vii

Contents

Preface «xwxi
List of Contributors xxiii

Part | Prenatal and Perinatal Issues 1

1 Cardiac Embryology and Embryopathy 3
Robert H. Anderson, Nigel A. Brown, and Timothy J. Mohun
Initial Stages of Development 3
Looping of the Heart Tube 3
The Process of Ballooning 5
Formation of the Atrial Chambers 5
Atrial Septation 7
Ventricular Development 12
Development and Maldevelopment of the Outflow Tract 15
Development of the Coronary Circulation 19
Acknowledgments 21
References 21

2 Maternal, Familial, and Non-Cardiac Fetal Conditions Affecting the Fetal and Neonatal Heart 23
Miwa K. Geiger and Anita J. Moon-Grady
Maternal Factors 23

Metabolic 23
Autoimmune 23
Infection 23
Cardiac Teratogens 25
Twins 25
Familial 25
Non-cardiac Fetal Conditions 27
High Output Lesions 27
Space-Occupying Thoracic Lesions 29
Placental Abnormalities 29
References 29

3 The Natural and Unnatural History of Fetal Heart Disease 31
Karim A. Diab and Samer Masri
References 39

Partll  General Neonatal Issues 41

4 Epidemiology of Heart Defects 43
Gregory H. Tatum and Piers C.A. Barker
Prevalence of Individual Lesions 43
Changes in Prevalence Over Time 43



viii | Contents

Regional and Racial Variation 43
Impact of Fetal Testing 45
Non-Genetic Risk Factors 45
References 46

5 The Transitional and Neonatal Heart and Cardiovascular System 48
Timothy M. Cordes
Birth and Neonatal Period 48
Acknowledgment 52
References 52

o)}

History and Physical Examination 53
Ernerio T. Alboliras

History 53

Physical Examination 54

Further Reading 55

7 The Cyanotic Newborn 56
Ernerio T. Alboliras
Reference 57
Further Reading 58

8 The Tachypneic Newborn 59
Ernerio T. Alboliras
Reference 60
Further Reading 60

O

The Hypoperfused Newborn 61
Deepti Bhat

Etiology 61

History 61

Physical Examination 61
Diagnostic Tests 62
Management 62

Further Reading 63

10 The Dysmorphic Newborn 64
Stephanie Burns Wechsler and Marie McDonald
Further Reading 69

Partlll  Diagnostic Procedures 71

11 Chest Roentgenogram 73
Randy Richardson, Darshit Thakrar, and Deepak Kaura
Pulmonary Vascularity 73
Cardiomegaly 74
Situs 74
Great Vessels 75
Extracardiac Evaluation 76
Lines and Tubes in Patients With Congenital Heart Disease 78
Complications 78



12

13

14

15

Electrocardiogram 80

Bryan Cannon

ECGLeads 80

Basic ECG Setup 80

Wave Morphologies 80

ECGIntervals 80

Heart Rate 81

Cardiac Rhythm 81

Axis 81

Right-sided Chest Leads 81

Abnormalities on the ECG 82
Atrial Enlargement 82
Ventricular Hypertrophy 82
Low Voltage QRS 82
QRS Duration 82
Wolff—Parkinson—White 83
Abnormal Q Waves 83
T-wave Changes 84
ST Segments 84

Further Reading 84

Echocardiogram 85

Michael D. Quartermain

History 85

Physics 85

Performance of a Pediatric Echocardiogram 85
Subcostal (Subxiphoid) View 86

Apical View 87

Parasternal View 87

Suprasternal View 90

References 90

Cardiac Catheterization and Angiocardiography 91

Howaida El-Said and Sergio Bartakian

Patent Ductus Arteriosus (Figures 14.1 and 14.2) 91
Pulmonary Valve Stenosis (Figure 14.3) 91

Critical Aortic Valve Stenosis (Figure 14.4) 91

Coarctation of the Aorta (Figure 14.5) 91

Major Aorto-Pulmonary Collateral Arteries (Figure 14.6) 91
Transposition of the Great Arteries (Figure 14.7) 95
Hypoplastic Left Ventricle (Figure 14.8) 95

