A Multidisciplinary
Approach to Perinatal
Cardiology

Volume 1






A Multidisciplinary
Approach to Perinatal
Cardiology

Volume 1

Edited by
P. Syamasundar Rao,
Dharmapuri Vidyasagar

Cambridge
Scholars
Publishing



A Multidisciplinary Approach to Perinatal Cardiology Volume 1
Edited by P. Syamasundar Rao and Dharmapuri Vidyasagar
This book first published 2021

Cambridge Scholars Publishing

Lady Stephenson Library, Newcastle upon Tyne, NE6 2PA, UK

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

Copyright © 2021 by P. Syamasundar Rao, Dharmapuri Vidyasagar
and contributors

All rights for this book reserved. No part of this book may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means,
electronic, mechanical, photocopying, recording or otherwise, without
the prior permission of the copyright owner.

ISBN (10):1-5275-6722-2
ISBN (13): 978-1-5275-6722-1



Dedicated to my wife, Hymavathi, for her continued support of my
academic activities for more than five decades; to my children, Vijay,
Madhavi, and Radhika, for enduring and gracefully excusing my absences
because of my academic vagaries; and to my grandchildren, Meghana,
Anjali, and Rhea, our future!

PSR

Dedicated to my wife, Nagamani, for her continued professional and
personal support through the last 50 years of my academic career; to my
children, Sahana, Sadhana, and Sanjay, who have been a source of
intellectual stimulation; and to my grandchildren, Kavi, Anika, and Maia,
sources of joy!

DVS






CONTENTS

Contributing AULhOTS .....ccuiiuiiiiieieeee e xiii

Preface to the Current Edition ..........ccccoooeiiiiiiniiniiiiceeeeee XX
P. Syamasundar Rao and Dharmapuri Vidyasagar

Foreword to the First EQitioN..........ccc.cooviiviiiiiiiiceeeec e xXxil
William B. Strong

Preface to the First EQItion .........cccecvevininininienieiiccnceeeceeeee XX1V
P. Syamasundar Rao and Dharmapuri Vidyasagar

AckNowledgements ..........ccoiviiiiiiieieieee e XXVil
P. Syamasundar Rao

Volume 1

Section I - Perinatal Circulation

CRAPLET 1 ittt ettt 2
Perinatal Circulatory Physiology
P. Syamasundar Rao

CRAPLET 2 ..ottt ettt et e e aesaeesbe e beesbeesaeeseensaeseens 19
Role of Perinatal Circulatory Physiology in the Clinical Manifestations

and Management of Neonatal Heart Disease

P. Syamasundar Rao

Section II - The Fetus

(O] F:1 o)1) S TS SRSRRRRRURSRN 44
Embryology of the Heart
Gurur Biliciler-Denktas, Duraisamy Balaguru, and P. Syamasundar Rao



viii Contents

CRAPLET 4 ..ottt ettt ta e s be e beebeeraesnresane e 60
Fetal Echocardiography — Part |
Gurur Biliciler-Denktas and Nazire Ozcelik

(O] F:1 o3 e SRS 96
Fetal Echocardiography — Part II — Congenital Heart Defects and Their
Management

Nazire Ozcelik, Arpit K. Agarwal, and Monesha Gupta

CRAPLET 6 ..ottt et 154
Prenatal Screening of Congenital Heart Disease

Arpit K. Agarwal, Chetan Sharma, Durga P. Naidu, Jennie Zarasvand,

and Monesha Gupta

(O] T o1 7) S PR PURURSP 172
Fetal Arrhythmias
Nazire Ozcelik and Gurur Biliciler-Denktas

Section III - Ethics

(O] T o 1<) U SRS 206
Ethical Issues in Managing Fetal and Neonatal Cardiac Lesions
Steven R. Leuthner

Section IV - Changes in Oxygen Saturations at Birth and Pulse
Oximetry Screening

CRAPLET O .ottt st e b e e s steesreenbeensans 232
Changes in Oxygen Saturations during the First Few Minutes of Life

in the Delivery Room

Manisha Bhandankar and Dharmapuri Vidyasagar

CRAPLET 10 .ttt ettt e ee e taeetee e taeeseesnsaeenseeens 256
Pulse Oximetry Screening for Detecting Congenital Heart Defects

in the Newborn

Dharmapuri Vidyasagar and Nagamani Beligere



A Multidisciplinary Approach to Perinatal Cardiology Volume 1 ix

Section V - Diagnosis and Management

ChApter 11 .oviiiiiiciecieeee ettt steeseesbeensans 284
An Approach to the Diagnosis of Cyanotic Neonates for the Primary

