interrupted aortic arch, or in the rare case that lower-body perfusion is inadequate for patients with hypoplastic left heart physiology or aortic coarctation, the ductal snare is loosened, the branch pulmonary arteries are snared, and a second arterial cannula is placed into the main pulmonary artery for direct lower-body perfusion via the ductus, similar to the method described earlier for interrupted aortic arch.









Cardiopulmonary Bypass and Cooling


Once CPB is initiated and adequate venous drainage is confirmed, the patient is cooled to 22°C to 24°C for a minimum of 15 minutes to ensure uniform cooling of the central nervous system. The acid-base status is initially managed according to an alpha-stat strategy, and the perfusate hematocrit is maintained between 25% and 30%. After the cooling period is completed, flow is reduced to 120 mL · kg−1 · min−1, and the IVC cannula is redirected downward into the IVC. The aorta is clamped and cardioplegia administered through the aortic root in an antegrade fashion. This is achieved using a standard neonatal cardioplegia needle in cases of interrupted aortic arch, coarctation, and Damus-Kaye-Stansel procedure, and using a 22-gauge angiocatheter in cases of hypoplastic left heart physiology with very small ascending aorta. Snares are placed around the two vena caval cannulae.









Preparation for Cerebral Perfusion


The arch vessels are now prepared for cerebral perfusion. The brachiocephalic artery, left carotid artery, and left subclavian artery are each individually clamped with atraumatic neurovascular clips (Fig. 2-26). At this point, direct perfusion is isolated to the head and right arm, the flow rate is reduced to 40 mL · kg−1 · min−1, and acid-base management shifts to pH-stat. The ductus arteriosus is now formally ligated and transected (as appropriate), and the descending aorta, which has been extensively mobilized previously, is clamped distally.





[image: image]

Figure 2-26 Position of arterial cannula for CPB and subsequent continuous antegrade cerebral perfusion. As described in text, arch vessels will eventually be clipped (using neurovascular clips) as continuous antegrade cerebral perfusion is established.


(From Malhotra and Hanley.M4)











Arch Reconstruction


At this point, any type of arch reconstruction can be performed. Specifics of the repair are tailored to the particular morphologic lesion. Associated intracardiac anomalies can be repaired during continuous antegrade cerebral perfusion; however, the preferred method is to reestablish total body perfusion (as described in the following text) after the arch repair, and then proceed with the intracardiac component of the repair.









Reestablishing Total Body Perfusion and Associated Intracardiac Repairs


After the arch reconstruction is completed, the descending aorta is unclamped. The neurovascular clips on the base of the brachiocephalic artery and the other arch vessels are also removed. Flow is increased to 120 to 150 mL · kg−1 · min−1, reestablishing total body perfusion. If no additional repairs are needed other than arch reconstruction, reestablishment of total body perfusion coincides with myocardial reperfusion. If any remaining intracardiac lesions are present, a standard aortic clamp is placed on the ascending aorta before the descending aortic clamp and the neurovascular clip on the brachiocephalic artery are removed. Additional cardioplegia is administered as necessary according to the general guidelines outlined in Chapter 3, and the intracardiac repair is performed.









Rewarming


After the arch repair (or combined arch and intracardiac repair) is completed, reestablishment of myocardial perfusion, de-airing, and rewarming are begun, again following general guidelines outlined in Section III of this chapter and in Chapter 3. Snares around the vena caval cannulae are removed, and the IVC cannula is again repositioned up into the right atrium. CPB flow rate is increased to 200 mL · kg−1, and the patient is rewarmed using an alpha-stat strategy. Once normothermia is achieved, the patient is weaned from CPB support and the caval cannulae removed. To prevent obstruction or arterial thrombosis, it is important to remove the arterial cannula from the brachiocephalic artery immediately after separation from CPB.














2A Equations


The equation derived from the data in Fig. 2-1 is:





[image: image]




where P for intercept and slope < .0001, SD of regression = 0.12, and r2 = .80.


Correlation (r2) of the data in Fig. 2-15 to a linear modelS27 was .39; to a log-log modelH20 .54; to the ArrheniusP5 equation (log [image: image] proportional to flow−1) .52; and to a hyperbolic model.69. The equation for Fig. 2-15 is:





[image: image]




where [image: image] is oxygen consumption (mL · min−1 · m−2) at 37°C; [image: image] is perfusion flow rate (L · min−1 · m−2) during CPB; P for intercept and slope < .0001; SD of regression = 0.0024; and r2 = .69.


The equation represented by the nomogram in Fig. 2-11 is:





[image: image]




where T is temperature in °C. This was derived as follows. The relationship between [image: image] and [image: image] at 37°C was established from published animal experimental data (Fig. 2-15 and Equation 2A-2). Fox and colleagues established these relationships at 20°C in humans during CPB.F19 The equation is:





[image: image]




In mating these for the curves at intermediate temperatures, the first coefficient in Equation 2A-3 (relating to maximum [image: image] at limitless flow) followed Q10, which happened to be 2.4. The second coefficient (relating [image: image] slope change to temperature) followed a Q10 of 1.8. Both the experimental data at 37°C and the data of Fox and colleagues at 20°C are described by Equation 2A-3.


The logistic equation for Fig. 2-6 is:





[image: image]     (2A-5)





where TCA is circulatory arrest time (minutes), P for intercept < .0001, and P for TCA = .002. Also, among the 211 patients without such events, TCA time was 42 ±14.0 (SD) minutes, compared with 59 ±10.2 for the 8 patients with such events (P = .0008).
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1 In the laboratory, this is defined as a fall of 1 inch per minute of a column of water in tubing held vertically above the roller pump. Clinically, when the pump-oxygenator is fully primed, the system is pressurized to 300 mmHg measured by an onboard manometer. The roller heads are adjusted to allow a slight pressure drop over 1 minute.


2 The controversy surrounding aprotinin and its eventual removal from the market provides an interesting yet sobering insight into evidence-based medicine. Aprotinin was introduced for its serine proteinase inhibitory properties, which are relevant to the damaging effects of CPB discussed later in this chapter. Its profound effect on blood loss during cardiac surgery was a serendipitous pleiotropic finding,R25 although this had been observed in cyanotic children with hematologic derangement by Urban and colleaguesU4 and others.H43,K19,P17 What was considered by some an unethical number of small randomized trials repeatedly demonstrated this effect on blood loss.F8 Nevertheless, in a thoughtful assessment, Angoustides and FleisherA25 pointed out that at least three essential issues remained unresolved: (1) safety in specific subsets of patients, (2) platelet protection, and (3) organ protection. For example, many studies, such as those of Koch and colleagues, have demonstrated that morbidity and mortality of cardiac surgery steadily increase with number of transfused red cell unitsK15,K16; yet despite the substantial decrease in transfusion requirement with aprotinin, morbidity did not proportionately decline. It was the observational study of Mangano and colleagues that focused attention on safety of aprotinin despite its efficacy.M5 This study with numerous flaws,S5 combined with another randomized trialF9 and concern about the transparency of reporting of safety by the manufacturer, led to withdrawal of aprotinin from the market.
In developing an evidence base, even randomized trials can be misleading when they (1) focus on efficacy without sufficient power (sample size) to identify possible safety problems; (2) do not compare against placebo, just other drugs of the same class; (3) do not take into account differential effects on different patient subsets; or (4) fail to assess known primary effects of the drug when interesting and unexpected efficacy is discovered. The result is incomplete evidence that clouds decision making.
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To whatever extent possible, injury to the myocardium must be avoided during operations utilizing cardiopulmonary bypass (CPB). During these operations, alterations of myocardial blood flow and oxygen demand are often imposed that, unmodified, might injure cellular energetics and morphology. We have chosen to call the following general discussion one of management rather than protection of the myocardium. Most efforts at management will result in protection of function. However, some techniques at times result in injury; at other times perhaps one or another technique may improve myocardial function. Almost all the techniques of myocardial management introduced in the past are in use today by one or more surgical groups, and at this time there is little secure evidence that one method is superior to another, or that the same method is optimal under all circumstances.F9 This chapter is written, nonetheless, with the bias that few if any methods currently available perfectly protect the heart from the damaging effects of an appreciable period of global myocardial ischemia, but that such a method may evolve with additional knowledge. Emphasis is given to methods that are currently satisfactory.






Historical Note


In the early years of cardiac surgery, little mention was made of the possibility that fatal or nonfatal low cardiac output in the early postoperative period was related to damaging effects of the cardiac operation itself. Indeed, in two reviews of complications of open heart operations published in 1965W2 and 1966,R27 early postoperative low cardiac output was discussed extensively, but no mention was made of myocardial necrosis as a complication of the surgery or as a cause of low cardiac output, nor of temporary depression of myocardial function (stunning) as a result of the operation itself. Then, in 1967, Taber, Morales, and Fine described scattered small areas of myocardial necrosis, estimated to involve about 30% of the left ventricular myocardium, in a group of patients dying early after cardiac operations, and implicated this as the etiology of the patients’ low cardiac output.T1 Najafi and colleagues showed in 1969 that acute diffuse subendocardial myocardial infarction was found frequently in patients who died early after valve replacement; these investigators suggested this was related to methods of intraoperative management of the myocardium.N1 They discussed the possibility that disturbances of the myocardial oxygen supply/demand ratios might be implicated, and that proper perfusion of the subendocardial layer of the myocardium was a particular problem during CPB.


When coronary artery bypass grafting (CABG) began during the early 1970s, cardiologists and cardiac surgeons soon noted that a disturbingly high proportion of surgical patients developed a transmural myocardial infarction perioperatively (immediately before, during, or within 24 hours of operation).B38 Although first widely publicized in connection with CABG, development of transmural myocardial infarction was soon shown to be a complication of cardiac surgery in general. In 1973, in a consecutive series of patients with normal coronary arteries who had undergone various open cardiac operations, Hultgren and colleagues documented a 7% occurrence of acute transmural myocardial infarction.H15 These investigators recognized that “there is clearly an urgent need to further improve the protection of the heart during [cardiac] surgery.” Various autopsy studies have confirmed that acute transmural myocardial infarction, as well as scattered myocardial necrosis and confluent subendocardial necrosis, can occur after cardiac surgery in the presence of normal coronary arteries.R12 The rarely occurring extreme manifestation of ischemic damage, “stone heart,”C18 was recognized at about that time and has been confirmed to be essentially a massive myocardial infarction developing during reperfusion.K2,L8


Development of knowledge in this area was facilitated by improved methods of identifying myocardial necrosis during life and, to some degree at least, quantifying its extent. Electrocardiographic criteria for diagnosing transmural myocardial infarction and ischemic changes were clarifiedR18 and applied to postoperative patients. Appearance of cardiac-specific enzymes in plasma was shown to correlate well with other evidence of myocardial necrosis,O4,R16 and their concentrations were shown to correlate directly with amount of muscle that had become necrotic, as judged by other criteria.K4,K8 Isoforms of troponin I and T, sensitive and somewhat specific serum markers of myocardial injury following CPB,C1,M2,T2 were found to be related to duration of ischemic time during cardioplegia, and elevated serum levels were associated with occurrence of delayed post-clamp recovery of ventricular function.K16 Radionuclide imaging identified the presence and extent of perioperative myocardial infarctions.R9


With these methods, a number of clinical studies have supported the finding of autopsy studies that myocardial necrosis is an important and frequent complication of conventional cardiac surgery. In 1974, the frequency of myocardial necrosis in patients convalescing well was demonstrated in a study of isolated aortic valve replacement.S4 Although hospital mortality was low (2%), 15% of the patients developed electrocardiographic evidence of transmural myocardial infarction, and 70% developed isoenzymatic evidence of myocardial necrosis. In 1974, it was shown that even after the short and simple operation for repair of an uncomplicated atrial septal defect, both adult patients and children developed isoenzymatic evidence of myocardial necrosis. Myocardial necrosis was demonstrated by enzymatic methods in children undergoing surgery for a number of different congenital cardiac defects.N7


In a 1975 study, early postoperative cardiac output was reported to be inversely proportional to the extent of myocardial necrosis, and thus the amount of myocardial necrosis was a determinant of the early postoperative condition of the patient and of the probability of survivalR8 (Fig. 3-1). Subsequently, it became clear that myocardial stunning also occurs after cardiac surgery, as well as after regional myocardial ischemia from coronary artery disease.B31 This also results in a period of low cardiac output of variable duration, albeit without myocardial necrosis in some patients.
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Figure 3-1 A, Relationship between early postoperative cardiac index and probability of hospital death in patients undergoing mitral valve surgery (P < .05), cold ischemic arrest, or intermittent ischemic arrest. B, Probability of acute cardiac death, from early postoperative low cardiac output, according to level of cardiac index in 139 infants and children undergoing open intracardiac repair. Dashed lines encompass 70% confidence limits.


(A from Appelbaum and colleaguesA17; B from Parr and colleaguesP2; see publications for data, equation, and statistics.)





It is difficult to identify the individual who first thought about special methods of myocardial management to protect the heart itself from damage during operations. Probably the first special method was retrograde coronary perfusion for surgery on the aortic valve, reported by Lillehei and colleagues in 1956,L10 and subsequently by Gott and colleagues.G7 “Elective cardiac arrest” was advocated by Melrose in 1955,M13 but its use at that time by Cleland in London was for intracardiac exposure, not myocardial management. The first deliberate attempts to protect the myocardium other than by simply perfusing it may have been made by Hufnagel and colleagues in 1961, who introduced profound cardiac cooling using ice slush,H14 and Shumway and Griepp and colleagues, who used ice cold saline for the same purpose.G9,S17,S18 Pharmacologic intervention, designed to provide myocardial protection against the damaging effect of ischemia, began during the 1970s as more knowledge of the pathophysiology of myocardial ischemia evolved.N5 In the late 1970s, Clark and colleagues accumulated evidence of the favorable effect of nifedipine, a calcium channel blocking agent.C11,C12


The concept of reducing global myocardial ischemic damage by inducing immediate cessation of electromechanical activity—cardioplegia—was discussed generally by cardiac surgeons during the late 1950s, during which time cold Melrose solution was used for this purpose at the Mayo Clinic. Lack of any apparent advantage led to abandoning the method. The concept remained largely unused in the United States for many years thereafter, but in Europe, Hoelscher,H9 Spieckerman and colleagues,B25 Bretschneider and colleagues,B35,B36,B37 and KirschK11 continued investigations of induced cardioplegia. Sondergaard reported clinical use of Bretschneider’s solution in 1967,S21 and in 1972 Kirsch and Rodewald and colleagues reported use of Kirsch cardioplegic solution in clinical cardiac surgery.K12 Working with the latter group, Bleese and colleagues reported a hospital mortality in 1979 of 12% among 26 patients undergoing complex operations with cold procaine-magnesium cardioplegia and global myocardial ischemic times greater than 150 minutes.B16 About the same time, Hearse and Braimbridge and their colleagues in London were exploring induction of reversible cardiac arrestH8 and its clinical application. Gay and Ebert studied and advocated potassium-induced cardioplegia in 1973,G4 as did Roe and colleagues in 1977.R15 Randomized trials soon confirmed the advantages of cold cardioplegia.C17 Buckberg identified blood as the optimal cardioplegic vehicle in 1979.B42 In the 1990s Wechsler, Damiano, and others began experiments using concepts of membrane hyperpolarization (nearer the resting state) via adenosine triphosphate (ATP)-sensitive K+ channels rather than hyperkalemic cell membrane depolarizationC15,L1; aprikalim and pinacidil are examples of K+ channel openers.M8


In 1960, Danforth, Naegle, and Bing showed the rapidity with which myocardial energy supply is replenished after ischemia when electromechanical quiescence is continued for a few minutes into the reperfusion period.D2 This key observation remained unused until Buckberg and colleagues in 1978 showed experimentally that improved outcome could be obtained through use of an initially hyperkalemic reperfusate.F8 Subsequently, these investigators modified the reperfusateF7: For acutely energy-deficient hearts, they introduced warm induction of cardioplegia with an enriched, modified, hyperkalemic blood perfusate.R26 Control of perfusion pressure during reperfusion and continuance of controlled reperfusion until full recovery were additional contributions to cardioplegic and reperfusion techniques.D5


The mode of delivery of the cardioplegic vehicle was the latest contribution to cardioplegic management. BuckbergD10 in North America and MenascheM16 in Europe documented the efficacy and safety of retrograde and combined antegrade-retrograde infusion in valvar and coronary surgery. Metabolic demands of the heart were reduced by approximately 85% by sustained potassium arrest, even at normothermia. Therefore, using the delivery concepts of Buckberg and Menasche, LichtensteinL7 and SalernoS3 reasoned that warm continuously delivered blood cardioplegia containing minimal amounts of potassium would provide adequate oxygen, substrate, and buffer to the arrested nonworking heart. They occluded the aorta and maintained the heart quiet and flaccid, but perfused.









Need for Special Measures of Myocardial Management






Conditions during Cardiopulmonary Bypass


The heart of intact humans is perfused by blood, ejected from the left ventricle, that leaves the aorta via the right and left coronary arteries. Blood is continuously modified by the organism so as to be correct in its composition and free of damaging materials such as gaseous or particulate microemboli. The amount and distribution of myocardial blood flow (hence myocardial oxygen supply) are continuously regulated, primarily in response to myocardial oxygen demand. This flow is determined by coronary perfusion pressure (aortic pressure), tension in the various myocardial layers (related in part to ventricular wall thickness and size), and coronary vascular resistance. An appropriate coronary vascular resistance depends on proper function of the coronary endothelial cells and underlying smooth muscle. The ratio between flow to the inner one fourth of the myocardium (subendocardial layer) and that to the outer one fourth (subepicardial layer) in normal hearts with intact circulation is maintained at 1 or a little greater. Although blood flow to the subepicardial layer occurs during both systole and diastole, blood flow to the subendocardial layer occurs almost exclusively during diastole, because intramyocardial tension during systole closes the branches of the coronary arteries that pass perpendicularly through the myocardium to arborize in the subendocardium. The well-known vulnerability to ischemia of the left ventricular subendocardial layer in shock, ventricular hypertrophy, and coronary artery disease, as well as during cardiac surgery, is dependent in part on this relationship, but in part on other factors as well, including a higher rate of oxygen consumption in the subendocardial layer.B15


During CPB, the heart is deprived of most of these protective regulatory factors. During total CPB, blood enters the arterial system through a cannula in the ascending aorta or at a more distal point. It then passes retrogradely into the most proximal part of the aorta and is distributed through the right and left coronary ostia into the coronary arteries. Arterial pulse pressure is narrow (essentially nonpulsatile), and mean arterial blood pressure is variable. The heart is usually more or less empty and thus smaller than usual, thereby increasing intramyocardial tension and transmural and subendocardial vascular resistance, and decreasing flow to the subendocardial layer.A18,S24 The effect is particularly powerful in the small heart and hypothermic heart.S24 Ventricular fibrillation increases intramyocardial tension still more. Coronary vascular resistance during CPB is also affected by circulating vasoactive agents (see “Details of the Whole-Body Inflammatory Response” in Section II of Chapter 2). The perfusate is diluted blood of variable composition with highly abnormal physiochemical properties. The blood may contain microemboli of several kinds, and leukocytes and platelets with altered mechanical and humoral functions.


Thus, there is little reason to assume that the empty perfused human heart on CPB, even when beating, is managed optimally. Furthermore, clinical experience refutes that view.









Vulnerability of the Diseased Heart


In most patients undergoing cardiac surgery, coronary blood supply or the myocardium, or both, are not normal and are therefore particularly susceptible to ischemic and reperfusion damage. Hypertrophied ventricles have long been known to be particularly susceptible to ischemic and reperfusion damage.S7 This vulnerability is a result of several factors. Transmural gradients of energy substrate utilization are markedly elevated, increasing the vulnerability of the subendocardium to ischemic damage.B15 Xanthine oxidase levels are markedly elevated, increasing the opportunity for elaboration of oxygen-derived free radicals. Superoxide dismutase levels are markedly decreased, reducing the natural defenses against oxygen-derived free radicals.B9 Also, wall characteristics of the hypertrophied ventricle make reperfusion of the subendocardium even more difficult than under normal circumstances.


The heart of the patient with chronic heart failure is chronically depleted in energy charge1 and is particularly susceptible to additional acute depletion and damage during ischemia and reperfusion.


The hearts of experimental animals made cyanotic have been shown to be considerably more susceptible to ischemic and reperfusion damage than are normal hearts.J11 This may pertain also to severely ill, cyanotic patients. It is well known that the heart of a patient coming to the operating room in a hemodynamically unstable state or in cardiogenic shock is highly sensitive to the damaging effects of global myocardial ischemia.









Surgical Requirements


Cardiac operations can be performed with the heart perfused and either beating, in ventricular fibrillation, or in diastolic arrest. However, the probability of a precise and complete surgical procedure without air embolization is greatest when the heart is bloodless and mechanically quiescent. These optimal conditions are provided by global myocardial ischemia, but they necessitate appropriate myocardial management to limit the damage that would otherwise result from the period of global myocardial ischemia. The changes associated with myocardial ischemia and those associated with reperfusion are not often discussed as separate events; much of the literature does not allow interpretation of one or the other as a separate event. In contrast, the surgeon, by his or her manipulations, has a unique opportunity to control and influence each separately. Therefore, the following discussion must, for strategic purposes, attempt to distinguish the role of ischemia from that of reperfusion.











Damage from Global Myocardial Ischemia


Damage from a period of ischemia may result in a variable, and sometimes prolonged, period (many days) of both systolic and diastolic dysfunction without muscle necrosis.E2 This condition is termed myocardial stunning.B31,B32 A period of ischemia may also result in irreversible damage (myocardial necrosis). Some investigators have obtained information indicating that this can develop in the subendocardium after as little as 20 minutes of normothermic ischemia.J3,J4 Others have obtained evidence that at least 6 hours of normothermic myocardial ischemia is compatible with myocardial cell survival throughout the myocardium.B12 Ischemic damage involves myocardial cells (myocytes), vascular endothelium, and specialized conduction cells (which, with many cardioplegic techniques, may be the last to recover).


Overall reviews of the damage from myocardial ischemia are available.H6,N4 Nayler and Elz stress the extreme heterogeneity among cells (and by implication among hearts) in the rate of progression of ischemic damage, as well as in the rapidity of the chain of events of ischemia (i.e., the switch from aerobic to anaerobic glycolysis occurs within seconds of onset of ischemia).N4


Although the phrase global myocardial ischemia is appropriately used to describe the situation during cardiac surgery when the aorta is clamped, some blood flow—originating in mediastinal arteries—continues from noncoronary collaterals.B33 Generally, noncoronary collateral flow is less than 3% of total coronary flow. However, in patients with cyanotic congenital heart disease, advanced ischemic heart disease, extensive pericarditis, and other conditions, coronary collateral flow may be sufficient to initiate electromechanical activity in the heart rendered quiescent by cardioplegia, but insufficient to prevent continuing and important ischemia.






Myocardial Cell Stunning


Surgeons have long known that patients may have severely depressed cardiac function after cardiac surgery without evidence of myocardial necrosis, and that the duration of the depressed function may last minutes or days. Some instances of delayed recovery of cardiac function after cardiac surgery may be related to initially incomplete reperfusion of the microvasculature of the heart. However, myocardial stunning probably underlies at least some instances of prolonged postoperative low cardiac output. In general, stunning occurs after a state of acutely diminished myocardial blood flow followed by adequate reperfusion. After establishing “normal” blood flow, there remains for a time diminished contractility; that is, perfusion/contractility mismatch.2


Myocardial stunning, which can follow even brief periods of myocardial ischemia, is characterized by systolic and diastolic dysfunction in the absence of myocardial necrosis.B32,E2,P4 Myocardial stunning has been attributed to reduced oxygen consumption, which might protect against myocardial necrosis. This hypothesis is denied by the fact that stunned myocardium has a high, not low, oxygen consumption.B10 Some have suggested that stunning may be a consequence of abnormal energy transduction or utilization secondary to depletion of high-energy phosphates. Stunned myocardium, however, responds to inotropic stimulation, indicating the presence of adequate ATP to produce active contraction.E3 Myocardial stunning, then, is a form of myocardial cell damage caused by ischemia and reperfusion.B18 Stunning, like myocardial necrosis, tends to begin in the subendocardial layers and progress outward; recovery during reperfusion proceeds in the reverse direction.B20


Current information makes it unlikely that stunning is the result of prolonged postischemic depletion of myocardial cell energy charge.B31 It does not appear to be the result of a continuing postischemic impairment of coronary blood flow or coronary reserve.J5 It may be caused in part by the release of oxygen-derived free radicals, presumably by activated neutrophils and probably occurring to a major degree during the first few minutes of reperfusion.B18,B21 Experimentally, introduction of superoxide dismutase and catalase (free radical scavengers) before an ischemic period results in nearly full restoration of contractile indices upon reperfusion, compared with prolonged depression in controls.P11 Stunning may be caused in part by an ischemia-induced increase in influx of calcium into the myocardial cells.M4,P10,P12 This possibility has led to the hypothesis that cardiac stunning is related to a defect in calcium-mediated excitation-contraction (EC) coupling that results from the excess calcium.B31 This hypothesis must be reconciled with evidence that after short periods of ischemia, excess intracellular calcium that rapidly accumulates with the onset of reperfusion soon leaves the cells.M4


Techniques of myocardial management designed to minimize myocardial necrosis are probably effective against myocardial stunning as well. Thus, for optimal results, these techniques should be used even when the period of global myocardial ischemia is less than that anticipated to result in myocardial cell death.









Myocardial Cell Necrosis


Myocardial necrosis after cardiac surgery is the end stage of a complex process initiated by the onset of global myocardial ischemia, maintained by continuing ischemia, and aggravated by reperfusion. The final link in the chain of events, reperfusion, can be favorably modified so as to prevent necrosis, unless the duration of myocardial ischemia is excessive; “excessive” in this context has not yet been defined.B30


Immediately after the onset of ischemia, contractile force declines rapidly, as does myocardial pH.C14,G1 Oxidative metabolism, electron transport, and ATP production by oxidative phosphorylation (which take place in mitochondria) decline rapidly. Some ATP is still produced by relatively inefficient anaerobic glycolysis. Fatty acid utilization is rapidly reduced, while fatty acid acyl-CoA derivatives accumulate because of continuing uptake of fatty acids by myocardial cells. Intracellular acidosis develops because of accumulation of lactate and protons in the myocardial cytoplasm, suppressing anaerobic glycolysis. These developments contribute to damage to the cell membrane and loss of control of cell size, with consequent cell swelling, intracellular accumulation of calcium, and other disturbances of membrane ion transport.L5 This entire process acutely diminishes myocardial energy charge and glycogen reserves, while adenosine, inosine, and other nucleotides that are the results of ATP catabolism and the building blocks for ATP repletion leave the cell. Ultrastructural changes during this early phase are limited to loss of glycogen granules and some intracellular and organelle swelling.


As the duration of ischemia lengthens, intracellular metabolic deterioration continues, still more fatty acids accumulate within the myocytes, and diastolic arrest occurs. Loss of control of sarcolemmal membrane permeability—which begins within 15 minutes of onset of ischemiaH4—continues, and nonspecific membrane permeability increases. Adenosine, lactate, and other small molecules leak still more rapidly out of the cell, as do cytoplasmic proteins and enzymes; these appear in the cardiac interstitium and in the lymph.L5 As macromolecules within myocardial cells are converted to smaller, more osmotically active molecules by ischemic metabolic conversion, cell swelling proceeds more rapidly.T12 Cellular metabolism and ATP production nearly cease, and glycogen stores are depleted.M20 As glycolysis and mitochondrial function are totally lost, cellular autolysis begins, and cell contents leak more extensively into the interstitial space and cardiac lymph.


In many laboratory preparations, as the depletion of ATP continues and finally reaches critical levels, myocardial contracture begins to occur.G6 The classic belief has been that once contracture is completed, functional recovery is suddenly more difficult, and the time to this end point has been an important criterion in many studies in isolated rat heart preparations.A11 However, the time to contracture (1) is highly species dependent, (2) is unknown but probably quite long in humans, and (3) in the rat heart, at least, has a greatly different implication in crystalloid vs. blood-perfused preparations.W1 The appearance of contracture does indicate that the content of ATP has been depleted to a critically low level. Contracture first develops in the subendocardium, because of its higher metabolic rate and consequent more rapid depletion of ATP.A15,B15,J9,L18,V4 Contracture develops more rapidly in hypertrophied than in normal heartsB15 and is delayed in its onset by hypothermia.


Where the process becomes truly irreversible along this course of events, and cell death becomes inevitable, is not known with certainty.









Endothelial Cell Damage


As in the case of myocytes, distinguishing between ischemic endothelial cell damage and reperfusion damage is difficult. Endothelial cell swelling develops during ischemiaS8 and becomes more prominent during reperfusion, and secretion of endothelial relaxing factor, as well as of endothelin, the constricting factor, is affected. Boyle and Verrier have reviewed the role of the endothelium in events associated with ischemia and reperfusionB29 (Fig. 3-2). There is endothelial cell activation following hypoxia, anoxia, or ischemia. Activated endothelial cells express proinflammatory properties, including induction of leukocyte adhesion molecules. These result in neutrophil accumulation at the arterial wall and release of oxygen-derived free radicals. Intracellular adhesion molecules (ICAM) are upregulated (see Fig. 3-2). Endothelial cell selectins (E and P) are also involved in the hypoxic inflammatory response and, theoretically, may ultimately contribute to small vessel occlusion (no-reflow) occasionally seen after myocardial ischemia. Impaired microcirculatory flow, membrane degradation, and enzyme dysfunction result then in poor mechanical function (see Fig. 3-2). After prolonged ischemia, endothelial cell damage is marked and apparent during reperfusion with unmodified blood and without control of pressure, with sufficient endothelial cell damage that necrosis occurs and large intraluminal projections develop, some of which are cast off into the lumen.K13 Thus, myocardial endothelial cells probably also participate, along with other endothelial cells in the body, in the “whole-body inflammatory response” to CPB (see “Details of the Whole-Body Inflammatory Response” in Section II of Chapter 2).
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Figure 3-2 A, Hypoxic endothelial cell activation. Hypoxia stimulates Weibel-Palade bodies to release P-selectin and activates nuclear factor (NF)-κB. NF-κB is translocated to nucleus, where it promotes transcription of E-selectin, intracellular adhesion molecule (ICAM), tissue factor, interleukin (IL)-8, and IL-1. IL-1 feeds back to promote more endothelial cell activation through activation of NF-κB. B, Neutrophil adhesion is a multistep process that involves contact between neutrophils and members of the selectin family of adhesion molecules (P-selectin, E-selectin) expressed on activated endothelium. These low-affinity bonds result in rolling and slowing of leukocytes. As this occurs, neutrophils become activated, and a firm bond forms between integrins on the leukocyte surface (i.e., CD 11/18) and adhesion molecules on the endothelium (i.e., ICAM-1, vascular cell adhesion molecule, platelet-endothelial cell adhesion molecule). C, No-reflow phenomenon. Hypoxia results in activation of endothelial cell layer, which promotes leukocyte adhesion and degranulation, endothelial swelling, platelet activation, microthrombosis, and increased vasomotor tone. This contributes to impaired microcirculatory flow, despite what appears to be adequate perfusion through the large epicardial arteries. Adherent neutrophils infiltrate underlying myocardium and promote lipid peroxidation, enzymatic degradation of membranes, calcium overload, and excitation-contraction uncoupling. Collectively, these events result in impaired myocardial function. Key: LPS, Lipopolysaccharide.


(From Boyle and colleagues.B29)





These ischemic changes in the coronary vascular endothelium play an important role in changes in coronary vascular resistance that have been observed in humans during reperfusion after global myocardial ischemia,D5 and in the no-reflow phenomenon seen after prolonged ischemia, particularly in the inner half of the myocardium.K13 In children, cytokines such as interleukin (IL)-8 are liberated during CPBF4 and may contribute to neutrophil adhesion and migration. Burns and colleaguesB50 and Kilbridge and colleaguesK5 report endothelial expression of P-selectin, E-selectin, and ICAM in myocardial biopsies taken during cardioplegic ischemic arrest in infants undergoing complex repairs. However, the degree to which endothelial activation and related subsequent events contribute to impaired microcirculatory flow and myocardial dysfunction during cardiac surgery is unknown.









Specialized Conduction Cell Damage


The specialized conduction cells become nonfunctional early in the course of global myocardial ischemia in humans; it may be speculated that their recovery takes longer than does recovery of myocytes. Some support for this is that 5 or so minutes after initially hyperkalemic reperfusion, the ventricular myocardium in some patients responds well and strongly to direct ventricular pacing, although it is quiescent with atrial pacing or without pacing. Then, after 5 or so more minutes, sinus rhythm may appear. Also, when blood cardioplegia and uncontrolled normokalemic reperfusion are used, about 50% of patients have atrioventricular (AV) conduction disturbances when CPB is discontinued.B3 This appears to be a form of specialized conduction cell stunning rather than necrosis, because these disappear by the time of hospital discharge in most of the patients in whom it had developed. Even third-degree AV block persisting as long as 2 months has been observed to give way to sinus rhythm.B3 Validation of this speculation remains to be obtained, however. These changes might also be ascribed to variation of specialized conduction fibers’ sensitivity to chemical components of the cardioplegia infusate.O6











Damage from Reperfusion


The morphologic changes following normal blood reperfusion of ischemic myocardium have been authoritatively presented by Jennings and Reimer.J1 They stress the complexity of the process, including cell swelling, contraction band necrosis, calcium loading of mitochondria, accelerated washout of creatine kinase early in reperfusion, and the particular vulnerability of the subendocardium. It is clear that there can be no reperfusion damage in the absence of prior ischemia. What is not clear is whether there can be reperfusion damage in the absence of ischemic damage.R13 Clearly, limitation of the duration of ischemia and modification of the conditions during ischemia are fundamental to limiting reperfusion injury.


The following discussion assumes some degree of spontaneous ischemia (coronary obstructive disease) or induced ischemia (low blood flow or aortic clamping); it pertains to uncontrolled reperfusion, which is reperfusion by unmodified blood without control of pressure or flow.






Myocardial Cell Damage


The response of myocardial cells to uncontrolled reperfusion depends in large part on the time-related point along the pathway to cell death that has been reached during the ischemic period. Yet the critical point at which the “explosive cellular response” to uncontrolled reperfusion can be expected is not known with certainty. In the past, it has been defined (in the isolated rat heart) as the point at which contracture appears, a definition of little help in humans undergoing cardiac surgery, because the time to contracture—if it occurs—is unknown but probably quite long. Also, when the rat heart is blood perfused (rather than crystalloid perfused), reperfusion after contracture results in good return of function.W1


When uncontrolled reperfusion is initiated after global myocardial ischemia in cardiac surgery, the response may be only myocardial stunning. A more severe response consists of reperfusion arrhythmias, particularly ventricular tachycardia and ventricular fibrillation. The more prolonged and the larger the area of myocardial ischemia, the more frequent, severe, and intractable the arrhythmias.B19 A still more severe response is the hard and fibrillating heart, sometimes termed stone heart.C18,H7,K2,L8 The stone heart phenomenon may involve only some regions of the heart, typically the basilar portion of the left ventricle and the subendocardium. This phenomenon indicates that the heart has undergone severe damage and may be considered to have approached the critical “point of no return.” It has not necessarily reached this point, because the stone heart is, at least under some circumstances, capable of recovery. The histologic features of these advanced forms of reperfusion damage include disruption of the regular myofibrillar pattern and evident contraction bands.M5


Clearly, the strong influx of calcium into myocytes, and particularly its accumulation in mitochondria, are obvious and fundamental features of reperfusion injury.I2,N3,O5,S14,S15 Stiffness of cardiac muscle resulting from uncontrolled reperfusion after a period of ischemia is caused by the massive influx of calcium into mitochondria and cytoplasm of myocytes, as well as by edema and capillary disruption.B13 However, many other types of events are ongoing, most well underway within 1 or 2 minutes of uncontrolled reperfusion.