Total Anomalous Pulmonary Venous Connection (Figure 14.9) 96
Rotational Angiography (Figure 14.10) 96

References 97

Computed Tomography 98

Randy Richardson

Scanning Technique for Cardiac CTA in Neonates 98

Advantages of Cardiac CTA Over Other Imaging
Modalities 100

Postprocessing of Cardiac CTA 102

Further Reading 103

Contents

ix



x| Contents

16 Magnetic Resonance Imaging 104

Shaine A. Morris and Timothy C. Slesnick

Indications for Neonatal CMR 106
Intrathoracic Vascular Evaluation 106
Native Intracardiac Anatomy and Surgical Planning 107
Postoperative Assessment 108
Neonatal Tumor Evaluation 108

References 108

17 Electrophysiologic Testing, Transesophageal Pacing and Pacemakers 109
Bryan Cannon
Pacemakers 109
Implantable Cardioverter-Defibrillators 109
Electrophysiology Studies 109
Transesophageal and Temporary Pacing 110
Reference 111

PartIV  Specific Morphologic Conditions 113

18 Total Anomalous Pulmonary Venous Connection 115
David W. Brown and Tal Geva
Definition 115
Etiology 115
Embryologic Basis 115
Anatomy 115
Pathophysiology 118
Total Anomalous Pulmonary Venous Drainage 119
Treatment 119
References 120

19 Other Anomalies of Pulmonary and Systemic Venous Connections 121
Mark V. Zilberman and Clifford L. Cua
Achnowledgment 125
References 125

20 Anomalies of Atrial Septation 127
Darren Hutchinson and Lisa Hornberger
Background and Anatomy 127
Neonatal Presentation 127
Management and Treatment Options 129
References 132

21 Atrial Chamber Obstruction 133

Lisa Hornberger

Cor Triatriatum Sinister 133
Background and Anatomy 133
Neonatal Presentation 133
Investigations to Make the Diagnosis 133
Management 135

Cor Triatriatum Dexter 135

References 136

22 Common Atrioventricular Canal Defects 137
Meryl S. Cohen, MD
Pathophysiology 137
Clinical Manifestation 137



23

24

25

26

Investigations 138
Management 139
References 143

Ventricular Septal Defect 145

Lowell Frank

Pathophysiology 145

Clinical Presentation and Diagnosis 145
Nomenclature and Anatomy 145
Management 149

References 151

Tricuspid Atresia 152

Nathaniel W. Taggart

Anatomy 152

Physiology 152

Type I: Normally Related Great Arteries 152
Type I-A: Pulmonary Atresia 152
Type I-B: Pulmonary Stenosis and Restrictive VSD 153
Type I-C: Large VSD and No PS 153
Type II: D-Transposition of the Great Arteries 153

Type II-A: D-TGA with Pulmonary Atresia 153
Type II-B: D-TGA with PS 153
Type II-C: D-TGA withno PS 153

Physical Examination 153

Electrocardiogram 156

Chest X-Ray 156

Echocardiography 156

Cardiac Catheterization 157

Preoperative Management 157

Surgical Management 157

Postoperative Management 157

References 157

Ebstein Malformation and Tricuspid Valve Dysplasias 158
Sameh M. Said, Donald J. Hagler, and Joseph A. Dearani
Ebstein Malformation 158
Clinical Presentation 158
Newborn 158
Children and Adults 158
Preoperative Evaluation 158
Indications for Surgery 158
Neonates 158
Children and Adults 159
Surgical Techniques 159
Neonate 159
Children and Adults 159
Postoperative Management 163
Mayo Clinic Experience 164
Tricuspid Valve Dysplasia 164
Uhl Anomaly 165
References 165

Pulmonary Valve and Pulmonary Arterial Stenosis 167
Evan M. Zahn and Darren P. Berman
Pulmonary Valve Stenosis 167

Contents

xi



xii | Contents

Pulmonary Arterial Stenosis 171
References 172

27 Pulmonary Atresia with Intact Ventricular Septum 173
Kiran K. Mallula and Zahid Amin
Embryology 173
Pathology 173
Physical Examination 174
Chest X-ray 174
Electrocardiography 174
Echocardiography 174
Cardiac Catheterization 175
Medical Therapy 176
Surgery 177
Transcatheter Therapy 178
Outcomes 178
Conclusions 178
References 178