Care Provider

P. Syamasundar Rao

L] F:1 o113 ol SRR 303
Echocardiographic Evaluation of Neonates with Suspected Heart Disease
P. Syamasundar Rao

Chapter 13 ..ottt sre bbbt reenreas 390
Role of Magnetic Resonance Imaging and Computed Tomography

in the Evaluation of Heart Disease in Neonates

Siddharth P. Jadhav, MD, Arpan R. Doshi, MD, Prakash Masand MD,

and Monesha Gupta, MD

(O] T o113 S TP 426
Principles of Management of the Neonate with Congenital Heart Disease
P. Syamasundar Rao

(03T o1 <) U SRS 447
Neonatal Cardiac Emergencies: Management Strategies
P. Syamasundar Rao

ChAPLEr 16 ...ttt e 464
Genetics of Congenital Heart Disease
Joseph W. Ray and Hope Northrup

(O] F:1 o 3 USRI 516
Persistent Pulmonary Hypertension of the Newborn: Pathophysiology

and Management

Emily A. Callan, Adeleye J. Afolayan, and Girija G. Konduri

Chapter 18 ...ttt et et 562
Neonatal Rhythm and Dysrhythmias
Mohammed T. Numan

CRAPLET 19 oottt et 586
Single Ventricle Physiology
Tharakanatha R. Yarrabolu and William I. Douglas



X Contents

CRAPLET 20 ...iiieiieiiieiieciieie ettt e s e e te e beebeesaesreesteeseenseensens 616
Catheter Interventions in the Neonate
P. Syamasundar Rao

O] F:1 o3 o PSSP 717
In Utero Intervention for Severe Congenital Heart Disease
Alexander Kovacevic and Helena M. Gardiner

CRAPLET 22 ..ttt ettt sttt 743
Surfactant Therapy and Neonatal Hemodynamics
Rangasamy Ramanathan

Volume 2

CRAPLer 23 ..ottt st e e e sreesreebeenbeennaas 1
Anesthesia for the Neonate with Congenital Heart Disease
Nischal K. Gautam, Richard Hubbard

Chapter 24A ..ottt ettt e ae e e aeeneenreenne e 21
Cardiac Surgery in the Neonate
Christopher E. Greenleaf, Jorge D. Salazar, and William I. Douglas

Chapter 24B.......oiiee e e e 51
Cardiac Transplantation in Neonates and Infants
Avichal Aggarwal, MD

CRAPLET 25 .ottt be e aeeaae e e saeesreenreens 76
Insights into Biventricular Repair and Biventricular Conversion of Hearts
with Hypoplastic Left Heart Structures

Antonia Schulz, Christopher Baird, Sitaram Emani, Meena Nathan

CRAPLET 26 ..ottt ettt ae e snnesnne e 96
Perioperative Care of Newborn with Critical Heart Disease
Duraisamy Balaguru

O] F:1 o113 0 SRS 140
Feeding Strategies in Neonates with Severe Congenital Heart Disease

with Comments on Necrotizing Enterocolitis

Girija Natarajan



A Multidisciplinary Approach to Perinatal Cardiology Volume 1

Section VI - Individual Cardiac Defects

CRAPLEr 28 ..ottt ae b e eraesraeeraenreens

Transposition of the Great Arteries
P. Syamasundar Rao

ChapLEr 29 ..ottt

Tetralogy of Fallot
Srilatha Alapati and P. Syamasundar Rao

(O3 F:1 o173 S 11 USRI

Tricuspid Atresia
P. Syamasundar Rao

(O] 1F:1 o173 S 1 USSP

Total Anomalous Pulmonary Venous Connection
Claudeen Whitfield and P. Syamasundar Rao

ChapLer 32 ..ottt

Truncus Arteriosus
Duraisamy Balaguru and P. Syamasundar Rao

Chapter 33 ...ttt

Hypoplastic Left Heart Syndrome
P. Syamasundar Rao and Srilatha Alapati

Chapter 34 ..ottt

Pulmonary Atresia with Intact Ventricular Septum
Duraisamy Balaguru and P. Syamasundar Rao