Chemotactic factors of cardiac subcellular origin, activated endothelial cells, activated complement fragments, such as C5a, and cytokines are generated locally in ischemic myocardium.D9,M6,R28 This process activates circulating neutrophils, which accumulate and play an important role in initiating and sustaining reperfusion injury.B34,C4,E7,M22 Neutrophils plug myocardial capillaries as reperfusion continues because of their large size and active adherence to ischemically damaged endothelial cells.E6 Leukocytes, and in particular neutrophils, release large amounts of oxygen-derived free radicals in these circumstances.H3,M10 Activated neutrophils also release arachidonic acid metabolitesM14 that cause endothelial injury, vasoconstriction, and platelet aggregation. During reperfusion, certain leukotrienes are also released from platelets and endothelial cells.I3,R29


Oxygen-derived free radicals generated during reperfusion represent one of the fundamental processes that produce damage.A13,P8 Oxygen-derived free radicals are characterized by presence of unpaired electrons and include superoxide (O2), hydrogen peroxide (H2O2), and the hydroxyl radical (OH). Normally, myocardial cells are constantly exposed to superoxide anions in very small amounts, produced in (1) mitochondria (where 95% of oxygen consumption occurs) during electron transport, (2) cell cytoplasm during prostaglandin synthesis and metabolism and oxidation of tissue catecholamines, (3) vascular endothelium by xanthine oxidase–catalyzed reactions, and (4) extracellular fluids by activated neutrophils. Normally, these very small amounts of oxygen-derived free radicals are well controlled. Superoxide dismutase, which is normally present in myocytes, catalyzes the transformation of superoxide anions to hydrogen peroxide and water; metabolism of hydrogen peroxide to water and oxygen is accomplished by either catalase or glutathione peroxidase, or both.A13


The very onset of uncontrolled reperfusion can produce large amounts of oxygen-derived free radicals because of profound alterations imposed on this exquisite system by ischemia. Ischemia progressively decreases the cellular levels of the scavenger superoxide dismutase and also increases metabolic end products of ATP catabolism, such as hypoxanthine and xanthine. These catabolites may participate in producing oxygen-derived free radicals by supplying free radical substrates to endothelial xanthine oxidase.A2 Also, during ischemia, normally present xanthine dehydrogenase is converted to xanthine oxidase. Superoxide anions are generated at the start of uncontrolled reperfusion. Xanthine oxidase is the catalyst for reoxygenation and metabolism of the considerable amounts of hypoxanthine and xanthine generated during ischemia. A chain reaction results, leading to the generation of other free radicals and of a direct attack by them on unsaturated fatty acids within cell membranes. As part of this chain reaction, iron plays a key role in converting relatively innocuous superoxide radicals into highly damaging hydroxyl radicals.B2 Peroxidation of membrane lipids has been shown to result in increased membrane permeability, decreased calcium transport into the sarcoplasmic reticulum, and altered mitochondrial function,A13 setting the stage for myocardial stunning or necrosis.









Endothelial Cell Damage


Reperfusion damage to the heart involves more than the myocytes. For example, myocytes surrounding a necrotic area of myocardium may be perfectly viable and functioning 1 hour after the start of reperfusion, only to become necrotic over the subsequent few hours.A14 This has been shown to be due to delayed closure of coronary arterioles and capillaries and to the resulting no-reflow phenomenon.


The endothelial cells of large coronary arteries appear to be little affected by the damaging effects of ischemia and reperfusion.Q1 The coronary microvasculature is profoundly affected, however, and the resultant endothelial dysfunction appears to develop rapidly with the onset of reperfusion.Q1,T13 This damage appears to be minimal after ischemia itself but is incited almost exclusively by reperfusion.Q1 In addition to changes in endothelial cell function, the endothelial cell swells, activated neutrophils and platelets aggregate and adhere to the endothelium, and microvascular obstruction can develop.A14,N8,V2


This rapidly induced reperfusion injury to the endothelial cells severely impairs normal endothelium-dependent relaxations to neutrophils and platelets as well as to thrombin, acetylcholine, and bradykinin.K20,M8,P5,V1 These alterations could play some role in the observed progressive increase in coronary vascular resistance during reperfusion. In addition, with damage to endothelial cells, smooth muscle beneath the cells is exposed, allowing additional mediators to induce direct smooth muscle contraction.


In addition to these phenomena, coronary vessels are compressed by myocardial areas with high wall tension and hemorrhage and by myocardial cell swelling. This all may lead to inhomogeneous distribution of the uncontrolled, unmodified blood reperfusate or actual “no-flow,” further aggravating reperfusion injury in the clinical setting. These unfavorable events are particularly damaging after prolonged (>24 hours) cardiac preservation,S26 as may eventually be required for cardiac transplantation.









Specialized Conduction Cell Damage


Little specific information is available about reperfusion injury to the specialized conduction cells.











Advantageous Conditions During Ischemia


Advantageous conditions during ischemia delay the time required for the ischemic myocardium to reach the hypothetical critical point in the course of ischemic injury. This is classically considered the point at which uncontrolled, unmodified blood reperfusion produces explosive cell damage and accelerated myocardial necrosis, rather than recovery. For this discussion, it is this critical point that must be delayed. The common denominator may be delay in severe reduction of the energy charge of the myocardium.


Circumstances that decrease the rate of ATP utilization (or its surrogate, myocardial oxygen consumption) lengthen the safe ischemic interval. These circumstances include immediate cessation of electromechanical activity and hypothermia.F12 The interrelationships are such that a great advantage is obtained by reducing myocardial temperature from 37°C to 27°C, a lesser advantage by reducing temperature from 27°C to 17°C, and a still smaller advantage by reducing temperature further (Fig. 3-3).H8 However, for longer periods of arrest (6 hours), Rosenfeldt found an increase in protection with stepwise cooling from 20°C to 4°C.R20 In a different experimental preparation, Balderman and colleaguesB4 found less satisfactory ventricular performance after 120 minutes of ischemia at temperatures of 6°C and 10°C compared with 14°C and 18°C.
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Figure 3-3 Relation between duration of global myocardial ischemia and percentage recovery of left ventricular systolic function and between heart temperature during ischemic arrest and percentage recovery. Note linear relation between duration of ischemia and percentage recovery (indicated by circles, with standard error represented by vertical bars). Note also curvilinear relation between temperature and recovery, such that most of the advantage was obtained by temperature reduction to about 22°C.


(From Hearse and colleagues.H8)





Preoperative enhancement of cardiac substrates seems advantageous, but has been little used in cardiac surgery to date. Myocardial glycogen content can be increased by an intravenous infusion of a glucose-insulin-potassium solution during the 12 hours preceding operation.L17,O3 This can be combined with continuous retrograde coronary sinus infusion of a similar solution during the ischemic period.L15,L16


Acute substrate enhancement before cold cardioplegia and ischemia by initial infusion of warm, hyperkalemic, modified and substrate-enriched blood has been shown to benefit hearts that have become energy depleted before the cardiac operation.R22,R25,R26 Continuation of the pressure-controlled, warm, enriched blood infusion for a few minutes after the onset of asystole takes advantage of increased coronary flow and better distribution brought about by cardiac asystole.S1


Preischemic administration of drugs such as lidoflazine has been shown to be advantageous,F6,V7 although the mechanism of their favorable effect remains arguable (see “Drug-Mediated Myocardial Protection” later in this chapter).


Preischemic myocardial conditioning may surface as an additional tactic to limit damage during an induced ischemic interval and as an adjunct to surgical myocardial management.S9,P9 The concepts of both ischemic preconditioning and postconditioning are well recognized in the science of myocardial ischemia and reperfusion, but have not found general application in cardiac surgery.V6 Ischemic preconditioning refers to brief periods of cessation of coronary blood flow prior to the longer ischemic event, and ischemic postconditioning refers to brief periods of coronary blood flow cessation during the early period of reperfusion. Ischemic preconditioning appears to stimulate potent innate cardioprotective mechanisms that attenuate ischemia-reperfusion injury.V8 The protective mechanisms have been linked to stimulation of myocyte adenosine receptors,T9,T10 reduction of inflammatory responses to reperfusion,D8,E8 attenuation of endothelial dysfunction during reperfusion,D3 reduction in tissue acidosis during ischemia,B1 and prevention of ischemia-induced cell apoptosis.L4


Similar mechanisms have been invoked for ischemic postconditioning.V8 Ischemia-induced cardiac preconditioning has been shown to reduce infarct size in dogsM24 and swine. Several reports suggest that in humans, prodromal angina may limit infarct size.K14,O7 Adenosine activation and α1-adrenergic stimulation are two pathways suggested as mediators of preconditioning.B6,L13 Protein kinase C has been identified as at least one of the factors that when activated by adenosine or phenylephrine results in protection by myocardial preconditioning in laboratory animalsM18,T14 (Fig. 3-4). Experimentally in sheep, preconditioning has been produced by CPB alone and the response suppressed by α1-adrenergic blockade or adenosine receptor blocker.B49
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Figure 3-4 Conceptual incremental beneficial effects of various components of current myocardial management. Top staircase line represents amount of protection, expressed as percent normal ventricular function, that is added cumulatively by each component. Bottom solid bars represent individual protection of each component. Key: PC, Preconditioning.


(From Cleveland and colleagues.C13)





Because of its simpler application to cardiac surgery, remote ischemic preconditioning is the object of numerous clinical trials. It refers to myocardial protection against ischemic injury by inducing ischemia in a distant organ, such as skeletal muscle of the arm.B2,Z3 This, and the fact that a preconditioning factor can be transferred from animal to animal, suggests a humoral factor, although a mural component has been implicated as well.L9,L11 Remote ischemic preconditioning has been implemented during cardiac surgery simply by 3- to 5-minute cycles of upper-limb cuff inflation to 200 mmHg, separated by 5 minutes of cuff deflation. Clinical trials have thus far produced mixed results.H5









Advantageous Conditions During Reperfusion


Advantageous conditions during reperfusion (1) minimize the persistence of myocardial stunning into the post-CPB period, (2) provide for optimal recovery of function of reversibly damaged myocardium, and (3) resuscitate myocytes that would otherwise have undergone necrosis.


Buckberg and colleagues evolved the methods and demonstrated the advantages of controlling reperfusion.F7,F8 These ideas constitute a clinically useful body of knowledge. In essence, the advantageous conditions consist of:




1. Maintaining electromechanical quiescence during the first 3 to 5 minutes of reperfusion to permit more rapid repletion of myocardial energy charge, minimize regional heterogeneity of reperfusion flow, minimize myocardial energy expenditure until recovery has been established, and minimize intracellular accumulation of calcium


2. Combating accumulated myocardial acidosis by controlling pH of the initial reperfusate and providing a large buffering capacity to permit more prompt morphologic, biochemical, and functional recovery


3. Minimizing damage from oxygen-derived free radicals


4. Reducing ionized calcium in the initial reperfusate to help minimize intracellular accumulation of calcium


5. Increasing availability of substrate for repletion of myocardial energy charge


6. Maintaining a low perfusion pressure (≈30 mmHg) during the first 60 to 120 seconds of reperfusion to minimize endothelial cell damage and swelling, during which time reactive hyperemia, usually present, allows this low pressure to be maintained with adequate volume and distribution of flow


7. Maintaining a flow sufficient to encourage near-uniform myocardial distribution of the reperfusate


8. Continuing control of reperfusion pressure and flow until myocyte, endothelial cell, and specialized conduction cell recovery is essentially complete





Specific comments about individual items follow, and the details of establishing these advantageous conditions during clinical cardiac surgery are described in “Cold Cardioplegia, Controlled Aortic Root Perfusion, and (When Needed) Warm Cardioplegic Induction” later in this chapter. New information continues to accumulate, and current practices must be changed whenever sufficient information becomes available to indicate the possibility of improving results by modifying methods.






Blood


Blood as the reperfusion vehicle has been shown to be superior to crystalloid solutions.B42,C2,D1,E4,E5,F3,F13,K19,N10,R10,S12,S19,T4 The advantage is due in part to the red blood cell component, although it may not relate to the oxygen transport capacity of red blood cells.I1,J2 Among other things, red blood cells contain abundant oxygen-derived free radical scavengers, which have been shown to be important.J1 The minimal effective level of hematocrit in the reperfusate is 0.15 to 0.20.I1 The buffering capacity of blood proteins, especially their histidine and imidazole groups, is also advantageous.









Leukocyte Depletion


There is little doubt that activated leukocytes play an important role in reperfusion damage. Depletion of leukocytes from the blood reperfusate (by filtration) has been shown to reduce reperfusion injury considerably.C6 Leukocyte fillers are commercially available for pediatric and adult CPB circuits.









Substrate


Addition of the amino acids L-glutamate and aspartate to solutions used to reperfuse the heart after an ischemic insult has been shown by Rosenkranz and by Buckberg and colleagues to be beneficial to metabolic and functional recovery.L2,L3,R22,R24 Their early work has been confirmed by Choong and GavinC9 and others.G5


Addition of adenosine during reperfusion was theorized to improve postischemic function; there is experimental support for its efficacy.B22 The delay in repletion of ATP after ischemic injury may well relate to lack of availability of adenosine, an important component of the process of rebuilding ATP stores,A2,R6,S27,V5 because it presumably converted to inosine and as such is washed out of cells during reperfusion.R16









Hydrogen Ion Concentration


The initial reperfusate should contain adequate buffering capacity to combat the intracellular acidosis developed during the ischemic period (see “Blood” earlier in this section). Various buffering agents have been used, but hydroxymethyl aminomethane (Tris) and histidine have particularly favorable characteristics.B36,R14,T3









Calcium


During reperfusion, perfusate calcium content should be low to minimize the influx of calcium into potentially damaged myocytes.H12,Y1,Z1,Z2 The special effects of calcium in the neonatal and infant myocardium are discussed under “Neonates and Infants” under Special Situations and Controversies later in this chapter.









Potassium


Hyperkalemic reperfusion permits rapid repletion of ATPD2 and improved functional recovery, even in the face of ischemic contracture and myocardial accumulation of calcium.D6 It also promotes better myocardial blood flow.D7 Therefore, if controlled reperfusion is elected, the initial reperfusate should contain sufficient potassium to maintain electromechanical quiescence for at least 2 to 3 minutes, and preferably 5 to 10 minutes. The sufficient concentration is about 12 mmol · L−1.


The advantages of hyperkalemic reperfusion in clinical cardiac surgery have been confirmed in a randomized trial by Teoh and colleagues,T7 although these advantages may be difficult to demonstrate in low-risk patients undergoing uncomplicated CABG.F9,R11









Pressure


After a period of myocardial ischemia, coronary vascular endothelial cells are in a state in which they are easily damaged by high reperfusion pressure,O2,S5 but that state appears to be rapidly reversed by gentle reperfusion. Therefore, in clinical cardiac surgery, it is prudent to keep reperfusion pressure at about 30 mmHg for the first 60 to 120 seconds of reperfusion. Because of reactive hyperemia present at that time,D6 the reperfusion flow rate may nonetheless be large.


Some experimental studies have suggested that reperfusion pressure should be no higher than 50 mmHg, lest excessive myocardial edema develop; others have suggested that it may be as high as 100 mmHg. These differences may be the result of species differences. In a canine model, 1 hour of hyperkalemic reperfusion at 80 mmHg (with electromechanical quiescence) resulted in improved myocardial function with no more myocardial edema than from normokalemic reperfusion and rapid resumption of cardiac activity.A4 The importance of maintaining a sufficient coronary perfusion pressure at this stage has been well documented in the diastolically arrested canine heart exhibiting maximal coronary vasodilatation. In that model, endocardial flow falls steeply when coronary perfusion pressure is reduced from 70 mmHg to 40 mmHg.A7 Reduction of perfusion pressure to 20 mmHg leads to substantially increased heterogeneity of flow (Fig. 3-5). Clinical experience at UAB demonstrated the efficacy and safety, after the first 60 to 120 seconds, of maintaining reperfusion pressure between 50 and 75 mmHg, or at the preoperative diastolic arterial blood pressure of the patient, whichever was lower.D5,F10





[image: image]

Figure 3-5 Information obtained from an isolated blood-perfused canine model, with heart diastolically arrested and with maximal coronary vasodilatation. Variation in coronary perfusion pressure is along horizontal axis, coronary flow rate (or inner/outer flow ratio) is along vertical axis, and columns represent endomyocardial, midmyocardial, and epimyocardial flow rates, and the inner/outer flow ratio. Note that as coronary perfusion pressure was reduced, perfusion of subendocardium progressively declined out of proportion to decline in other layers. Accordingly, the inner/outer ratio fell. Also, heterogeneity of flow increased with decreasing perfusion pressure (increased height of vertical bars).


(From Aldea and colleagues.A7)











Flow and Resistance


At the beginning of reperfusion, coronary resistance is very low, primarily as a result of reactive hyperemia, with additive effects from the cold temperature of the myocardium and the action of vasoactive substances, such as adenosine and lactic acid, that accumulate during the ischemic period. Thus, coronary blood flow is very high initially, even with low reperfusion pressure, but begins to fall within a few minutes of beginning reperfusion.


Subsequently, reperfusion flow is usually about 150 mL · min−1 in adults (about 100 mL · min−1 · m−2 body surface area). This is about 40 mL · min−1 · 100 g−1 of heart muscle,D5 approximately half the value for normal hearts, but it appears to be adequate in the nonworking empty heart being reperfused under these conditions. In similar experimental models of normal hearts, flow after the initial hyperemia is higher and near control level.R21









Temperature


In practice, the temperature of the reperfusate is initially about 35°C because of the characteristics of the heat exchange mechanism in the reperfusion circuit. After 2 to 3 minutes, the temperature rises to 37°C. There may be advantages to this gradual return to normothermia. Normothermia is advantageous to the normal function of enzyme systems.









Suppression of Formation of Oxygen-Derived Free Radicals and Enhancement of Free Radical Scavengers


Allopurinol, a xanthine oxide inhibitor, given just before reperfusion, protects the previously ischemic isolated rat heart from reperfusion injury, presumably by slowing conversion of hypoxanthine and xanthine to superoxide ions.B17 Deferoxamine, given just before reperfusion, is also protective in experimental models, presumably by chelating iron and slowing formation of highly damaging hydroxyl radicals from superoxide radicals.B11,B17 The free radical scavengers superoxide dismutase and catalase protect against reperfusion injury when given before ischemia in experimental studies.G2,J7,P11,S16 Their use during early reperfusion has also been shown to be advantageous in experimental models.J8 However, use of blood as the reperfusate, with its naturally occurring free radical scavengers, appears to obviate need for these agents in clinical cardiac surgery.J12









Duration


Recovery is not complete at the end of the hyperkalemic phase of controlled reperfusion. This may be because at this time (1) cellular recovery from ischemia is incomplete, and (2) inhomogeneity of myocardial perfusion probably persists. Controlled normokalemic reperfusion with adequate aortic root pressure should be continued until the heart is beating forcefully and is in sinus rhythm. This stage is usually reached 10 to 20 minutes after the beginning of reperfusion. In an experimental study, this length of time has been shown to be required for return of normal coronary vascular resistance, myocardial oxygen consumption, myocardial lactate levels, and ventricular function.R21 Although ATP levels have not yet returned to normal,R21 at this stage the heart itself is able to generate an adequate coronary perfusion pressure. Controlled aortic root reperfusion can therefore be discontinued by removing the aortic clamp, with proper precautions (see “Cold Cardioplegia, Controlled Aortic Root Reperfusion, and [When Needed] Warm Cardioplegic Induction” later in this chapter).


Reperfusion with the aorta clamped, as described above, has been called “hot shot.”T7 In practice, controlled reperfusion with the aorta clamped may not be necessary; reperfusion by pump flow supported by pharmacologic manipulation may be adequate.









Adenosine


Adenosine is a potent coronary vasodilator with effects that can reverse coronary artery spasm, increase flow to the myocardial microvasculature during reperfusion, replenish high-energy phosphates,J6 and retard no-reflow effects through its antiplatelet and antineutrophil activity. Studies by Kim and colleagues, Solenkova and colleagues, and others provide supporting evidence for the beneficial effect of adenosine during reperfusion.K6,S20 Four adenosine receptor subtypes have been identified that, when blocked, worsen postischemic reperfusion injury. Adenosine has a short half-life, but its biological activity is likely more prolonged. Adenosine administration (1.5 mg · kg−1) through the arterial cannula early after aortic clamp removal has been correlated with reduction in troponin 1 release and lower inotrope requirement.J6









Ischemic Postconditioning


The proposed mechanisms of ischemic postconditioning are similar to ischemic preconditioning (see Advantageous Conditions During Ischemia earlier in this chapter). Although studies in cardiac surgery have shown a beneficial effect,L20 this technique has not gained general application in clinical cardiac surgery.











Methods of Myocardial Management During Cardiac Surgery


The objective of any type of myocardial management during CPB should be limiting injury during ischemia by some combination of myocardial hypothermia, electromechanical arrest, washout, O2 and other substrate enhancement, oncotic manipulation, and buffering.


No single method of myocardial management is unequivocally the best. Many different methods are in use by surgeons obtaining good results. Surgeons necessarily make a decision as to the method to be used each time they perform a cardiac operation, often based on “preferences” rather than on rigorous comparisons between methods. A number of factors influence the surgeon’s preference:




1. The surgeon’s specific surgical techniques or operative sequencing that influence duration of aortic clamping


2. Strength of the surgeon’s desire to have a quiet, bloodless heart


3. Strength of the conviction that cardiac surgery without myocardial necrosis or residual stunning is desirable and possible despite the added complexity to achieve these goals


4. Institutional environment


5. Costs









Continuous Normokalemic Coronary Perfusion






Empty Beating Heart


The earliest intracardiac operations were performed on normothermic, perfused, empty beating hearts.B47 Experimental studies had been interpreted as showing “normal left ventricular function” after 30 minutes to 3 hours of CPB with the heart perfused, empty, and beating.E1,N6


Current information indicates that the method is not ideal. Water tends to accumulate in the myocardium during CPB; as a result, ventricular distensibility in dog models is decreased by nearly 50% after 3 hours of CPB with the heart perfused, empty, and beating. The distribution of coronary blood is abnormal.A19 The change in myocardial compressive forces and left ventricular wall geometry impede intracoronary collateral flow supplying potentially ischemic areas of myocardium.M19 Occurrence of transmural myocardial infarction has been reported to be 15% when individual coronary artery perfusion was used for aortic valve replacement, with isoenzymatic evidence of myocardial necrosis in 70% of patients, proportions as high as in patients randomly assigned to cold ischemic arrest.S4


Despite these considerations, the method can serve well for various procedures and under certain circumstances may be combined with other methods of myocardial management.S3 For example, in elderly patients or those with extensive arteriosclerosis of the aorta, CABG using both internal thoracic arteries may be performed using stabilizersT5 without aortic clamping (“no-touch” technique) and CPB established by peripheral cannulation (e.g., axillary artery cannulation; see “Cardiopulmonary Bypass Established by Peripheral Cannulation” in Chapter 2). Tarakji and colleaguesT5 report that this technique reduces intraoperative and postoperative strokes in such patients (see “Coronary Artery Bypass Grafting Without Cardiopulmonary Bypass” in Chapter 7).


Mild or moderate whole-body, and thus cardiac, hypothermia are often combined with this method. McGoon and colleaguesM12 reported a series of 100 consecutive cases of isolated aortic valve replacement using this method, with no hospital deaths, evidence that, when properly used, the method can provide good results.M11









Perfusion of Individual Coronary Arteries


Individual coronary artery cannulation is necessary when perfusing the empty beating heart for surgery on the aortic valve.L12,M23 After CPB is established, the aorta is clamped (stopping flow of blood into the aortic root and ostia of right and left coronary arteries), and an incision is made into the first part of the ascending aorta. Small individual cannulae are placed into the ostia of right and left coronary arteries, and, by way of a separate pump, blood is infused into both. The cannulae tips are at least 3 to 4 mm long.


This technique works well in most patients, but it is not ideal. The tip of the cannula may extend beyond the bifurcation of the left main coronary artery, so that only the left anterior descending or circumflex artery is perfused. In about 1% of patients, these two arteries arise separately from the aortic sinus, making proper individual cannulation even more difficult. The prevalence of left dominant systems in patients with aortic stenosis secondary to congenital bicuspid valves is higher than normal; in left dominant systems, the left main coronary artery is shorter than normal,K18 again making individual coronary perfusion more difficult. In about 50% of patients, the conus artery supplying the infundibulum of the right ventricle arises separately from the aortic sinus and is not perfused by a cannula inserted into the right coronary ostium. Also, mechanical injury to the coronary ostia can occur whenever techniques of direct coronary ostial cannulation are used; this results in intraoperative myocardial infarction and late coronary ostial stenosis.C5,R5,S13


The method in practice is not without periods of global myocardial ischemia. One occurs between aortic clamping and initiation of right and left coronary artery perfusion. This interval varies, depending on the sequences elected by the surgeon, but can seldom be reduced below 2 to 3 minutes. If exposure for the operation is hampered by leakage of blood around the cannulae, coronary perfusion may have to be discontinued for short periods during the procedure.


When this method is used, the flow rate is of obvious importance, and information obtained for patients in whom the flow was delivered separately and directly into right and left coronary arteries during aortic valve replacement provides useful information in this regard.B8 This information indicates that total coronary blood flow of about 200 to 250 mL · min−1 (≈120 to 150 mL · min−1 · m−2) is optimal, at least at 30°C. This flow is below 300 mL · min−1, which under some circumstances produces histologic evidence of myocardial damage,I2 yet is sufficient to prevent undesirable vasoconstriction, which leaves part of the microcirculation without flow or underperfused.


When this method is used, the heart should be kept beating; therefore, the perfusate should be warmer than 30°C. Spanos and colleaguesS22 showed that when ventricular fibrillation persisted throughout the period of coronary perfusion, risk of perioperative infarction and death was higher than if the heart were beating. This would be expected from knowledge of subendocardial blood flow during ventricular fibrillation.B46,H13









Hypothermic Fibrillating Heart


In continuous coronary perfusion with ventricular fibrillation, fibrillation can be maintained by an electrical current, which is necessary when the perfusion is at 37°C, or it may be spontaneously or electrically induced and maintained by moderately hypothermic (25°C-30°C) coronary perfusion. The latter condition is desirable. Coronary perfusion can be through the intact aortic root (as in CABG) or by individual coronary perfusion cannulae during aortic valve replacement.


A number of theoretical objections to the method can be raised. For example, perfusion of the subendocardium is impaired during CPB and ventricular fibrillation, particularly in hearts with ventricular hypertrophy. However, good clinical results have been obtained using either normothermic CPB and electrically maintained ventricular fibrillation or moderate hypothermia and ventricular fibrillation sustained only by hypothermia, or profound cardiac hypothermia and ventricular fibrillation. Akins has reported excellent results from CABG using the latter method.A5,A6 Time constraints must apply to this method, as to most others, but they have not been defined. The surgical conditions that exist with this method are better than with the beating heart, but most surgeons find them less satisfactory than with a cardioplegic technique.











Moderately Hypothermic Intermittent Global Myocardial Ischemia


Use of intermittent cardiac ischemia with moderate cardiac hypothermia requires conducting CPB with the perfusate temperature at 25°C to 30°C. The surgeon works on or in the heart intermittently for periods of 10 to 15 minutes, during which time the ascending aorta is clamped (to stop coronary perfusion) or individual perfusion into the coronary ostia is interrupted. Between these periods, the aortic clamp is released (or individual coronary perfusion resumed) for 3 to 5 minutes. When the technique is used optimally, the heart is made to beat (not fibrillate) during this interval. This was the method most commonly used during the 1960s and early 1970s, but is used by some surgeons today.


The clinical results can be good, as was demonstrated by McGoon and by Bonchek and colleagues.A16,B24,M11 McGoon’s analysis of one group of patients—those receiving valved extracardiac conduits—indicated no relationship between the proportion of nonsurvivors in the experience and cumulative aortic clamp time. However, because 35% of the 468 patients in the group had low cardiac output postoperativelyM11 (in which subset the mortality was 52%), the method must have been producing myocardial damage. Reduto and colleagues found no difference in left ventricular performance early after CABG, regardless of whether this or cold cardioplegic myocardial protection was used.R3


The method does not provide optimal exposure for operations inside the heart, but does provide reasonable working conditions for CABG. Unless the heart is electrically fibrillated just before aortic clamping, it continues to beat during much of the ischemic period, making precise repair difficult. Each time coronary perfusion is recommenced, coronary (and perhaps systemic) air embolization may occur, despite precautions against it. A considerable amount of blood comes into the heart during periods of coronary perfusion, stressing the intracardiac sucker systems and thereby increasing blood damage and interfering with the smooth and efficient flow of the operation. Moreover, each time the coronary arteries are perfused in this uncontrolled manner, a reperfusion injury may occur.









Profoundly Hypothermic Global Myocardial Ischemia


The heart may be profoundly cooled by the perfusate, by filling the pericardium with very cold saline solution, or by both, after which the aorta is clamped. The cardiac operation is done during a single period of aortic clamping.B39,C16,G9,H14,K17,S10 In clinical practice, myocardial temperature is generally about 22°C with these methodsC17; most surgeons believe that this allows 45 to 60 minutes of safe global myocardial ischemia.


This technique provides better operating conditions than those discussed earlier, and good results have been obtained with it.K10 Despite this important consideration, a randomized study of patients undergoing aortic valve replacement showed that this technique results in as much myocardial necrosis as does continuous individual coronary perfusion.S4


Profoundly hypothermic cardiac ischemia without cardioplegia may be preferred for infant cardiac surgery in which hypothermic circulatory arrest is used. Part of the rationale for this preference is that no perfusate passes through the heart to rewarm or inadequately reperfuse it during circulatory arrest, as may happen when CPB is continued.









Drug-Mediated Myocardial Protection


Both β-adrenergic receptor blocking and calcium channel blocking drugs, in conjunction with one of the other methods, have been used as part of the myocardial management by some groups.C12,M1 The calcium channel blocking agents verapamil and diltiazem have seemed particularly advantageous because of their prevention of calcium influx into cells and their coronary vasodilatory effects.B5 However, these drugs are potent negative inotropes and produce prolonged electromechanical quiescence, at least when used clinically in cardioplegic solutions.B7,C10


Particularly good results have been obtained by giving lidoflazine intravenously just before CPB and using moderately hypothermic intermittent cardiac ischemia.F6,K1 Lidoflazine is believed to be a nucleotide transport inhibitor, which results in increased myocardial accumulation of endogenous adenosine during ischemia, increased lactate extraction during reperfusion, and improved postischemic function.C3 The basic action of lidoflazine is complex and appears to be different from that of β-blocking and calcium channel blocking drugs.


Certain drugs have been shown in experimental studies to reduce reperfusion damage related to oxygen-derived free radicals (see Advantageous Conditions during Reperfusion earlier in this chapter). However, when using blood cardioplegia and pressure-controlled, initially hyperkalemic, blood reperfusion, incorporation of free radical scavengers has not been demonstrated to provide additional protection.









Cold Cardioplegia (Multidose)


The underlying principles of all cardioplegic solutions are listed in Box 3-1.F2 Inducing chemical arrest to conserve energy during the period of myocardial ischemia can be accomplished by two basic mechanismsF2:




1. Inhibition of the fast sodium current to prevent conduction of the myocardial action potential by one or more of the following methods:



a. Extracellular hyperkalemia



b. Sodium channel blockers (e.g., lidocaine)



c. KATP channel openers (e.g., adenosine)


2. Inhibition of calcium activation of myofilaments to prevent myocyte contraction by one or more of the following methods:



a. Zero extracellular calcium



b. L-type calcium channel blockers (e.g., magnesium)



c. Direct myofilament inhibition with agents such as 2,3 butanedione monoxime (BDM)







Box 3-1


Principles of Cardioplegic Protection






Arrest


A rapid and effective induction of diastolic arrest to keep the myocardium relaxed and minimize cellular use of ATP









Myocardial Protection


Protective effects to delay the onset of irreversible injury caused by global ischemia and limit the extent of reperfusion injury









Reversibility


Readily reversible cardioplegic effects on washout of prompt resumption of heart function









Low Toxicity


A short half-life with no toxic effects on other organs after cessation of cardiopulmonary bypass





From Fallouh and colleagues.F2









Cardioplegic Solution


There are both asanguinous solutions and those that are mixed with blood (at a 2 : 1 or 4 : 1 blood-to-solution ratio), and extracellular solutions and intracellular solutions as distinguished by their potassium concentrations (Table 3-1). Some believe that the components of the solution, particularly K+ concentrations, should be altered according to solution temperature, timing of infusion (initial, maintenance, and terminal), and presumed energy state of the myocardium. In general, K+ concentration is lowered for maintenance, and substrates are added for energy-depleted hearts. Delivery can be intermittent (multidose) or continuous; in the latter case the K+ concentration is lower than for intermittent delivery (Box 3-2).




Table 3-1 Commercially Prepared Asanguinous Cardioplegic Solutions


[image: image]







Box 3-2 


Elements to Limit Ischemic Damage during Induced Myocardial Ischemia







Electromechanical arrest



Depolarization: (K+) (Ca2+ channel blockers)



Hyperpolarization: (Na+/K+ channel openers)


Hypothermia



Perfusate



External cooling



Cold infusate


Substrate enhancement



Oxygenation of crystalloid or blood



Glucose-insulin



Glutamate-aspartate


Buffering



HCO3




THAM



Histidine



Imidazole buffers



Blood


Washout of metabolites



Repeated infusion


Control of Ca2+ flux



CPD blood



Low [Ca2+]


Antioxidants



Mannitol



Allopurinol


Uniform delivery, antegrade and retrograde







Hyperkalemic cold sanguinous cardioplegia is advantageousB44,I4 and is preferred, although asanguinous cardioplegia may work equally well. The Buckberg formulation (cold, oxygenated, hyperkalemic blood-crystalloid mixture, with lowered free calcium concentration, added glucose, and added buffering capacity) may be preferable to simple hyperkalemic blood (see Table 3-1). The latter, however, is less costly because it involves only transferring blood perfusate from the CPB oxygenator to a separate reservoir–heat exchanger–pump system, adding sufficient potassium chloride to make it cardioplegic (potassium concentration about 22 mmol · L−1).









Technique of Antegrade Infusion


After CPB is established with the perfusate at 32°C (under which conditions ventricular fibrillation should not develop), an aortic root catheter is inserted through a previously placed purse-string stitch, attached to the cardioplegia line, and de-aired. Optionally, the pressure line of the cannula may be attached to a strain gauge for continuous measurement of aortic root pressure. The aorta is clamped as soon as the aortic root catheter is in place, and in any event before the heart has been cooled sufficiently by the whole-body perfusion that it becomes arrhythmic or develops ventricular fibrillation.


Cold cardioplegic infusion is begun promptly at a flow of 150 mL · min−1 · m−2 (based on the data for continuous direct coronary perfusion described earlier in this chapter) for 3 minutes in adults; the average adult is given a dose of about 750 mL. In infants and children with a body surface area of less than 1 m2, the infusion is given at the same flow rate (150 mL · min−1 · m−2 body surface area), but for only 2 minutes. Occasionally the monitored aortic root pressure is less than 30 mmHg, in which case the flow rate, but not the total dose, is increased. However, low aortic root perfusion pressure may be due to aortic regurgitation, hidden by the action of a left ventricular vent; the surgeon must be certain that this is not the situation. In patients with severe ischemic heart disease, the aortic root pressure sometimes rises above 75 mmHg, but the flow should not be reduced.


External cooling of the heart may be established while the cardioplegic infusion is being administered. An isolating pad can be placed between the heart and the left side of the pericardium containing the phrenic nerve. A thin layer of ice slush (or ice-cold saline) is placed over the anterior surface of the heart. Later, whenever the heart will be in a stable position for a time, a thin layer of ice slush can be placed on the surface. The slush is never placed in the pericardial space itself, because left phrenic nerve damage may result. As the slush melts, the fluid is aspirated with the high-vacuum sucker. If it is surgically inconvenient, the slush is omitted.


Neither left nor right ventricle is allowed to become distended at any time. A left ventricular vent (introduced through a right pulmonary vein) is used for some operations, suction through an aortic root catheter for others, and simple needle aspiration of the ventricle across the ventricular septum for others.


Cardioplegic solution is reinfused about every 25 minutes.L19 The initial flow rate is used, and the surgeon must be certain that the aortic valve has closed as the infusion begins. If it has not, a few pinches of the proximal aorta usually accomplish valve closure. Reinfusion is given for 30 to 60 seconds. After the first infusion, the potassium concentration of any subsequently infused cardioplegic solution is reduced to about 10 mmol · L−1.