28 Tetralogy of Fallot with Pulmonary Stenosis or Atresia 179

Muhammad Yasir Qureshi and Frank Cetta

Tetralogy of Fallot with Pulmonary Stenosis 179
Morphologic and Anatomic Features 179
Clinical Manifestations 179
Laboratory and Imaging Investigations 181
Management 181
Outcome 182

Pulmonary Valve Atresia with Ventricular Septal Defect (Tetralogy of Fallot with Pulmonary Atresia) 183
Morphologic and Anatomic Features 183
Clinical Manifestations 186
Laboratory and Imaging Investigations 186
Management 188
Outcome 189

Further Reading 189

29 Absent Pulmonary Valve 190
Brieann Muller and Sawsan Awad
References 193

30 Transposition of the Great Arteries 194
Adam L. Dorfman
References 198

31 Congenitally Corrected Transposition of the Great Arteries 199
Camden L. Hebson and William L. Border
Morphology and Associated Lesions 199
Clinical Presentation 201
Outcomes and Interventions 202
References 204

32 Common Arterial Trunk (Truncus Arteriosus) 205
Michael C. Mongé, Osama Eltayeb, Andrada Popescu, and Carl L. Backer
References 209

33 Mitral Valve Apparatus Abnormalities 210
Shubhika Srivastava
Normal Mitral Valve Complex 210



34

35

36

37

Embryology 210
Abnormalities of Mitral Valve Apparatus 210
Abnormality of Leaflet 210
Mitral Valve Prolapse 210
Cleft Mitral Valve 211
Double Orifice Mitral Valve 211
Supramitral Ring 211
Ebstein Malformation of Mitral Valve 212
Accessory Mitral Valve 212
Mitral Valve Duplication 212
Anomalies of the Chordae and Papillary Muscles (Tensor Apparatus) 212
Chordal Anomalies 212
Anomalies of the Papillary Muscles (Most Common of All Described Abnormalities) 213
Conclusions 214
References 215

Hypoplastic Left Heart Syndrome 217
Aaron Bell and Hannah Bellsham-Revell
Anatomy 217

Physiology 218

Diagnosis 220

Management 222

Prognosis 223

References 225

Aortic Stenosis 226
Salwa Gendi and Ra-id Abdulla
Aortic Valve Stenosis 226
Definition 226
Incidence 226
Pathology 226
Pathophysiology 226
Natural History 226
Clinical Manifestations 227
Electrocardiography 227
Chest X-ray 227
Echocardiography 227
Cardiac Catheterization 229
Treatment 229
Follow-up 229
Subaortic Stenosis 231
Supravalvar Aortic Stenosis 232
References 232
Further Reading 232

Coronary Artery Anomalies 233
Grace Choi and Peter Koenig
References 237

Aorto-Left Ventricular Tunnel 238

Patrick W. O’Leary

Aorto-Left Ventricular Tunnel: Anatomic Characteristics 238
Associated Anomalies 239

Clinical Presentation 239

Diagnostic Methods 241

Contents

xiii



xiv| Contents

Management 243
Conclusions 244
References 244

38 Coronary Cameral Fistulas 245
Gareth J. Morgan and Shakeel A. Qureshi
Definition 245
Etiology 245
Pathophysiology and Natural History 245
Diagnosis 245
Management Strategies 247
Interventional Catheterization 247
Surgical Therapy 247
Conclusions 248
References 248

39 Aortopulmonary Window 249
Carl L. Backer, Michael C. Mongé, Andrada R. Popescu, and Osama Eltayeb
Reference 252
Further Reading 252

40 Anomalous Origin of a Branch Pulmonary Artery From the Ascending Aorta (Hemitruncus) 253
Michael C. Mongé, Osama Eltayeb, Andrada R. Popescu, and Carl L. Backer
Further Reading 254