Chapter 35 ..ottt et s s ens

Ebstein’s Anomaly of the Tricuspid Valve
Duraisamy Balaguru and P. Syamasundar Rao

CRAPLET 30 ..ttt

Cardiac Malpositions including Heterotaxy Syndromes
P. Syamasundar Rao

X1



xii Contents

CRAPLET 37 ettt e ae e enne e

Other Cyanotic Heart Defects in the Neonate
P. Syamasundar Rao

Chapter 38 ..ottt ae e ne

Coarctation of the Aorta
P. Syamasundar Rao

Chapter 39 ...cviiiiieie ettt

Patent Ductus Arteriosus in the Premature Infant
Rama Bhat

Supplement to Chapter 39 .......ccoovveveeiierieieceeeeeeee e

Selected Aspects of Patent Ductus Arteriosus in the Premature
P. Syamasundar Rao

CRAPLET 40 ..ottt e e e e e aeeseenne e

Other Acyanotic Heart Defects Presenting in the Neonate
P. Syamasundar Rao

Section VII - Cardiomyopathies

Chapter 41 ...

Neonatal Cardiomyopathies
Mousumi Moulik

Section VIII - Hypertension

CRAPLET 42 ..ottt ettt e r e erae s saeesre s e

Systemic Hypertension in the Premature and the Term Neonate
Harinder R. Singh, Jesse W. Lee, and Monesha Gupta

Section IX - Conclusions

Chapter 43 ... e e e

Summary and Conclusions
P. Syamasundar Rao



CONTRIBUTING AUTHORS

Adeleye J. Afolayan, MD

Assistant Professor of Pediatrics, Division of Neonatology, Department of
Pediatrics, Medical College of Wisconsin, Children’s Wisconsin,
Milwaukee, Wisconsin

aafolaya@mcw.edu

Arpit K. Agarwal, MD

Assistant Professor of Pediatrics, Department of Pediatric Cardiology,
Baylor College of Medicine, Children’s Hospital of San Antonio, San
Antonio, Texas

arpit.agarwal@bcm.edu

Avichal Aggarwal, MD

Associate Professor of Pediatrics, Medical Director, Pediatric Heart
Failure and Transplant Program, University of Texas at Houston,
McGovern Medical School, Children’s Memorial Hermann Hospital,
Houston, Texas.

Avichal. Aggarwal@uth.tmc.edu

Srilatha Alapati, MD

Associate Professor of Pediatrics, Division of Pediatric Cardiology, Texas
Tech Health Sciences Center, Amarillo, Texas

docsrilatha@yahoo.com

Christopher Baird, MD.

Associate in Cardiac Surgery, Department of Cardiac Surgery, Boston
Children’s Hospital, Associate Professor of Surgery, Harvard Medical
School, Boston, MA

Chris.Baird@cardio.chboston.org

Duraisamy Balaguru, MD

Formerly Professor of Pediatrics, University of Texas at Houston,
McGovern Medical School, Children’s Memorial Hermann Hospital,
Houston, Texas. Currently Division of Pediatric/Congenital Cardiology,
Massachusetts General Hospital, Harvard Medical School, Boston, MA



Xiv Contributing Authors

dbalaguru@mgh.harvard.edu; dbalaguru@gmail.com

Nagamani Beligere, MD, MPH

Associate Professor of Pediatrics, Department of Pediatrics, University of
[llinois at Chicago, Chicago, Illinois

beligeren@yahoo.com

Manisha Bhandankar, MD, PhD, MRCPCH

Professor of Pediatrics, KAHER’s JN Medical College, Belgaum, KA,
India.

manisha.bhandankar1970@gmail.com

Rama Bhat, MD
Professor Emeritus, University of Illinois at Chicago, Chicago, Illinois
ramabhat.72@gmail.com

Gurur Biliciler-Denktas, MD, FACC, FASE

Professor of Pediatrics, Director, Pediatric Advanced Non-Invasive
Cardiac Imaging/Echocardiography Laboratory, Program Director,
Pediatric Advanced Non-Invasive Cardiac Imaging, University of Texas at
Houston, McGovern Medical School, Houston, Texas
Gurur.Biliciler-Denktas@uth.tmc.edu