Should serum potassium levels reach 7 to 8 mEq · L−1 (a rare occurrence), a bolus injection of 400 mg · kg−1 of glucose (as 50% glucose) and 0.2 unit · kg−1 of soluble insulin may be given after the beginning of myocardial reperfusion. Because the levels of both whole-body intracellular potassiumP1 and circulating insulinC7 are abnormally low at this point, these maneuvers are physiologically reasonable. Alternatively, the technique of ultrafiltration during CPB (see “Changes during Cardiopulmonary Bypass” in Chapter 2) may be used to lower elevated serum potassium levels induced by multidose cardioplegia.









Technique of Retrograde Infusion


Retrograde infusion of cardioplegic solutions directly into the coronary sinus was suggested by Lillehei and colleagues in 1956.L10 Many have found this technique as effective as antegrade infusion,A20 although the right ventricle (particularly its midportion) and right atrium are less well perfused. When instead retrograde infusion is administered through the right atrium and right ventricle, this problem may be avoided.F1,G10,M15,M16,P3,R7,S25 Retrograde coronary sinus infusion is particularly advantageous in the presence of acutely developing high-grade coronary artery stenoses or obstructions.G11


The surgeon should arrange to deliver either antegrade or retrograde cardioplegia, or both. Either before or after CPB has been established, a purse-string stitch is placed in the right atrial wall, and a small stab wound is made in the middle, through which the retrograde infusion catheter is introduced and under digital control manipulated into the coronary sinus.B43 The catheter is attached to one arm of the cardioplegia infusion line and de-aired. The pressure measuring arm of the catheter is connected to a manometer. Coronary sinus pressure must not be allowed to rise above 50 mmHg during coronary sinus infusion.


Indications for combined antegrade-retrograde or totally retrograde infusion vary among surgeons,B14 in part because no clear advantage of retrograde over antegrade infusion of cardioplegic solutions has been identified in patients undergoing elective operations.F5 However, for aortic valve replacement and during mitral valve operations, reinfusions of cardioplegic solution are often more conveniently given by the retrograde method. The same may be true for many operations performed through the right atrium for congenital heart disease.


A conscious decision to use both the antegrade and retrograde routes of cardioplegia routinely, delivered in either an alternating sequential fashion or simultaneously, has evolved in the practice of some institutions.B45 This method allows rapid electromechanical quiescence, protects against uneven cardioplegic distribution, and may maximize the duration of ischemia while avoiding cardioplegia overdose. The combined approach has also been successful in pediatric patients.D11 Thus, we believe retrograde cardioplegia is better viewed as synergistic and complementary to antegrade cardioplegia rather than as the sole method of myocardial management.B45


Severe obstructive manifestations of coronary artery disease are perhaps the best example for the superiority of retrograde cardioplegia. These include left main lesions and acute coronary syndromes.


Various procedures on the aortic valve and the ascending aorta demanding long clamp times are safely accomplished using coronary ostial infusion supplemented by retrograde infusion. These include acute aortic dissections and the Ross procedure.


Retrograde cardioplegic myocardial protection has some disadvantages. It clearly has various degrees of maldistribution to the right ventricle.A10,A21,W3 There is the odd occasion when a left superior vena cava is encountered and is unrecognized. Infrequently, the retrograde cannula cannot be placed or is dislodged. There may be less satisfactory protection in hearts with severe left ventricular hypertrophy. Application may be difficult in children and sometimes impossible in neonates. Coronary sinus rupture is a well-known complication (it can be dealt with before separation from CPB by closure of the rupture with fine suture or oversewing the sinus at the site of rupture). Finally, retrograde cardioplegia demands more cannulae, and in some situations seems to clutter the field in greater measure than its benefit.









Results of Cold Cardioplegia


Despite several randomized trials and numerous observational studies, the quantitative advantage of the cold cardioplegic technique over other methods of myocardial management in low-risk patients is not unequivocally defined. This alone suggests that it may be small in routine operations performed with reasonable dispatch. The technique facilitates the cardiac operation, and it is the technique most widely used today.


Even with cold cardioplegia, the safe duration of global myocardial ischemic time is not unlimited. Furthermore, it varies according to preoperative ventricular hypertrophy, ventricular function, and energy charge of the myocardium. In general, it is probably about 100 minutes with this particular technique and without controlled reperfusion.


Antegrade cardioplegia has proved safe and effective over many years and in many clinical settings. It is easily accomplished and requires little special equipment. However, myocardial protection in some situations is imperfect using classic antegrade cardioplegia, and thus outcomes may be improved with retrograde cardioplegia delivery.


Retrograde delivery may be superior or synergistic in redo CABG, particularly in the presence of narrowed or obstructed saphenous vein grafts or with an open left internal thoracic artery to an obstructed left anterior descending coronary artery. When CABG is planned in the presence of mild aortic regurgitation (valve not replaced), retrograde cardioplegia is optimal for induction and maintenance. This is also true for other procedures with mild aortic regurgitation in which the aorta need not be opened for direct infusion.











Single-Dose Cold Cardioplegia in Neonates and Infants


An opinion has been expressed elsewhere in this chapter that (1) no compelling evidence exists that a different method of myocardial management is required in neonates and infants than in older patients, even though some of the characteristics of the heart in these small patients are different from those in older patients, and (2) the optimal method of myocardial management in general remains arguable.


A method that has given excellent results in neonates and infants is single-dose, oxygenated St. Thomas solution (see Table 3-1). Using a simple pressure bag, it is infused into the aortic root proximal to the aortic clamp. The dose is 20 mL · kg−1 and is not repeated.


An exception is the first stage of the hypoplastic left heart operation (Norwood operation). The ascending aorta is thin and small in this situation. Simple cold ischemic arrest may be used, primarily because this avoids inserting a needle into the delicate ascending aorta. However, because of the critical importance of right (single) ventricular function in this and other operations for single ventricle, many neonatal cardiac surgeons use single-dose cardioplegia administered through a fine catheter or other techniques (see Chapter 49).


The del Nido pediatric cardioplegic solution is discussed later under “Neonates and Infants” under Special Situations and Controversies.









Continuous Cardioplegia






Cold Perfusion


Continuous antegrade cold blood cardioplegia has been used as an alternative to single-dose and multidose intermittent cold cardioplegia. Khuri and colleagues have reported data from measurement of myocardial pH indicating that, at least in hypertrophied hearts, the myocardial milieu is more normal, although not completely normal, with this method than with intermittent cold cardioplegia.K4 Clinical experiences suggest that retrograde continuous cold cardioplegic perfusion through the coronary sinus also provides an excellent method of myocardial management during cardiac surgery.B23,M17,R1 Some have used this method after giving an initial antegrade dose of cold cardioplegia. Under experimental conditions, cold retrograde blood cardioplegia after initial antegrade cold blood cardioplegia has been found to maintain optimal myocardial pH.J15









Warm Perfusion


Continuous warm blood cardioplegia, administered by antegrade infusion or by retrograde coronary sinus infusion after an initial antegrade dose, has also been used for CABG and other cardiac operations.L7,S2,S3 Some groups have found recovery of ventricular function better with use of warm continuous blood cardioplegia than with intermittent cold cardioplegia.Y2 Others have found similar efficacy between warm and cold.M7 Although continuous warm blood cardioplegia provides good protection of the myocardium, it is surgically inconvenient for certain operations.











Cold Cardioplegia, Controlled Aortic Root Reperfusion, and (When Needed) Warm Cardioplegic Induction


In the belief that control of all aspects of the reperfusion may be even more important than details of cold cardioplegia, and that acutely ill patients coming to the operating room require a special form of myocardial management, the technique described in this section may be used. During reperfusion the heart is separated from the ongoing events in the remainder of the body for a brief time. The technique is surgically convenient, prolongs the operation only mildly, is essentially devoid of ventricular fibrillation, minimizes myocardial stunning and myocardial necrosis, and appears to result in better postoperative cardiac performance than methods previously used.F9,K9 Yet the proof of its advantages has remained as difficult to obtain as for other techniques, which probably accounts for the fact that it is not, as yet, widely used in its entirety.


Some may wish to use simpler methods for routine operations and to restrict the use of this method for more complex high-risk operations. The problems with such a plan are the usual operational disadvantages of a surgical method that is used infrequently rather than routinely (see “Human Error” in Chapter 6), and the fact that even routine operations have a small mortality and occasionally considerable morbidity, which may be nearly eliminated by more perfect myocardial management.






Circuitry


A small, separate system on the pump-oxygenator, with its own miniaturized heat exchanger3 and two pumps, manages aortic root infusions, retrograde infusions, or both. It enables the solution of choice to be infused at controlled temperature and pressure. Although the circuitry seems complex, from the surgeon’s standpoint its use is simple and extremely flexible. Perfusionists have demonstrated their ability to manage it both effectively and efficiently.












Technique for Elective Surgery


After the operation is completed, using cardioplegic myocardial management and with the aortic clamp still in place, controlled aortic root reperfusion is begun, initially using warm, hyperkalemic, modified, and enriched blood cardioplegia. The aortic root pressure is kept at 30 mmHg for the first 60 to 120 seconds of the reperfusion, for the reasons discussed earlier. The flow is then increased until the aortic root pressure is 50 to 75 mmHg in adults (or to the normal systemic arterial diastolic pressure in infants and children whose body surface area is <1 m2). A total of 500 mL of the modified blood reperfusate is administered. For patients with a body surface area of less than 1.5 m2, the reperfusate volume = 500 × BSA ÷ 1.5. Once that has been infused, the perfusionist continues the controlled aortic root reperfusion by arranging the circuit so aortic root perfusion continues with normothermic, normokalemic, unmodified blood.


During the controlled aortic root reperfusion, the surgeon must concentrate on avoiding ventricular distention, the adverse effects of which have been fully documented.A9,B41 The heart remains flaccid and electromechanically quiescent for 2 to 10 minutes after the onset of the controlled aortic root reperfusion. During this time, the coronary resistance may rise, requiring the perfusionist to reduce the flow rate to maintain a constant aortic root pressure. Should that occur, boluses of 5 mL of nitroglycerin4 may be administered into the line by the surgeon, although the value of this is uncertain.


When the period of quiescence passes and cardiac action begins, the initial rhythm frequently is AV dissociation. Very rarely, it is ventricular fibrillation.F9 The controlled aortic root perfusion continues. Small-volume pulmonary ventilation is begun, because the right ventricle pumps some blood through the lungs. Even the vented left ventricle will eject some blood into the isolated aortic root. The perfusionist must be alert to the need to reduce the aortic root perfusion flow rate to keep the aortic root pressure from becoming excessively high (>120 mmHg). At times, the perfusionist may need to place suction on the aortic root pressure catheter to prevent this problem. Controlled aortic root perfusion is continued until sinus rhythm has returned and ventricular contractions are strong. The interval between the beginning of the controlled aortic root reperfusion and the reaching of these end points is usually 10 to 25 minutes. When the end points cannot be reached, myocardial management was in some way imperfect, and the patient almost certainly will require pharmacologic or mechanical support after CPB.


When the end points are reached, the perfusionist places strong suction (rather than perfusion) on the aortic root catheter and partly occludes the venous line so that some blood passes into the right ventricle and through the lungs; the anesthesiologist intermittently inflates the lung to assist in moving any air that is present out of the pulmonary veins and left atrium into the left ventricle, which ejects it into the aortic root. The suction on the aortic root catheter evacuates any mobilized boluses of air as the surgeon ballots the left atrium and pulmonary veins. These procedures are repeated several times. Although strong suction continues on the aortic root catheter, the aortic clamp is released. As the clamp is released, the patient’s blood volume is rapidly augmented to bring left atrial or pulmonary artery wedge pressure to 6 to 10 mmHg so that the heart’s ejection will continue to maintain a good systemic arterial pressure and a good coronary perfusion pressure. Thereafter, the usual detailed de-airing procedure is followed (see “De-Airing the Heart” in Section III of Chapter 2). CPB is then discontinued; usually nothing remains but to establish hemostasis and close the chest.









Technique for Energy-Depleted Hearts


Patients who come to operation in acute cardiac failure with hemodynamic instability or are severely cyanotic have energy-depleted hearts. Specific efforts to improve the energy charge of the heart before submitting it to the period of global myocardial ischemia probably result in better cardiac structure and function postoperatively.R23,R25 Survival should thereby be enhanced.


After making the median sternotomy, CPB at 35°C is established as expeditiously as possible. The aortic root catheter is inserted. The aorta is clamped, and warm hyperkalemic, modified and enriched blood infusion is begun. The infusion is given at the usual flow rate for induction of cardioplegia and continued for 5 minutes. The perfusionist then makes the cardioplegic solution as cold as possible while the aortic root infusion of the same cardioplegic solution continues for another 3 minutes.


Subsequent cold infusions are given every 20 to 30 minutes as usual, except with a potassium concentration of about 10 mmol · L−1. After completing the cardiac procedure, warm reperfusion is performed in the standard manner. (See Special Situations and Controversies in this chapter for details on myocardial management when an acute coronary occlusion immediately precedes the operation.)














Ancillary Measures for Preventing Myocardial Damage


Important myocardial necrosis can develop between induction of anesthesia and start of CPB in as many as 30% to 40% of patients undergoing CABG when anesthetic and supportive management is suboptimal (Roe CR: unpublished data, 1976). Lell and colleagues have shown that this proportion can fall to almost 3% under optimal circumstances.L6 No doubt patients other than those undergoing CABG are also at risk of developing myocardial damage during this period, particularly those with marked ventricular hypertrophy or reduced myocardial energy charge. Proper intraoperative management before and after CPB avoids increased myocardial oxygen demand (which can be caused by arterial hypertension, tachycardia, and increased endogenous catecholamine secretion from anxiety and excitement). It avoids high ventricular end-diastolic pressures and the concomitant detrimental effect on perfusion of the subendocardium.H11 Good management maintains an optimal myocardial oxygen supply by maintaining adequate arterial oxygen levels and arterial blood pressure and adjusts ventricular preload and afterload to achieve a reasonable compromise between adequacy of cardiac output and avoidance of deleterious effects (see Chapter 4 for details).


Important perioperative myocardial necrosis can develop because of events occurring after CPB, either before or after the patient leaves the operating room. These may be events that produce imbalances between myocardial oxygen demand and supply. Use of catecholamines for treating low cardiac output early after CPB can result in myocardial necrosis.H1,M21









Special Situations and Controversies






Species and Model Differences


Possible species and experimental model differences pose a major problem in generating inferences regarding myocardial management during cardiac surgery in human subjects. For example, extensive myocardial edema is frequently observed after ischemia and reperfusion in experimental studies of many different types in many different animal models.R19 Yet in clinical experience it has been rarely evident, except for instances of prolonged and severe damage and of some operations in young patients. In support of this, a careful study in humans using two-dimensional echocardiography failed to disclose any increase in left ventricular mass (a reasonably sensitive indicator of increased myocardial water) after uncomplicated cardiac operations in which cardioplegia was used.S23 By contrast, the same study in a dog model showed a marked sudden increase in left ventricular mass.


Inferences from studies in isolated supported heart models, usually rat heart, are generally transferred to human cardiac surgery with some difficulty. This difficulty is considerably increased when the isolated heart models are perfused with a crystalloid solution, because such models behave differently from blood-perfused models.W1


Inferences from studies of immature hearts in animal models are transferred with difficulty to cardiac surgery in neonates and infants, because the relationship of age-defined cardiac immaturity in one species to that in another is uncertain.


These considerations emphasize that confirmation of the applicability to humans of inferences derived from animal models must continually be sought.









Neonates and Infants


Certain cardiac events begin at birth and change the characteristics of the neonatal heart into those of a mature heart. The time frame of many of these events is not known. As a result, the rather noncompliant neonatal heartR17 gradually becomes more compliant and proceeds from having little functional reserveT6,T8 to having that of the mature heart. Coronary reserve may be greater in immature hearts.T11


In general, the normal neonatal and infant heart is believed to be more resistant to ischemic and reperfusion damage than is the normal adult heart, even when both are protected by hypothermia during the ischemic period.B27,G8 This greater resistance is not necessarily present in hearts of cyanotic neonates and children or those in acute or chronic heart failure.






Ischemic Damage


The cell membrane (sarcolemma) of myocytes from immature hearts is generally believed to be more resistant to the calcium paradox and other forms of calcium damage than that of myocytes from mature hearts.C8 Related to this is the finding that the sarcolemma of immature hearts binds calcium more effectively than that of mature hearts.B26 All this points to greater stability of the sarcolemma of immature hearts and tighter glycocalyceal junction, and consequently to greater resistance to the intracellular influx of calcium during and after ischemia.N2 (However, some data suggest less membrane stability and less resistance to calcium influx in the newborn, in contrast to the neonatal, heart.P7) By contrast, immature hearts do not have as good a capacity to sequester (immobilize) intracellular calcium as do mature hearts,S11 making them more vulnerable to damage once calcium has entered the cells.F11


The adult myocardium normally relies primarily on fatty acids to produce energy for myocardial contraction and cell survival. This is also true in the neonatal heart; in contrast to the adult heart, the neonatal heart has relatively large glycogen stores and thus a relatively large capacity for anaerobic glycolysis. This feature begins to disappear shortly after birthH10 and has disappeared completely by about 2 months of age. ATP utilization appears to be slower in immature hearts because of lower contractile energy requirements.A1 These mechanisms and perhaps others probably provide to both neonatal and immature but otherwise normal infant hearts a higher tolerance to ischemia than that possessed by adult hearts.B28,G8,J14,N9,S10,Y4


Larger stores of amino acids in neonatal hearts also contribute to their increased capacity for anaerobic metabolism, including ATP production, and this persists throughout infancy. This anaerobic ATP production appears to be for the transamination and substrate level phosphorylation of glutamate and pyruvate.J10 This may be expected to result in better maintenance of cellular integrity during ischemia and thereby better functional recovery after ischemia than experienced by adult hearts. These considerations also help explain the demonstrated value of amino acid supplementation for improving tolerance of the immature heart to ischemia and hypoxia.J13,M9 However, some have found the immature myocardium (less than about 18 months old) to be deficient in cytosolic 5′-nucleotidase and thereby less able than mature myocardium to convert cyclic AMP and inosine back to ATP.L14









Reperfusion Damage


Complement activation and leukocyte infiltration play as important a role in reperfusion injury in immature hearts as they do in mature hearts.B34 Other than this, little is known about possible differences in susceptibility of immature hearts to reperfusion (as compared with ischemic) injury, compared with mature hearts.









Abnormal Immature Hearts


These characteristics of normal neonatal and infant myocardium may or may not be characteristic of abnormal neonatal or infant hearts. Neonates and infants who come to cardiac surgery are unlikely to have normal myocardium, because they are usually either cyanotic or in heart failure, or both. Julia and colleagues have shown that immature hearts in acute cardiac failure or recently subjected to hypoxia develop profound functional depression after periods of ischemia well tolerated by normal immature hearts.J11 Thus, neonates and infants who come to open heart surgery probably have hearts that are not unusually resistant to the damaging effects of global myocardial ischemia. Cyanosis, both acute and chronic, accelerates these damaging effects and lessens postischemic recovery, probably as a result of its effect on myocardial metabolism.F14,L21,V9


BuckbergB40 has demonstrated experimentally that cyanotic neonates and infants may suffer myocardial injury simply by exposure to reoxygenation during CPB, particularly the initial stages of CPB. This hypoxemic/reoxygenation injury may be avoidable by beginning CPB at the ambient oxygen tension of the hypoxemic subject. Reoxygenation injury is linked to oxidant damage and a lack of antioxidant reserve capacity in cyanotic immature myocardium. Reoxygenation is associated with elevation of conjugated dienes, generation of hydroxyl radicals causing lipid peroxidation, and release of nitric oxide. Buckberg’s studies further suggest that adding desferrioxamine and antioxidants (N-[2-mereoptoproprionyl]-glycine, catalase, and coenzyme Q10) to the CPB prime might limit in vivo oxidant damage and improve myocardial functional reserve. The importance of these observations made in animal preparations has yet to be clarified in human neonatal myocardial management.









Methods of Myocardial Management


The effectiveness of cold cardioplegia in the immature heart is arguable. A paper by Bull and colleagues is often cited in the introduction to experimental papers on the subject, in support of the idea that cold cardioplegia as used in adults is not effective in young patients.B48 However, these investigators found the “safe” ischemic time to be 65 minutes when intermittent aortic clamping was used and 85 minutes when cold cardioplegia was used.B48 Another early experience found cold crystalloid cardioplegia advantageous in neonates and infants,K7 as did Schachner and colleagues in a small randomized trial.S6


From experimental models, many different and sometimes conflicting inferences have been derived. In one experimental study, cold cardioplegia was found to reduce ischemic injury in immature hearts.A23 Multidose administration of cardioplegic solutions was shown to be disadvantageous in immature hearts.K3 Various crystalloid solutions have been found experimentally to be superior to others for use in immature hearts. At least one study detected superior myocardial protection in infants and young children with cardiac surgery using cold blood cardioplegia rather than crystalloid St. Thomas solution.A12 Other experimental studies have shown that including glutamate and aspartate in the warm induction of cardioplegia and in the reperfusate provides additional benefit.F14,J14,K15


One point of view, compatible with all available evidence but not with the opinions of some, is that the basic methodology for myocardial management in neonates, infants, and children should be similar to that in adults. Little concerted effort has been made to overcome the technical difficulty of accomplishing this in very small hearts. For example, in many operations in neonates, the procedure is done largely through the right atrium; retrograde infusion of the sanguinous cardioplegic solution into the coronary sinus should be particularly convenient. In fact, the feasibility, safety, and efficiency of retrograde coronary sinus infusion of blood cardioplegic solution as maintenance cardioplegia has been demonstrated in the arterial switch operationY3 and in complex arch reconstruction.G3


Despite the general point of view expressed earlier (that the methodology of myocardial management in infants should be similar to that in older and larger patients), there is considerable interest in and increasing experience with a cardioplegic solution that has a focused application in neonates, infants, and children. The del Nido cardioplegic solution (Table 3-2)D4 has undergone several modifications at various pediatric centersO1 but contains the basic extracellular composition used in the Buckberg solutions, with the following major differences:




[image: image] Calcium concentration is lower to address the evidence that pediatric myocardium relies more on calcium flux for excitation-contraction and is less tolerant of postischemic calcium overload.


[image: image] Magnesium is increased to further depress cell excitability (and therefore cellular metabolism and ATP utilization) during the ischemic period.


[image: image] Lidocaine is added to block sodium channels; this reduces cell excitability and limits calcium overload during early reperfusion.H2,P6,V3





Table 3-2 del Nido Cardioplegic Solution






	Crystalloid Components






	Plasma-Lyte A

	1000 mL






	Mannitol 20%

	16.3 mL






	Mg sulfate 50%

	4.0 mL






	Sodium bicarbonate 1 mEq · mL−1


	13 mL






	Lidocaine 1%

	13 mL






	KCl 2 mEq · mL−1


	13 mL






	Plasma-Lyte A

	Electrolyte-balanced and pH-adjusted carrier solution






	Sodium bicarbonate

	Buffers crystalloid solution closer to a pH of 7.4






	Mannitol

	Used to decrease myocardial edema and serve as an oxygen free radical scavenger






	Arresting Agents






	Potassium chloride

	Depolarizes cell membrane






	Lidocaine

	Sodium channel blocker; serves to maintain arrest in a hyperpolarized state, counteracting negative effects of potassium






	Magnesium

	Used as a calcium channel blocker and competitive inhibitor of calcium interaction with contractile proteins, preventing contractile activation







From del Nido and colleagues.D4


The del Nido cardioplegic solution (Baxter) is combined with blood in a ratio of four parts solution to one part blood. The accumulated clinical experience with del Nido solution in neonates, infants, and children has been very favorable, with most surgeons noting more rapid return of sinus rhythm and excellent cardiac function despite longer recommended periods between cardioplegia administration (30-45 minutes vs. 20-30 minutes) compared with Buckberg cardioplegia.


When using the technique of cold cardioplegia, controlled aortic root reperfusion, and (when needed) warm cardioplegic induction, all catheters, cannulae, doses, flow rates, and pressures should be scaled appropriately to small patients, as has been described.











Aortic Valve Surgery


When aortic regurgitation is mild in patients requiring aortic valve replacement or other operations, the initial cardioplegic infusion may be administered antegradely in the usual way through the unopened aortic root or retrogradely via the previously placed coronary sinus cannula. If the aortic root infusion maintains an adequate pressure in the aortic root, and thus confirms that runoff is minimal, the left atrial vent line is clamped, the infusion continued, and the left ventricle gently massaged manually during the infusion period. This prevents left ventricular distention and assists in perfusing the coronary arteries. If runoff is excessive, an aortotomy is made and the cold cardioplegic infusion is given directly into the coronary ostia (see “Perfusion of Individual Coronary Arteries” earlier in this chapter).


Unless the aortic valve is completely competent, which is uncommon, induction of cold cardioplegia for aortic valve repair or replacement is best accomplished by direct infusion of the solution into the coronary ostia, preceded by retrograde induction via the coronary sinus. The apparently complex sequence about to be described is unnecessary for cardioplegia with the capability for retrograde delivery, but is needed until retrograde reperfusion is established as a useful modality.


The circuit is modified at the operating table in such cases by placing a Y connector in the antegrade cardioplegia tubing, one distal arm of which connects to the aortic root infusion catheter and the other to a second Y, to each arm of which an O-ring direct coronary perfusion cannula is connected. A clamp is placed just beyond the first Y on the tubing leading to the second Y and the direct coronary perfusion cannulae. After CPB has been established and the aortic root catheter has been inserted, properly connected, de-aired, and the line leading to it clamped and the line to the second Y unclamped, the aorta is clamped, and the aortic root is opened transversely but not completely. One of the O-ring cannulae is inserted into the left coronary ostium and about three fifths of the initial cardioplegic infusion given. A second O-ring cannula is similarly placed in the right coronary ostium and the remaining two fifths of the cardioplegic infusion given. Ideally, and when easily accomplished, both infusions are given simultaneously. A 5-0 or 6-0 polypropylene suture is placed around each of the cannulae, brought out of the adjacent aortic wall, and secured with a “snugger.” Subsequent cardioplegic infusions may be given in this manner or retrogradely via the coronary sinus (see “Technique of Retrograde Infusion” earlier in this chapter).


A major reason for preferring this arrangement for the induction and maintenance of cardioplegia lies in the reperfusion phase. All devices for aortic valve replacement, except the allograft, autograft, and stentless xenograft valve inserted free hand or as an aortic root replacement, leak a variable but usually considerable amount of blood from the aortic root back through the sewing ring, at least, into the left ventricle. The left ventricular vent can keep the ventricle decompressed, but maintaining desired aortic root pressure frequently becomes impossible during reperfusion via the aortic root. Therefore, the usually warm and initially hyperkalemic modified blood reperfusion after aortic valve surgery is infused through the direct coronary perfusion cannulae. Many surgeons use simultaneous retrograde coronary sinus infusion as an adjunct to this reperfusion phase, beginning with substrate-enhanced hyperkalemic blood, then switching to normothermic normokalemic blood. While this is proceeding, closure of the aortotomy begins. The left ventricular vent keeps the operative field dry even after cardiac action begins. The last few sutures of the aortotomy closure are placed but left loose.


When the heart is beating well and the criteria previously described for ceasing the controlled aortic root reperfusion are met, suction on the left ventricular vent is reduced to a low level or stopped. If necessary, the venous tubing is occluded briefly to drive a little blood through the lungs and back into the left ventricle. Blood ejected by the left ventricle now essentially fills the aortic root and escapes through the loose part of the suture line. An assistant clamps the tubing leading to the Y connector with its direct coronary perfusion cannulae and unclamps the line to the aortic root catheter, the perfusionist places mild suction on the aortic root catheter, and the surgeon removes the “snuggers” on the sutures around the coronary cannulae; the sutures and then the cannulae are removed, and the aortotomy sutures are snugged and tied. Because the heart is beating well, aortic root pressure (being monitored by the aortic root cannula as usual) may tend to rise, but the perfusionist controls this by increasing suction on the aortic root pressure monitoring catheter as needed. The aortic clamp is still in place, so systemic air embolization is not possible.


By slightly occluding the venous line, the perfusionist causes the left ventricle to receive sufficient blood so that its ejection maintains an aortic root pressure of about 100 mmHg systolic. Suction continues on the aortic root catheter with minimal or no suction on the left ventricular vent, and usual de-airing procedures are accomplished (see Chapter 2). The aortic clamp is then removed, and the entire de-airing procedure is repeated. The remainder of the operation proceeds in the usual manner.









Coexisting Mild Aortic Regurgitation


Some cardiac operations are complicated by the presence of aortic regurgitation, too mild to justify aortic valve replacement (or repair) but sufficient to complicate myocardial management. If an appropriate aortic root pressure can be maintained during induction of cold cardioplegia and reperfusion, standard aortic root infusions are used.


If the regurgitation is such that an appropriate aortic root pressure cannot be achieved during administration of the cold cardioplegic solution or during reperfusion, cold cardioplegic solution is administered retrogradely through the coronary sinus. In the reperfusion phase, the heart can be carried through the initially warm hyperkalemic reperfusion and then the normokalemic reperfusion until cardiac action fully resumes, using exclusively retrograde perfusion through the coronary sinus.


Alternatively, the aortic valve can be made surgically competent for subsequent multidose aortic root cardioplegia administration. With or without an initial antegrade cardioplegia dose into each coronary ostium, a 5-0 or 6-0 polypropylene suture is placed through the midpoint of each cusp’s free edge (Frater stitch). The suture is pulled up to verify good leaflet apposition, after which the aortotomy is closed, bringing the polypropylene valve suture out through the suture line. With a now competent aortic valve, subsequent doses of cardioplegia can be administered through the aortic root. During reperfusion, the polypropylene suture is removed when cardiac contraction resumes.









Acute Occlusion of the Left Anterior Descending Coronary Artery


Patients brought to the operating room shortly after acute occlusion of the left anterior descending coronary artery (LAD) are usually hemodynamically unstable or in cardiogenic shock. Because of both the acute occlusion and the hemodynamic state, these patients present a special challenge. The principles set down and tested by Allen and Buckberg and colleagues form the basis for the management program described here.A8 These principles include:




[image: image] Initial controlled administration of warm cardioplegic solution (see “Cold Cardioplegia, Controlled Aortic Root Reperfusion, and [When Needed] Warm Cardioplegic Induction” earlier in this chapter), administered antegradely for 2.5 minutes and retrogradely (through the coronary sinus) for 2.5 minutes


[image: image] Use of at least a vein graft to the LAD (or another coronary vessel if it is responsible for the acute infarction)


[image: image] Prolonged (20 minutes) controlled reperfusion with hyperkalemic modified blood of the LAD (or another coronary artery if it was the culprit responsible for the area of acute ischemia)





The general plan of the operation is as described under Technique of Operation in Chapter 7. Initial warm cardioplegia (administered as just described) followed by usual cold cardioplegia produces cardiac quiescence. During the grafting procedure, it is supplemented in the usual manner by additional intermittent infusions of the cold cardioplegic solutions. Antegrade and retrograde routes of infusion are used alternately, or as dictated by ease of delivery, or by number of grafts in place.









Large Noncoronary Collateral Flow


Occasionally in patients with long-standing severe coronary artery disease, noncoronary collateral blood flow may be large and, under the usual circumstances of the coronary operation, can actually restart cardiac electromechanical activity by washing out the cardioplegic solution, despite cardiac venting and multidose cardioplegia. Clinical experience indicates that under these circumstances, risk of important myocardial damage is increased. Therefore, at the first sign of this development, the whole-body perfusate temperature is made as cold as possible until the patient’s temperature reaches 20°C; the perfusate temperature is then set at 20°C and CPB flow reduced to about 1 L · min−1 · m−2. Another dose of cold cardioplegia is then administered.









Active Rheumatic Pericarditis Necessitating Multiple Valve Surgery


Patients with active rheumatic pericarditis necessitating multiple valve surgery present special problems because of their extensive and vascular pericardial adhesions. If divided, these adhesions cause excessive bleeding and contribute an excessive collateral coronary flow. Such patients are critically ill, usually with aortic and mitral regurgitation. If cold cardioplegia is used, low-flow hypothermic perfusion and repeated cardioplegic infusions are necessary.









Reoperative Surgery


Reoperative CABG also may present special issues for myocardial management. In general, cardioplegic myocardial protection should be established early in the procedure—usually before mobilization of the cardiac mass. Antegrade and retrograde infusions are complementary; it is thus imperative that the retrograde catheter be placed accurately in the coronary sinus. This can be accomplished by minimal sharp dissection over the acute margin of the right ventricle followed by accurate posterior freeing dissection. In most cases, a patent internal thoracic artery graft should be identified by careful dissection, partially mobilized, and occluded during the cardioplegic period. Alternatively, it can be left open and CPB conducted at 20°C to 25°C with frequent cardioplegia administration and intermittent fibrillation.


Whether patent vein grafts should remain in situ is controversial; however, for induction of cardioplegia, aortic root antegrade infusion along with retrograde infusion with saphenous veins grafts left in place seems the surest way to obtain close to optimal delivery of cardioplegic solution.


Because of adhesions, the myocardium tends to rewarm more quickly than usual. More frequent cardioplegia infusion, low systemic perfusion temperature, or both are appropriate.
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1 Energy charge describes the energy-producing capacity of the particular combination of adenine nucleotides present in mitochondria and cytoplasm of myocytes of a particular heart. Normally, it is 0.85. It would be 1.0 if the nucleotides were present only as ATP, but 0.0 if they were present only as adenosine monophosphate.A3,A22


2 Myocardial hibernation vs. myocardial stunning: If stunning is characterized as a perfusion/contraction mismatch, hibernation is a perfusion/contraction match; in the latter, both are low.R4 Generally, hibernation is a chronic, potentially reversible state of segmental (less often, global) contractile dysfunction. Theoretically, dobutamine echocardiography, thallium scintigraphy, and positron emission tomography can distinguish hibernating from nonviable myocardium. However, the difference between stunned and hibernating segments may be vague. MarbanM3 suggests that a decrease in Ca2+ transients at a cellular level is responsible for the contractile dysfunction in hibernation, whereas a decrease in myofilament Ca2+ responsiveness accounts for the excitation-contraction decoupling seen in stunning.


3 Bentley (surface, stainless steel; priming volume, 120 mL; efficiency 0.8) or Shiley (surface, anodized aluminium; priming volume, 150 mL; efficiency 0.6).


4 One milligram of nitroglycerin in 5 mL of a balanced salt solution.
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Section I Anesthetic Consultation for Adult Cardiovascular Surgery








The principal tasks of the anesthesiologist are to provide relief from pain for patients during operation and to provide optimal operative conditions for surgeons, both in the safest manner possible. To do this, the anesthesiologist must be a competent physician and a clinical pharmacologist, with a broad knowledge of surgery and the ability to utilize and interpret correctly a variety of monitoring devices.


— Dripps, Eckenhoff, and Vandam


Introduction to Anesthesia: The Principles of Safe PracticeD9





Anesthetic management specifically for adult cardiovascular surgery is differentiated from management for general surgery by the high-risk profile and unique perioperative needs of the patient. Despite increasing age and comorbidity, operative mortality has been decreasing in these patients,F3 likely reflective of advances in surgical technique, better management of comorbidity, and advances in monitoring and care by dedicated cardiothoracic anesthesiologists. Furthermore, implementation of evidence-based medical practice to better justify clinical decisions continues to favorably influence patient outcomes.






Preoperative Preparation and Evaluation


Consultation with a cardiothoracic anesthesiologist is essential to optimal preoperative evaluation and management. A thorough history, physical examination, and understanding of the presenting cardiac pathology and proposed surgical procedures are critical. Particular focus should be on areas that may affect perioperative management, such as concomitant patient comorbidity, potential for drug interactions, challenges to airway management and invasive monitoring, as well as acuity of presenting clinical status.