41 Interrupted Aortic Arch 255
Michael C. Mongé, Hyde M. Russell, and Carl L. Backer
References 259

42 Coarctation of the Aorta 260
Hitesh Agrawal, John W. Bokowski, and Damien Kenny
Pathophysiology 260
Clinical Manifestation 260
Investigations 260
Management 261
References 264

43 Vascular Rings and Pulmonary Slings 265
Donald J. Hagler and Jessica Bowman
Anomalies of the Aortic Arch 265
Embryology 265
Vascular Rings 265
Double Aortic Arch 266
Anomalous Subclavian Artery (Kommerell diverticulum) 267
Diagnosis 270
Pulmonary Artery Slings 271
References 273

44 Double Outlet Right Ventricle 274
Irene D. Lytrivi and H. Helen Ko
Acknowledgments 278
References 279

45 Double Outlet Left Ventricle 280
Sarah Chambers Gurson and Leo Lopez
Etiology 280
Morphology 280



46

47

48

49

50

Pathophysiology 281
Surgical Repair 282
Long-term Outcomes 282
References 282

Single Ventricle and Biventricular Hearts with Hypoplasia of One Ventricle
Denise A. Hayes, Sujatha Budde, and Wyman W. Lai
Embryology and Genetics 283
Prenatal Circulation 283
Dominant Right Ventricle 283
Dominant Left Ventricle 283
Postnatal Circulation and Clinical Presentation 286
Preoperative Evaluation 286
Management 287
Prostaglandin E1 287
Balloon Atrial Septostomy 287
Other Medical Therapies 287
Surgical Strategies 287
Biventricular Repair 287
No Critical Outflow Obstruction 289
Single Ventricle Palliation 289
Outcomes 289
Conclusions 290
References 290

Dextrocardia and the Heterotaxy Syndromes 292
Sowmya Balasubramanian and Rajesh Punn
Heterotaxy Syndrome 292

Definitions 292

Associated Non-Cardiac Anomalies 293
Associated Cardiac Anomalies 294
Management 296

Outcomes 296

Conclusions 296

References 297

Ectopia Cordis and Thoracopagus Twins 298
Sawsan Awad

Ectopia Cordis 298

Thoracopagus Twins 298

References 301

Patent Ductus Arteriosus 302
Robert Puntel

Clinical Findings 306
Imaging 306

Management 306
References 307

Neonatal Hypertrophic Cardiomyopathy and Syndromes with Infantile Cardiac Hypertrophy 308

J. Martijn Bos and Michael J. Ackerman
Hypertrophic Cardiomyopathy 308
Common Causes of Cardiac Hypertrophy in Neonates 308

Characteristics of Neonatal HCM and Syndromes with Concomitant Cardiac Hypertrophy 309
Genetics of Neonatal HCM, Noonan Syndrome, and Pompe Disease 310

283

Contents

XV



xvi | Contents

Survival and Outcomes in Neonatal HCM and Syndromes with Concomitant
LVH 312

Conclusions 312

References 312

51 Dilated Cardiomyopathy and Myocarditis 313
Jonathan N. Johnson
Etiology 313
Presentation 313
Testing 314
Neonatal Myocarditis 316

Etiology 316
Incidence 316
Presentation 316
Testing 317
References 317

52 Cardiac Chamber Aneurysms and Diverticula 319
Lisa Hornberger
Ventricular Diverticula and Aneurysms 319
Background and Anatomy 319
Neonatal Presentation 319
Investigations 319
Management 321
Atrial Diverticula and Aneurysms 322
References 322

53 Cardiac Tumors 323
Nadine Choueiter and Rebecca S. Beroukhim
Cardiac Rhabdomyoma 323
Intrapericardial Teratoma 323
Fibromas 324
Cardiac Hemangioma 326
References 328

54 Arteriovenous Malformations 330

Allison K. Cabalka

Intracranial 330

Extracranial Arteriovenous Malformations 333
Intrahepatic 333
Other Systemic Arteriovenous Malformations 333
Pulmonary Arteriovenous Malformation 334

Conclusions 335

Acknowledgement 335

References 335

55 Pericardial Defects 336
Donald J. Hagler
Manifestations 336
Diagnosis 337
Treatment 337
Ectopia Cordis 337
Treatment 339
References 340