Emily A. Callan, MD

Fellow in Neonatal-Perinatal Medicine, Medical College of Wisconsin,
Children’s Wisconsin, Milwaukee, Wisconsin

ecallan@mcw.edu

Arpan R. Doshi, MD
Children’s Cardiology Associates, Mednax, Inc., Houston, Texas
dr.arpan@gmail.com

William I. Douglas, MD

Professor of Surgery, University of Missouri-Kansas City School of
Medicine; Children’s Mercy Hospital, Kansas City, Missouri,

Clinical Professor of Cardiovascular Surgery, University of Kansas School
of Medicine, Kansas City, Kansas

widouglas@cmh.edu


mailto:ramabhat.72@gmail.com

A Multidisciplinary Approach to Perinatal Cardiology Volume 1 XV

Sitaram Emani, MD

Associate in Cardiac Surgery, Department of Cardiac Surgery, Boston
Children’s Hospital, Associate Professor of Surgery, Harvard Medical
School, Boston, MA

Sitaram.Emani@cardio.chboston.org

Helena M. Gardiner, PhD, MD, FRCP, FRCPCH, DCH

Formerly Professor Obstetrics and Gynaecology, Co-Director Fetal
Cardiology Program, The Fetal Center at Children's Memorial Hermann
Hospital, UT Health McGovern Medical School, Houston, Texas
hmgardmd@gmail.com

Nischal K. Gautam, MD

Associate Professor of Anesthesiology, Director of Pediatric
Cardiovascular Anesthesia, Department of Anesthesiology, University of
Texas at Houston, McGovern Medical School, Staff Anesthesiologist,
Children’s Memorial Hermann Hospital, Houston, Texas

Nischal K.Gautam@uth.tmc.edu

Christopher E. Greenleaf, MD, MBA

Assistant Professor of Surgery, University of Texas at Houston McGovern
Medical School, Pediatric & Congenital Cardiac Surgery, Children’s
Memorial Hermann Hospital, Houston, Texas
Christopher.E.Greenleaf@uth.tmc.edu

Monesha Gupta, MD, FAAP, FACC, FASE

Professor, Baylor College of Medicine, Director of Fetal Cardiology,
Children's Hospital of San Antonio, San Antonio, Texas
monesha.gupta@bcm.edu; monesha.gupta@christushealth.org

Richard Hubbard, MD

Assistant Professor, Division of Pediatric Cardiac Anesthesia, Department
of Anesthesiology, University of Texas at Houston, McGovern Medical
School, Staff Anesthesiologist, Children’s Memorial Hermann Hospital,
Houston, Texas

Richard.Hubbard@uth.tmc.edu


mailto:Christopher.E.Greenleaf@uth.tmc.edu
mailto:monesha.gupta@christushealth.org

xvi Contributing Authors

Siddharth P. Jadhav, MD

Associate Professor of Radiology, Associate Program Director of Pediatric
Cardiac Imaging Fellowship, Department of Pediatric Radiology, Texas
Children’s Hospital, Baylor College of Medicine, Houston, Texas
spjadhav@texaschildrens.org; Jadhav@bcm.edu;

Girija G. Konduri, MD

Professor of Pediatrics, Department of Pediatrics, Medical College of
Wisconsin, Director of Neonatology & Director of Fellowship Program in
Neonatal-Perinatal Medicine, Children's Wisconsin, Milwaukee,
Wisconsin

gkonduri@mecw.edu

Alexander Kovacevic, MD

Consultant Pediatric Cardiologist, Fetal Cardiology, Department of
Pediatric and Congenital Cardiology, Heidelberg University Hospital,
Heidelberg, Germany

Alexander.Kovacevic@med.uni-heidelberg.de

Jesse W. Lee, MD

Assistant Professor of Pediatrics, Department of Pediatric Cardiology,
Baylor College of Medicine, Children’s Hospital of San Antonio, San
Antonio, Texas

jesse.lee@bem.edu

Steven R. Leuthner, MD, MA

Professor of Pediatrics, Division of Neonatology, Professor of Bioethics,
Center for Bioethics and Medical Humanities, Medical College of
Wisconsin, Physician Leader in Fetal Concerns Center of Wisconsin,
Children's Wisconsin, Milwaukee, Wisconsin

sleuthne@mcw.edu

Prakash M. Masand, MBBS, MD

Division Chief, Body, Cardiovascular & Adult Imaging, Department of
Radiology, Texas Children’s Hospital, Associate Professor, Radiology &
Pediatrics, Baylor College of Medicine, Houston, Texas
pmasand@bcm.edu


mailto:pmasand@bcm.edu

A Multidisciplinary Approach to Perinatal Cardiology Volume 1

Mousumi Moulik, MD

Assistant Professor of Pediatrics, University of Pittsburgh School of
Medicine, Director, Pediatric Cardiovascular Genetics Clinic, UPMC
Children's Hospital of Pittsburgh, Pittsburgh, Pennsylvania
mousumi.moulik@chp.edu