Management of Preoperative Medications






Cardiovascular Medications


Medical management of cardiovascular comorbidity often necessitates extensive pharmacologic support. In general, most antihypertensive and antianginal cardiac medications are continued preoperatively. Whether to continue or when to withhold preoperative antihypertensive therapy requires careful consideration of patient risk/benefit. Acute withdrawal of particular antihypertensive medications such as β-blockers or clonidine may result in considerable perioperative hemodynamic instability; conversely, their continuation results in better hemodynamic stability, antiarrhythmic properties,C18,F2 and improved patient outcome.F2


Preoperative management decisions to continue angiotensin-converting enzyme (ACE) inhibitors and angiotensin II receptor subtype I antagonists (ARA) are controversial. Patients in whom ACE therapy was maintained until the morning of surgery had increased probability of hypotension at anesthesia induction.C14 ARA-treated patients had more postinduction hypotension refractory to conventional vasopressors than those on other antihypertensive therapy (β-blockers, calcium channel blockers, or ACE inhibitors)B16; thus, some recommend discontinuing ARA before surgery.B11


Comfere and colleagues examined the relationship between timing of discontinuing chronic ACE inhibitors and ARA and development of hypotension after induction of general anesthesia.C13 Patients receiving chronic ACE inhibitors or ARA therapy less than 10 hours prior to general anesthesia were at elevated risk of developing moderate hypotension within 30 minutes of induction. However, this responded to conventional therapy and was not associated with increased occurrence of postoperative complications.


Hemodynamic instability with continuation of ACE or ARA therapy is not consistent. Licker and colleagues reported that patients treated long term with ACE inhibitors and who had normal left ventricular function did not have altered endocrine response or hemodynamic instability during cardiac surgery.L5 Furthermore, continuing therapy has beneficial effects on the myocardium and kidneys.B6,C13 If it is elected to continue these drugs on the day of surgery, one should recognize that episodic hypotension necessitating vasopressor support may occur.


Thus in general, continuation of preoperative cardiovascular medications is recommended.









Statins


Beyond lipid-lowering properties, statins possess pleiotropic effects that have been reported to reduce postoperative morbidity and mortality.C12,P1,P2 Among patients undergoing percutaneous coronary interventions, Pascual and colleagues reported that statin pretreatment was associated with reduced early ischemic events, primarily in those with high levels of inflammatory markers.P2 Pretreatment with fluvastatin of patients undergoing coronary artery bypass grafting (CABG) reduced P-selectin levels, an adhesion molecule that plays a role in the pathogenesis of arteriosclerosis, below those of patients given a placebo.B9 Berkan and colleagues reported less use of inotropic agents among patients treated with fluvastatin, speculating that myocardial injury caused by cardiopulmonary bypass–induced inflammatory changes was reduced.B9 Others have reported a protective effect of statin pretreatment in reducing myocardial damage after CABG.M5,P2 Based on these beneficial pleiotropic effects, statin therapy should be continued routinely in the perioperative period.









Medications Affecting Hemostasis


Preoperative antiplatelet therapy affects perioperative hemostasis and may contribute to excess bleeding and increased blood product requirements.C18






Aspirin


In a meta-analysis of preoperative aspirin (ASA) use, Alghamdi and colleagues reported more blood loss and red blood cell (RBC) transfusion, yet similar platelet transfusion and reexploration for bleeding, among patients who received ASA preoperatively.A5 Patients stopping ASA 2 days or less before surgery had higher RBC transfusion requirements than those stopping it more than 7 days preoperativelyA5; patients discontinuing ASA 3 to 7 days before surgery had little increased requirement for RBC transfusion. Discontinuing ASA 2 to 3 days preoperatively may be sufficient for return of adequate platelet function. Thus, there is little evidence to recommend a preoperative 7-day ASA-free interval.G3,W6


There are, however, reported benefits to continuing ASA therapy perioperatively. Dacey and colleagues reported that continuation of ASA therapy in isolated CABG was associated with reduced mortality without substantial risk of hemorrhage or blood product requirement.D1 Similarly, Bybee and colleagues reported that preoperative ASA use within 5 days of CABG was associated with lower in-hospital mortality and similar risk of reoperation for bleeding and blood product requirements as in those not receiving preoperative ASA.B19


Practice guidelines from the Society of Thoracic Surgeons (STS) state that although evidence indicates ASA is beneficial, recent ingestion has been associated with perioperative bleeding.F5 Guideline recommendations are as follows: class IIa recommendation to discontinue ASA 3 to 5 days before elective CABG to reduce bleeding risk; class IIa recommendation for continuation of ASA in urgent and emergency CABG, recognizing that benefits of ASA outweigh the small bleeding risk; and class I to start ASA early postoperatively to take advantage of improved graft patency and mortality benefits.F5









Clopidogrel


Clopidogrel, an inhibitor of platelet aggregation, works by irreversibly blocking adenosine diphosphate (ADP)-mediated platelet activation. Clopidogrel reduces thrombotic complications following coronary stenting and improves outcomes after acute coronary syndromes. Patients who undergo CABG within 3 to 5 days of clopidogrel treatment are at increased risk for bleeding, RBC requirement, and need for reoperationB8,C10,F6,K1 (Fig. 4-1). Reichert and colleagues examined the effects of a waiting period after clopidogrel treatment before CABG. Patients who received clopidogrel treatment within 72 hours of operation vs. those delayed at least 5 days after clopidogrel treatment had higher transfusion requirements (95% vs. 52%).R6





[image: image]

Figure 4-1 Prevalence of composite outcome (reoperation or major bleeding) by number of days clopidogrel was stopped before surgery. Denominator for points on curve is the total number of patients who were exposed to clopidogrel ≤7 days before surgery (n = 329); 89 patients experienced the composite outcome. Red line = clopidogrel exposure. CABG, Coronary artery bypass grafting.


(From Berger and colleagues.B8)





Others, however, have reported no increase in bleeding, RBC transfusion, or reexploration for bleeding in CABG patients receiving clopidogrel.K2 Ebrahimi and colleagues examined the effect of clopidogrel in patients with non–ST-segment elevation acute coronary syndromes (NSTE-ACS) requiring CABG in the Acute Catheterization and Urgent Intervention Triage strategy (ACUITY) trial.E1 The trial enrolled 13,819 patients with NSTE-ACS undergoing early invasive management; 11.1% underwent CABG before discharge. Clopidogrel-exposed patients had longer median duration of hospitalization than nonexposed patients, but experienced fewer ischemic events within 30 days and had similar occurrence of non–CABG-related major bleeding and post-CABG major bleeding. Multivariable analysis demonstrated that clopidogrel use before CABG was a predictor of reduced 30-day composite ischemia.









Combination Antiplatelet Therapy


Cannon and colleagues reported dual antiplatelet therapy within 5 days of CABG was associated with a moderate increase in bleeding; however, combined therapy conferred no appreciable risk for bleeding if discontinued more than 5 days before CABG.C1 ASA and clopidogrel taken together until 2 days before operation is associated with higher postoperative blood loss, but not increased occurrence of reoperation for bleeding.V6 Others report increased blood product requirement with preoperative dual antiplatelet therapy.R4 For patients undergoing off-pump CABG, Shim and colleagues reported that preoperative ASA and clopidogrel exposure even within 2 days of operation did not increase perioperative blood loss and blood transfusion requirements.S9 Of note, the authors used strict transfusion guidelines and intraoperative blood salvage techniques.









Glycoprotein IIb/IIIa Inhibitors


Both short- and long-acting glycoprotein IIb/IIIa inhibitors cause profound platelet dysfunction. In patients requiring emergency operation, they are associated with increased risk for bleeding. Recommendations for discontinuation prior to surgery vary, depending on whether the agent used is a short- or long-acting inhibitor (4 to 6 hours for short acting; 12 to 24 hours for long)F5 (Table 4-1). Lee and colleagues recommend delaying surgery for the appropriate time interval and transfusing platelets as needed rather than prophylactically.L2 De Carlo and colleagues state that emergency surgery can be performed safely in patients treated with all glycoprotein (GP)IIb/IIIa inhibitors, and similarly note that platelet transfusion should be for clinically relevant bleeding.D5 Lincoff and colleagues report that urgent CABG can be performed for abciximab-treated patients without excess mortality or important morbidity.L6




Table 4-1 Platelet Inhibitors, Mechanism, and Half-Life
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Herbal Supplements


Complementary medicine is growing, with 32% to 37% of Americans using herbal supplements in a given year.B18,H7 Herbal supplements are frequently underreported and taken in conjunction with conventional drugs. This results in the potential for herb-drug interactions that may affect absorption and metabolism and/or potentiate or antagonize cardiovascular medications.A2,A3,A9,I2


There are no clear data on specific herbal-anesthetic interactions, but increased bleeding tendency, cardiovascular instability, and sedation have been associated with their use.H7 Garlic, ginkgo biloba, and ginger possess antiplatelet activity that may increase bleeding risk, particularly for patients on ASA therapy.A2,A9,H7,P3 Garlic inhibits platelet aggregation in a dose-dependent manner. Ginkgo inhibits platelet activating factor; based on pharmacokinetic data and bleeding risk, patients should discontinue ginkgo at least 36 hours preoperatively.A9 Coumarin-containing medications such as chamomile, horse chestnut, motherwort, and tamarind also enhance bleeding risk.A2 In addition to increased bleeding risk, ginkgo biloba has been associated with elevated blood pressure when combined with thiazide diuretics.H12


Prolongation of anesthesia may result from kava, valerian, and St. John’s wort. Kava, an anxiolytic and sedative, may prolong benzodiazepine sedation secondary to its ability to potentiate central nervous system depressants.A9,H7,P3 Concomitant use of opioids with valerian and kava may lead to increased central nervous system depression. Valerian produces dose-dependent sedation, which appears to be mediated through modulation of γ-aminobutyric acid (GABA) neurotransmission.A9 Ginseng may inhibit the analgesic effect of opioids.A2


Other direct effects of herbal medicines in the operative setting include cardiovascular instability from ephedra (“ma huang”) and hypoglycemia from ginseng.A9 Ephedra contains alkaloids, including ephedrine and pseudoephedrine, that can increase blood pressure and heart rate. Tachyphylaxis may result from long-term use secondary to depletion of endogenous catecholamine stores, which may necessitate use of direct-acting sympathomimetic agents for hypotension.A9 Ginseng may lower postprandial glucose, resulting in hypoglycemia, particularly in fasting patients.A9 Immunosuppressant properties of echinacea theoretically increase risk for poor wound healing and infection.B15,G8,H7 Short-term use of echinacea has immunostimulatory effects that may diminish effectiveness of immunosuppressive medications in the perioperative period.A9


In general, current recommendations are for patients to discontinue herbal medicines at least 2 weeks before surgeryA9,H7,L1 (Tables 4-2 and 4-3).


Table 4-2 Commonly Used Herbal Supplements, Relevant Pharmacologic Effects, and Perioperative Considerations






	Herbal Supplement

	Relevant Pharmacologic Effects

	Perioperative Considerations






	Echinacea

	Activation of cell-mediated immunity

	Allergic reactions; decreased effectiveness of immunosuppressants; potential for immunosuppression with long-term use






	Ephedra (“ma huang”)

	Increase in heart rate and blood pressure through direct and indirect sympathomimetic effects

	Risk of myocardial infarction and stroke from tachycardia and hypertension; ventricular arrhythmias with halothane; long-term use depletes endogenous catecholamines and may cause intraoperative hemodynamic instability






	Garlic

	Inhibition of platelet aggregation (may be irreversible); increased fibrinolysis; equivocal antihypertensive activity

	Potential to increase risk of bleeding, especially when combined with other medications that inhibit platelet aggregation






	Ginkgo

	Inhibition of platelet activating factor

	Potential to increase risk for bleeding, especially when combined with other medications that inhibit platelet aggregation






	Ginseng

	Lowers blood glucose; inhibition of platelet aggregation (may be irreversible); increased PT and PTT in animals

	Hypoglycemia; potential to increase risk of bleeding






	Kava

	Sedation; anxiolysis

	Potential to increase sedative effect of anesthetics; potential for addiction, tolerance, and withdrawal after abstinence unstudied






	St. John’s wort

	Inhibition of neurotransmitter reuptake

	Induction of cytochrome P450 enzymes, affecting cyclosporine, warfarin, steroids, protease inhibitors, possibly benzodiazepines; decreased serum digoxin levels






	Valerian

	Sedation

	Potential to increase sedative effect of anesthetics; benzodiazepine-like acute withdrawal; potential to increase anesthetic requirements with long-term use







Key: PT, Prothrombin time; PTT, partial thromboplastin time.


Modified from Ang-Lee and colleagues.A9




Table 4-3 Herbal Supplements and Interactions with Cardiovascular Medicines
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Monitoring






Cannulae


In addition to standard American Society of Anesthesiologists monitoring, large-bore intravenous (IV) and brachial or radial arterial cannulae are placed prior to induction of anesthesia. Central venous access is commonly obtained following induction of anesthesia. Decisions about whether to use a central venous triple-lumen catheter vs. a pulmonary artery flotation catheter are case and surgeon/anesthesiologist specific, as is use of ultrasound guidance for placement.









Transesophageal Echocardiography


Transesophageal echocardiography (TEE) is integral to monitoring cardiovascular patients.E3,K12,J3,Q1,S2 It is useful in identifying and determining the mechanism of cardiac pathology, can assist with separation from cardiopulmonary bypass (CPB), and may identify unsatisfactory surgical results. In 12,566 consecutive cardiac surgical patients, Eltzschig and colleagues found that TEE influenced surgical decision making in 7% of patients pre-CPB and 2.2% post-CPB.E3 Minhaj and colleagues recommended that TEE be used routinely in all patients undergoing cardiac surgery, because the information provided substantially influences subsequent patient management. They found that TEE demonstrated new cardiac pathology in one of every three patients, and in 3% of patients, it influenced decisions regarding use of CPB.M12 Similarly, Qaddoura and colleagues support use of TEE in primary CABG, noting that it provided new findings pre- and post-CPB in 13% of patients.Q1 Early work by Leung and colleagues revealed an association between new and persistent post-CPB wall motion abnormalities and increased risk for postoperative mortality and myocardial infarction.L3


TEE Doppler-derived hemodynamic indices can provide noninvasive quantitative information on intracardiac velocities, pressure gradients, and valve area.B4,O1 Estimates of forward flow (stroke volume and cardiac output) provide useful information, particularly in cases in which a pulmonary artery flotation catheter is not used (Fig. 4-2). Pulmonary artery systolic pressure can be estimated with use of the modified Bernoulli equation (Box 4-1), which converts instantaneous velocities to pressure gradients.O1 Stroke volume can be calculated as the product of the cross-sectional area and time velocity integral using two-dimensional and Doppler measurements.O1 Figure 4-3 and Box 4-2 illustrate TEE-derived noninvasive calculation of aortic valve area.





[image: image]

Figure 4-2 Transesophageal echocardiographic image depicting peak tricuspid regurgitant velocity in m · s−1. Key: CW, Continuous wave; HR, heart rate; PG, pressure gradient; V, velocity.







Box 4-1 


Modified Bernoulli Equation for Calculating Intracardiac Pressure, and an Example
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Example:
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Key: ΔP, Change in pressure; P, pressure; PPA, pulmonary artery pressure; PRA, right atrial pressure, estimated = 10 mmHg; TR, tricuspid regurgitation; V, velocity.
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Figure 4-3 Use of transesophageal echocardiography (TEE) for noninvasive calculation of aortic valve area. A, Midesophageal imaging plane for left ventricular outflow tract diameter measurement (2.98 cm). B, Continuous-wave Doppler velocity time integral (VTI) of aortic valve (1.43 m). C, Pulsed-wave Doppler of left ventricular outflow tract (0.232 m).







Box 4-2


Use of Transesophageal Echocardiography for Noninvasive Calculation of Aortic Valve Area, and an Example
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Example:
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Key: CSA, Cross-sectional area; LVOT, left ventricular outflow tract; TVI, time velocity integral.


Modified from Oh and colleagues.O1





Intraoperative TEE has particular utility and is considered standard of care for patients undergoing mitral valve repair. It allows immediate assessment of reconstructed mitral valves, revealing residual or de novo regurgitation. Whether to intervene for residual mitral regurgitation following repair is controversial. Gillham and colleagues suggest not returning to CPB for a second attempt at mitral valve repair for mild mitral regurgitation based on TEE findings alone.G4 In their investigation, 61% of patients with mild mitral regurgitation identified by intraoperative TEE had zero to trace regurgitation at follow-up transthoracic echocardiography. On the other hand, others have reported a trend toward increased need for reoperation when TEE identifies residual mitral regurgitation following mitral valvuloplasty.F7 TEE is critical in assessing and detecting patients at risk for a rare complication following mitral valve repair: left ventricular outflow obstruction secondary to systolic anterior motion of the anterior mitral valve (Table 4-4). Advances in ultrasound technology with real-time three-dimensional TEE will enhance the ability to image and add to the utility of intraoperative echocardiography in cardiac surgery.S19,S20,V1,Y1


Table 4-4 Echocardiographic Factors Related to Poor Outcome after Mitral Valve Repair for Degenerative Mitral Regurgitation






	Pre-CPB

	Post-CPB






	Posterior leaflet height (>15 mm)

	Residual mitral regurgitation > mild






	Anterior leaflet height (>45 mm)

	Persistent prolapse






	Anterior leaflet to posterior leaflet > 1.5

	Increased mean MV pressure gradient






	Coaptation point of MV leaflets to septum (C-septal) distance < 15 mm

	 






	Bileaflet prolapse

	 







Key: CPB, Cardiopulmonary bypass; MV, mitral valve.


Modified from Iglesias.I1









Epiaortic Scanning


Epiaortic scanning may aid surgical decision making.R11,W10 Djaiani and colleagues modify their surgical management in one third of patients based on its results in CABG.D7 Similarly, Rosenberger and colleagues report that it changed epiaortic surgical decision making in 4.1% of patients, including using cardiac arrest, performing aortic atherectomy or replacement, using off-pump support; avoiding aortic clamping; using ventricular fibrillatory arrest; changing arterial cannulation site; and avoiding aortic cannulation.









Cerebral Oximetry


Use of noninvasive measures of regional cerebral oxygen saturation in adult cardiac surgical patients is controversial because there are conflicting data regarding the ability of cerebral oximetry to predict outcomes following cardiac surgery. Hong and colleagues reported cerebral oximetry was not predictive of cognitive decline following heart surgery; however, patients who exhibited intraoperative desaturation required longer postoperative hospitalization.H10 Similarly, Reents and colleagues reported that use of cerebral oximetry was not predictive for postoperative cognitive performance.R5 In contrast, Slater and colleagues reported that intraoperative cerebral oxygen desaturation was associated with increased risk for cognitive decline and prolonged hospital stay after CABG.S12 More data are clearly needed to demonstrate whether complications associated with modifications in patient care are reduced by noninvasive monitoring of regional cerebral oxygenation.











Medications






Premedication


With a majority of patients being admitted the same day as their surgical procedure, preoperative medications for anxiolysis are commonly administered in the preoperative holding area or operating room once the IV cannula is placed. A short-acting sedative such as midazolam is administered in doses of 1 to 2 mg and is preferred over longer-acting agents.









Induction Agents


Propofol (substituted isopropylphenol) and etomidate (a carboxylated imidazole-containing compound) are commonly used induction agents in combination with a low-dose opioid and muscle relaxant, with the goal of facilitated recovery (Table 4-5). Propofol has several properties that make it an advantageous induction agent, particularly for procedures of short duration. It facilitates more rapid awakening compared with other induction drugs, and its antiemetic effects minimize postoperative nausea.S16 Etomidate possesses minimal cardiovascular side effects, making it an ideal agent for induction in hemodynamically unstable patients and those with impaired ventricular function. However, it has a number of side effects, including pain on injection and transient adrenocortical suppression through inhibition of 11-β-hydroxylase.S16 Use of etomidate, particularly in the critical care setting, is controversial because of its adrenal suppression side effects.J1 Ketamine (a phencyclidine derivative) is less commonly used as an induction agent, primarily because of cardiovascular side effects including increases in heart rate and blood pressure, myocardial depression, and episodic emergence delirium.S16 Thiopental is also less commonly used for induction of general anesthesia in cardiac surgery because of less favorable properties.S16 Some centers use high-dose narcotics for induction of anesthesia in cardiovascular patients.




Table 4-5 Induction Agents
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Maintenance of Anesthesia


The goal of maintenance anesthesia is to maintain stable hemodynamics while allowing for facilitated recovery in a majority of patients. Maintenance of general anesthesia typically consists of a balanced anesthetic technique employing low-dose opioid in combination with a volatile inhalational anesthetic agent or IV agent. The specific choice of opioid, inhalational agent, and muscle relaxant depends on the surgical procedure and patient hemodynamics.


No specific anesthetic maintenance regimen is more advantageous than another in terms of patient outcomes, but evidence supports the potential role of inhalational anesthetic agents in myocardial preconditioning.M9 In a double-blind randomized controlled trial of patients undergoing CABG, Meco and colleagues reported beneficial preconditioning effects of desflurane on myocardial injury (lower troponin I) and myocardial functional recovery following surgery.M9


Regional anesthesia with or without a general anesthetic has produced mixed patient outcomes. There have been reports of regional anesthetic techniques using epidural blockade in off- and on-pump cardiac surgical patientsA6,C5,S18; however, regional anesthetic techniques have not been generally adopted.









Opioids


Semisynthetic opioids—fentanyl, sufentanil, and remifentanil—are differentiated by potency, onset, and duration of action. All have demonstrated safety and effectiveness for use in cardiac surgeryG2,T3 (Table 4-6). Cheng and colleagues conducted a multicenter randomized controlled trial on the efficacy and resource utilization of remifentanil and fentanyl in fast-track recovery from cardiac surgery.C8 Both anesthetic techniques permitted early and similar times to tracheal extubation, less intense monitoring, and reduced resource utilization after CABG. Similarly, Howie and colleagues compared remifentanil to fentanyl combined with isoflurane/propofol for early extubation following CABG.H11 Both allowed for fast-track cardiac anesthesia. In a randomized clinical trial, Mollhoff and colleagues demonstrated the efficacy and safety of remifentanil and fentanyl for fast-track CABG.M14 Time to extubation was longer, and occurrence of shivering and hypertension were higher in the remifentanil group. However, the groups had similar intensive care unit (ICU) and hospital lengths of stay. Engoren and colleagues compared three opioids used for fast-track cardiac anesthesia: fentanyl, sufentanil, and remifentanil.E4 Extubation times and costs were equivalent. Shorter duration of action of remifentanil allowed for faster recovery, but it is more expensive than fentanyl, and tracheal extubation times were similar.M19




Table 4-6 Commonly Used Opioids
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Antifibrinolytic Drugs


ε-Aminocaproic acid inhibits conversion of plasminogen to plasmin by binding to the lysine binding sites on the plasminogen molecule; tranexamic acid is an alternative antifibrinolytic agent. Lysine analogs have class IA level of evidence indication for use in cardiac surgery to reduce blood loss and transfusion requirements. These drugs play an important role in blood conservation practices in cardiac surgery.C2,F4,M17,T2 Aprotinin, a serine protease inhibitor, is effective in reducing perioperative blood loss but is no longer in use because of a less favorable safety profile.F4,M3,M4,S3,S8









Heparin Management






Monitoring


Several automated devices are available for anticoagulation management following heparin administration; the activated clotting time (ACT) monitor is the most common. Unfractionated heparin is commonly administered on a weight-based protocol (300-400 units per kilogram) with the goal of achieving an ACT greater than 480 seconds prior to initiation of CPB. In general, if an ACT of 480 or greater has not been achieved with doses of heparin (up to 600 units · kg−1), one should suspect heparin resistance.









Heparin Resistance


Reports of heparin resistance in cardiac surgical patients requiring CPB range between 4% and 22%.S13 Chan and colleagues statistically modeled predictors of heparin resistance in 400 patients for elective cardiac surgery.C4 Eight percent met predefined criteria for heparin resistance, defined as a heparin requirement greater than 5 mg · kg−1 to achieve a pre-CPB ACT greater than 400 seconds. Preoperative use of heparin, low-molecular-weight heparin, a platelet count of 300,000 or more, and albumin plasma concentration of 35 g · dL−1 or less were risk factors for heparin resistance.


Treatment options for heparin resistance include fresh frozen plasma administration and antithrombin III therapy, but few randomized clinical trials have addressed the merits of these therapies for treating heparin resistance.S13 In one of the few randomized clinical trials, Avidan and colleagues concluded that antithrombin III was effective in restoring heparin responsiveness for a majority of patients exhibiting heparin resistance prior to CPB (the authors defined heparin resistance as an ACT < 480 seconds after 400 units · kg−1 of heparin).A11 Interestingly, among the 52 patients randomized to antithrombin III, 21% also required fresh frozen plasma.









Heparin-Induced Thrombocytopenia


Heparin-induced thrombocytopenia (HIT) is an immune reaction occurring in 1% to 3% of patients following cardiac surgery.W2 HIT is the most frequent antibody-mediated drug-induced thrombocytopenic disorder.C3 It develops as a result of platelet factor 4–heparin complexes, subsequent platelet activation, and thrombocytopenia following heparin exposure, and is induced by immunoglobulin (Ig)G antibody production.H5 Paradoxically, heparin-induced antibody-mediated activation of platelets and the coagulation system may result in thrombosis.W1 Clinical features may include thrombocytopenia, defined as a 50% or greater reduction in platelet count or decrease to less than 100,000 · dL−1, thrombosis (50%-70% of patients), and heparin-induced skin lesions (5%-10% of patients). Diagnosis rests on one or more clinical features of thrombocytopenia and thrombosis as well as detection of HIT antibodies.W3


Guidelines recommend use of unfractionated heparin for patients with a history of HIT who require cardiac surgery and are HIT antibody negative. Repeat exposure to heparin is an option if the prior HIT episode occurs more than 100 days before surgery, because HIT antibodies are transient and generally not regenerative during the brief heparin reexposure. Guidelines also recommend that heparin be restricted to CPB and that alternative anticoagulants be used pre- and postoperatively. For patients with acute HIT—thrombocytopenia and HIT antibody positive—requiring surgery, it is recommended that surgery be delayed until HIT is resolved and antibodies are negative. Alternatively, a non-heparin anticoagulant such as bivalirudin can be usedD11,K13,W4 (Table 4-7).




Table 4-7 Alternative Anticoagulants in Patients with Heparin-Induced Thrombocytopenia Requiring Anticoagulation for Cardiopulmonary Bypass
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Heparin Reversal


Following discontinuation of CPB and decannulation, heparin is reversed with protamine sulfate (typically 1 mg of protamine for every 100 units of heparin). Heparin-protamine titration may also be used to provide a more precise amount of protamine to be administered. Protamine administration has well-recognized adverse side effects, from hypotension with rapid administration to anaphylactic and anaphylactoid reactions.K6














Weaning From Cardiopulmonary Bypass


A number of factors require attention before CPB separation: achieving normothermia, proper electrolyte balance (potassium, glucose, ionized calcium), adequate hemoglobin, anticipation of inotropic and vasopressor support, reestablishing ventilatory support, heart rhythm, and need for pacing. TEE plays an integral role in weaning from CPB, particularly for patients who have undergone valve repair or who have compromised ventricular function. TEE permits rapid recognition in the partial bypass period of circumstances that could complicate separation from CPB, such as persistent valvar regurgitation, intracardiac air, or regional wall motion abnormalities related to graft failure.






Inotropic and Vasopressor Support


Muller and colleagues examined clinical, surgical procedure, and intraoperative factors related to the need for inotropic support following CPB, including previous myocardial infarction, heart failure, higher New York Heart Association functional class, and aortic clamp time.M16 McKinlay and colleagues incorporated information from the intraoperative TEE examination along with demographic and clinical factors to predict the need for inotropic use following separation from CPB.M8 Reoperation, wall motion score index, combined CABG and valve repair or replacement, left ventricular ejection fraction less than 35%, moderate to severe mitral regurgitation, and longer aortic clamp time were risk factors. Ahmed and colleagues added laboratory and hemodynamic factors and identified four risk factors for inotropic requirement: low cardiac index, left ventricular end-diastolic pressure 20 mmHg or higher, left ventricular ejection fraction 40% or lower, and chronic kidney disease stage 3 to 5.A4


Table 4-8 lists the mechanism of action for commonly used sympathomimetic and vasopressor agents. In addition, milrinone, an inodilator, acts by inhibiting phosphodiesterase III to increase intracellular cyclic adenosine monophosphate levels. Levosimendan, a new calcium sensitizer, possesses vasodilatory and inotropic properties without increasing intracellular calcium concentrations or increasing myocardial oxygen consumption. It acts by inducing a calcium-dependent conformational change of troponin C and enhances both rate and extent of cardiac contraction.E5,H1,S10 Levosimendan has demonstrated utility in facilitating weaning from CPB.E5




Table 4-8 Sympathomimetics
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Specific Management Issues






Fast-Track Anesthesia


Early work by Cheng and colleagues was instrumental in establishing a new standard of care for recovery from cardiac surgery by demonstrating the safety and feasibility of facilitated recovery.C7 They tested extubation within 1 to 6 hours vs. conventional tracheal extubation within 12 to 22 hours after CABG in a randomized clinical trial. Post-extubation intrapulmonary shunt fraction improved and ICU and hospital lengths of stay were shorter, without increased morbidity.C7 Similarly, Reis and colleagues reported that fast-track and ultra–fast-track (extubated on ICU arrival) anesthesia were not associated with increased patient morbidity and mortality following CABG.R7 In off-pump CABG, Djaiani and colleagues reported facilitated operating room extubation, lower nurse-to-patient ratio, and earlier patient discharge without need for reintubation with ultra–fast-track anesthetic techniques.D8 Risk factors for delayed extubation of patients planned for fast-track anesthesia are advanced age, female gender, postoperative use of intraaortic balloon pumping, inotropes, and postoperative bleeding and atrial arrhythmias.W11









Perioperative Glucose Control


Poor control of perioperative glucose is associated with adverse outcomes following cardiac surgery.O2 Ouattara and colleagues reported a 7.2 increased odds of morbidity in patients with poor intraoperative glucose control (four consecutive blood glucose concentrations > 200 mg · dL−1 without any decrease despite insulin therapy).O2 Lipshutz and Gropper performed an evidence-based review of perioperative glycemic control, noting that hyperglycemia in the perioperative period is a risk factor for morbidity.L7 An appropriate glucose target and specific populations who might benefit from intensive insulin therapy have yet to be identified. van den Berghe and colleagues reported that intensive insulin therapy to maintain blood glucose at or below 110 mg · dL−1 reduced morbidity and mortality among surgical ICU patients.V2 However, there are conflicting results about whether intensive insulin therapy to normalize glucose perioperatively improved outcomes. Gandhi and colleagues examined the effect of intensive intraoperative insulin therapy vs. conventional glucose management on morbidity after cardiac surgery and found increased morbidity with glucose levels at normoglycemia.G1 Target glucose range at Cleveland Clinic is 70 to 150 mg · dL−1. Cleveland Clinic’s intraoperative insulin management protocol and adjustment schedule are described in Appendix 4A and Table 4A-1.









Blood Management


RBC transfusion practices vary considerably throughout the world, despite published transfusion guidelines.M1,T2 This variability reflects insufficient information on risk-to-benefit ratio of anemia vs. transfusion and lack of randomized controlled trials examining RBC transfusion and patient outcomes. Hence, transfusion decisions tend to be based on opinion rather than evidence.H4 There have been a number of investigations demonstrating a strong association between RBC transfusion and morbidity following cardiac surgery.B10,K9,M18,S4 RBC transfusion has been associated with excess risk of cardiac and serious infectious complications, renal failure, neurologic complications, prolonged ventilatory support, in-hospital mortality, and increased resource utilization and cost. Infectious complications such as septicemia, bacteremia, and superficial and deep sternal wound infections are higher for transfused patients.B3 Possibly this is related to immunomodulatory effects known as transfusion-associated immunomodulation (TRIM).B12 Additional evidence supports persistent and increased late risk related to perioperative RBC transfusion, including a higher hazard for death and lower functional health-related quality of life.K10,S21


Structural and functional changes occurring during RBC storage may partially account for complications associated with transfusion.K11 Many of these changes are time dependent and include decreases in pH, 2,3-diphosphoglycerate, and adenosine triphosphate (ATP), and increases in free hemoglobin, potassium, and lactate.B7 Reduced deformability is also time dependent and begins at 2 weeks and progresses throughout the storage period.R8 These time-dependent changes have been demonstrated in both the laboratory and clinical arena to contribute to adverse consequences.G5,K11,R9 Laboratory investigation demonstrates increased thrombin generation for RBC products with longer storage duration.S22 Centrifuged supernatant of stored RBC demonstrates that some RBC microvesicles express phosphatidylserine that is capable of facilitating thrombin generation. This may be a mechanism for adverse thrombotic effects for RBC with increased storage duration that has been observed in clinical investigations.S22 Concern about complications related to length of RBC storage requires further investigation to determine whether patients undergoing cardiac surgery are adversely affected by prolonged storage. The role of storage time on microcirculation, tissue oxygenation, and outcomes is currently under debate.


The risk and benefit balance of anemia and RBC transfusion is complex and at this point unsettled. Although transfusion is beneficial in subsets of patients, there is uncertainty about whom to transfuse, and when; unrestricted liberal use of RBC transfusion requires closer scrutiny. Hebert and colleagues in the Transfusion Requirements in Critical Care trial reported that restrictive transfusion strategies for RBC were as effective as liberal ones.H6 Blood conservation methods should be more widely applied and instituted, including optimization of preoperative hematocrit, use of intraoperative cell salvage, lower hemoglobin thresholds for transfusion, and use of antifibrinolytic agents. Evidence suggests that centers that have implemented evidence-based transfusion guidelines reduce use of RBC products without increasing patient morbidity.B17











Reoperation


Principles of anesthetic induction, maintenance, and facilitated recovery are similar for patients undergoing reoperation. Because of an increased risk for complications on sternal reentry, patients typically have additional IV access and RBC immediately available prior to sternotomy. Communication with the surgical team is essential before sternal reentry, particularly if alternative cannulation techniques (e.g., femoral or axillary artery cannulation) will be used. Surgical dissection can be challenging and lengthy, with a risk for excess bleeding, ischemia due to manipulation of prior grafts, and arrhythmias due to positioning of the heart.






Off-Pump Coronary Artery Bypass Grafting


Revascularization without CPB has several reported benefits over on-pump surgery: fewer transfusions, less early neurocognitive dysfunction, and less renal insufficiency.S5 Goals for anesthetic management are similar to those for on-pump surgery; however, a number of special considerations pertain specifically to case management for off-pump CABG (OPCAB). Invasive monitoring is similar, as is facilitated recovery with extubation in the operating room or soon after in the ICU. Heparin management is surgeon and institution specific, ranging from partial to full-dose heparinization. TEE is particularly useful for detecting regional wall motion abnormalities, accessing volume status, and determining the effect of lifting and retracting the heart and stabilizer devices on hemodynamics. OPCAB can be particularly challenging in managing acute changes in hemodynamics that occur with necessary positioning and stabilization of the heart to perform coronary artery anastomosis.


TEE monitoring for OPCAB typically identifies transient regional wall-motion abnormalities during vessel occlusion.S6,S7 Temporizing measures to maintain hemodynamic stability include the Trendelenburg position, vasopressors, and IV fluids. Couture and colleagues examined mechanisms of hemodynamic changes during OPCAB, noting that mobilization and stabilization of the heart or myocardial ischemia can produce important changes in hemodynamics.C15 They report that suction- and compression-type stabilizers produce hemodynamic changes via different mechanisms. For suction-type stabilizers, hemodynamic changes are due to heart dislocation (90-degree anterior displacement) and right ventricular compression. Compression-type stabilizers compress the left ventricular outflow tract and produce abnormal diastolic expansion secondary to direct deformation of the left ventricular geometry. Depending on collateral flow, coronary occlusion during the anastomosis can variably affect the status of left ventricular function.C15 Bainbridge and Cheng highlighted anesthetic considerations for both less invasive direct CABG and OPCAB procedures, noting goals similar to those for conventional CABG but with some key differences, including use of regional techniques for postoperative pain (unilateral paravertebral blocks or intercostal blocks).B2









Heart Transplantation


The approach to anesthetic management for heart transplant recipients follows principles similar to those for heart failure patients, recognizing, however, that transplant recipients often have ingested food or drink within hours of surgery. Potential heart transplant recipients typically have IV and arterial access prior to rapid-sequence or modified rapid-sequence anesthetic induction. Although alternative induction agents may be used successfully, etomidate and succinylcholine with small doses of narcotic are effective agents for this, recognizing that circulation time is longer and important hemodynamic instability secondary to reduced ejection fraction may occur. Central venous access is obtained following anesthetic induction. Maintenance of anesthesia is similar to that for other cardiovascular procedures, using a balanced technique of narcotic, muscle relaxation, and low-dose inhalation agent. Similar to other procedures, anesthetic goals are to maintain hemodynamic stability and facilitate recovery following surgery.