56 Miscellaneous Chest Abnormalities Affecting the Heart: Diaphragmatic Hernia and Eventration; Congenital

57

58

Cystic Adenomatoid Malformation of the Lung 342
Mark Wylam
Diaphragmatic Hernia 342
Embryologic Development of the Diaphragm 342
Postnatal Anatomy and Physiology of the Diaphragm 343
Types of Congenital Diaphragmatic Hernia 343
Etiology of CDH 343
Congenital Heart Disease in CDH 343
Newborn Pathophysiology in CDH 344
Diagnosis of CDH 344
Pre- and Postnatal Management of CDH 344
Outcome and Prognosis of CDH 345
Eventration and Diaphragm Paresis 345
Eventration 345
Epidemiology of Eventration and Acquired Diaphragm Paralysis 345
Pathogenesis of Eventration 345
Clinical Features of Eventration 346
Diagnosis of Eventration 346
Management of Eventration 346
Congenital Cystic Adenomatoid Malformation of the Lung (Congenital Pulmonary Airway
Malformation) 346
References 347

Persistent Pulmonary Hypertension of the Newborn 350
Amish Jain and Mark K. Friedberg

Circulatory Pathophysiology 350

Diagnostic Work-up 350

Management Considerations 350

Conclusions 351

References 358

Hydrops Fetalis 359
James C. Huhta
Presentation 359
Causes 359
Evaluation 360
Evaluation for Immune Hydrops 360
Evaluation for Non-immune Hydrops 360
Treatment 361
Maternal Complications 361
Prognosis 361
Fetal Hydrops for the Perinatal Cardiologist 362
Counseling 363
Antepartum 363
Delivery 363
CV Profile Score in Hydrops 363
Umbilical and Ductus Venous Doppler 363
Cardiomegaly 365
Abnormal Myocardial Function 365
Arterial Doppler Redistribution of Fetal Cardiac Output 366
Cardiovascular Profile Score 367
Conclusions 367
References 367

Contents

xvii



xviii | Contents
PartV  Rhythm Disturbances in the Newborn 369

59 Structural, Metabolic, and Genetic Abnormalities Affecting the Neonatal Conduction System 371
Supaluck Kanjanauthai and Ira Shetty
References 379

60 Tachydysrhythmias 380
Barbara J. Deal
Supraventricular Tachycardia 380
Evaluation and Treatment 383
Ventricular Tachydysrhythmias 383
Evaluation and Treatment 384
References 384

61 Bradydysrhythmias 386
Gregory Webster and Barbara J. Deal
Diagnosis of Abnormal Atrioventricular Conduction 386
Etiologies of Abnormal Atrioventricular Conduction 388
Inherited Causes of Bradycardia 389
Non-Cardiac Causes of Bradycardia 390
Evaluation 390
Management 390
Conclusions 391
References 392

62 Atrial and Ventricular Ectopies 394
Sabrina Tsao and Barbara J. Deal
Premature Atrial Contractions 394
Clinical Presentation 394
Evaluation 395
Management 396
Premature Ventricular Contractions 396
Clinical Presentation 397
Evaluation 397
Management 397
References 399

Part VI Special Issues in the Newborn 401

63 Balloon Atrial Septostomy 403
Neil D. Patel and Damien Kenny
References 405

64 Interventional Therapeutic Procedures in the Newborn 406
Salwa M. Gendl, Qi-Ling Cao, and Ziyad M. Hijazi
Opening of Atrial Communication 407
Atrial Septostomy 407
Blade Atrial Septostomy and Static Balloon Dilation 408
Atrial Septal Stenting 408
Transcatheter Balloon Dilation of Cardiac Valves 408
Pulmonary Valvuloplasty 408
Aortic Valvuloplasty 409
Mitral Balloon Valvuloplasty 411
Balloon Angioplasty and/or Stent Placement 411



65

66

67

Native Coarctation of the Aorta and Recoarctation 411
Pulmonary Artery Stenosis 413
Systemic and Pulmonary Veins Balloon Angioplasty 413
PDA Stenting 413
Transcatheter Vascular Occlusion 413
PDA Occlusion 413
Aortopulmonary Collateral Vessels 413
Closure of Intracardiac Communications (ASD, VSD) 415
References 418