Durga P. Naidu, MD
Children’s Heart Clinic of Louisiana, Lafayette, Louisiana
drdurga2001@gmail.com

Girija Natarajan, MD

Professor, Division of Neonatology, Wayne State University, Medical
Director, NICU and Co-Chief, Clinical Operations and Education,
Children’s Hospital of Michigan, Detroit, Michigan
gnatara@med.wayne.edu

Meena Nathan, MD, MPH, FRCS

Associate in Cardiac Surgery, Department of Cardiac Surgery, Boston
Children’s Hospital, Assistant Professor of Surgery, Harvard Medical
School, Boston, MA.

meena.nathan@cardio.chboston.org; meena.nathan@gmail.com

Hope Northrup, MD

Professor, Department of Pediatrics, Director, Division of Medical
Genetics, McGovern Medical School, The University of Texas Health
Science Center at Houston, Houston, Texas
Hope.Northrup@uth.tmc.edu

Mohammed T. Numan, MD

Professor of Pediatrics, Director, Pediatric Electrophysiology Service,
University of Texas at Houston, McGovern Medical School, Children’s
Memorial Hermann Hospital, Houston, Texas
Mohammed.T.Numan@uth.tmc.edu

Nazire Ozcelik, MD, FACC, FAAP

Pediatric Cardiologist, Noninvasive Cardiac Imaging (Fetal
Echocardiography and Cardiac Magnetic Resonance Imaging), Driscoll
Children’s Hospital, Corpus Christi, Texas

Nazire.ozcelik@dchstx.org

xvii


mailto:gnatara@med.wayne.edu

xviii Contributing Authors

Rangasamy Ramanathan, MD

Professor of Pediatrics, Keck School of Medicine of University of
Southern California, Division Chief and Director, NICU & Fellowship
Program, LAC/USC Medical Center, Good Samaritan Hospital, Los
Angeles, California

ramanath@usc.edu

P. Syamasundar Rao, MD, DCH, FAAP, FACC, FSCAI

Professor of Pediatrics & Medicine, Emeritus Chief of Pediatric
Cardiology, University of Texas at Houston McGovern Medical School,
Children’s Memorial Hermann Hospital, Houston, Texas.
P.Syamasundar.Rao@uth.tmc.edu; srao.patnana@yahoo.com

Joseph W. Ray, MD

Assistant Professor, Department of Pediatrics, Director, Division of
Medical Genetics, University of Texas Medical Branch, Galveston, Texas
jwray@utmb.edu

Jorge D. Salazar, MD

Professor of Surgery, University of Texas at Houston McGovern Medical
School, Director, Pediatric & Congenital Cardiac Surgery, Children’s
Memorial Hermann Hospital, Houston, Texas
Jorge.D.Salazar@uth.tmc.edu

Antonia Schulz, MD

Congenital Cardiac Surgery Fellow, Department of Cardiac Surgery,
Boston Children’s Hospital, Boston, MA

antonia.schulz@web.de

Chetan Sharma, MD

Assistant Professor of Pediatrics, Department of Pediatric Cardiology,
Baylor College of Medicine, Children’s Hospital of San Antonio, San
Antonio, Texas

chetan.sharma@bcm.edu

Harinder R. Singh, MD, FHRS, CEPS-P, CCDS

Associate Professor of Pediatrics, Section Chief, Pediatric Cardiology,
Baylor College of Medicine, Children’s Hospital of San Antonio, San
Antonio, Texas

Harinder.singh@bcm.edu


mailto:ramanath@usc.edu
mailto:jwray@utmb.edu
mailto:Harinder.singh@bcm.edu

A Multidisciplinary Approach to Perinatal Cardiology Volume 1 Xix

William B. Strong, MD

Emeritus L.H. Charbonnier Endowed Chair of Pediatrics, Former Chief,
Division of Pediatric Cardiology, Cofounder and Director of the Georgia
Prevention Institute, Medical College of Georgia, Founding Director of the
Center for Bioethics and Health Policy of the Institute of Public and
Preventive Health of Augusta University, Augusta Georgia
wstrong003@comecast.net