The newly implanted heart is denervated without vagal tone. In general, post-implantation, agents with direct-acting catecholamines are preferred; agents with indirect activity (e.g., ephedrine) may have diminished effect. Similarly, medications such as atropine and glycopyrrolate will not provide typical heart rate responses.B13,S17


TEE has particular utility in heart transplantation as a guide for separating the patient from CPB, detecting presence of intracardiac air, and evaluating ventricular function. It is particularly useful for detecting right ventricular dysfunction that may ensue, especially in patients with pulmonary hypertension.









Lung Transplantation


Similar to heart transplant recipients, lung transplant recipients typically have eaten within hours of surgery. A special consideration for anesthetic induction of lung transplant recipients is avoiding prolonged positive pressure with mask ventilation, which may lead to important hypotension. Central venous access is obtained following anesthetic induction. Some centers use a pulmonary artery flotation catheter pre-transplant and pull it back into the pulmonary trunk before clamping the pulmonary artery. Lung isolation is commonly achieved with a left-sided double-lumen endotracheal tube. However, use of a single-lumen endotracheal tube with a bronchial blocker for lung isolation is also an option. Ability to tolerate one-lung ventilation is assessed early, because failure to do so necessitates use of CPB. TEE may guide in assessing ventricular function during transplantation, right ventricular function upon pulmonary artery clamping, and pulmonary vein stenosis, and also in detecting intracardiac air.


Feltracco and colleagues report that lung transplantation for severe pulmonary hypertension has distinct challenges compared with other etiologies.F1 Common echocardiographic features of patients with severe pulmonary hypertension include right ventricular enlargement, tricuspid regurgitation, and diastolic dysfunction. The authors recommend ventilation strategies that include avoiding excessively increased intrathoracic pressure, moderate hypercapnia, and optimal positive end-expiratory pressure to prevent increases in pulmonary vascular resistance. They recommend CPB support in the following circumstances: intractable hypoxemia, greater than 30% reduction in cardiac output during trial of pulmonary artery clamping, doubling of pulmonary vascular resistance, an increase in systolic pulmonary artery pressure to greater than 80% of systemic systolic pressure, surgical manipulation that severely compromises cardiac function, and severe ventricular wall motion abnormalities.F1


Baez and colleagues similarly noted that hemodynamic instability may ensue from myocardial depressant effects of induction agents, with excessive positive pressure ventilation on anesthetic induction, and with surgical retraction to gain exposure while removing the lungs.B1 They recommend reducing lung hyperinflation, such as by decreased tidal volumes, lowering respiratory rate to maximize expiratory time, and permissive hypercapnia. TEE can be used to assess presence and degree of right ventricular dysfunction, which may necessitate use of pulmonary vasodilators. Those available vary in selectivity for pulmonary vasculature and cost. Agents used include milrinone, inhaled nitric oxide (preferred, because of greater selectivity for the pulmonary vasculature vs. systemic vasculature), and inhaled epoprostenol (similarly efficacious and less costly).B1


If risk from CPB is low, some centers place epidural catheters prior to anesthetic induction.M13 Goals of ventilation management include prolonging expiratory time to allow for more complete emptying of the lungs, along with permissive hypercapnia, with the thought that hypoventilation reduces hemodynamic effects of dynamic hyperinflation and auto positive end-expiratory pressure. Miranda and colleagues list various methods to decrease pulmonary vascular resistance, such as use of vasodilators and induction with 100% fraction of inspired oxygen to reverse hypoxic pulmonary vasoconstriction.M13









Descending Thoracic Artery Aneurysm


Open repair of descending thoracic aorta aneurysm requires considerable anesthetic preparation. Monitoring typically necessitates large-bore IV access, right-sided brachial and femoral arterial catheter placement, central access with a large French introducer and pulmonary artery flotation catheter, a cerebro spinal fluid drainage catheter, and TEE. Depending on extent of the disease, repair may require use of CPB and circulatory arrest. OPCAB procedures employ a double-lumen endotracheal tube or single-lumen endotracheal tube with an endobronchial blocker for lung isolation. Additional venous access, if needed, is obtained via the right femoral vein, because the surgeon may choose to use left atrial–to–left femoral artery bypass. If partial bypass is used, the perfusionist can adjust flow to maintain upper-extremity mean blood pressure typically greater than 80 mmHg, and lower mean greater than 70 mmHg. Intrathecal preservative-free papaverine may be requested prior to clamping as a spinal cord protective measure. Additional neuroprotective measures include maintaining cerebrospinal fluid (CSF) pressure at less than 10 mmHg and passive cooling. Estrera and colleagues recommend early management using free CSF drainage to maintain CSF pressure at less than 10 mmHg, but later limiting cerebrospinal drainage unless neurologic deficit occurs.E6


In addition to hypothermia and CSF drainage for spinal protective measures, monitoring of somatosensory (SSEP) or motor-evoked potentials (MEP) has been reported to provide additional protection.S11 Keyhani and colleagues note that MEPs and SSEPs are highly correlated only when intraoperative changes are irreversible, and these irreversible changes are associated with immediate neurologic deficit.K5 Normal SSEP and MEP findings have strong negative predictive value, indicating that patients without signal loss were likely to be without a neurologic deficit.K5 Some centers have used epidural cooling with epidural catheters placed at thoracic (T) T-12 to lumbar (L) L-1 and a 4F intrathecal thermistor catheter placed at L-3–L-4.L4


Jacobs and colleagues reported that MEP is a highly reliable technique to assess spinal cord ischemia and is useful in reducing paraplegia during thoracoabdominal aneurysm repair.J2 Their protocol includes CSF drainage, moderate hypothermia, and left heart bypass with selective organ perfusion. MEP was used to monitor spinal cord function, and when important decreases occurred, hemodynamic (raising distal aortic and mean arterial pressure) and surgical (reattachment of visible intercostal arteries) strategies were employed.J2


Endovascular stenting of thoracic aortic aneurysms is a less invasive approach to repair. Anesthetic management may be regional (spinal or epidural) or general. Disadvantages of regional anesthesia include patient movement, inability to use TEE as a monitoring tool, potential for hypotension with sympathectomy, and difficulty establishing an airway should complications occur during the procedure.G9









Transcatheter Aortic Valve Replacement


Transcatheter aortic valve replacement (TAVR) is currently used for patients with aortic stenosis who have important comorbidity and are not surgical candidates because of high operative risk. Cheung and Ree summarized the procedure’s four key steps: surgical access (via femoral vein or artery, or left ventricular apex), native aortic valvuloplasty (predilatation by balloon valvuloplasty), positioning and deployment of the prosthesis, and surgical closure.C9 TEE can assist with proper sizing by providing measurement of aortic anular dimension, guidewire advancement, and valve prosthesis positioning. TEE has particular utility in identifying complications with placement, such as device embolization, tamponade, perivalvar regurgitation, and coronary ostial obstruction with resultant regional wall-motion abnormalities.C9 Pharmacologic agents (adenosine or β-blockers) or, more commonly, rapid ventricular pacing are used for device deployment to attenuate left ventricular ejection. The procedure is performed under general anesthesia, which is beneficial for patient immobility, tolerance of rapid ventricular pacing, and better management of complications.C9









Ventricular Assist Devices


Anesthetic management for placing left ventricular assist devices (LVAD) focuses on considerations similar to those for severe heart failure, recognizing that these patients are critically ill with limited cardiac reserve and may have considerable hemodynamic instability on anesthetic induction.M10 TEE is a critical monitoring tool (Table 4-9). Identifying intracardiac shunts, such as a patent foramen ovale (PFO), has implications post implantation. An unrecognized PFO may lead to hypoxemia because unloading of the left ventricle leads to decreased left atrial pressure, which may result in substantial right-to-left shunting. TEE detection of aortic regurgitation is also critical, because this will reduce forward flow from the LVAD. In addition, TEE is useful for identifying right ventricular dysfunction, position of the inflow cannula, and de-airing.C11


Table 4-9 Utility of Transesophageal Echocardiography for Left Ventricular Assist Device Placement






	Pre-CPB

	On CPB

	Post-CPB






	Optimize left ventricular filling

	Appropriate inlet cannula orientation (oriented to mitral valve)

	Monitor cannula position






	Exclude patent foramen ovale, aortic regurgitation, mitral stenosis

	Verify device is functioning

	Right ventricular function and tricuspid regurgitation






	Monitor right ventricular function and assess tricuspid regurgitation

	Exclude right-to-left shunting

	Decompression of left ventricle and left atrium






	 

	Monitor decompression of left ventricle and left atrium

	Possible air entrainment if left ventricle collapses and subatmospheric intradevice pressures occur






	 

	Exclude aortic insufficiency

	Doppler-determined LVAD flows






	 

	De-airing

	 







Key: CPB, Cardiopulmonary bypass; LVAD, left ventricular assist device.


Modified from Mets.M10


Bleeding is not uncommon following LVAD insertion and is often multifactorial, with hepatic dysfunction, preoperative anticoagulation, and excessive fibrinolysis.E2 Patients with severe right ventricular dysfunction may need a right ventricular assist device, use of pulmonary vasodilators (nitric oxide), or both.G6











Conclusion


Practice of contemporary cardiothoracic anesthesia requires expertise in monitoring, coagulation, and pharmacology. Continued advances in perioperative monitoring, more selective pharmacologic agents, and focused research supporting evidence-based care will further advance the specialty and ultimately contribute to improved patient outcomes.











Section II Anesthesia for Neonates and Children






Infants and Children Undergoing Cardiopulmonary Bypass (open Procedures)


Substantial improvements have been made in anesthetic management of children with congenital heart disease. This is particularly true for neonates and patients undergoing staged repair of single-ventricle malformations. The anesthesiologist must possess a comprehensive understanding of each congenital malformation and its altered physiology, as well as a broad knowledge of pediatric medicine and pediatric cardiology.


For the acutely ill child who requires ventilatory and inotropic support preoperatively, anesthetic management must be carefully constructed to optimize cardiac output, and in those with shunt-dependent physiology, to balance systemic and pulmonary blood flow. Increasingly, children outside the newborn period arrive for cardiac operations on the same day as admission. Thus, the anesthesiologist must have access to the history and all cardiac diagnostic information before meeting with the child and family. In many centers, a formal conference occurs regularly to review historical, radiographic, echocardiographic, and cardiac catheterization data. Associated problems (e.g., reactive airway disease, airway anomalies, renal dysfunction, congenital syndromes) are discussed.


Upper respiratory tract infections (URIs) increase the perioperative risk of airway-related adverse events, because hyperreactivity of the airways can persist as long as 6 to 8 weeks following a URI. In a prospective study of children with heart disease undergoing elective surgery, those with a recent URI had increased postoperative respiratory complications (29% vs. 17%), bacterial infections (fivefold increased risk), marginally prolonged length of ICU stay, and multiple complications compared with those not having a URI.M2 Although there were no long-term sequelae related to the URI (the study was not powered to address the increased mortality risk related to URI), the decision to proceed with elective surgery must be carefully weighed against the inconvenience of postponing surgery or the increased risk from postponement.


Presence of shunts, patches, and conduits affects selection of anesthetic and surgical approaches. Previous aortopulmonary shunts or subclavian flap repair for coarctation of the aorta may reduce blood flow to the right or left arm, resulting in reduced blood pressure in that extremity. This information must be available for appropriate monitoring.






Laboratory Evaluation


Laboratory evaluation should include analysis of hemoglobin, hematocrit, pulse oximetry, and serum electrolytes in patients receiving diuretics or those with renal insufficiency. An elevated hematocrit in a normovolemic child reflects the magnitude and chronicity of cyanosis. Hematocrit levels above 60% may predispose the patient to capillary sludging and stroke. Because of liberalized feeding guidelines that allow administration of clear liquids up to 3 hours before induction, admission for preoperative IV hydration is seldom required for most patients. However, it is important to achieve adequate hydration in cyanotic infants.









Premedication


Premedication is used to achieve adequate sedation and maintain respiratory and hemodynamic stability. In children with complex congenital heart disease, premedication is directed toward decreasing oxygen consumption, improving systemic oxygen saturation, and promoting satisfactory anesthetic induction. Oral administration is effective and widely accepted. Dosage is adjusted based on age and clinical condition, but most centers use 0.5 mg · kg−1 of midazolam orally 10 to 20 minutes before anesthetic induction, up to a maximum dose of 20 mg. Dosages of 0.7 mg · kg−1 may be used in hemodynamically stable younger children, with lower doses of 0.3 mg · kg−1 in children with reduced myocardial reserve. Generally, children younger than age 6 months do not require premedication. In uncooperative children or those with autism, a 3- to 5-mg · kg−1 intramuscular dose of ketamine is safe and effective.









Physiologic Monitoring


Physiologic monitoring includes routine noninvasive monitoring as well as an arterial catheter, central venous catheter, and temperature probes. In term newborns, a 22-gauge radial arterial catheter is preferred. In small babies or premature infants, a 24-gauge catheter is used. Posterior tibial and dorsalis pedis arterial catheters should be avoided because of their tendency to function poorly after CPB. Femoral artery catheters may be used, but because of future need for cardiac catheterizations, they are not preferred. In extremely low- birth-weight babies, a 22-gauge axillary arterial line can be placed. Use of an umbilical artery catheter for up to 7 days is appropriate for newborns.


Many centers employ percutaneous central venous catheters as a standard monitoring tool. When available, these catheters must be placed under ultrasound guidance to increase safety and decrease risk of complications.V3 Placing percutaneous central catheters should be carefully considered in infants with single-ventricle physiology, because thrombosis of upper-extremity vessels could preclude or complicate a future bidirectional Glenn procedure. Size and length of central venous catheters placed percutaneously should be based on age and weight of the patient.A7 Others rely on directly placed transthoracic catheters placed before or after repair of the malformation to obtain information for separation from CPB. However, these do not allow central venous pressure monitoring in the prebypass period or effective monitoring of superior vena cava (SVC) pressure during CPB. Although not universally employed, direct measurement of left atrial, right atrial, and pulmonary artery pressures via small indwelling catheters provides more accurate assessment of central pressures than other methods used to guide treatment in the postbypass and postoperative periods.









Temperature


Thermistor probes are placed for measuring rectal (core) and either nasopharyngeal or tympanic membrane temperatures. Nasopharyngeal and tympanic membrane temperatures provide a reasonable estimate of brain temperature. Large gradients between rectal and nasopharyngeal or tympanic membrane temperature may reflect inadequate total-body cooling and may predispose the patient to unanticipated warming during periods of circulatory arrest or low-flow CPB.









Intraoperative Echocardiography


Intraoperative TEE is important for monitoring myocardial function and detecting air emboli, in addition to providing a morphologic map for surgical repair. In the postinduction period, TEE provides an opportunity to assess the anatomy and revise the operative plan if necessary.R1 It permits assessment of systolic and diastolic function, identification of valvar dysfunction, and estimation of pulmonary artery pressure. These observations may lead to modifying the anesthetic plan. After CPB, previously unidentified malformations and residual defects can be identified and corrected in the same operative setting, which may reduce morbidity and mortality.M15 In patients weighing less than 2.5 kg, the TEE probe should be placed with caution because of risk of esophageal injury and airway obstruction. In such instances, use of an intracardiac echocardiography (ICE) probe should be considered. To do this, a 4.0 uncuffed endotracheal tube is placed in the esophagus and taped to the angle of the mouth. The ICE probe is passed through this esophageal tube for the TEE exam; following the exam, it is withdrawn and placed in cold water to cool the end of the probe.









Neurologic Monitoring


Although not yet standard of care, near-infrared spectroscopy (NIRS) monitoring, either alone or with transcranial Doppler (TCD) and some form of electroencephalography (EEG), is used in several children’s heart surgery programs.K3,M15 It is our practice to routinely monitor NIRS during heart surgery, on or off CPB. TCD is valuable in detecting emboli and during antegrade cerebral perfusion to determine optimal flow. However, the angle of insonation is important, and changing this will change the velocity of flow measured. Positioning the TCD probe in infants is challenging. TEE is also an invaluable monitor of emboli, a use that must not be overlooked. Of the modalities, EEG is least useful in the operative setting,A10 because it is susceptible to changes in intraoperative temperature and the type of anesthetic agents used.






Near-Infrared Spectroscopy


Light in the near-infrared (700-1300 nm) range has three important physical properties that make it useful for diagnostic assessment:




[image: image] It penetrates tissue.


[image: image] It is non-ionizing.


[image: image] It is absorbed differentially by relevant chromophores depending on their oxygen-binding state.





When near-infrared light is emitted across a tissue (e.g., brain) and detected at its exit, absorption of the light can be used to calculate chromophore concentration using variants of the Beer-Lambert equation. All optical spectrometers consist of the same basic components: a light source of known intensity and wavelength, a light detector to measure the intensity of the light exiting the tissue, and a computer to translate the changes in light intensity into clinically useful information such as the concentrations of HbO2, hemoglobin, or oxidized cytochrome aa3.


When photons impinge on biological materials, their transmission depends on a combination of reflectance, scattering, and absorption effects. A light source (light-emitting diode or laser source) emits near-infrared light that passes through a “banana-shaped” reflectance path in the frontal cerebral cortex to two to three detectors placed 3 to 5 cm from the emitter. Absorption occurs at specific wavelengths, determined by the molecular properties of the material in the light path. Optical path length for reflected light is linearly related to spacing between transmission and receiving sites, so many NIRS measurement instruments place the transmitting diode and light detector several centimeters apart on the head. Although this spacing results in a measurable signal intensity, it affects the amount and depth of tissue monitored. On a practical level, the available instruments space their transmitting and receiving sites differently, thus measuring different quantities and depths of tissue, which makes comparisons between instruments difficult.


Shallow arcs of light travel across skin and skull but do not penetrate the cerebral tissue. Deep arcs of light cross skin, skull, dura, and cortex. Subtracting the absorbance measured in the narrow arc from that measured in the deep arc leaves absorbance that is due to intracerebral chromophores. This is one of the distinguishing characteristics of cerebral oximeters compared with pulse oximeters. Cerebral oximeters use spatial resolution techniques to differentiate cortical from extracranial blood, whereas pulse oximeters differentiate pulsatile (arterial) from nonpulsatile (venous/capillary) blood. Cerebral oximetry measures predominantly venous saturation (75 : 25 or 85 : 15, depending on age and model used)W5. NIRS could be a surrogate for jugular venous oxygen saturation (SjvO2) monitoring without being invasive. It does not depend on pulse, blood pressure, or body temperature. This makes the technique ideally suited for monitoring oxygenation during CPB, hypothermic circulatory arrest, shock, or cardiovascular collapse.






Validation of NIRS


Studies in humans have focused on measuring SjvO2 under controlled experimental and clinical conditions and determining its correlation with cerebral oximetry.D2 NIRS correlates well with SjvO2 as well as with superior vena cava oxygen saturation (ScvO2).R3 NIRS values also have been validated in piglet studies that correlate regional oxygen saturation (rSO2) values and metabolic markers of cerebral oxygenation, such as cerebral ATP, phosphocreatine (PCr), and brain lactate concentrations. Human and animal data support the ischemic threshold value of approximately 45%. Prolonged periods of NIRS values in this range have been correlated with adverse postoperative neurologic magnetic resonance imaging (MRI) findings in newborns undergoing surgery for hypoplastic left heart physiology.D6 In piglets, increasing lactates and decreasing ATP concentrations were noted at cerebral oxygen saturation (ScO2) values of 33% to 44%.K14









Clinical Applications


To use the device, one or two cerebral oximeter probes are placed on the forehead below the hairline. Andropoulos and colleagues reported that during antegrade cerebral perfusion, left-sided cerebral saturation was substantially lower than the right (92%-94% right and 60%-65% left).A8 However, the left-sided values were well within normal limits, and the right-sided values suggest luxury perfusion. Such large differences have not been our observation in more than a decade of neuromonitoring (unpublished), suggesting that the circle of Willis is intact in most neonates, and blood flow is adequate to both hemispheres during antegrade cerebral perfusion. However, with ongoing miniaturization of oximetry probes, it may be possible to place bilateral NIRS oximeters (Table 4-10).




Table 4-10 Currently Available Near-Infrared Spectrometry Devices


[image: image]




The landmark Austin and colleaguesA10 observational study using multimodality neurologic monitoring must be credited with the interest in NIRS for pediatric open heart surgery. These authors reported a 26% postoperative adverse neurologic outcome when intraoperative desaturations were not treated vs. only 6% when the changes were treated. ScO2 is a balance between oxygen delivery and utilization. If the latter remains unchanged, then any decrements in cerebral saturation must be due to decreased cerebral oxygen delivery. This could be due to decrease in arterial saturation, hemoglobin, or cerebral blood flow. Hence, if ScO2 decreases in the face of normal pulse oximetry (SpO2), it is important to decide why cerebral oxygen delivery has changed. Conditions of increased utilization include hyperthermia, seizures, and change in level of arousal; these must be treated. During initiation of CPB, one of the common causes for decreased rSO2 is arterial cannula malposition or occlusion to venous drainage, which decreases cerebral perfusion pressure and reduces cerebral blood flow. Moreover, cerebral oximetry could be a guide to hypothermic circulatory arrest and intermittent perfusion, making circulatory arrest safer.M6









Outcomes after Heart Surgery and NIRS Monitoring


The Austin study was a retrospective cohort study; no randomized trial of NIRS has been conducted in children. Recently, Hunaid and colleaguesV5 addressed the issue of whether intraoperative cerebral oximetry during cardiac surgery could lead to improved clinical outcomes. They reviewed nearly 500 papers, of which 8 were included in the best-evidence topic analysis. The only study that included children was the one by Austin and colleagues (class 1b level of evidence); the other seven were studies of adults undergoing coronary artery bypass grafting or valve surgery. In all of these, the authors noted reduced postoperative neurocognitive deficits (class 1b to 2b level of evidence) and concluded that judicious use of cerebral oximetry reduced major organ morbidity and mortality; despite the moderate cost associated with its use, all support using the device routinely during open heart surgery.


Although Dent and colleaguesD6 showed a correlation between prolonged low rSO2 (<45% rSO2 for ≥180 minutes) and new MRI abnormalities in a group of neonates who underwent the Norwood procedure with ACP, more recently in a prospective study of neonates with either single- or two-ventricle physiology undergoing surgery with CPB and ACP,K7 they were unable to show an association between new white matter injury on postoperative MRI and prolonged low perioperative rSO2%.A8 However, it is important to note that in this study, 50% of patients in the single-ventricle group had prolonged low rSO2 (<45% for 240 minutes), a third of whom had new white matter injury in the postoperative period. No patients in the two-ventricle group had prolonged rSO2% below 45% for 120 minutes. Although stroke and chorea are obvious neurologic abnormalities, subtle neurocognitive changes are difficult and expensive to establish. Thus, despite lack of level 1A evidence that NIRS improves neurocognitive outcomes, we recommend intraoperative cerebral oximetry as a tool to optimize anesthesia (ventilation, oxygenation), perfusion (alpha-stat, pH-stat, hemoglobin, flow, temperature) and surgical techniques (cannulation). Figure 4-4 shows the Stanford management strategy for maintaining rSO2 within 20% of baseline.





[image: image]

Figure 4-4 Stanford’s approach to maintaining cerebral oxygen saturation (ScO2) within 20% of baseline in children undergoing heart surgery. On cardiopulmonary bypass (CPB), if ScO2 decreases 20% below baseline and persists for more than a minute, intervene. Transient decreases with cannulation usually resolve, but if they do not, cannulae should be repositioned. Decreases are most often seen during normothermic beating heart surgery. Under these conditions, if anesthetic doses are adequate, cool further or liberalize the PaCO2 on CPB, or both. Key: Hct, Hematocrit.















Anesthetic Agents


A wide variety of anesthetic drugs have been used successfully and safely, including inhalation agents such as sevoflurane, and IV agents such as propofol, fentanyl, midazolam, thiopental, and ketamine (IV or intramuscular).R10,W9 For critically ill neonates, opioid drugs with or without benzodiazepine are generally preferred. Fentanyl is most often used, titrated in 5 to 10 µg · kg−1 increments with or without midazolam (0.1 mg · kg−1 per increment) until the patient is no longer responsive. A nondepolarizing muscle relaxant is then administered (e.g., vecuronium, rocuronium, pancuronium). Alternatively, combined infusions of opioids and benzodiazepines may be used.K4 Pancuronium causes a mild vagal blockade and an increase in heart rate. This effect—which is undesirable in adults with coronary artery disease—is appropriate in infants and children, who have a greater dependence on heart rate for augmenting cardiac output. Additionally, use of an opioid tends to reduce heart rate, and pancuronium will prevent this reduction. Ketamine in doses of 1 to 2 mg · kg−1 is an IV agent, has minimal effects on hemodynamics, and allows the concentration of inhalation agent to be reduced or turned off altogether. Regardless of the anesthetic used, 80% of children with poor myocardial function experience hypotension requiring treatment.K7


Presence of intracardiac shunts affects anesthetic induction. Presence of right-to-left shunt leads to rapid IV induction but can slow inhalational induction with a volatile anesthetic because of decreased pulmonary blood flow.H14 Left-to-right shunts generally do not affect speed of induction. These physiologic effects must be considered when choosing an anesthetic. This also makes de-bubbling all medications and IV fluid mandatory.









Intubation and Ventilation


Endotracheal intubation can be performed orally or nasally; the preference is based less on science and more on institutional choice. An orotracheal or nasotracheal tube of proper diameter and length is introduced and fixed in position.S15 Cuffed endotracheal tubes (ETTs) have traditionally been avoided in children younger than 8 years of age. A recent multicenter randomized trial in patients younger than age 5, including neonates, found cuffed ETTs to be reliable in infants and children.W7 In fact, the number of attempts at tube changes to place the correct-sized tube was reduced, and cuffed tubes did not increase the risk of post-extubation stridor. It is important to measure ETT cuff pressure and maintain it below 20 cm H2O to minimize risk of tracheal mucosal ischemia. In neonates and extremely low-birth-weight infants, it is prudent to obtain an intraoperative chest radiograph to confirm ETT position.


Traditional anesthesia ventilators have limitations that make accurately ventilating pediatric patients challenging.S14 If indicated, an intensive care ventilator is set up in the operating room.


High fractional concentration of inspired oxygen (FIO2) is avoided in children with shunt physiology or a nonrestrictive ventricular septal defect. Oxygen is a potent pulmonary vasodilator, and use of high concentrations can reduce systemic cardiac output ([image: image]) by diverting more of the cardiac output through the shunt into the pulmonary circulation ([image: image]). Similarly, a low partial pressure of arterial carbon dioxide (PaCO2) can reduce pulmonary vascular resistance (Rp), increase [image: image], and reduce [image: image]. Increased PaCO2 increases Rp and thus also may be hazardous in patients with intracardiac or extracardiac shunts. Therefore, induction with reduced FIO2 and a normal or slightly elevated PaCO2 is helpful in balancing blood flow between the systemic and pulmonary circulations.









Maintenance of Anesthesia


A combination of an opioid, usually fentanyl, and an inhalation anesthetic, usually isoflurane, is used for anesthesia maintenance. In general, children with limited cardiac reserve are maintained primarily on an opioid anesthetic, with low concentrations of inhalation agent as a supplement when tolerated. Historically, use of high-dose opioids has been advocated to blunt the stress response in neonates and infants. More recently, lower doses of opioids have proved to be equally effective, with less release of inflammatory mediators and a lesser degree of endothelial injury.G7


In patients in whom early extubation is planned, anesthesia in the postbypass period is maintained with an inhalation anesthetic, and use of fentanyl is limited. Remifentanil is a synthetic ultra–short-acting narcotic metabolized by plasma cholinesterase, with a half-life of 3 to 5 minutes, and has been used for fast-track anesthesia in children.F8 Onset of CPB affects plasma levels of anesthetic drugs because of dilution and drug binding to oxygenator, and additional dosing is required.


In combination with general anesthesia, both epidural and spinal anesthesia have been safely used in children undergoing open heart surgery.H3,H13 Maintenance of anesthesia is accomplished with inhalation of isoflurane and supplemental IV midazolam. This technique facilitates early extubation and provides excellent postoperative pain control.











Infants and Children Undergoing Hypothermia With or Without Circulatory Arrest


In neonates and infants who require complex operative repairs, hypothermic low-flow CPB or hypothermic circulatory arrest may be used. During the prebypass period, the patient’s temperature should be maintained above 30°C to 32°C to minimize the effects of hypothermia on cardiac output and prevent dysrhythmias. Using CPB, the patient is cooled to between 15°C and 20°C nasopharyngeal or tympanic membrane temperature and rectal temperature. The goal is to achieve optimal uniform cooling through a combination of core cooling using CPB and surface cooling using a cooling blanket beneath the patient. Room temperature is lowered after arterial and venous catheter placement. When circulatory arrest is planned, ice packs are placed around the child’s head after initiating CPB.






Cardiopulmonary Bypass


With initiation of CPB, cooling is started. In neonates and infants undergoing hypothermia, the pump prime may be maintained at a temperature of 18°C to 22°C (cold), 30°C (moderate), or 37°C (warm).


Duration of cooling before reducing flow to low levels or initiating circulatory arrest is generally 20 to 25 minutes. Cooling should proceed at a controlled rate so that temperature does not fall more than 1°C per minute (see Chapter 2). A reduced rate of head or rectal cooling may indicate suboptimal tissue perfusion or a malpositioned temperature probe. If pump flow is inadequate, vasodilators (e.g., phentolamine, phenoxybenzamine) can be added directly to the CPB circuit. During cooling and before circulatory arrest, arterial blood gases and hematocrit are measured and necessary adjustments made.


In children, the appropriate arterial blood gas management strategy during hypothermia is the pH-stat technique.B5,D10 This technique is favored more in children than in adults.A1 The reason is that pH-stat management leads to more cerebral emboli, the primary etiology for postoperative cognitive dysfunction in adults; in children, it is hypoxic ischemia.S1 During cooling and rewarming periods, pH-stat provides better cerebral blood flow, particularly in patients with aortopulmonary collaterals,K8 and is also useful during antegrade cerebral perfusion, because the increased cerebral blood flow allows for rapid cooling. Data are unclear but suggest overall that pH stat is useful in most pediatric patients; however, crossover strategies may be another option (see Chapter 2).









Separation from Cardiopulmonary Bypass


The patient is rewarmed to a core temperature of 35°C to 36°C, the heart is filled and allowed to eject, arterial blood gases are obtained to ensure adequate acid-base balance, and calcium level is corrected to normal values for neonates and infants. Pacing wires are applied to the heart and tested, and the heart rate is maintained at an age-appropriate level using atrial or atrioventricular sequential pacing if needed. In most patients, low-dose dopamine (5 µg · kg−1 · min−1) is begun prior to weaning from CPB.


If high doses of inotropic agents are required despite adequate preload and ventilatory support, presence of a residual anatomic defect or poor adaptation to new loading conditions resulting from the operative repair may be contributing factors. TEE is helpful for determining the cause of the low output state.









Rationale for Specific Therapies






Right Ventricular (Pulmonary Ventricle) Dysfunction


Primary right ventricular (RV) dysfunction may occur after intracardiac surgery in neonates, infants, and children. Diagnosis of RV dysfunction is suggested by high right-sided filling pressures, liver distension, hypotension, tachycardia, reduced cardiac output, and systemic venous desaturation (low mixed-venous saturation).


Treatment of RV dysfunction is directed toward improving oxygen delivery by increasing preload, augmenting contractility directly or indirectly, enhancing coronary perfusion, and reducing afterload.


The RV is generally less responsive to inotropic support than the left ventricle and therefore may require higher doses of inotropic agents. Epinephrine enhances RV contractility.M7 By improving systemic arterial pressure, epinephrine can augment RV coronary blood flow. Maintaining a normal to slightly elevated systolic arterial pressure will maximize coronary perfusion and augment RV contractility. Milrinone, a phosphodiesterase-3 inhibitor, is a useful inotrope with pulmonary vasodilatory properties. In a randomized controlled trial of infants and children after heart surgery, a bolus of 75 µg · kg−1 followed by a 0.75 µg · kg−1 · min−1 infusion reduced the occurrence of low cardiac output syndrome by 55%.H8,H9 Stanford’s institutional preference is a bolus of 25 to 50 µg−1 · kg−1 during rewarming, followed by an infusion of 0.5 µg · kg−1 · min−1. Communication with the surgeon is important prior to administering the bolus even on CPB, because some surgeons are concerned with the hypotension that could result.


RV afterload can be decreased by mechanical ventilation with or without nitric oxide (NO). Mechanical ventilation should be adjusted to optimize preload and decrease afterload. The RV is extremely sensitive to alterations in intrathoracic pressure; therefore, ventilation that enables the lowest possible mean airway pressure should be the goal. Increased mean intrathoracic pressure increases RV afterload by direct compression of alveolar and extra-alveolar pulmonary vessels.


NO is an endothelium-derived smooth muscle relaxant. It has been used in neonates with persistent pulmonary hypertension and in pulmonary hypertension related to congenital heart disease. NO decreases Rp and reduces intrapulmonary shunting, which may improve oxygenation. However, results of its use in the postoperative period are conflicting. In a randomized controlled trial of more than 100 infants at high risk for pulmonary hypertension, 20 ppm not only failed to show any benefit but did not prevent pulmonary hypertensive crisis in children after congenital heart surgery.D3 However, in a similar population, others have shown it to be effective even at lower doses.M11 If NO is used, NO2 levels should be monitored and NO should not be abruptly withdrawn, because rebound pulmonary hypertension can occur.


If these measures are unsuccessful, extracorporeal membrane oxygenation (ECMO) should be implemented (see Chapter 5). EMCO unloads the RV and favorably shifts the oxygen supply-demand ratio, often allowing the injured myocardium to recover.









Left Ventricular (Systemic Ventricle) Dysfunction


After separation from CPB, the contractile state of the systemic ventricle may be depressed. Contributing factors include preoperative condition of the myocardium (myocardial hypertrophy, elevated end-diastolic pressure, systolic dysfunction), response of the myocardium to the new loading conditions imposed by the operative repair, effects of hypothermia on myocardial compliance, suboptimal myocardial management, and residual anatomic problems.


Systemic ventricular dysfunction is managed by optimizing preload, afterload, and heart rate (see Chapter 5). Tachycardia (>180-190 beats · min−1) may impair ventricular function in newborns and infants and should be treated with β-adrenergic blocking agents and, if necessary, vasopressors. When the heart rate is less than 120 to 130 beats · min−1, atrial or atrioventricular sequential pacing is appropriate.


If inotropic support is necessary, it is usually initiated with dopamine (5-10 µg · kg−1 · min−1) (see Table 4-8). Infusion of calcium intravenously is an important step to augment ventricular contractility in pediatric patients (20 mg · kg−1 bolus, followed by an infusion of 10-20 mg · kg−1 · h−1). Epinephrine is also a potent inotropic agent and is particularly useful in patients with important systemic ventricular dysfunction.


Clinical studies of the effects of milrinone in pediatric patients have shown considerable benefit, especially in those whose myocardium is afterload sensitive, such as patients who have had an arterial switch operation.C6 Other trials suggest a different dosing regimen.H8









Management of Hypoplastic Left Heart Physiology


In the preinduction period, ductal patency must be maintained with prostaglandins to ensure systemic cardiac output. Management depends on optimizing systemic oxygen delivery (by increasing cardiac output) and restricting [image: image].


In patients with hypoplastic left heart physiology, Rp decreases within hours of delivery, thereby redistributing blood flow away from the systemic circulation. Excessive [image: image] can be reduced by hypoxia or hypercarbia, because both raise Rp. In the preoperative period, 3% CO2 mixture compared with a 17% hypoxic gas mixture improved not only ScO2 but also cardiac output.R2,T1 During administration of CO2, the patient must be sedated or given a muscle relaxant to eliminate increased respiratory effort. When transporting patients with single-ventricle physiology to the operating room, monitoring of hemodynamic state and arterial oxygen saturation is essential.