The Hybrid Procedure 419

Ralf J. Holzer

Hybrid Palliation of Hypoplastic Left Heart Syndrome 419
Background 419
Stage I Hybrid Palliation 419

Creating a Non-Restrictive Atrial Communication 419
The Interstage Period 421

Perventricular Closure of Ventricular Septal Defects 426

Hybrid Balloon Aortic or Pulmonary Valvuloplasty 428

References 429

Neonatal Cardiac Surgical Procedures 430
Harold M. Burkhart
Hypoplastic Left Heart Syndrome (Figure 66.1) 430
Procedure: Norwood Procedure with Sano Modification (Figures 66.2, 66.3,
and 66.4) 431
Transposition of the Great Arteries (Figure 66.5) 432
Surgical Correction (Figures 66.6, 66.7, and 66.8) 432
Procedure 433
Systemic to Pulmonary Artery Shunt (Figure 66.9) 434
Procedure 434
Neonatal Repair of Coarctation 434
Extended End-To-End Resection and Anastomosis (Figures 66.10, 66.11, 66.12, and 66.13)
Total Anomalous Pulmonary Venous Connection 436
Surgical Correction of Supracardiac TAPVC (Figures 66.14, 66.15, and 66.16) 436
Infracardiac TAPVC (Figures 66.17, 66.18, and 66.19) 438
Interrupted Aortic Arch (Figures 66.20 and 66.21) 438
Truncus Arteriosus (Figures 66.22, 66.23, 66.24, and 66.25) 439
Patent Ductus Arteriosus (Figures 66.26 and 66.27) 440
Indications 440
Procedure 442

Extracorporeal Membrane Oxygenation and Ventricular Assist Devices 443
Vikas Sharma, Gregory J. Schears, and Joseph A. Dearani
Indications for Circulatory Support 443
Types of Mechanical Circulatory Support Devices 443
Cannulation Techniques and Circuit Designs 445
Management During Circulatory Support 445
Anticoagulation 446
Nutrition and Fluid/Electrolyte Management 446
Complications 448
Experience with Berlin Heart EXCOR 448
Conclusions 449
The Future 449
References 449

435

Contents

Xix



xx | Contents

68 Neonatal Cardiac Transplantation 451
Stephen Pophal, Justin Ryan, and John J. Nigro
History 451
Demographics of Transplant 451
Epidemiology 451
Post-Transplant Survival 451
Quality of Life 453
Immunosuppression 453
Morbidity 453
Waitlist Mortality 453
Benefits 454
Transplantation and Hypoplastic Left Heart Syndrome 454
Heart Transplant Technique 454
Conclusions 454
References 454

69 Postoperative Care of the Newborn 456
Anthony F. Rossi and Enrique Oliver Aregullin
General Principles 456
Inotropic Support of the Postoperative Patient 463
Mechanical Support of the Failing Heart After Surgery 464
Sedation, Analgesia, and Neuromuscular Blockade 465
Postoperative Arrhythmias 465
Special Considerations 466
Patients With Pulmonary Hypertension 466
Preterm or Low Birth Weight Children 466
Issues on Postoperative Care in the Newborn for Specific Lesions (see also chapters on specific cardiac
defects) 467
Surgery for Hypoplastic Left Heart Syndrome 467
Timing of Surgery 467
Norwood Operation 467
Sano Modification 468
Hybrid Procedure (see also Chapter 65) 468
Heart Transplantation (see also Chapter 68) 468
Surgery for Complete Transposition of the Great Arteries 469
Timing of Surgery 469
Neonatal Tetralogy of Fallot Repair 469
Timing of Surgery 469

Part VIl Neonatal Formulary 471

70 Drugs 473
Enrique Oliver Aregullin and Anthony F. Rossi
Further Reading 482

71 Nutrition 483
Nicole Sutton
Stress Response to Surgery or Shock 483
Metabolic Needs in Uncorrected CHD 483
Feeding 484
References 487

Index 489