Dharmapuri Vidyasagar, MD, MSc, FAAP, FCCM, PhD (Hon)
Emeritus Professor of Pediatrics, Division of Neonatology, University of
Illinois at Chicago, Chicago, Illinois

dvsagarmd@yahoo.com

Claudeen K. Whitfield, MB,BS

Clinical Assistant Professor, University of Toledo, Promedica Toledo
Children’s Hospital Faculty, Toledo Children’s Heart Center, Toledo,
Ohio

claudeenscott@yahoo.com

Tharakanatha R. Yarrabolu, MD

Interventional Pediatric Cardiologist, Driscoll Children's Hospital, Corpus
Christi, Texas

Tharakyarrabolu@gmail.com

Jennie Zarasvand, RDCS

Pediatric Echocardiography Laboratory, Children’s Memorial Hermann
Hospital, Houston, Texas

Jennie.Zarasvand@memorialhermann.org


mailto:dvsagarmd@yahoo.com

PREFACE TO THE CURRENT EDITION

Developments such as the early detection of neonates with serious heart
disease and their rapid transport to tertiary care centers, availability of
highly sensitive noninvasive diagnostic tools, advances in neonatal care
and anesthesia, progress in transcatheter interventional procedures, and
extension of complicated surgical procedures to the neonate and young
infant have advanced to such a degree that almost all congenital cardiac
defects can be diagnosed and “corrected”. Defects that cannot be corrected
can be effectively palliated. Cardiac defects that were once fatal in infancy
are now treatable and patients are surviving into adulthood. The last five
decades have seen a great many advances, as mentioned above, resulting
in the increased survival of infants with congenital cardiac lesions. These
advances occurred not only in the specialties of pediatric cardiology and
pediatric cardiovascular surgery but also in several other disciplines such
as neonatology, perinatology, interventional pediatric cardiology, and
ultrasonography.

Over the last several years we have organized lectures to Pediatric
Residents and Pediatric Cardiology, Neonatology, and Pediatric Intensive
Care Fellows on prenatal and neonatal cardiac issues. Some of these
presentations have been written up as reviews in publications such as
Neonatology Today and Congenital Cardiology Today. The initial intent
was to bring these together into a book format so that the material
becomes available to all trainees and practitioners in Pediatric Cardiology,
Neonatology and Pediatric Intensive Care. This resulted in the publication
of a booklet entitled “Perinatal Cardiology for the Neonatologist” (Figure,
left) for local distribution in 2011 and the book “Perinatal Cardiology: A
Multidisciplinary Approach” (Figure, right) in 2015 for worldwide
availability. These books and their contents were conceived in 2010 and
some of the chapters were written in 2010 and 2011. However, the
majority of chapters were written in 2013 and early 2014. Over these six
to nine years, a number of advances in diagnostic studies, management
concepts, methods of transcatheter intervention in the neonate, premature
infant and fetus and concepts and methods of neonatal surgery, as well in
anesthetic and post-operative management, have occurred. The purpose of
this book, in addition to maintaining the objectives of the first book, is to
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update and bring together the alluded advances to the attention of the
reader.

I i t I
PERINATAL CARDIOLOGY erlna a

FOR THE

-
e ] ar Io ogy

o o
EDITOR: : I
P. SYAMASUNDAR RAO, M.D. -4
PEDIATRIC CARDIOLOGIST o
CHILDREN'S MEMORIAL HERMANN HOSPITAL -
PROFESSOR OF PEDIATRICS AND MEDICINE . u

DIRECTOR. PEDIATRIC CARDIOLOGY FELLOWSHIP PROGRAMS
ERITUS CHIEF OF PEDIATRIC CARDIOLOGY
THE UNIVERSITY OF TEXAS HEALTH SCIENCE CENTER
AT HOUSTON (UTHEALTH) MEDICAL SCHOOL

eomenev: P. Syamasundar Rao, MD
Dharmapuri Vidyasagar, MD

S cardiotext

This book attempts to bring the readers up-to-date evidence-based
information in three major areas of neonatology and prenatal and neonatal
cardiology. First, it provides an overview of the advances in the disciplines
of Neonatology, Prenatal and Neonatal Cardiology, and Neonatal Cardiac
Surgery in making early diagnosis and offering treatment options. Second,
it describes the concept of a multidisciplinary approach to managing
infants with congenital cardiac lesions. It provides evidence-based
therapeutic approaches to successfully treating the fetus and the newborn
with important neonatal issues and congenital cardiac lesions. Finally, it
updates the authors’ book on Perinatal Cardiology published in early 2015.
Because of the large amount of material, the book is divided into two
volumes.