Before discontinuing CPB, ionized calcium levels and hematocrit must be optimized to ensure adequate oxygen-carrying capacity. Myocardial function is supported by judicious use of inotropes. Tidal volume is increased to account for a reduction in lung compliance, and minute ventilation is adjusted to maintain normocarbia. After separation from CPB, FIO2 is adjusted to maintain SaO2 between 75% and 85% and an arterial PaO2 of 40 to 50 mmHg.


Modified ultrafiltration has been shown to improve myocardial function, decrease lung water, and remove inflammatory mediators in patients with hypoplastic left heart physiology as well as other complex malformations (see Chapter 2).


Excessive [image: image] is less common in the immediate postbypass period. After modified ultrafiltration and before chest closure, the anesthesiologist should estimate [image: image] and attempt to adjust FIO2 and minute ventilation accordingly.


Chest closure can markedly reduce lung compliance and worsen hemodynamics. Leaving the chest open may improve [image: image] and heart filling by reducing mean airway pressure.











Rationale for Managing Fontan, Hemi-Fontan, and Bidirectional Glenn Procedures


Patients undergoing a bidirectional Glenn or hemi-Fontan procedure usually have had either a pulmonary trunk band or a systemic–pulmonary artery shunt in the neonatal period. Cardiac performance may be impaired by either a small noncompliant ventricle or a large dilated ventricle, the latter resulting from excessive aortopulmonary shunt flow. Inotropic support may therefore be necessary in the prebypass period as well as postoperatively.


After the bidirectional Glenn or hemi-Fontan procedure, cardiac output is generally well maintained because inferior vena cava flow mixes with pulmonary venous blood in the physiologic left atrium. Low systemic arterial saturation and reduced [image: image], however, are problems in the postoperative period. A marked discrepancy between end-tidal carbon dioxide (PETCO2) and PaCO2 is an early sign of reduced [image: image]. If [image: image] is reduced with no residual cardiac abnormalities, cardiac output should be optimized and interventions to lower Rp employed. To optimize cardiopulmonary interactions, children undergoing bidirectional Glenn or Fontan operations should be considered for fast-track anesthesia.











Infants and Children Not Undergoing Cardiopulmonary Bypass (closed Procedures)


The most common procedures that do not involve CPB are palliative (systemic–pulmonary artery shunting and pulmonary trunk banding) or corrective (ligation of patent ductus arteriosus or repair of coarctation of the aorta).






Palliative Procedures


Palliative procedures are performed under general anesthesia with monitoring of systemic arterial pressure. Measurement of arterial pressure, SaO2, and PETCO2 are necessary to assess the procedure’s adequacy. Important reduction in PETCO2 after pulmonary trunk banding indicates that [image: image] may be excessively reduced. This is followed by a precipitous drop in SaO2. If the banding procedure is optimal, systemic arterial blood pressure should increase by approximately 10 to 15 mmHg. The gradient between PETCO2 and PaCO2 should be about 6 to 10 mmHg. SaO2 should be no lower than 75% to 80%, and pulmonary arterial pressure should decrease to about 50% of systemic pressure.









Closure of Patent Ductus Arteriosus


Anesthetic considerations for patent ductus arteriosus (PDA) closure depend on the ductus size and clinical condition and age of the patient. Babies with a large PDA and low Rp generally present with excessive [image: image] and heart failure. Neonates and premature infants also may have left ventricular dysfunction from coronary ischemia due to substantial diastolic runoff to the pulmonary circuit. Thus, patients range from the relatively healthy young child to the sick ventilator-dependent premature infant on inotropic agents. Healthy children can tolerate a variety of anesthetic techniques with extubation in the operating room and use of epidural/caudal analgesia. Symptomatic neonates and premature infants require a carefully controlled anesthetic and fluid management plan.


Most preterm infants who fail medical management consisting of indomethacin, diuretics, and fluid restriction require admission to a neonatal ICU. A common finding is sepsis, so it is important to ascertain a history of medical treatment and verify negative blood cultures before surgical intervention. Premature neonates with ductal patency are operated on in the neonatal ICU, thereby avoiding transport hazards such as hypothermia, multiple transfers to and from infant incubators, inadvertent extubation, and venous access disruption.


In the neonatal ICU, the patient is positioned on a warmer, and access to the patient must be shared among the anesthesiologist, surgeon, surgical assistant, and scrub nurse. Careful positioning of an IV catheter and rapid access to a manual resuscitator or equivalent should be established before the baby is draped. Anesthesia is induced with fentanyl (usually in 1- to 5-µg aliquots) to maintain appropriate arterial pressure and perfusion. Muscle relaxation is obtained with pancuronium to prevent reduction in heart rate and preserve cardiac output. Hypotension following anesthesia induction should be anticipated, because these neonates are often on large doses of diuretics to manage their ventilation. The patient may temporarily require ventilation with 100% oxygen if SpO2 drops below 90% or is associated with changes in heart rate and blood pressure. Oxygen is weaned once both lungs are allowed to expand after ductal closure. Manual ventilation is often necessary during retraction of the lung in small neonates or in those with preexisting increased oxygen requirements.


Complications include ligation of a pulmonary artery or the aorta. If SaO2 remains low and PETCO2 decreases, this alerts the perioperative team to possible pulmonary artery ligation. Similarly, placing a pulse oximeter on the foot ensures that aortic blood flow below the duct is maintained and can signal a possible aortic ligation.


In older children, PDAs are often closed in the interventional cardiac catheterization laboratory. Large PDAs or those with a short segment, however, often require intervention in the operating room under combined general and regional anesthesia. One-lung ventilation is seldom necessary because the procedure is brief.









Coarctation of the Aorta


Coarctation of the aorta is a common cardiac defect and in infants often is associated with anomalies of the mitral valve and left ventricular outflow tract, and with malformation of the great arteries. As with PDA, neonatal repairs are performed in critically ill patients. Coarctation in the newborn is typically associated with left ventricular dysfunction, and these patients may be receiving prostaglandins to ensure ductal patency. Usually they are also receiving mechanical ventilation and inotropic agents. Central IV, arterial, and peripheral IV catheters are normally placed for operation. Optimal placement of an arterial pressure catheter is in the right radial artery so that pressure can be monitored during aortic clamping. If right-sided arterial access is not achieved, a blood pressure cuff is placed on the right arm, and the arterial catheter in the left arm or lower extremity. Anesthesia is administered with a combination of fentanyl and an inhalation agent. During aortic clamping, proximal systemic arterial pressure is allowed to rise by 20% to 25% over baseline to optimize spinal cord perfusion. Intravascular volume loading with 10 to 20 mL · kg−1 of crystalloid is given just before removal of the aortic clamp. The anesthetic concentration is decreased, and additional fluid is administered until arterial pressure rises. In inotrope-dependent neonates, 1 to 2 mL · kg−1 of bicarbonate is administered before clamp release.


Avoidance of hyperthermia along with mild cooling is appropriate for patients undergoing aortic coarctation repair. Intraoperative hyperthermia has been associated with risk of spinal cord ischemia and paraplegia.C16 A target core temperature of approximately 35°C is appropriate.


In older subjects, post-repair rebound hypertension caused by heightened baroreceptor reactivity often occurs and requires therapy. After aortic clamp release, systemic hypertension is most effectively lowered by institution of β-adrenergic blockade using esmolol or combined α and β blockade with labetalol. Sodium nitroprusside may be a necessary adjunct to control refractory hypertension; however, it increases calculated ventricular wall stress in the absence of β-adrenergic blockade by accelerating dP/dt. An effective alternative to nitroprusside is the calcium channel blocker nicardipine. Again, neonates are unlikely to require or tolerate lung isolation.






One-Lung Ventilation in Children


Lung isolation is helpful during thoracoscopic procedures or unifocalization via thoracotomy or coarctation repair in older children and adolescents. Lung isolation in infants and toddlers can be achieved with endobronchial intubation or bronchial blocker. The latter can be placed under fiberoptic or fluoroscopic guidance.H2 It is Stanford’s institutional preference to use a bronchial blocker rather than endobronchial intubation for lung isolation in children. The former allows expansion of the surgical side, if necessary, by deflating the blocker to improve oxygenation. Both techniques are associated with complications and should be undertaken judiciously. Lung isolation in cyanotic pediatric patients requires close communication between surgeon and anesthesiologist, as further reductions in oxygen saturation may be associated with ischemic changes on the electrocardiogram or persistent declines of ScO2.














Controversies in Pediatric Anesthesia






Effects of Anesthetic Medications on the Developing Brain


In the last decade, interest has focused on the role anesthesia and sedation might play in affecting the developing brain and has been the subject of considerable debate and review.C17,L8 Studies in rat pups exposed to prolonged volatile anesthetic agents resulted in learning disabilities and associated histopathologic changes in the brain. In a retrospective population-based study, Wilder and colleagues examined the medical and school records of children born to mothers residing in Olmsted County, Minnesota, from 1976 to 1982 who still lived in the community at age 5 years.W8 Of the 5357 children in this cohort, 593 received general anesthesia before age 4 years (years associated with rapid synaptogenesis) and 4764 did not (controls). A single exposure to anesthesia (n = 449) was not associated with learning disabilities. However, children receiving two or more anesthetics were twice as likely as controls to have learning disabilities. The risk for learning disabilities increased with longer cumulative duration of anesthesia exposure (≥120 minutes)—a dose-response relationship. Complete anesthesia records were available, and anesthetic techniques were consistent, with most children (88%) receiving halothane as a primary anesthetic. In addition, those with learning disabilities had a lower birth weight, were of younger gestational age, and were more likely to be male. Although from this study one cannot answer whether anesthesia caused learning disabilities, the repeated need for anesthesia could be a marker for them. Prospective multicenter studies are currently underway to answer whether anesthesia affects the developing brain. The findings could affect timing of complex neonatal heart surgery and should therefore be a concern for healthcare providers involved in caring for children with heart disease.









Blood Glucose Management in the Perioperative Period


Among infants undergoing the arterial switch operation, those who spent more than 50% of the time in a 24-hour period with blood glucose levels in the 80 to 110 mg · dL−1 range were at higher risk for postoperative adverse events than hyperglycemic infants with blood sugars greater than 200 mg · dL−1 50% of the time.R12 A study in infants had similar results.D4


On the other hand, Polito and colleagues reported that pediatric patients with blood glucose greater than 126 mg · dL−1 in a 72-hour period had a longer ICU stay following surgery, suggesting that hyperglycemia could be detrimental in infants as well.P4 However, all these studies were retrospective.


A placebo-controlled prospective study of 700 patients in a pediatric ICU reported that tight glycemic control resulted in shorter ICU length of stay, reduced lactate levels, decreased C-reactive protein, and reduced occurrence of infections.V4 However, occurrence of hypoglycemia (blood glucose < 40 mg · dL−1) was higher in the intensive insulin treatment group (25%) vs. the conventional group (1%), for whom insulin was administered only if blood glucose exceeded 200 mg · dL−1 on at least two occasions. The majority (80%) of patients who had hypoglycemia were infants, but those who developed hypoglycemia did not have a substantially increased risk of mortality. No early neurologic abnormalities were detected related to either hyper- or hypoglycemia. More studies of this nature with long-term follow-up are required before insulin infusion and tight glycemic control can be recommended routinely in children during and after heart surgery.











4A Intraoperative Insulin Management Protocol (Cleveland Clinic)


Key: CPB, Cardiopulmonary bypass.


Starting insulin: Start if pre-CPB blood glucose > 120 mg · dL−1 and if on-pump or post-pump blood glucose > 150 mg · dL−1.


Bolus dose: 0.03 units · kg−1 (maximum bolus is 3 units). Initiate continuous infusion: initial rate 0.03 units · kg−1 · h−1 (maximum initial rate is 3 units · h−1). See Table 4A-1 (Insulin Infusion Adjustment) for adjustment of insulin rate.




1. Blood glucose monitoring




Appendix Table 4A-1 Insulin Infusion Adjustment (Cleveland Clinic)*
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Measure blood glucose every 30 to 60 minutes.


2. Hypoglycemia protocol


If blood glucose ≤ 60 mg · dL−1: stop insulin infusion, give 25-50 mL of 50% dextrose solution, obtain blood glucose level every 30 minutes until blood glucose > 80 mg · dL−1 for three consecutive levels, then check blood glucose every 30-60 minutes.


If blood glucose 60-70 mg · dL−1, or 71-85 mg · dL−1 and decreasing: stop insulin infusion, obtain blood glucose level every 30 minutes until blood glucose > 85 mg · dL−1 for three consecutive measurements, then check blood glucose every hour.


3. Resuming insulin infusion


Restart at half the previous rate when blood glucose rises above 150 mg · dL−1.
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The primary determinants of a cardiac operation’s success are events in the operating room (OR), but even patients who are seriously ill when they leave the OR can survive and have a good long-term result when postoperative care is appropriate and intensive. Conversely, ill-advised or overly energetic interventions early after operation can put a patient at risk who would otherwise convalesce normally.


Normal convalescence is not normal physiology. For instance, care early after open intracardiac operations is complicated by the whole body inflammatory response to cardiopulmonary bypass (CPB). Currently, the major issue relating to abnormalities of postoperative convalescence is the degree of preoperative morbidity in terms of both circulatory derangements and comorbid subsystem abnormalities. Failure to realize that a patient undergoing CPB is, for a time afterward, in a special biological situation to which the knowledge and rules applicable to other humans may or may not apply can lead to conceptual and management errors as well as unnecessary tests and interventions.


Fortunately, despite these problems and thanks to expanding knowledge, postoperative care can and should be simple for many patients undergoing cardiac operations. A normal, uncomplicated convalescence devoid of findings or events that increase the probability of hospital death, complications, or a suboptimal late result is what patients can now expect. Generally, they have adequate function of all subsystems, as determined by standard criteria. So long as this pattern of normal convalescence continues, testing and intervention can be safely minimized. In these situations, expeditious discharge from the intensive care unit (ICU) can be accomplished and a short subsequent hospital stay anticipated.


But alertness to deviations from the pattern of an uncomplicated convalescence is mandatory; deviations are an indication for closer observation and possibly more intensive testing and treatment. Analysis of early convalescence can place the patient into one of three categories: optimal, suboptimal but in control, and critically ill. Each category carries therapeutic implications.




[image: image] Optimal: routine care; no change or important modification is currently necessary or foreseeable.


[image: image] Suboptimal but in control: careful consideration is given to a change in therapy, and a new modality is likely (e.g., additional catecholamine support for low cardiac output or lidocaine drip for frequent premature ventricular contractions [PVCs]).


[image: image] Critically ill: a modification, change, or new intervention is necessary and urgent (e.g., treatment of oliguria or metabolic acidosis; return to the OR for bleeding).





Both the suboptimal and critically ill categories define abnormal convalescence.


The patient convalescing normally and without complications after cardiac surgery usually appears at a glance to be doing well. Although there is always pain, varying in intensity from patient to patient, there is no restlessness, agitation, or anxiety. Eyes and skin look normal, and the pulse is full but may be rapid. Breathing is neither labored nor excessively rapid. The patient is oriented and lucid and—whether a neonate, infant, or adult—exhibits generally appropriate behavior. Few tests and interventions are needed.


When convalescence is abnormal, observations and interventions must be intensive and at times complex. In these situations in particular, care must be well organized and follow specific patient-management protocols that allow all members of the intensive care team to be clear about details of management.


Use of protocols is facilitated by considering the patient to be a complex, integrated system composed of a number of separate but interrelated subsystems (i.e., cardiovascular, pulmonary, renal, nervous, gastrointestinal). Care of such a patient can be accomplished effectively using a “subsystems analysis” approach.K19 This analysis begins in the OR as CPB is discontinued (see Chapters 2 and 4) and continues into the early and late postoperative period. This is not to say that care can be carried out in an automatic fashion. Optimal postoperative care requires overall direction by a knowledgeable and experienced physician using, when indicated, specialized methods of securing information and the skills of personnel in a dedicated cardiovascular ICU.


Management of patients after cardiac surgery has become in some institutions a specialty of its own. Literature on the subject abounds. Around the world, numerous institutions with extensive experience in the surgery of both congenital and acquired heart disease have developed their own protocols and specific systems of management. These include “fast track” protocols and critical pathways that integrate the goals of all caregivers and other interested parties. Within the context of these developments, this chapter discusses general principles, along with enough specific details to be helpful to those desiring to change or develop their own protocols.






Section I Subsystems during Early Convalescence after Cardiac Surgery






Cardiovascular Subsystem






Cardiac Reserve


Cardiac reserve is the capacity to increase (or at least maintain) cardiac output as a response to a variety of stressful sudden developments, including increased total body oxygen consumption ([image: image]), increased ventricular afterload, and decreased ventricular preload. Providing that capacity are all the cardiac and extracardiac mechanisms for maintaining and increasing the force of ventricular contraction and cardiac output. Most of these reside in myocardial contractility and coronary blood flow.1 In patients convalescing from cardiac surgery, adequacy of cardiac performance alone is insufficient for a high probability of normal convalescence and survival. There must, in addition, be adequacy of cardiac reserve.


Inadequacy of cardiac reserve may become apparent only during periods of increased [image: image] (from struggling or hyperthermia), suddenly increased ventricular afterload (from paroxysmal pulmonary arterial hypertension in a neonate), or acute reduction in ventricular preload (from sudden blood loss). Such inadequacies of cardiac reserve probably explain “sudden death” occurring early after cardiac surgery.


Cardiac reserve is highly dependent on the preoperative condition of the patient. When, because of disease, reserves are being nearly fully utilized to maintain adequate cardiac performance in nonstressful situations, that which remains may be insufficient to successfully meet the stresses of the intraoperative and postoperative period. Reserves probably cannot be increased before the operation unless they are acutely impaired by a reduced myocardial energy charge.A17 Energy charge may be increased by the cardioplegic technique used in the OR (see “Cold Cardioplegia, Controlled Aortic Root Reperfusion, and [When Needed] Warm Cardioplegic Induction” under Methods of Myocardial Management during Cardiac Surgery in Chapter 3).


Limited cardiac reserves are specifically compensated for by many features of early postoperative care.









Adequacy


Although not often conceptualized and not specifically measurable, adequacy of blood flow (cardiac output) in meeting the patient’s needs during recovery from cardiac surgery is the central issue with respect to the cardiovascular subsystem. Arteries and veins are infrequently the primary limiting factors, so emphasis is on adequacy of performance of the heart itself in providing adequate blood flow to the body.






Cardiac Index


Cardiac index (cardiac output expressed as L · min−1 · m−2) is one measure of adequacy of the cardiovascular subsystem, as evidenced by the oft-demonstrated relation between cardiac index and survival (described by Dietzman and colleagues in 1969D13). In adults, a cardiac index of at least 2.0 L · min−1 · m−2 during the first few hours in the ICU and one of at least 2.4 on the morning after operation are required for normal convalescence (Fig. 5-1). This is at the lower end of the range of normal, which is 2.2 to 4.4.B2 Infants and small children appear, in general, to require a somewhat higher cardiac index for normal convalescence (Fig. 5-2). Also, in young patients, cardiac index tends to be lower about 4 hours after operation than it was soon after discontinuing CPB, and then begins to rise after 9 to 12 hours.M12





[image: image]

Figure 5-1 Relationship of cardiac index in the early hours after mitral valve replacement to the probability of cardiac death (UAB, 1975-1979). Solid line is the point estimate, and dashed lines are the 70% confidence limits.


(From Conti VR, Wideman F, Blackstone EH, Kirklin JW. Unpublished study; 1979.)








[image: image]

Figure 5-2 Relationship of early postoperative cardiac index (average of all early postoperative values) to probability of cardiac death in infants and small children. This graph suggests that convalescence cannot be considered normal in infants and small children unless cardiac index is about 2.0 to 2.2 L · min−1 · m−2, somewhat higher than the value for adults.


(From Parr and colleagues.P8)





Cardiac indices below these values are usually inadequate for maintaining a normal convalescence; this can be formalized in the inverse relation between cardiac index early postoperatively and the probability of hospital death. This relation can be refined by considering not only cardiac output but also mixed venous oxygen levels, with lower levels worsening prognosis at any given value of cardiac output.2









Arterial Blood Pressure


Arterial blood pressure is an insensitive method of estimating adequacy of cardiac output early postoperatively, primarily because systemic vascular resistance (Rs) is usually elevated.E12 This may be related to increased levels of circulating catecholamines,W4 plasma renin,R10 angiotensin II, or other mechanisms. This high resistance may result in a normal or high arterial blood pressure even when cardiac output is low.


Some patients tend early postoperatively to have low Rs and arterial blood pressure, even when cardiac performance is good. This may occur more frequently in children with cyanotic heart disease, adults with diabetes, and patients with sepsis or drug interactions (especially preoperative use of angiotensin-converting enzyme [ACE] inhibitors).C3,M20 Arterial hypotension is an indication for thoughtful evaluation. Children cannot be considered to be convalescing normally when mean arterial blood pressure is lower than about 10% below normal for the patient’s age (Table 5-1). For adults, particularly the elderly, arterial blood pressure may mandate maintenance at or above commonly accepted normal values to ensure adequate perfusion of various organs like the brain, viscera, and kidneys.




Table 5-1 Normal Values for Blood Pressure According to Age


[image: image]










Pedal Pulses


Simple observation of pedal pulses is a commonly used, useful, but not infallible method of estimating adequacy of cardiac output in children and young adults. Normal (grade 4) pedal pulses early postoperatively are highly but not perfectly correlated with adequate cardiac output and a high probability of survival.K15,K16 In older adults, estimation of the adequacy of perfusion by amplitude of pedal pulses is often confounded by the presence of peripheral arterial occlusive disease.









Skin Temperature


Skin temperature in the foot is another indirect but reasonably reliable estimator of adequacy of cardiac output. A study of cardiac surgery in infants younger than 3 months of age indicated that pedal pulses and skin temperature predicted probability of hospital death from cardiac causes and thus were reasonably good estimators of adequacy of cardiac output.K15 As with assessment of pedal pulse amplitude, in older adults skin temperature offers guidance but not solid evidence for adequacy of perfusion.









Whole Body Oxygen Consumption


Whole body [image: image] is infrequently calculated, but knowledge of it is useful; in some circumstances, it is a better basis for prognostic and therapeutic inferences than cardiac output or mixed venous oxygen levels. Whole body [image: image] can be calculated by a rearranged Fick equation,3 which states:





[image: image]




The normal value for [image: image] at 37°C is 155 mL · min−1 · m−2. The value for whole body [image: image] in the patient recovering from cardiac surgery must be interpreted in light of his or her body temperature; residual hypothermia is the most common explanation for the somewhat low [image: image] usually present within the first few hours after open heart surgery. This reduced [image: image] is in part due to reduced capillary density (reduced area of capillary flow) and increased heterogeneity of capillary flow through the muscle mass and other tissues of the body in the early hours after CPB.B8 Normally convalescing patients operated on with hypothermic CPB generally require 4 to 8 hours for this to disappear and their peripheral perfusion to return to normal.K39


When [image: image] is appreciably reduced below the normal level for the existing body temperature, a hazardous condition exists; indeed, one useful definition of shock is “a condition characterized by an acute reduction in [image: image].” Abnormally low [image: image] may result from reduction or extreme heterogeneity of capillary flow (of which “no reflow” is an extreme example) in one or more organs of the body (sometimes termed a reduction in capillary density), lengthening of the diffusion path between capillaries and cells, or intracellular metabolic derangement. One or all of these may exist in patients early after cardiac surgery. When important reduction in [image: image], considering the temperature, persists for more than a few hours, probability of death increases.









Mixed Venous Oxygen Level


Mixed venous oxygen level, generally expressed as oxygen tension ([image: image]) or saturation ([image: image]), is a useful index of circulatory adequacy, because it reflects to some extent mean tissue oxygen levels.K20 When [image: image] is less than 30 mmHg, cardiac output is likely to be inadequate; when it is below about 23 mmHg, the inadequacy is apt to be severe (Fig. 5-3). However, normal or near-normal venous oxygen levels are not reassuring as to the adequacy of cardiac output, unless it is known that [image: image] is approximately normal for the existing body temperature.





[image: image]

Figure 5-3 Relationship of mixed venous PO2 to probability of acute cardiac death in infants and young children. Convalescence cannot be considered normal if the value is less than about 28 mmHg.


(From Parr and colleagues.P8)





In a nonsurgical but critically ill ICU population, Jain and colleaguesJ3 found a weak relationship between [image: image] and cardiac index. There was considerable variability among all patients in various conditions, but when normalized for [image: image] and hemoglobin concentration, the correlation coefficient improved (Fig. 5-4). Using indwelling fiberoptic reflectance oximetry,I4 other investigators have found no or only a very weak relationship between [image: image] or [image: image] and measured cardiac index.M3,V2 Following CPB, changes in [image: image] may be useful in detecting low cardiac output, one of many causes of decreased oxygen delivery. Identifying decreases may be of particular value in patients coming to surgery with a high severity of illness index. Online continuous oximetry is useful in critically ill patients because it reflects unanticipated events or occasionally the usefulness (or nonusefulness) of therapeutic maneuvers.S29 These aspects of postoperative care illustrate the need for uniformity in monitoring techniques and highlight the conflict between overreliance on devices and the ability to form accurate estimates (in this case, of cardiac performance) based on previous correlations.S29 However, many surgeons rely on continuous [image: image] monitoring to detect deviations from normal convalescence early postoperatively. Catheters that allow measurement of both [image: image] and cardiac output are optimal.





[image: image]

Figure 5-4 Relationship between mixed venous oxygen saturation and cardiac index in 30 patients with advanced heart failure. Top panel, Solid line represents best fit of the Fick equation to all measured data points (N). Center panel, Measured cardiac index normalized by calculated oxygen consumption ([image: image]). Bottom panel, Measured cardiac index normalized for hemoglobin (Hb) and [image: image]. A nonlinear relationship was observed between mixed venous oxygen saturation and cardiac index (correlation coefficient 0.52). On normalizing for differences in hemoglobin and oxygen consumption, the correlation coefficient became 0.90. Thus, the relationship between mixed venous oxygen saturation and cardiac index in a group of patients depends on the homogeneity of their hemoglobin and oxygen consumption. Furthermore, the ability of mixed venous oxygen saturation to serve as a therapeutic indicator in any given patient depends on baseline saturation and cardiac index.


(From Jain and colleagues.J3)











Urine Flow and Serum Potassium


Urine flow and serum potassium levels are useful indirect guides to the adequacy of cardiac output. Early postoperative oliguria suggests inadequate cardiac output and thus is often an indication for treatment of the cardiovascular subsystem. Hyperkalemia rising over a 4-hour period (with sampling every 2 hours) to a level of about 5 mEq · L−1 is a sensitive indicator of a low or falling cardiac output in neonates and infants, and hence an indication for intensifying treatment. Hyperkalemia is usually accompanied by a fall in pedal skin temperature and a rise in esophageal temperature, but it often precedes the appearance of a base deficit or of arterial hypotension.









Metabolic Acidosis


A frequently used but somewhat nonspecific and insensitive indicator of the adequacy of cardiac output is the acid-base status of blood. Metabolic acidosis during and after cardiac surgery is almost always a result of lactic acidemia. Lactate production is a byproduct of anaerobic metabolism, which most often occurs under conditions in which cardiac output and oxygen consumption are suboptimal. Occasionally, excess lactate may occur with high measured cardiac output under conditions of high metabolic rate, diabetes, sepsis, or intestinal ischemia.


Concentration of lactic acid in blood may be measured directly. Normally, little or none is present, normal values in plasma being 0.7 to 2.1 mEq · L−1. A concentration of about 5 mEq · L−1 correlates in general with moderate metabolic acidosis, and one of 10 mEq · L−1 with severe metabolic acidosis and usually markedly reduced cardiac output. Moderate elevation of lactic acid concentration is a common finding early after cardiac surgery, but in the normally convalescing patient, lactic acid gradually declines to normal values within 12 to 24 hours.


When arterial pH is less than about 7.4, acidosis is present but may be the result of retention of carbon dioxide; this is reflected in an arterial PaCO2 greater than 40 mmHg. Alternatively, acidosis may be “metabolic” and due primarily to accumulation of lactic acid. Quantification of metabolic acidosis is expressed by a derived value obtained from an equation after measuring arterial pH and PaCO2.S21 Either the buffer base deficit or the standard bicarbonate is calculated.A9,A16 Most commercially available equipment calculates the buffer base deficit or excess (which takes account of the buffering capacity of blood as well as that of bicarbonate) after measuring PaO2, PaCO2, and pH of whole blood. The normal buffer base is about 48 mEq · L−1, and the normal base excess or deficit is 0.











Cardiac Output and Its Determinants


The cardiac index in normally convalescing adults is often 2.5 to 3.5 L · min−1 · m−2 after cardiac surgery performed with modern methods of myocardial management. It is generally higher 4 to 6 hours after operation than it is in the OR and still higher the next day, although exceptions occur. Even in patients who convalesce well, some variability in cardiac output occurs.


Risk factors for low cardiac output seem primarily to be those that affect cardiac output in the OR, which in turn is strongly correlated with cardiac output 4 to 6 hours later and the next day.F9 Cardiac output after operations using CPB is usually correlated with age of the patient (older patients have lower output), cardiac condition, functional state of the patient just before operation (the higher the New York Heart Association [NYHA] class, the lower the output), duration of CPB, and duration of global myocardial ischemia. During the early postoperative period, a heart rate within usual ranges correlates directly with cardiac output, and arterial blood pressure within usual ranges correlates inversely with it.A11 Within the usual ranges, the higher the atrial pressures, the higher the cardiac outputA11 (Fig. 5-5).





[image: image]

Figure 5-5 Relationship among mean arterial blood pressure, mean atrial pressure, and cardiac output after cardiac surgical procedures in infants. Nomogram depicts specific solutions of the multivariable regression equation developed by Appelbaum and colleagues.A11 All patients in the study were in good clinical condition. Mean arterial pressure is depicted as a continuous variable along the horizontal axis, and mean atrial pressure (the higher of the two) is represented by isobars. Note that in general, the lower the arterial pressure, the higher the cardiac index; and the higher the atrial pressure, the higher the cardiac index. Key: CI, Cardiac index; Part, mean arterial blood pressure; Patr, mean atrial pressure.


(Data from Appelbaum and colleagues.A11)





Determinants of cardiac output are ventricular preload, afterload, myocardial contractility, and heart rate. Most normally convalescing patients require no special measures to adjust these fundamental determinants; patients with impaired or inadequate cardiac performance require at least adjustment of preload and afterload, and at times adjustment of heart rate and/or pharmacologic or interventional augmentation of contractility. In many patients who have undergone cardiac surgery, it is specifically either the left (LV) or the right ventricle (RV) that limits cardiac output, less commonly both (see “Relative Performance of Left and Right Ventricles” later in this section).






Ventricular Preload


Ventricular preload, which is correlated directly with the force of contraction, is equated with sarcomere length at end-diastole, and thus with change in ventricular volume between end-systole and end-diastole. This volume change is determined by transmural pressure during diastole, compliance and thickness of the ventricular wall, and curvature of the wall (La Place effect). Transmural geometric arrangement of fibers also plays a role but changes little during the postoperative period.


Transmural pressure is determined by intraventricular pressure and intrapericardial pressure. Intraventricular pressure at end-diastole (which is a determinant of the force of contraction) is related to phasic changes in atrial pressure, and these are affected by blood volume and systemic venous capacitance. The latter is decreased early after CPB.R7 Because transmural pressure is affected by intrapericardial pressure, it is affected by closure of the pericardium and sternum, both of which increase intrapericardial pressure and decrease transmural pressure. Daughters and colleaguesD3 have demonstrated that pericardial closure in the setting of cardiac surgery, both itself and independent of sternal closure, increases intrapericardial pressure, decreases transmural pressure, and unfavorably affects cardiac performance. Changes in myocardial compliance during and after cardiac operations are due primarily to changes in myocardial water content.


After cardiac surgery in patients with normal atrioventricular (AV) valves, most acute changes in preload are equated with acute changes in mean left (in the case of the LV) or right (in the case of the RV) atrial pressure. This is because in this setting, and when the atria are functioning normally as reservoirs,P9 ventricular end-diastolic pressure is similar to the mean pressure in the corresponding atrium. Therefore, mean atrial pressure is measured in cardiac surgical patients to deduce ventricular end-diastolic pressure. Right atrial pressure is usually measured using a fine polyvinyl catheter introduced through the right atrial appendage or internal jugular vein. Left atrial pressure is measured through a fine catheter introduced through the right superior pulmonary vein (or the left atrial appendage in neonates and young infants). In the absence of pulmonary vascular disease and important pulmonary congestion or edema, pulmonary artery diastolic pressure is a reasonable approximation of left atrial pressure. In most adult patients following CPB, pulmonary capillary wedge pressure exceeds left atrial pressure, and this discrepancy increases through the twelfth postoperative hour. It is thought this difference is due to accumulation of interstitial lung waterM4 (Fig. 5-6).





[image: image]

Figure 5-6 Pulmonary capillary wedge pressure (PCWP) compared with left atrial pressure (LAP) expressed as mean ± standard error (SEM). In 20 consecutive patients, PCWP exceeded LAP in the early postbypass period and was most significantly increased at 4, 8, and 12 hours after operation. These data suggest the LAP more accurately reflects left ventricular filling and is more accurate than PCWP to monitor hemodynamics postoperatively.


(From Mammana and colleagues.M4)











Ventricular Afterload


In the intact ventricle, afterload is defined as systolic wall stress. This is the analog of the load that resists shortening in the isolated papillary muscle. Other things being equal, increased afterload results in decreased stroke volume. In the intact ventricle, afterload is related to (1) ventricular transmural pressure during systole, (2) ventricular wall curvature as determined by ventricular volume (La Place effect), (3) ventricular wall thickness, and (4) shape of the ventricle.


Ventricular wall determinants of afterload change little during and early after operations. Instead, acute changes in afterloads of the LV and RV are usually produced by changes in intraventricular pressures during systole. These changes are equated with changes in proximal aortic and pulmonary arterial systolic pressures. During and early after operation, proximal pulmonary arterial pressures may be monitored directly, but proximal aortic pressures are not. They must be inferred from measured radial (or femoral) artery pressures. Because of the many determinants of the magnitude of systolic amplification, systolic blood pressure at the radial artery is usually higher than in the ascending aorta, except in the situation of peripheral vasoconstriction secondary to low cardiac output or high-dose α-adrenergic agents. In most instances, systolic pressure variability between the aorta and peripheral arteries is not clinically important, but an awareness of it is advantageous in some situations. Mean pressures are similar in the two areas.


A tendency toward arterial hypertension is present in many adult patients early postoperatively, related to increased systemic arteriolar resistance.G2 This complication (1) increases ventricular afterload and thereby decreases stroke volume, (2) increases aortic wall tension and thereby increases the likelihood of tearing the aortic purse-string sutures and suture lines, and (3) increases LV metabolic demands that exacerbate any latent myocardial ischemia.F13 An appropriate criterion for treatment to lower arterial blood pressure in this setting is a mean arterial blood pressure 10% above the normal value. Mean arterial blood pressure, not systolic pressure, is monitored for this purpose because of the interrelations between peripheral and central arterial pressures discussed earlier. However, the patient’s preoperative blood pressure must be taken into account, and to avoid cerebral complications, markedly hypertensive patients must not be rendered hypotensive. In the ICU, sodium nitroprusside is generally used for this purpose (see Appendix 5A), but nitroglycerin may be preferred when myocardial ischemia is present, because it decreases coronary resistance. Negative intrathoracic pressure also increases LV load resisting shortening by increasing LV transmural pressure. Positive-pressure ventilation negates this effect, but labored spontaneous ventilation may augment afterload, and this may decrease cardiac output.P17,R11









Myocardial Contractility


When a change in stroke volume cannot be explained by a change in end-diastolic fiber length (preload) or load resisting shortening (afterload), it is considered to result from a change in the contractile state. Contractility in a given ventricle can be acutely depressed or increased. When an attempt is made to compare ventricular contractility from patient to patient, and from time to time in the same patient, problems arise. A papillary muscle that is twice as thick as others might appear to have twice the contractility when studied in the usual way. In the ventricle, and at least theoretically in papillary muscle, data interpreted in terms of contractility must be normalized according to muscle thickness and length.


In vivo assessment of myocardial contractility and the resultant quantification of ventricular pump function are desirable goals postoperatively. The simplest representation of the capacity of the heart as a pump is a determination of any of several modifications of the Frank-Starling mechanism. For instance, the measured change in cardiac output (or stroke volume) with aliquot infusions of blood or blood substitute serves as a surrogate for assessment of contractile function. Clearly this is not reflective of intrinsic contractile properties of the myocardium, because the pressure-volume relationship is affected not only by preload but also by load resisting shortening, myocardial compliance, and intact vagal and sympathetic reflex activity. Changes in the instantaneous ventricular pressure (or aortic pressure) over time, dp/dt, may reflect myocardial contractility, but this quantity is exquisitely sensitive to afterload and preload and cannot be assumed to be an index of contractility that can be transferred from one patient to another or within the same patient over a period of time.


The relationship between ventricular pressure and volume (pressure-volume loop) is currently the nearest approximation to an in vivo assessment of contractility.S41 Additionally, the area within the loop represents stroke work. The end-systolic pressure and the pressure at end-diastole of several different loops allow an expression of contractility and stiffness, respectively. The loops are composed of four segments: isovolumic contraction, ejection, isovolumic relaxation, and filling (Fig. 5-7). When ventricular volume or resistance is altered, a group of points at end-systole fall along a line, the slope of which Suga and colleagues called Emax.S41,S42 Emax is an index of contractility (Fig. 5-8). Changes of the slope in a steeper direction reflect increased inotropy. A shift in the rightward direction represents negative inotropy. With the use of catheters to measure LV pressure and transesophageal echocardiography (TEE) for instantaneous border detection, pressure-volume loops and Emax (contractility at zero volume) can be interpreted online in the ICU. It is paradoxical that the least clearly and directly defined determinant of the force of cardiac contraction is the one most discussed and treated. Its specific treatment is by the administration of inotropic drugs, usually catecholamines (see “Treatment of Low Cardiac Output” later in this section).





[image: image]

Figure 5-7 Diagrammatic representation of a pressure-dimension relationship of the left ventricle, on which events of the cardiac cycle have been indicated.


(From Foex and Leone.F7)
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Figure 5-8 When resistance to ejection is altered, pressure-dimension loops at end-systole extend to a straight line termed the end-systolic pressure-dimension line. Slope of this line is an index of contractility. Increase in inotropy causes an increase in the slope of the line. It can also be seen that an increase in inotropy causes widening of the loop as ejection shortening is increased. Extrapolation of end-systolic pressure-dimension line to zero pressure defines V0 (or D0), the dimension the ventricle would attain if intracavitary pressure became zero.


(From Foex and Leone.F7)











Relative Performance of Left and Right Ventricles


During and early after cardiac operations, one of the two ventricles is usually the factor limiting cardiac performance, not both. It is usually advantageous to consider and treat patients with this concept clearly in mind. The clue of greatest importance in this regard, when the AV valves are normal, is the relation between the left and right atrial pressures, because they represent the closest approximation available to ventricular end-diastolic pressure and, by implication, sarcomere length.B14 When the cardiac valves are normal, the ventricle with the highest corresponding atrial pressure is the one limiting cardiac performance. Echocardiography can often provide supportive information.S5











Heart Rate


Sinus rhythm is optimal postoperatively, and with this rhythm a wide range of heart rates at various ages is compatible with survival (Table 5-2). The normal compensatory response to increased O2 demand is increased heart rate. Often in the elderly and also in patients with diseased myocardium, this response is absent. It is prudent to manipulate heart rate in otherwise normally convalescing patients with slow sinus (or junctional) rhythm to improve cardiac output. For this, atrial pacing via two temporary atrial leads placed at operation is used. In these situations, atrial pacing is also helpful to suppress premature beats (both atrial and ventricular) and may limit the onset of an established arrhythmia.


Table 5-2 Ranges of Heart Rate during Sinus Rhythm in Normally Convalescing Patients






	Age

	Heart Rate (beats · min−1)






	≤Years

	<Years






	 

	1/12

	120-190






	1/12

	6/12

	110-180






	6/12

	12/12

	100-170






	1

	3

	90-160






	3

	6

	80-150






	6

	15

	80-140






	15

	 

	70-130







From Kirklin and colleagues.K1









Cardiac Rhythm


Disturbances of cardiac rhythm may also contribute to low cardiac output. Junctional (AV nodal) rhythm reduces cardiac output by 10% to 15%. Junctional rhythm is less efficient than sinus rhythm because the atrial contribution to ventricular filling is absent in the former. Because junctional rhythm is usually transient and its effects are easily overcome by atrial pacing (unless the rate is rapid),H6 its presence does not connote an added immediate risk.


Bradyarrhythmias due to damage to the AV node or His bundle, hypoxemia, or drugs can result in low cardiac output. Tachyarrhythmias in the form of atrial fibrillation or flutter or paroxysmal atrial tachycardia may result in hypotension. Risk of tachyarrhythmias increases during infusion of catecholamines. A complete discussion of postoperative rhythm disturbances and their treatment is found later in this section under “Cardiac Arrhythmias.”









Causes of Acute Dysfunction (Low Cardiac Output) after Cardiac Surgery






Inadequate Operation


The surgeon’s responsibility for obtaining an adequate operation demands that he or she continue to search for evidence of this postoperatively, particularly when the patient has low cardiac output. Using the methods described in this and other chapters, a search is made for residual intra- or extracardiac shunting, pathway obstructions, valvar regurgitation, graft or conduit dysfunction, or cardiac compression. If the operation is found to be inadequate in any of these regards, prompt reoperation is usually indicated.









Myocardial Dysfunction


Myocardial dysfunction was once thought to explain low cardiac output after cardiac surgery when atrial pressures were elevated above the usual postoperative values in the absence of any other explanation. The availability of two-dimensional echocardiography in the OR and ICU, particularly TEE, makes possible both direct demonstration of ventricular wall motion and assessment of end-diastolic and end-systolic volumes. These studies can lead more directly to the inference that low cardiac output is due to myocardial necrosis or stunning or to impaired cardiac reserve in the face of increased stress. This inference can be supported by the finding of increased creatine kinase (CK)-MB isoenzyme or troponin in the serum.









Reduced Preload






Hypovolemia


The most common cause of reduced preload is overlooked hypovolemia. This may be a relative intravascular loss secondary to vasodilatation, bleeding into undrained cavities (pleural spaces, retroperitoneum, or free peritoneal space), or uncharted chest tube drainage. The most obvious cause of hypovolemia, of course, is bleeding associated with cardiotomy or CPB, reflected by excessive chest tube output. Low cardiac output or low arterial blood pressure associated with low filling pressures (left or right atrial pressure, central venous pressure, or pulmonary capillary wedge pressure) is the sine qua non of hypovolemia. Echocardiography showing vigorous wall motion and small chamber size is simply confirmatory.


Occasionally there is a sympathetic response that supports blood pressure, but often this is blunted early after anesthesia. There may be reflex tachycardia, but ultimately cardiac output suffers.


Infrequently, excessive diuresis leads to relative hypovolemia and lowering of cardiac output. In this instance, the picture may be complicated by hypokalemia leading to arrhythmias.









Diastolic Dysfunction


In the presence of LV hypertrophy, fibrosis, or myocardial edema, filling pressures do not reflect ventricular volume. In this situation, ventricular compliance is diminished. The root problem is inadequate resting (diastolic) sarcomere length. In these situations, echocardiography is especially useful. The picture is characterized by a small ventricular chamber in the presence of high filling pressure, tachycardia, small stroke volume, low arterial blood pressure, and low cardiac output. Appropriate interventions should be aimed at decreasing heart rate, initiating β-blockade, and subsequent volume infusion. Some inotropic agents may be detrimental in this situation.









Acute Cardiac Tamponade


Acute pericardial tamponade (with its resultant acute decrease in ventricular preload in the face of elevated atrial pressures) must always be considered when low cardiac output is present early postoperatively. Undrained intrapericardial bleeding may cause acute cardiac tamponade. It may also occur as a result of marked myocardial edema and chamber dilatation inside the closed chest, because the pericardium can be constricting under these circumstances even when it has not been resutured. Acute dilatation of the RV during an acute pulmonary hypertensive crisis may result in acute atypical tamponade in neonates and infants.K11 It is these phenomena that explain the advantage of leaving the sternum open and covering the mediastinum with an impermeable sheet sutured to the skin edges in critically ill patients, or of opening it in the ICU when this form of cardiac tamponade is limiting cardiac output.K11,M27,O3


After an early period of adequate and stable cardiac output, cardiac tamponade is a likely cause of rapid deterioration that cannot be easily explained otherwise. It is usually associated with rapidly rising right and left atrial pressures that often, but not always, equalize. Often, drainage from chest tubes is initially brisk and then ceases, and serial chest radiographs show progressive widening of the cardiac and superior mediastinal shadows. Arterial pressure falls, and a paradoxical pulse may be replaced by a narrow pulse pressure. Characteristically, arterial pressure shows a minimal response to a bolus injection of an inotrope. TEE examination is indicated as soon as cardiac tamponade from retained intrapericardial blood is suspected, and is often diagnostic.


Cardiac tamponade can also manifest in multiple atypical presentations that must always be considered when acute low cardiac output develops. For example, right and left atrial pressures may differ widely in the setting of impacted clot adjacent to the right atrium. Neither TEE nor transthoracic echocardiography (TTE) is reliable for detecting this impacted clot, creating the potential for misdiagnosing tamponade as acute RV failure secondary to other causes such as pulmonary hypertension. Therefore, when the diagnosis of cardiac tamponade is considered as a possible etiology of low cardiac output that does not promptly respond to nonsurgical intervention, emergent reoperation is advisable (or reopening the sternum at bedside, especially in infants).











Increased Ventricular Afterload


Increased RV afterload may appear quickly as a result of a sudden rise in pulmonary artery pressure and vascular resistance. Consequently, during an episode of paroxysmal pulmonary hypertension (often provoked by intratracheal suctioning), cardiac output may fall rapidly and apparently “sudden” death may occur, particularly in neonates and infants. These outcomes are probably not purely the result of increased RV afterload, because they reflect impaired RV reserve as well.


Increased LV afterload may result from a sudden elevation of systemic arterial pressure, such as may occur during suctioning, restlessness, or hypoxia. These result in a sudden increase in LV afterload that, combined with impaired LV reserves, can result in low cardiac output early postoperatively. Sustained increase in systemic vascular resistance and LV afterload is present early after cardiac operations in at least half the adult patients operated on for acquired heart disease.E13,F13,W4


Often, disturbances of afterload (afterload mismatch) and preload (preload reserve)R17 are neither independent nor isolated events. Increased RV afterload leads to decreased LV preload. Similarly, but not as important, increased LV afterload leads to decreased RV preload. A common situation in which a corrective operation leads to increased LV afterload is restoration of mitral valve competence or closure of a ventricular septal defect (VSD). In a physics analogy, mitral regurgitation or left-to-right flow through a VSD represents a pair of resistors in a parallel circuit in which RT = 1/r1 + 1/r2, where r1 and r2 represent resistances in the two outflow streams and RT is total resistance. Closure of one outflow (r) increases downstream resistance to ventricular shortening; by inference, wall tension and myocardial oxygen consumption ([image: image]) increase.











Risk Factors for Low Cardiac Output


A number of circumstances increase the probability of low cardiac output after cardiac surgery. These have been determined for the most part by numerous multivariable analyses of outcomes after surgery for specific conditions (see Chapters 7 through 58).






Patient-Specific


Chronic impairment of ventricular preload, afterload, and/or contractility by any mechanism (ventricular hypertrophy, stiffness, chronic heart failure) increases the risk of low cardiac output after the cardiac surgical procedure. These are for the most part immutable risk factors for low cardiac output, because they do not change quickly after the operation. However, when a patient who had been alive and ambulatory preoperatively has inadequate cardiac output postoperatively, the assumption must be that intraoperative damage has been superimposed on the chronic state. On the other hand, certain surgical procedures, such as ablation of the regurgitant volume of aortic regurgitation or closure of a defect with a large left-to-right shunt, have an immediately favorable impact on cardiac output. Thus, the cardiac surgical procedure itself often increases cardiac output; it is myocardial damage during the procedure that decreases it.


Acute reduction in ventricular contractility preoperatively can sometimes be ameliorated by intraoperative maneuvers. For the most part, these maneuvers are directed toward increasing an acutely reduced energy charge (see “Cold Cardioplegia, Controlled Aortic Root Reperfusion, and [When Needed] Warm Cardioplegic Induction” under Methods of Myocardial Management during Cardiac Surgery in Chapter 3).









Procedural


The most important intraoperative risk factor for low cardiac output early postoperatively, other than an incomplete operation, is a discrepancy between the duration of any global myocardial ischemia and the efficacy of the measures used for myocardial management (see complete discussion in Chapter 3). This is often reflected in the finding of long global myocardial ischemic time as a risk factor for low cardiac output and for death after operation. Coronary air embolization during CPB is said to adversely affect cardiac performance after the operation, but most air entering the coronary arteries while the heart is not supporting the circulation passes quickly into the coronary sinus and may have little deleterious effect.


The extensiveness of the “whole body inflammatory response” to CPB affects the heart as well and relates to the probability of low cardiac output after operation. This is one aspect of the association of duration of CPB with death after operation; another is that long CPB duration is sometimes the result, rather than the cause, of poor cardiac performance.


Low cardiac output can be the result of (1) an incomplete or inadequate operation; (2) acute myocardial ischemia, with or without necrosis, from impaired coronary blood flow resulting from failure of some part of a coronary artery bypass operation (CABG); (3) incomplete relief of ventricular inflow or outflow obstruction; (4) important residual or created AV valve or semilunar valve regurgitation that may increase the stroke volume requirements of the ventricle; and (5) residual VSD and large left-to-right shunt that may similarly increase LV stroke volume requirements.


One of the reasons for placing temporary fine polyvinyl catheters in the left atrium, right atrium, occasionally the pulmonary trunk via the RV and uncommonly the LV, and for placing temporary epicardial atrial and ventricular wires, is that they can be helpful in intraoperative and early postoperative efforts to identify an inadequate or incomplete operation as the cause of low cardiac output. TEE with color flow Doppler imaging is also important in identifying an incomplete or inadequate operation. The possibility of residual left-to-right shunting contributing to low cardiac output must always be considered after repair of congenital heart disease. With the materials now used as patches for repair of VSDs, an appreciable left-to-right shunt ([image: image] > 1.5) early postoperatively must be assumed to represent an incomplete repair or an overlooked defect. The shunt can be quantified by double indicator dilution, a method rarely used in the current era.W29 Alternatively, the left-to-right shunt may be estimated in terms of the pulmonary ([image: image]) to systemic ([image: image]) flow ratio by simultaneously removing samples from the radial artery, right atrium, and pulmonary artery and solving the simplified shunt equation:





[image: image]




where SaO2 is the percent oxygen saturation of arterial blood, SRAO2 that of blood withdrawn from the right atrium, and SPAO2 that of blood withdrawn from the pulmonary artery.


TEE with color flow Doppler imaging now can sometimes settle the issue simply, but without the desirable quantification. Intraoperative TEE has become standard of care for intracardiac repairs of congenital heart disease for patients 3 kg or larger. In one study, intraoperative TEE during post-repair evaluation led to surgical revision in 4% of cases.U1











Course of Low Cardiac Output


The heart is in an especially vulnerable position early postoperatively, because its poor function adversely affects coronary blood flow; this in turn further worsens cardiac function. This explains the observation that low cardiac output early after cardiac operations rarely resolves spontaneously. Aggressive treatment is indicated.


With treatment, most patients with low cardiac output early postoperatively recover, and unless it was produced by a large area of myocardial necrosis, most patients have no demonstrable ill effects from it late postoperatively.









Treatment of Low Cardiac Output


Experience indicates that it is worthwhile to intensively treat patients with low or inadequate cardiac output early after cardiac surgery, because cardiac performance often improves after 1 or 2 days, followed by good recovery.


Many causes of low cardiac output are reversible. Investigating whether cardiac tamponade or compression is the cause is one of the first steps (see “Acute Cardiac Tamponade” earlier in this section). If tamponade is present and is caused by retained blood in the pericardium, emergency reoperation is indicated. If there is acute cardiac dilatation, such as may occur in a pulmonary hypertensive crisis,D2,K36 the sternum and pericardium should be rapidly opened (if they were closed). In patients at an increased risk of low cardiac output, this complication can be prevented by leaving the sternum open at operation and closing it 24 to 48 hours later.F2,J8,M24 The pericardium should rarely be closed after cardiac operations, because this has a restrictive effect on the heart early postoperatively.D3


When cardiac constriction is believed not to be present, treatment is directed at increasing cardiac output by manipulating preload, afterload, contractile state, and heart rate and improving tissue oxygen levels. When these measures fail, use of devices to support the circulation must be considered (see “Intraaortic Balloon Pump” and “Temporary Ventricular Assistance” later in this section). All such devices have their own risks and imponderables; except for the intraaortic balloon pump, they are typically not used unless it seems likely the patient will not survive without them. The decision to use such devices is always made with concern for the possibility the patient may survive but be left seriously disabled, and with knowledge of the costs of such interventions.B5,K8






Noninvasive Methods


When cardiac output is low, preload is manipulated by increasing blood volume with an appropriate fluid until the higher of the two atrial pressures is about 15 mmHg. If the wall thickness of the LV is unusually great or its contractility or compliance is decreased, it may be helpful to raise mean left atrial pressure to 20 mmHg. However, the tendency to pulmonary edema is increased when left atrial pressure is elevated to this level. When the RV is the limiting factor in cardiac performance, right atrial pressure usually can be raised advantageously only to about 18 mmHg. Above this, a descending limb on the Starling curve usually becomes apparent, and cardiac output falls. Also, the tendency to whole body fluid retention, pleural effusion, and ascites is increased by high right atrial pressure.


When LV performance is the limiting factor and systemic arterial blood pressure is more than 10% above normal (see Table 5-1), vasodilating agents should be used to reduce LV afterload to between normal and 10% above normal. Nitroprusside is generally the drug of choice because it is a potent arterial, and to a lesser extent venous, dilator with a short half-life (see Appendix 5A). The drug appears to be as safe in very young patients as it is in adults.K38 Calcium channel antagonists (e.g., nifedipine, diltiazem) lead to similar arteriolar vasodilatation and may improve coronary perfusion in this setting.M32 However, their longer half-life and depressive effect on ventricular contractility make nitroprusside the preferred drug.


Rarely in patients with severe long-standing mitral valve disease or congenital heart disease with pulmonary vascular obstructive changes, RV dysfunction associated with elevated pulmonary artery pressure may limit cardiac performance. Reduction of RV afterload with vasodilating agents is occasionally dramatic in its increase of RV, and thus cardiac, stroke volume. Nitroprusside (0.5 to 3 µg · kg−1 · min−1), nitroglycerin (0.5 to 3 µg · kg−1 · min−1), or phentolamine (1.5 to 2 µg · kg−1 · min−1) may be effective in this setting.K17 In infants, maintaining near-anesthesia for 24 to 48 hours with fentanyl or another intravenously administered agent may minimize paroxysms of pulmonary artery hypertension and the consequent increased RV afterload (see “Pulmonary Hypertensive Crises” later in this section).L16


Alternatively, management of neonates and infants may be based on use of the long-acting α-receptor blocking agent phenoxybenzamine (see Appendix 5A). It is administered first at the commencement of CPB (see “Other Additives” under Perfusate in Section II of Chapter 2). An additional dose is usually given about 12 hours after returning to the ICU.


Heart rate is adjusted to optimal levels when necessary by atrial pacing, by ventricular pacing when atrial fibrillation is present, or by AV sequential pacing when AV dyssynchrony or dissociation is present. When tachyarrhythmias are present, pharmacologic means of control may be used (see text that follows).


If these relatively simple measures do not quickly bring cardiac performance to an adequate level, inotropic agents are begun (see Appendix 5B for details), although their disadvantages are recognized. There is no ideal inotropic agent, nor are there specific indications for specific agents. In their review, Doyle and colleaguesD20 classified inotropic drugs based on their effect on intracellular cyclic adenosine monophosphate (cAMP): cAMP-independent drugs include calcium, digoxin, and α-adrenergic agonists; cAMP-dependent agents include epinephrine (and levarterenol), dobutamine, and isoproterenol. These are β-adrenergic agonists that, coupled with dopaminergic drugs (dopamine), have variable effects on peripheral resistance. Phosphodiesterase inhibitors (amrinone, milrinone, enoximone) may enhance contractility while producing myocardial relaxation (lusitropism) and relaxation of vascular smooth muscle. They are not susceptible to receptor down-regulation.


Initially, dopamine may be infused at 2.5 µg · kg−1 · min−1. This dose can be increased to 15 or 20 µg · kg−1 · min−1 if needed, but if a favorable response is not obtained at 10 µg · kg−1 · min−1, it is not likely to be obtained at higher doses. Dopamine has the advantage of augmenting renal blood flow in addition to increasing cardiac contractility.H26 Dopamine increases ventricular automaticity (hence the probability of ventricular arrhythmias), but to a lesser extent than isoproterenol. At low doses (2 to 4 µg · kg−1 · min−1), systemic peripheral vascular resistance is decreased or unchanged by dopamine, whereas higher doses (>6 µg · kg−1 · min−1) increase peripheral resistance.G13 Tachycardia may limit the rate at which dopamine can be administered. When dopamine is ineffective, dobutamine is gradually added in similar doses. Dobutamine, although more expensive than dopamine, appears to augment myocardial blood flow moreF10; in general, its effectiveness is similar to dopamine.D15 Isoproterenol may be preferred initially and is probably superior in the presence of predominantly RV dysfunction and decreased or normal heart rate because of its favorable effect on pulmonary vascular resistance.


Occasionally, hypotension exists in the presence of normal and adequate cardiac output. Under that special circumstance, norepinephrine administered through a central venous catheter is rational treatment; a very low dose (0.01 µg · kg−1 · min−1) is often sufficient under these circumstances. Under more dire circumstances, larger doses can be used.


Epinephrine is the catecholamine of choice of some, but its powerful vasoconstricting effects make it less desirable than dopamine or dobutamine. When an insufficient response is obtained from other drugs, or excessive tachycardia develops, epinephrine is added or substituted. The drug is initially infused at a dose of 0.01 to 0.05 µg · kg−1 · min−1, which may be increased as needed.


Milrinone also is useful in patients with low cardiac output after cardiac surgery, because it combines a peripheral vasodilatory action with its inotropic effect.G12 This drug is different in structure and mode of action from catecholamines in that it is a phosphodiesterase enzyme inhibitor in cardiac and vascular tissue, not a β-adrenergic receptor agonist. Administration is usually initiated with a loading dose of 5 µg · kg−1 over 10 minutes, followed by a maintenance dose of 0.3 to 0.75 µg · kg−1 · min−1. The drug is effective in neonates and infants as well as adults, but in small patients, particular care is necessary to maintain an adequate blood volume because of the vasodilatory effect of the drug.L2 The indications for this drug vs. catecholamines remain arguable. However, it appears to cause less tachycardia and fewer atrial arrhythmias than catecholamines.R18


Additionally, 10% calcium chloride is administered in a dose of 0.1 mmol · kg−1, with supplemental doses if the ionized serum calcium level is below 1.2 mmol · L−1.


Once the acute problems have subsided, some patients in sinus rhythm appear to require chronic augmentation of ventricular contractile function. Use of digitalis in this setting has long been argued, but there is evidence that it does increase contractility.C21 Digitalization appears to be useful, particularly in children (see “Atrial Arrhythmias” under Cardiac Arrhythmias later in this section), but it is not recommended in neonates because it may impair diastolic function.K30









Intraaortic Balloon Pump


The concept of intraaortic balloon pumping (IABP) to produce diastolic augmentation of coronary and systemic blood flow was elucidated by Moulopoulos, Topaz, and Kolff in 1962.M29 The procedure was first performed clinically by Kantrowitz and colleagues in 1968.K5 IABP uses the principle of diastolic counterpulsation, which augments diastolic coronary perfusion pressure, reduces systolic afterload, favorably affects the myocardial oxygen supply/demand ratio, and augments cardiac output.


IABP is used in adult patients with inadequate cardiac performance not responsive to optimized preload, afterload, and heart rate or to moderate doses (up to 10 µg · kg−1 · min−1) of dopamine or equivalent doses of dobutamine or epinephrine (see Appendix 5B). Whenever possible, the decision to insert an IABP is made in the OR rather than postoperatively. It is used in preference to catecholamines postoperatively for patients with severe LV dysfunction, with or without evidence of myocardial necrosis, and for patients with evidence of myocardial necrosis and inadequate cardiac output or severe ventricular arrhythmias. This technique has led to survival of some patients who would otherwise have died.D18,D19,P14 Survival is less than 50% if renal failure develops from low cardiac output postoperatively.D19 IABP has been effective in patients with ischemic heart disease and valvar and congenital heart disease.D19


Preoperative prophylactic insertion of the IABP is sometimes advisable. In addition to its use in myocardial infarction with low cardiac output or shock, preoperative insertion is often helpful in unstable angina, left main disease with ongoing ischemia, and ischemia leading to ventricular arrhythmias. In the era of more complex arterial revascularization for ischemic heart disease (see Chapter 7), IABP support is helpful intraoperatively for pre-bypass support of patients with low ejection fraction. For patients with acute mitral regurgitation or ventricular septal rupture, insertion upon diagnosis is often lifesaving. Perhaps the most frequent indication for preoperative IABP insertion is poor perfusion from either low cardiac output or peripheral arterial disease. It follows that the best survival following IABP occurs when the device is in place preoperatively.D19


Insertion by arterial puncture is generally used, despite its somewhat higher prevalence of vascular complications,G14 because of the technical ease of balloon insertion and removal. When the patient is still on CPB, or the femoral pulse cannot be palpated because of hypotension, an incision only in the skin is made over the femoral artery. Through this incision, the femoral artery can nearly always be palpated and the arterial puncture technique used.


Important aortoiliac occlusive disease and abdominal aortic aneurysm greatly increase the risk of vascular complications or failure of insertion when the femoral route is used.G15 In their presence, the balloon can be inserted into the ascending aorta through a purse-string suture. This is usually performed before discontinuing CPB. A pledgeted mattress suture of 2-0 or 3-0 polypropylene is placed in the midportion of the ascending aorta. A tie is placed on the shaft of the intraaortic balloon to indicate the point that should be level with the aortic wall when the balloon is in proper position within the descending aorta. An aortic stab wound is made and controlled digitally, and the balloon is introduced through the wound and passed into the descending aorta. Proper position is verified by appearance of the characteristic aortic pressure pulse when pumping is begun. The balloon shaft is usually brought out through the lower end of the sternotomy incision. When pumping is no longer needed, the patient is returned to the OR, the median sternotomy reopened, and another pledgeted mattress suture placed outside the original one. As the balloon is removed, the stab wound is controlled digitally, and the pledgeted mattress suture is made snug and tied. In severe atheromatous aortic wall disease, use of other assist devices is probably indicated (see “Temporary Ventricular Assistance” in text that follows).


IABP is begun in a 1 : 1 ratio with ventricular diastole, as judged by electrocardiographic (ECG) and arterial pressure pulse signals. Often the patient’s hemodynamic state improves promptly; consideration is then given to weaning the patient from IABP as early as 6 to 12 hours after insertion. If catecholamines have also been required, they are reduced as rapidly as possible to 5 µg · kg−1 · min−1 of dopamine or less, or the equivalent doses of dobutamine or epinephrine (see Appendix 5B). Once the hemodynamic state is improved, the IABP ratio is progressively reduced to 1 : 8 (or 1 : 3 with some systems). In most postoperative patients, the final reduction can be reached within 12 to 48 hours. The balloon can then be removed using a closed method. Although objections have been raised to use of this method,C35 most of the problems have occurred when the balloon inadvertently was inserted through the superficial rather than the common femoral artery. After removing the balloon percutaneously, firm pressure is applied to the groin and held for half an hour. If circulation to the leg becomes impaired or a hematoma becomes apparent, prompt exploration in the OR is indicated.


Circulation in the leg distal to the site of balloon insertion is observed systematically. If signs of ischemia appear, generally the balloon is removed. Complications that importantly impede convalescence occur in about 3% of patients.K10









Temporary Ventricular Assistance


Ventricular assist devices (VADs), probably first used in a planned fashion by Cooley and colleagues in 1969,C22 are now used (1) for support after cardiac operations, (2) as a bridge to transplantation, and (3) as a bridge to recovery. Without VADs, nearly all patients assisted would likely have died; however, uncertainty about this makes interpreting outcomes and indications for them difficult. It also hampers efforts to determine their direct risks. The following discussion relates to use of various temporary VADs for cardiopulmonary failure after cardiac operations. (A discussion of use of these devices for other indications can be found in Chapter 22.)






Temporary Ventricular Assist Devices


Low cardiac output accompanying reduced ventricular function following cardiac operations occasionally prohibits separating the patient from CPB. A thorough investigation for correctable causes of low cardiac output should be made and may include ensuring aortocoronary bypass graft patency and adequacy of flow using Doppler ultrasound flow velocity or electromagnetic flow probes, and evaluating accuracy of repairs and segmental ventricular wall motion using intraoperative TEE. Preload and afterload should be optimized, appropriate pharmacologic agents administered, and IABP instituted. When these measures are insufficient, temporary ventricular assistance should be considered.


Use of a temporary VAD often follows a prolonged operation and a long period on CPB. Insertion of an implantable VAD under these circumstances is inadvisable (see Chapter 22). Temporary support of the failing circulation allows postponing further major operative intervention until the patient’s condition improves. The temporary assist system can be used as a bridge to ventricular recovery or as a bridge to more durable mechanical circulatory support if weaning is not possible (see Chapter 22).


Temporary ventricular assist is set up as right or left heart bypass or as a combined biventricular bypass circuit. Cannulae for left and right heart bypasses are introduced through the midline sternotomy used during the cardiac operation. (Using cannulae previously placed makes the transition from CPB to right and left heart bypass a more controlled process.) With those cannulae in place, an additional thin-walled metal-tip right-angle cannula (28F) is introduced into the left atrium via the right superior pulmonary vein or via the roof of the left atrium through a purse-string stitch with a short tourniquet. The purse-string stitch may be felt-reinforced if tissues are thin or friable, because bleeding around the perfusion cannulae is frequently troublesome and may require reexploration. An arterial cannula (24F wire thin-wall) is placed in the pulmonary trunk.


Left heart bypass is established by connecting the left atrial cannula to the aortic cannula via a centrifugal pump. This ventricular bypass circuit provides continuous blood flow.


Right heart bypass is established by connecting the right atrial cannula to the pulmonary trunk cannula via a centrifugal pump. Pump flow is increased gradually to 4.0 to 5.0 L · min−1 for adult patients as CPB flow is reduced and discontinued. The cannulae are brought through the fascia, muscle, and skin into the left and right upper quadrants of the abdomen at the time of insertion or connection to the extracorporeal circuit. Polytetrafluoroethylene (PTFE) felt strips are placed tightly around the cannulae in the subcutaneous tissues to seal the exit tract. In some cases, the cannulae are simply brought through the wound. The midline incision may be closed primarily in some cases. More often, cardiac compression results from wound closure. The skin only may then be closed, leaving the sternal edges apart; alternatively, a silicone membrane is sewn to the skin edges to seal the mediastinum. The edges of the membrane are sealed with iodine ointment to eliminate ingress of air and present a barrier to bacteria. Bulky dressings are applied and sealed to the skin with a large iodine-impregnated plastic adhesive.


Heparin-coated tubing and centrifugal pumps are desirable to reduce trauma to blood elements by providing a more blood-compatible extracorporeal circuit. Roller pumps can also be used but seldom are, because of the perception that more blood elements are injured. Short tubing reduces foreign blood contact surface and heat loss in the extracorporeal circuit.


An alternative, pulsatile extracorporeal blood pump system is also available (ABIOMED Inc., Danvers, Mass.). The pump consists of a compliant inflow chamber to which blood is drained by gravity, separated from a rigid pumping chamber by a polyurethane inflow valve. The pumping chamber is fitted with a polyurethane outflow valve. A sac within the pumping chamber is expanded pneumatically to propel the blood. Components of the system are arranged vertically and placed at the bedside. A console provides pneumatic power, senses filling of the pumping device, and synchronizes pumping so that little attention to the system is required. Anticoagulation with heparin is necessary, and the patient must remain immobile, as with other temporary systems. It may be used in left, right, or biventricular assist configuration. Although the system provides the possible advantages of pulsatile flow and less operator attention, it costs substantially more than centrifugal pump systems.


Bypass support of a single failing ventricle is used when possible. It is frequently possible to bypass a failing RV using an extracorporeal ventricular assist system combined with IABP to support the LV. Bypass support of the failing LV seems more complicated. In theory, the LV can be sustained by left atrial–to-aortic bypass while the unassisted RV continues to provide adequate pulmonary flow. Experience has shown, however, that RV function also declines. Biventricular support is frequently advisable even when there is apparent isolated LV failure.









Management


Each of these devices has specific methods and equipment for insertion and late management. In general, anticoagulation with heparin followed by warfarin is required for all devices with mechanical valves, and low-dose anticoagulation with heparin, warfarin, or aspirin is used for those with biological valves. However, management details vary among institutions and devices.


Bleeding from the primary operative site is controlled by reversal of heparin with protamine. Platelet infusion, transfusion of fresh frozen plasma (FFP) or other blood products, and pharmacologic agents to promote normalization of the blood clotting subsystem are administered as indicated. A heparin-bonded extracorporeal circuit is adequate to prevent clotting in the short term. When bleeding from the operative site has ceased or slowed, heparin therapy is restarted. Usually this occurs within 12 hours after completing the operation. Activated clotting time (ACT) is used to monitor heparin effect; desired ACT is approximately 160 to 200 seconds (assuming a control level of 100 to 120 seconds).


Postoperative care of patients on left, right, or biventricular bypass is labor intensive. Continuous bedside care, often by more than one nurse, is required, as is ready availability of a cardiopulmonary perfusionist or other personnel capable of managing the extracorporeal assist system. Bleeding is frequently a nuisance or even a major complication requiring frequent monitoring of blood clotting by ACT. Smooth operation of the system requires frequent infusion of blood products to maintain adequate atrial pressures. Body temperature is monitored continuously, and measures are taken to heat or cool the blood in the extracorporeal circuit or the patient’s body with a heating/cooling blanket. The VAD system may be fitted with ports for hemofiltration to remove excess extracellular fluid if there is marked edema. Occasionally, hemodialysis is necessary. Ventilatory assist is required.


Separating the patient from temporary ventricular assistance requires judgment and patience. There is a tendency to remove systems too early to avoid complications directly related to prolonged extracorporeal circulation. It is advisable to wait a day or so longer rather than rush the process of separation. Ability of the heart to support the circulation is tested by reducing flow into the extracorporeal circuit, thereby raising atrial pressures and allowing flow through the supported ventricle. There is a limit to which flow in an extracorporeal circuit can be reduced without introducing danger of clotting. Flow of less than about 1 L · min−1 should be avoided. Heparin levels should be maintained, and duration of testing interval should be short. Cardiac function is monitored by TEE and continuous measurement of arterial and pulmonary artery pressures, atrial pressures, cardiac output, and [image: image]. If the heart cannot sustain adequate cardiac output under conditions of low-flow bypass, the separation process is abandoned, full flow is resumed, and plans are made for later attempts at separation or conversion to an implantable device. Simply removing the temporary device in anticipation that the heart will sustain adequate function is usually unsuccessful.









Results


Results are judged either by recovery and long-term survival after removal of the device or by success in maintaining the patient until cardiac transplantation is accomplished. Clearly, some patients not only survive but also have an excellent long-term functional result.K7,M2,P13,R15,S24 Of some importance in this regard is the finding that myocardial cellular atrophy is not a complication of prolonged ventricular assistance.J2 Despite excellent intensive care, patients with VADs are at risk of thromboembolism, hemorrhage, and infection.