P. Syamasundar Rao
Dharmapuri Vidyasagar



FOREWORD BY WILLIAM B. STRONG
FOR THE FIRST EDITION

Pediatric cardiology has progressed as clinicians and scientists have had
dreams of how it might be advanced. As advances in technology and
miniaturization have occurred, clinicians have been able to apply their
knowledge and skills to make the dreams reality. However, the technology
would not have developed unless there were individuals capable of
mastering it and courageous enough to apply it to the appropriate clinical
situations. My forty-plus-year association with Dr. Syam Rao has provided
me a great deal of opportunity to observe his mastery of new technologies,
from M-mode echocardiography in the mid-1970s to the embracing of in
the field of interventional pediatric cardiology in the latter years of the
20th century, in which he became a leader.

Dr. Rao’s vision of the direction of pediatric cardiology has led to his
acceptance that a great part of serious congenital heart disease is now
managed in the perinatal period. It is for this reason that he and Dr.
Vidyasagar are collaborating in the editing and writing of “Perinatal
Cardiology.” In addition to editing this multi-authored text, Dr. Rao has
himself contributed numerous chapters based not only on his broad
experiences, but also on the contributions of so many other colleagues
who provide well-referenced texts.

This book is written not only for the pediatric cardiologist but for all those
specialists and subspecialists who participate in a programmatic approach
to the child with congenital heart disease, from the embryologist to the
pediatrician or family practitioner to the hands-on caregivers in the tertiary
care setting. The term programmatic is stressed because the care of the
child with a significant congenital heart defect requires a team approach;
no single specialist is capable of delivering all of the care these babies
require. In addition, many of these children have other congenital
abnormalities that will require other organ system specialists to participate
in their care. Only a team approach with one physician being the
coordinator will lead to these children being able to live “normal” and
productive lives. The coordinating specialty physician, typically the
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pediatric cardiologist, can then take control after the critical perinatal
period to navigate the child through the remainder of infancy, into
childhood, adolescence, and even into adulthood. The bonding of child
and family with his or her caregivers is one of the greatest pleasures a
physician can enjoy. That joy is highly dependent, however, on the
professional teamsmanship of those early days of development and life. I
believe that Drs. Rao and Vidyasagar and their colleagues have succeeded
in illuminating this approach.

William B. Strong, MD,
Augusta, Georgia



PREFACE TO THE FIRST EDITION

Developments such as the early detection of neonates with serious heart
disease and their rapid transport to tertiary care centers, availability of
highly sensitive noninvasive diagnostic tools, advances in neonatal care
and anesthesia, progress in transcatheter interventional procedures and
extension of complicated surgical procedures to the neonate and young
infant have advanced to such a degree that almost all congenital cardiac
defects can be diagnosed and “corrected”. The defects that cannot be
corrected can be effectively palliated. Cardiac defects that were once fatal
in infancy are now treatable and patients are surviving into adulthood.
Because of the very optimistic prognosis of congenital heart defects, if
diagnosed early on, a chapter devoted to the universal screening of all
newborns using noninvasive pulse oximetry is included.

The last five decades have seen a great many advances, as mentioned
above, resulting in the increased survival of infants with congenital cardiac
lesions. These advances have occurred not only in the specialties of pediatric
cardiology and pediatric cardiovascular surgery but also in several other
disciplines such as neonatology, perinatology and ultrasonography. The
growth of perinatology in tandem with neonatology has increased the
survival of premature and extreme premature babies.

Advances in fetal echocardiography have enabled us to make in utero
diagnoses of cardiac structural defects. The introduction of fetal surgery
has led to successful in utero surgical correction of structural defects.
Early postnatal diagnosis and advances in pediatric cardiac surgery
supported by excellent postsurgical management by expert medical and
nursing staff assure high survival in infants with many cardiac anomalies,
including babies with hypoplastic left heart syndrome. Recent advances in
medical and surgical therapy, particularly the application of “Fontan”
principle, have markedly improved the long-term outlook of babies with
single ventricle physiology. Palliative procedures to normalize the
pulmonary blood flow (Blalock-Taussig or similar aorta-pulmonary shunt
for patients with pulmonary oligemia, and pulmonary artery banding for
patients with pulmonary plethora) and to relieve inter-atrial and/or inter-
ventricular obstruction should be undertaken promptly. The Norwood
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procedure or the Damus-Kaye-Stancel procedures are required for patients
with single ventricle physiology. Staged total cavo-pulmonary connection
(modified Fontan) to bypass the right atrium and right ventricle by bi-
directional Glenn procedure initially, followed by extracardiac conduit
diversion of inferior vena caval flow into the pulmonary arteries, appears
to be the current procedure of choice in the surgical management of single
ventricle lesions.

This book attempts to bring the readers up-to-date evidence-based
information in three major areas of peri-neonatal cardiology. First, it provides
an overview of the advances in the disciplines of Perinatology,
Neonatology, Cardiology and Cardiac surgery in making early diagnosis
and offering treatment options. Second, it describes the concept of a
multidisciplinary approach to managing infants with congenital cardiac
lesions. Finally, it provides evidence-based therapeutic approaches to
successfully treat the fetus and the newborn with congenital cardiac
lesions. Although every attempt was made to minimize the repetition,
there are some areas, such as perinatal circulatory physiology and the
management of babies with single ventricle physiology, that have had
some degree of replication to preserve continuity of thought/discussion.
Also, some issues are necessarily and completely neonatal in presentation,
and they are presented for the sake of completeness.

The above discussed elements are important developments that obstetricians
and pediatricians should be well aware of so that they can guide the
prospective parents of infants with cardiac lesions to make the right
decisions when faced with the diagnosis of an infant with congenital heart
disecase. In spite of the better prognostic outcome of infants with
congenital heart defects, both parents and clinicians often face difficulties
in making decisions in managing infants with critical congenital heart
disease, raising ethical dilemmas; these are reviewed in a chapter of this
book. Similarly, there is also a need for proper genetic counseling of
parents undergoing a first-time experience of having a child with a
congenital cardiac defect; this is discussed in another chapter.

For achieving excellence in cardiac care, however, close interaction and
collaboration of the pediatric cardiologists with neonatologists, pediatricians
and general/family practitioners (who care for children), anesthesiologists,
pediatric intensivists, and cardiac surgeons is mandatory. The education of
physicians caring for the newborn continues to be important in achieving
optimal care for the neonate with heart disease. This book was designed
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and produced with this in mind. We hope that this book will be useful not
only to trainees, but also the Faculties in the Divisions of Pediatric
Cardiology, Neonatology, Pediatric Cardiac Surgery and Pediatric Intensive
Care. This would also serve as a resource to the Pediatric House-staff.
Nursing and other para-medical staff in the Neonatal Intensive Care Unit,
Pediatric Intensive Care Unit, and Pediatric Cardiac Intensive Care Unit
and any pediatric cardiac unit will also find this book useful. The above
discussions, we hope, will provide a fund of information to neonatologists,
pediatricians and other physicians caring for newborns, which may help
them provide better care for their babies.

P. Syamasundar Rao
Dharmapuri Vidyasagar
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PERINATAL CIRCULATION



CHAPTER 1
PERINATAL CIRCULATORY PHYSIOLOGY

P. SYAMASUNDAR RAO, MD

Introduction

The fetal circulation uses the placenta for the exchange of respiratory
gases while the lungs are utilized for gas exchange in the postnatal
circulation. Consequently, the heart and lungs must adjust to these altering
requirements. An appreciation of the fetal circulation and the alterations
that it undergoes at birth is important for a better understanding of the
postnatal adaptation of the circulation in various types of congenital
cardiac defects (CHDs). In this chapter the author: 1) gives an outline of
the fetal circulation; 2) discusses mechanisms that sustain fetal circulation;
and 3) describes changes that take place immediately after birth.'> The
postnatal circulatory changes are likely to influence the presentation and
neonatal course of important CHDs and will be reviewed in the next
chapter. Normal circulations in the adult are shown in Figure 1-1 and in
the fetus in Figures 1-2 through 2-4.