The report of the combined registry for clinical use of mechanical VADs summarized experience with 965 patients.P3 For about half of them, successful weaning from the device was accomplished, and about half of those weaned were discharged from the hospital alive. Two-year survival among patients discharged from the hospital was 82%, with most being in NYHA functional class I or II. A higher proportion of patients receiving LV assist devices had satisfactory outcomes than was the case in those receiving biventricular assist devices. The probability of survival was similar in patients receiving nonpulsatile centrifugal pump devices and those receiving pulsatile pneumatic devices. Survival to discharge for the multi-institutional experience was about 30% for postcardiotomy support. Individual institutions have recorded discharge of up to 60%, and this seems to be related to greater experience with the devices and earlier establishment of support.J5,K4,P12









Indications


The complex scientific, surgical, ethical, moral, political, philosophical, and financial considerations necessarily involved in the decision for mechanical circulatory support do not permit a simple listing of indications for this therapy.


There is general agreement that a low cardiac output (cardiac index ≤ 1.5 L · min−1 · m−2) and elevated ventricular diastolic pressure (reflected in high left or right atrial pressure) after continuing CPB an hour beyond the usual time of discontinuance, with IABP support and administration of catecholamines in moderate doses, indicate a low probability of survival.H9 Trial separation from CPB has failed (usually reflected in a progressive drop of systemic arterial blood pressure, elevation of atrial pressures, reduction of venous oxygen saturation, and metabolic acidosis). Under these conditions, in institutions prepared for it and, if necessary, cardiac transplantation (even if this means transportation to another institution), temporary ventricular assistance is usually indicated. Patients with continuing low cardiac output in the ICU despite IABP and catecholamine support also should be considered for temporary ventricular assistance. Use of temporary ventricular assistance is appropriate for patients of any age whose myocardial problem is expected to resolve within a few days, and for patients younger than 65 to 70 years of age whose myocardial problem is not expected to resolve but who are acceptable candidates for cardiac transplantation. In the latter group, the temporary device is used for support while it is determined whether there is good function of major organ systems and the patient is neurologically intact.


Further experience with VADs may lead to discarding current criteria in favor of more liberal use; in part, this is because LV assistance is more effective than IABP in preserving myocardial structure and function, at least in experimental studies.M23 In general, the younger the patient, the better the prognosis from the now-repaired cardiac disease, and the fewer the other subsystem diseases and failures, the stronger the indication for temporary ventricular assistance.











Cardiopulmonary Support and Extracorporeal Membrane Oxygenation


Right and left heart bypass (biventricular assist) works only if pulmonary function is adequate to support gas exchange. In situations of severe compromise of the respiratory system, support of that system is also required. Portable CPB systems (cardiopulmonary support [CPS]) include both a centrifugal blood pump and a membrane oxygenator, with heparin-coated tubing. These systems are usually referred to as extracorporeal membrane oxygenation (ECMO). Successful use has been reported, particularly in infants and children,K3 and there is little doubt that in some patients, it is an effective means of biventricular support. (It may be used occasionally in venovenous configuration to support respiration in the face of severe postoperative arterial desaturation from impaired pulmonary function.B4) This methodology has also been used in patients undergoing myocardial infarction or sustaining a catastrophic event in the cardiac catheterization laboratory, and as a support technique during angioplasty.P15


Only two cannulae have to be inserted, one in the right atrium and the other in a systemic artery. These cannulae are present during surgery and may simply be attached to the system. Oxygenation is achieved in a closed system without an air-to-blood interface. Alternatively, separate venous and arterial cannulae may be inserted through the femoral artery and femoral or jugular vein by percutaneous technique (see “Cardiopulmonary Bypass Established by Peripheral Cannulation” under Special Situations and Controversies in Section III of Chapter 2). This places the cannulae in a position for ready control of hemorrhage. Centrally placed cannulae are removed so that the wound may be closed. Percutaneous placement of cannulae and use of the CPS system can be used for emergency support of the failing circulation at the bedside. The CPS system does not ordinarily provide decompression of the LV. LV unloading depends on total diversion of blood from the right atrium to the extracorporeal circuit and the ability of the LV to empty pulmonary venous return to the aorta. A beating heart and absence of aortic valve regurgitation are necessary.






Management


Heparin anticoagulation is required to prevent clotting or excess fibrin formation in the oxygenator membrane. ACT is maintained at approximately 160 to 220 seconds by continuous infusion of heparin.









Results


In the pediatric population, overall survival after ECMO support following a cardiac operation is 30% to 40%. It may be more effective in situations complicated by pulmonary hypertension or in the presence of a two-ventricle repair, compared with repairs in which there is a cavopulmonary connection or aortopulmonary shunt.K37,L15,M21 In adults, ECMO seems more cumbersome than temporary LV or biventricular assistance, and hospital survival may be lower than in children.M31 However, Smedira and colleagues reported 30-day survival of 38% in 202 adults supported by ECMO with intent to wean or bridge to transplant.S23,S24 Patients who survived 30 days had a 63% 5-year survival. Risk factors for death included older age, reoperation, subsystem failure while on ECMO, and occurrence of a neurologic event while on ECMO.









Indications


The imponderables, and therefore the uncertainties, as to indications for this type of support after cardiac surgery are similar to those for temporary VADs; in addition, the need for nearly full heparinization and the presence of an oxygenator in the circuit are disadvantages of ECMO.














Cardiac Arrhythmias


Postoperative morbidity and mortality can result from cardiac arrhythmias, which may occur either when the cardiac subsystem has been otherwise functioning normally or as a complication of low cardiac output. Atrial and ventricular pacing wires, routinely placed at operation (see Chapter 5) and left for 3 to 10 days postoperatively, are of clear benefit in diagnosing and treating postoperative arrhythmias.F15,W1-W3






Ventricular Electrical Instability


Ventricular electrical instability includes PVCs, ventricular tachycardia, and ventricular fibrillation. Controversy exists concerning the proportion of postoperative patients with frequent PVCs and some types of ventricular tachycardia who are at risk of developing ventricular fibrillation. Despite this, it is prudent to assume that such arrhythmias early postoperatively place the patient at an increased risk of sudden death. Therefore, to detect such arrhythmias, the ECG is monitored continuously for at least the first 48 hours after operation.


Unifocal isolated PVCs occurring outside the T waves fewer than six times per minute are not known to increase the risk of cardiac death and are compatible with normal convalescence. Other arrhythmias indicate an abnormal convalescence and may require special management. Rarely, atrial fibrillation or isolated premature ventricular beats occurring early (within 2-4 hours) after operation in the presence of hypothermia or low potassium level lead to profound ventricular instability, including ventricular fibrillation.


Management of ventricular electrical instability occurring in cardiac surgery patients after postoperative day 1 or 2 has been importantly affected by the results of the Cardiac Arrhythmia Suppression Trial (CAST).C2,E10 This trial demonstrated that drugs used to suppress ventricular electrical instability can themselves be lethal and are often ineffective. Application of these findings to the postoperative patient and implications for treatment are not well understood. For example, CAST patients for the most part had persisting ischemia; most postoperative patients (coronary disease or not) are probably well revascularized. In the postoperative period, however, many antiarrhythmic agents are proarrhythmic; therefore, treating ventricular arrhythmias other than ventricular tachycardia is probably not necessary.


In patients with an ejection fraction under 40% with postoperative ventricular tachycardia, early electrophysiologic study is indicated. Paradoxically, patients in whom such studies demonstrate acute suppression of PVCs or ventricular tachycardia with the administration of drugs have a good prognosis without drug treatment; such patients probably should be discharged from the hospital on no drug therapy. By contrast, patients whose ventricular arrhythmias cannot be suppressed with drugs have a relatively poor prognosis, and consideration should be given to implanting an implantable cardioverter-defibrillator (ICD; see “Ventricular Tachycardia and Ventricular Fibrillation in Ischemic Heart Disease” in Section V of Chapter 16).


When during the first day or two of convalescence, ventricular electrical instability develops in the form of PVCs occurring more than six times per minute or ventricular tachycardia persisting more than 20 to 30 seconds, treatment is prudent even if cardiac performance is good (Appendix 5C). Often, PVCs or bursts of ventricular tachycardia can be suppressed by atrial or ventricular pacing using temporary electrodes, without need for drug therapy. When the hemodynamic state is impaired by ventricular tachycardia, immediate direct current cardioversion (100 J initially in adults and, if ineffective, 200 J) is indicated. When these measures are ineffective, advice of an experienced electrophysiologically oriented cardiologist is indicated.









Atrial Arrhythmias






Prevalence and Risk Factors for Atrial Fibrillation


Reported prevalence of atrial fibrillation after adult cardiac operations is 20% or higher.A10,C30,S30 New-onset atrial fibrillation usually occurs within 5 days of cardiac surgery, with peak occurrence on the second day.F18 This arrhythmia uncommonly results in major morbidity or death but can complicate convalescence considerably. It is most likely to develop in patients in whom chronic atrial fibrillation has been present before operation and who have left the OR in sinus rhythm.D17


The largest group of patients in whom atrial fibrillation occurs but who did not have it preoperatively are those undergoing CABG. In this group, discontinuance postoperatively of a β-adrenergic receptor blocking agent that has been taken regularly before operation increases the risk of developing atrial fibrillation during the postoperative period; this complication can be expected in about 40% of such situations.M11 Older age at operation is also a risk factor for developing atrial fibrillation postoperatively. This arrhythmia develops in about 4% of patients younger than 40 years of age undergoing CABG, compared with 30% of those aged 70 or older.L9 Chronic obstructive pulmonary disease, chronic renal disease, valvar heart disease, atrial enlargement, increased sympathetic tone, obesity, and prior pericarditisC30,D16 also appear to increase its prevalence.L9 Other preoperative and intraoperative variables do not appear to be correlated with development of atrial fibrillation after cardiac operation.L9


New-onset atrial fibrillation after cardiac surgery increases morbidity, length of stay, and cost.N11 Morbidity includes hemodynamic compromise and occasionally embolic events. New postoperative atrial fibrillation is statistically correlated with advanced age but is also seen across a wide spectrum of adult cardiac operations. The peak incidence is 2 to 3 days postoperatively, but it may occur earlier or following discharge. Postoperative atrial fibrillation is usually transient; with treatment, most patients return to sinus rhythm within 2 to 3 days. Patients with preoperative atrial fibrillation are unlikely to return to sinus rhythm, especially if atrial fibrillation has been present for more than 6 months.









Prevention of Atrial Fibrillation


Prevalence of new atrial fibrillation after cardiac surgery can be reduced by prophylaxis with a β-adrenergic receptor blocking agent.M11,R19,S20 For this purpose, propranolol may be given in doses of 10 to 20 mg three or four times a day, beginning the morning after operation. Alternatively, atenolol may be given in doses of 25 mg three times per day, which is often better tolerated than propranolol. The benefit from β-blockers as prophylaxis against postoperative atrial fibrillation is greatest when the drug is initiated either prior to or immediately after surgery.E1 Amiodarone (a class III antiarrhythmic agent) is also an effective drug for preventing atrial fibrillation, with approximately a 4% to 50% reduction in its prevalence after cardiac surgery. A meta-analysis suggested that amiodarone provided similar protection against postoperative atrial fibrillation as β-blockers and sotalol (another class III antiarrhythmic agent).C32 Pretreatment with digoxin or verapamil does not reliably prevent atrial fibrillation.A10,K33









Treatment of Atrial Fibrillation


When atrial fibrillation develops postoperatively, several protocols are appropriate, depending on need for rate control versus conversion to sinus rhythm. In postoperative patients with chronic atrial fibrillation with stable and effective hemodynamics who are not in the ICU, digoxin is usually effective for rate control, and is indicated for patients with heart failure and LV dysfunction. In the ICU, rate control of atrial fibrillation with preserved ventricular function is most effectively accomplished with intravenous administration of β-blockers (esmolol, metoprolol, or propranolol)F11 or non-dihydropyridine calcium channel antagonists (verapamil, diltiazem), exercising caution in the presence of hypotension. Intravenous amiodarone is also useful for rate controlF18 (Table 5-3). It should be noted that intravenous digoxin or calcium channel antagonists should not be used in patients with a preexcitation syndrome; these agents may paradoxically accelerate the ventricular response.




Table 5-3 Intravenous Pharmacologic Agents for Heart Rate Control in Patients with Atrial Fibrillation


[image: image]




When digoxin is used for rate control, a recommended protocol is found in Appendix 5D. When approximately two thirds of the estimated digitalizing dose has been given and has not accomplished control of the ventricular rate, oral administration of propranolol should be started unless the patient has poor ventricular function or pulmonary disease. If the situation is urgent, propranolol may be given intravenously in doses of 0.5 mg every 2 minutes, to a total intravenous dose of 4 mg in adults. Alternatively, treatment with verapamil may be initiated in doses of 40 mg orally two to three times daily. This drug may be infused intravenously in a dose of 0.075 mg · kg−1 to a maximum dose of 5 mg, but its action is very short when given in this manner, and oral administration should be started promptly.


In patients with new-onset or recurrent postoperative atrial fibrillation, successful conversion to sinus rhythm is usually possible and is advantageous for postoperative hemodynamics. Digoxin is not effective in converting postoperative atrial fibrillation. Amiodarone is currently the first-line drug for pharmacologic conversion of atrial fibrillation.F18 A bolus dose of 5 mg · kg−1 in saline is given over a 30- to 40-minute period, followed by a continuous infusion of 0.25 to 0.5 mg · min−1 for 4 to 8 hours. Following conversion, oral amiodarone is generally recommended for 4 to 6 weeks.C9,D6,S22


Ibutilide (a class III antiarrhythmic agent)R13 is also highly effective in converting postoperative atrial fibrillation and is at least as effective as amiodarone at converting new-onset atrial fibrillation (greater than 75% success).K1 Adult patients are pretreated with intravenous magnesium (1-2 g) to reduce risk of torsades de pointes, and the serum potassium level is normalized. Higher doses of magnesium (up to 4 g divided into pre- and post-ibutilide infusion) have been recommended by some.T4 Under continuous ECG monitoring, 1 mg of ibutilide is administered intravenously over 10 minutes. The dose can be repeated once. The major risk is a 1% to 4% occurrence of torsades.G16,H27 Ibutilide should be avoided in patients with very low ejection fraction, because of the high risk of ventricular arrhythmias.O6 When ventricular response rate is rapid, pretreatment with esmolol may increase the efficacy of conversion with ibutilide.F11


Theoretical concerns have been raised about using ibutilide (which can be proarrhythmic with prolongation of QT interval) after amiodarone (which also prolongs QT interval but rarely causes torsades). When intravenous amiodarone is not effective in conversion to sinus rhythm, several studies indicate that ibutilide is frequently successful and reasonably safe.F12,H14 In a study of ICU patients (noncardiac surgical) who were not successfully converted from atrial fibrillation to sinus rhythm with amiodarone, 80% were successfully converted with ibutilide.H14 Nonsustained torsades de pointes occurred in 11% of patients, all of whom had depressed LV function. Torsades de pointes has been reported in about 5.5% of women and 3% of men who receive ibutilide.G16 It usually occurs within 45 minutes of completion of ibutilide infusion and resolves without treatment in about 40% of patients. Treatment of more than transient torsades includes intravenous magnesium plus lidocaine or cardioversion if the patient is hemodynamically unstable.G17 Deaths from torsades have rarely been reported in this setting.G16 Similarly, amiodarone can be safely administered if initial treatment with ibutilide fails.D14


Alternatively, in patients in whom atrial fibrillation or flutter is importantly embarrassing circulation, electrical cardioversion is indicated.M15 Using bipolar temporary atrial wires placed at operation (one each on the right atrium and left atrium), low-energy cardioversion techniques have been developed that result in an 80% conversion early postoperatively; anesthesia is unnecessary.L7


When atrial fibrillation persists for more than 48 hours, anticoagulation with heparin or warfarin is indicated for stroke prevention.R5









Atrial Flutter


Atrial flutter can be a difficult arrhythmia to control when it occurs postoperatively. Although not always successful, the best treatment is rapid atrial pacing via the two atrial epicardial wires placed at operation (see Appendix 5E).


Ibutilide is also effective in converting atrial flutter (>80% success) and is probably more effective than amiodarone.K1 Ibutilide is also effective in converting atrial flutter in pediatric patients.H29 For patients weighing less than 60 kg, the recommended dose is 0.01 mg · kg−1 intravenously over 10 minutes.









Paroxysmal Atrial Tachycardia


Important episodes of paroxysmal atrial tachycardia or paroxysmal atrial contractions occurring after cardiac operations may also be treated by rapid atrial pacing. If these arrhythmias persist, however, the diagnostic and therapeutic advice of an electrophysiologically expert cardiologist is needed. Specific treatment depends on the precise nature of the supraventricular tachycardia. In general, administration of catecholamines should be reduced as much as possible; if additional support is necessary, milrinone is considered (see “Noninvasive Methods” under Treatment of Low Cardiac Output earlier in this section). β-Adrenergic receptor blocking agents such as propranolol are useful (see earlier discussion). Multifocal atrial tachycardias are often best treated by verapamil given intravenously.


Junctional ectopic tachycardia (JET) may be a particularly difficult problem in children, with a prevalence of 5% to 8%.D7 It is associated with operations to close VSDs, perioperative transient AV block, repair of AV septal defect,D7 and young age. In 70 of 71 patients with postoperative JET, Walsh and colleagues obtained control of the arrhythmia and hemodynamic stability using a combination of sedation, hypothermia to 34°C, and procainamide.W6 Amiodarone may also be effective.R1
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Female.
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Overall
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Modifed from Capps and colleagues.©!
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1.40 223 206239 27.6 26.0-292 156 14616.6 17.0 15.818.1
1.60 231 215248 287 271303 162 15.2417.2 17.6 165188
1.80 239 222255 207 281313 168 15.817.8 182 17.1194
200 245 229.262 306 289323 173 163183 187 17.6199

~alues are based on measurements mads In hearts obtained at autapsy from apparently normal chidren (the oldest was 15 years of age) The relatinship of
these measuraments to those obtaingd i other modatie s shown n Appendix Figs. 1E-1 to 1E-4,
v A, Bl Eavs e SE1, sticiael v,
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1.31-1.40 38 187217 55 216+21 a7 18522 7 216+23
1.41-1.50 39 19123 44 223125 122 19620 150 224221
1.51-1.60 52 207+24 6 235+23 175 19919 218 228+21
1.61-1.70 125 208+21 135 237+24 267 205+18 317 235£20
1.71-1.80 223 215£20 230 245+24 218 210516 285 241£20
1.81-1.90 350 223+21 417 252+22 148 213516 167 241219
1.91-200 466 226%17 518 257+21 109 215414 122 246%20
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Data modifed from Cryolfe Inc., 1995.
Key: BSA, Body surface area. BSA (m?) = 0024265 - weight (ka)"™™® - height (cm)®™* (from Haycock and colleagues™).





OEBPS/OEBPS/images/B9781416063919000024_if002-069-9781416063919.jpg
Vo,





OEBPS/OEBPS/images/B9781416063919000048_f004-003c-9781416063919.jpg
—— —— ———





OEBPS/OEBPS/images/B9781416063919000012_f001-008-9781416063919.jpg





OEBPS/OEBPS/images/B9781416063919000048_f004-003b-9781416063919.jpg





OEBPS/OEBPS/images/B9781416063919000012_f001-0g1d-9781416063919.jpg
Length of right ventricular outflow (2 value)

Measured length (mm)

o2 04 06 08 10 12 14 16 18 20
Body surface area (m?)





OEBPS/OEBPS/images/B9781416063919000024_if002-066-9781416063919.jpg





OEBPS/OEBPS/images/B9781416063919000012_t0085.jpg
Source Intercept  Slope sD
Kitzman et al. (adults)**
Females s162 08167 0237
Males 5204 09471 0144
Scholz et al (children)™
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Males 4806 1210 0197
Rowat et al. (children)™ 4785 1201 01844

Key: 5D, Standard deviation.
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Structure ® Intercept Slope D r
RV inflow 19 1823 0.4962 0.1086 095
RV outtlow 101 1943 0.6185 0.1009 097
RVarea 116 2795 09566 01753 097
LV inflow 2 1893 0.4936 009847 096
LV enddiastolic dimension 110 1392 0.4853 008230 097
LV endsystolic dimension 110 09209 0.4661 01205 093
Warea 120 3141 1.020 0.1806 097
Interventricular system® 86 01978 0.003832 01257 073
LV posterior wall® 102 03131 0.007282 0.1067 074
LV mass 103 am 1.288 04209 089

Morie from Daubeney and colleagues.”*
The form of ths equation is mean normal vaue of structure
The fom of this equation is mean normal value of structure
sKey and footnote g are identical to those for Table 10-2,

tercept + siopa - height (cm).
ercept + slope - weight (kg).
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Mitral Valve

Tricuspid Valve

Minor Axis (A-P)

Major Axis (Lat)

Major Axls (Lat)

Mean Mean Mean
BSA (mm) D (nm) D (mm) 5D
025 120 102138 150 118182 154 120188
030 136 118154 173 141205 176 142210
035 149 131167 192 160224 195 161229
040 161 143179 209 177241 211 177245
045 171 153189 223 191255 226 192260
050 180 162198 237 205269 239 205273
060 195 177213 259 227291 261 227-295
070 208 190226 27.9 247311 280 246314
080 220 202238 295 263327 297 263331
090 230 212248 310 278342 311 277345
100 239 221257 323 291355 324 290358
120 255 237.27.3 346 314378 346 312380
140 268 250286 365 333397 365 331-39.9
160 279 261297 382 350414 382 348416
180 289 271307 396 364428 396 362430
200 298 280316 409 377441 409 375443

Based an data from King and colleagues >
Key: A2 Anteropostrior 854, body Surace area; Lat lateral; SO, tandard
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Structure and Axis Intercept

Mitral valve anteroposterior® 239
Lateralt 323
Tricuspid valve 344

Based on cata from King and coleagues.®
“Measured In parasternl long-axs projection,
‘Measured in four-chamber view.
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Structure n Intercept Slope D r

Tricuspid valve 120 1.084 04945 008121 097
RV-puimonicjunction 105 0.6367 0.5028 01143 095
Puimonary trunk 80 06067 04941 01430 093

Right pulmonary artery 81 0,139 0.5495 01294 095

Left pulmonary artery 112 0.2024 0.6039 0.1446 0.94

Mitral vaive 124 09445 05022 0.09403 0.9
(anteroposterior)

Mitral valve (lateral) 124 0.9651 0.4658 0.09167 0.9

Aortic valve 122 05183 05347 006726 0.98

Sinusesof Valsava 122 0.7224 0.5082 0.07284 0.98

Sinutubular junction 85 0.5417 0.5490 0.08856 0.98

From Daubeney and colleagues ©
“The form of the equation s Lnfmean normal value of structure] = ntercept +
dope - LN[BSA], where Ln is the natural logarithm and 854 is body surface
area (m). The Structure are expressed in cm or cr”. Value of z can be
calulated 25 2 - [Ln(meastred Siructure) ~ Ln(mean normal valug)/SO.

Key: LY, Left venticulr; 1 comeation coeficient; AY, right ventricuar;

o gt yobwieemn Sty Mg





OEBPS/OEBPS/images/B9781416063919000024_if002-009-9781416063919.jpg
Vo,





OEBPS/OEBPS/images/B9781416063919000036_f003-001a-9781416063919.jpg
1.0
09
08
07
06
05

04

Probability of hospital death

03
02
01

00
00 05 10 15 20 25 30 35 40 45

A Carding index





OEBPS/OEBPS/images/B9781416063919000024_if002-064-9781416063919.jpg
Vo,





OEBPS/OEBPS/images/B9781416063919000012_f001-0g1a-9781416063919.jpg
Length of right ventricular inflow (cm)

n

10

02

04

06

08 10 12

Body surface area (m?)

14

16

18

20





OEBPS/OEBPS/images/B9781416063919000012_f001-0d1a-9781416063919.jpg
Diameter of tricuspid valve (z value)

‘Measured diameter (mm)

08 10 12

Body surtace area (m?)





OEBPS/OEBPS/images/B9781416063919000024_if002-079-9781416063919.jpg
Vo,





OEBPS/OEBPS/images/B9781416063919000048_if004-011-9781416063919.jpg





OEBPS/OEBPS/images/B9781416063919000024_if002-095-9781416063919.jpg





OEBPS/OEBPS/images/B9781416063919000024_if002-011-9781416063919.jpg
Vo,





OEBPS/OEBPS/images/B9781416063919000012_f001-033-9781416063919.jpg
100

zValve





OEBPS/OEBPS/images/B9781416063919000024_if002-127-9781416063919.jpg





OEBPS/OEBPS/images/B9781416063919000048_t0035.jpg
Effect Site
Elimination ~ (Blood Brain

Half-Tme  Equilibration Analgesic
Oplold (hours)  [minutes]) Potency
Fentany! 3166 68 75-125 times

more potent
than morphine

Sufentanil 2246 62 510 times more
potent than
fentanyl

Alfentanil 1415 14 1/10-1/5 as potent
as fentanyl

Remifentanil  0.17-0.33 1 similar potency to
fentanyl

Modified from Stoelting™ (p. 83).
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Drug Dosage Mechanism of Action Systolc Blood Pressure Response  Heart Rate Response

Propofol  1.525mg- kg IV Interaction with GABA Decreased Decreased
Etomidate  0.20.4mg- kg™ IV Interaction with GABA No change to decreased No change
Ketamine  1-2mg-kg' IV Interaction with NMDA, opioid, Increased Increased

monoaminergic, muscarinic receptors
and voltage-sensitive calcium channels

Thiopental  3-5mg-kg' IV Interaction with GABA Decreased Increased

Modifed from Stoelting™ (p. 141).
R TEARA, iminniiric SeM: A MAFRGEUE: NN NSOt
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Conventional Medicine  Herbal Supplement

Result of Interaction

Possible Mechanlsm of Interaction

Interaction with:
Digoxin

Guar gum

st John's wort

Siberian ginseng

Decreased plasma dligoxin levels

Decreased plasma digoxin
concentration

Increased plasma digoxin levels

Reduced absorption; guar gum reduces gastric
emptying, which fesults in transient delayed
digoxin absorption

Induction of P-glycoproteln; digoxin s a
substrate of P-glycoprotein, which Is induced
by St.Jonn's wart

Some component of Siberian ginseng might
impalr digorin elimination o Interfere with
digorin assay

Wheat bran Decreased plasma digoxin levels  Reduced absorption; bran contains fibers that
can trap digoxin
Interactions wi Ginkgo Increased blood pressure Unknown
Antiypertensive drugs
Licorice Hypokalemia Additive effect on potassium excretiory licorice
has mineralocorticoid effects that may cause
potassium excretion
Interactions wi
Antiplatelet drugs
Ginkgo Spontaneous hyphema Additive inhibition of platelet agaregation;

‘ginkgolides have antiplatelet actvties and are
platelet activating factor receptor antagonists

Interactions wi
Anticoagulants

Boldo/fenugreek

Devifs dlaw
Garlic

Ginkgo

Green tea

st John's wort

Increased anticoagulant effect

Increased anticoagulant effect,
purpura

Increased anticoagulant effect;
Increased clotting time

Reports of intracerebral
hemorthage

Decreased anticoagulant effect

Decreased anticoagulant effect

Additive effect on coagulation mechanism;
boldo and fenugreek contain anticoagulant
coumarin

Unknown

Additive effect on coagulation mechanisms;
garlic has antiplatelet activity

Additive effect on coagulation mechanism;
inkgolides from ginkgo have antiplatelet
activity and are platelet activating factor
receptor antagonists

Pharmacologic antagonism; warfarin produces
anticoagulation by inhibiting production of
vitamin K-dependent clotting factors; green
tea contains vitamin K and thus antagonizes
effect of warfarin

Hepatic enzyme induction; warfarin is
metabolized by CYP1A2 In the iver, which s
Induced by St.John's wort

Interactions wi

Antilipidemic drugs
Simvastatin st John's wort
Lovastatin Oat bran

Decreased plasma levels
simvastatin concentration

Decreased lovastatin absorption

Hepatic enzyme induction; simvastatin is
extensively metabolized by CYP3AA n the
intestinal wall and iver, which is induced by
St.John's wort

Decreased absorption of lovastatin resulted
in an increase in LDL levels that led to
abortion of trial. Lovastatin pharmacokinetics
and LDL returned to normal after bran
discontinuation

P —
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Platelet Minimum

Inhibitor Mechanism Half Life Walt

Clopidogrel  ADP-platelet & hours 5.7 days

aggregation

reversible.

Abciximab  GPIlb/llla 30minutes 12 hours
Noncompetitive

Tirofiban GPilb/llla 2.2 hours 4hours
Reversible

Eptifivatide  GPIIb/llla 2.5 hours 4hours
Reversible

Modified from Lee and colleagues.®

Koy AL Ackinosii 8

fiocuite: i acomrot:
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Drug Loading Dose Onset  Maintenance Dose  Major Side Effects
Acute Setting
Esmolol 05mg-kg'VoverTmin  Smin  60-200g-kg 189, HB L HR, asthma, HE
mi! IV
Metoprolol 2:5-5 mg IV bolus over 5min NA L B9, HB L HR, asthma, HF
2min; up to 3 doses
Propranolol 015mg kg IV 5min NA L B9, HB L HR, asthma, HE
Dittazem 025mg-kg' Voverzmin  27min  5-15mg- IV 189, HE, HF
Verapamil 0075015 mg- kg Vover  2Smin  NA 18P, HB, HF
2min
Amiodarone 150 mg over 10 min Days 05:1mg-min' VLB, HB, pulmonary toxicty skin

discoloration, hypothyroicism,
hyperthyroidism, corneal deposits,
optic neuropathy, warfarin
interaction, sinus bradycardia

Acapted from Fuster 2006.71%

Kk 0 M Kt ce TR Dot Bilock 1 Rt Relcs 1 ot raiee: 1 Intimmmony WA mok apsiicaida:
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Major
Neurologlc
Clrculatory — Eyents®
No.of  Amrest
Method Patlents  (min) No. %  CL

Surface cooling to 28°C, 80  425%136 0 0 02
then core cooling

Core cooling only 138 428+154 8 6 49
Tora 28
P 03

Data from Stewiart and calleagues ™

“Excluas seizures followsd by Uneventful convalescence.
‘Repalr of ventricular saptal defect, tatralogy of Falo, transposition of the
great areries, and atrioventricuar szptal defects. Mean temperature
Stancand devisiion it srvast o botl Groins 'was 19.7 £ 1.76°C.
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Isolated In Situ Organs (Dogs)* Isolated In Situ Organs (Dogs)*

Tissue slces (Rats)* (Cooling Coll Shunt) (Surface Cooling)
9% Vo, % Vo, % Vo,
organ  37°C 2°C Reduction  37°C 25°C  Redudion  37°C 25C  Reduction
Brain  198+031 073:0139 63 516090 3544090 31 4313064 146%030 66
Kdney  387° 163 S8 558%198 096%036 83 = = =
Musde 076 036 53 090£030 030£012 67 - - -

“Expressec as mL- 7! g wet weght  SD. Data have been rearranged and recalcuated to alow comparisons.
‘Data rom Fubrman

Data from Holobut and collagues

“Data ffom Rosomoit and Holaday ™"

S ihaayy toHax:
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Investigators
Stevenson et al

Dickinson and Sambrooks®'®
Clarkson et al. &'

Tora

No. of Patlents
Tested

3%
8
7

146

Key: CL, 70% confidence limits; Q, intelligence quotient.

Q<80

“Explained” by:
Preoperative Postoperative
Events Events.

3 o
3 1
3 1
12 (8% 2014
L 6%-11%) €L0.5%-3.2%)

Unexplained
1
3
B

9(6.2%;
€L 4.196-9.0%)

Total (%)
aqn
708)
12(16)

23 (16%;
€L 13%-19%)
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cPB. MECC

s Ratio
Varlable Examined No. % A No. % CL) (95% Cl) »
Neurologic events 19/555 34 2644 4/58 073 03713 030(0.12073) .008
Number of transfused patients 101563 179 162198 $5/552 99 86115  042(028063) 001
Reduction in peak cardiac troponin® ~0.15 ngdL!

0.18:0.11)

Modifed from Zangrilo and colleagues.?
Weighted mean diference.

K TR Cadinpiiorany byt MEOE inlolal G ilacn kit Ol
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If Blood Glucose Decreases >

If Blood Glucose Is Stable (change

I Blood Glucose Increases >

Blood Glucose 30 mg - dL- Since Last Level <30mg - dL) Since Last Level 30mg - dL-' Since Last Level
<60 Stop insulin infusion Stop insulin infusion =
See Hypoglycemia protocol See Hypoglycemia protocol
6170 Stop insulin infusion Stop insulin infusion -
See Hypoglycemia protocol See Hypoglycemia protocol
7185 Stop insulin infusion Decrease rate by 50%
See Hypoglycemia protocol
86100 Decrease rate by 50% Decrease rate by 50% =
101115 Decrease rate by 50% Continue current rate =
116150 Decrease rate by 50% Increase rate by 25% Increase rate by 25%
151-200 Decrease rate by 25% Increase rate by 25% Bolus 2 units/
Increase rate by 25%
201-250 Continue current rate Bolus 2 units/ Bolus 4 units/
Increase rate by 25% Increase rate by 25%
251300 Continue current rate Bolus 4 units/ Bolus 6 units/
Increase rate by 50% Increase rate by 50%
301-350 Continue current rate Bolus 6 units/ Bolus 8 units/
Increase rate by 50% Increase rate by 50%
351-400 Continue current rate Bolus 8 units/ Bolus 10 units/
Increase rate by 50% Increase rate by 50%
>400 Notify staff anesthesiologist® Notify staff anesthesiologist® Notiy staff anesthesiologist®

Nore: If insuli rate is 230 unis - ", notiy staff anesthesiologist

*Do not adjust insulin rate every hou; make adjustments every 2 hours.

Savers Inpsriisils i Dkt palr arsthaablosits dischetion.
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Device/Manufacturer Light Source  Wavelengths Used  Readout  FDA Status
INVOS Covidien (United States) LeD 2 rsoi% Approved for pediatric use

Niro Hamamatsu (apan) LeD 3 ol Not FDA approved

Foresight Casmed (United States)* Laser 4 sctoz Approved for pediatric use
Equanox 7600° L 3 rSos% Approved for pediatric use >40 kg

Nonin Medical, Inc. (United States)

“Measures “absolute” cersbral saturation. All other devices are marketed as trand montors,

Key: ¢-TO), Cerebra tissue oxygenation index; FDA, US. Food and Diug Administrtion; LED,€ light-emiting diods; 150:9%, fegional cerebral oxygen saturation
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Mechanism Cardiac Heart

Peripheral Renal
Vascular  Blood

Sympathomimetics a-Receptor y-Receptor prReceptor of Action Output Rate Dysrhythmias Pao Resistance Flow
Natural ++
Catecholamine
Epinephrine + ++ ++  Diect ++ ++ + -
Norepinephrine e ++ 0 Direct - o -
Dopamine -+ e E Direct e + + e
Synthetic
Catecholamine
Isoproterenol 0 ey e . - -
Dobutamine ++ 0 e = + ++
Synthetic
Noncatecholamine
Indirect acting: ++ + + Indirect, ++ ++ o+
Ephedrine some

direct
Direct acting: o 0 0 Direct - NC [T
Phenylephrine

Modifed from Stoling™ (p. 260).
e KIC. Nick Chame: Fad; thesdt Ssiail pressurn:
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Drug Halflife  Reversal Metabollsm Monltoring ~ Dosing

Bivalirudin 25 minutes None  Metabolic> renal ACT, ECT 1.5 mg - kg, 50 mg in pump, 2.5 mg - kg - ™ infusion

Lepirudin  80minutes None  Renal PTT, ECT 025 mg kg, 0.2mg- kg' in pump prime, 0.5 mg - min!
infusion

Argatroban 30 minutes  None  Hepatic> renal  PTT, ACT 0.1mg - kg™ bolus, 5-10 g - kg™ - min" infusion

Danaparoid 20hours  None  Renal Factor Xalevels 125 Ul kg, 3 unks kg I pump prime, 7 unts - kg - 1
infusion

Data from Bojar™*
K ACT, Acthatad clotting ting: ECT: aciii clotting o FTT gl thromibopiisiia i
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