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Preface

This book presents some of the advances that have occurred in pediatric cardiology
over the last 50 years for healthcare personnel involved in caring for infants, children,
and adults with congenital heart disease (CHD).

The book is divided into seven sections. The first section introduces the book. In the
introductory chapter, I review the evolution of pediatric cardiology over the last 50
years and summarize developments during this period. Then, I outline how this book
is organized.

In Section 2 on fetal ultrasound, Dr. Russo et al. address the impact of fetal
echocardiography on the prognosis of CHDs in Chapter 2. The authors state

that CHD is one of the most common birth defects discovered both in utero and
immediately following birth. They opine that current advances in the diagnosis and
management improved the prognosis of babies born with CHD such that a large
number of these babies are reaching adulthood. Then, they review historical aspects

of fetal echocardiography since its early phases in the late 1980s. They assert that the
diagnostic accuracy of fetal echocardiography is high, permitting the identification

of most types of CHDs in the fetus. This facilitates fetal cardiac interventions when
indicated; enables voluntary interruption of pregnancy;, if necessary; simplifies
pregnancy and delivery management; provides fetal and genetic counselling; identifies
babies that need emergent neonatal management (ductal dependent lesions); and most
importantly has a positive impact on improving long-term outcomes.

In Section 3 on echocardiography, Drs. Kojc and Varda review the clinical benefits
of new echocardiographic methods in Chapter 3. The authors state that the chief
objectives of echocardiography are the precise evaluation of myocardial function
and accurate demonstration of cardiac morphology. The authors review some of
the new echocardiographic approaches, including functional echocardiography,
cardiac deformation imaging, and three-dimensional echocardiography with a
focus on the key advantages, clinical utility, and chief limitations of each technique.
Functional echocardiography, also called targeted echocardiography, is different in
newborns compared to older children. It involves evaluation of cardiac function,
assessment of the degree of pulmonary hypertension, detection of pericardial
effusion and its adverse effects, and assessment of the magnitude of shunts (such

as hemodynamically significant patent ductus arteriosus [hsPDA] in premature
babies). Functional echocardiography permits real-time assessment of cardiac
function recognizes the type of cardiovascular compromise, guides therapy, and
monitors response to therapy. Myocardial deformation imaging includes assessment
of strain and strain rate change, which helps evaluate both global and regional
functions of both ventricles and helps circumvent disadvantages of load-dependent
ventricular function parameters such as fractional shortening, ejection fraction, and
fractional area shortening. Three-dimensional speckle-tracking offers an additional
inclusive assessment of ventricular function. While strain imaging is well studied



in adult subjects, its use appears limited in pediatric patients. Three-dimensional
echocardiography along with real time imaging (four-dimensional) is a relatively
recent invention in ultrasound of the heart. It may be useful in subjects with CHD
because it provides an appreciation of intricate spatial relationships. These new
modalities may have advantages over the other existing imaging techniques such

as magnetic resonance imaging (MRI) and computed tomography (CT), which

are expensive, require anesthesia, or have increased radiation exposure. The
disadvantages of three-dimensional imaging are low temporal and spatial resolution
and the need for offline processing.

In Section 4, on the prevention of sudden cardiac death (SCD) in the athlete, I review
in Chapter 4 issues related to sudden death associated with sports participation

of athletes with a particular focus on pre-participation screening. SCD in sports,
although rare, is a disastrous event. Sudden death in athletes often has a cardiac
etiology and the most frequent causes are hypertrophic cardiomyopathy (HCM)

and congenital coronary artery (CA) anomalies. I present a brief description of the
anatomy, pathophysiology, and clinical features of HCM, aberrant CAs, Marfan’s
syndrome, arrhythmogenic right ventricle, and other entities responsible for SCD.
The current recommendations are to perform a pre-spots participation screening
consisting of complete personal and family history and a thorough physical
examination. If abnormalities are detected during history or physical examination,
further studies should be performed to define the etiology of the abnormalities.
Using an electrocardiogram, echocardiogram, or MRI as a routine screening method
is not recommended in the United States. I suggested that the pre-spots participation
screening be undertaken at the primary care physicians’ office as a part of routine
annual physical (instead of mass screening but should include the fourteen-element
history and physical examination. The justification of pre-participation screening is
to allow as many athletes as feasible to take part in sports instead of being excluded
from participation.

Section 5 consists of Chapters 5-8 on individual heart defects. Chapter 5 by Drs.
Doshi and Wang-Giuffre discusses ventricular septal defect (VSD). The authors state
that VSDs constitute up to 30% of all CHDs and that they are the most frequent heart
defects seen in everyday clinical practice. The causation of CHDs, including VSDs,

is largely explained based on multifactorial inheritance, although chromosomal
abnormalities may sometimes be involved. Symptomatology is largely related to

the magnitude of the shunt across the VSD. Echocardiographic studies are the chief
modes of investigation to define the defects and their clinical significance. The
natural history of VSDs involves spontaneous closure, development of pulmonary
vascular obstructive disease (PVOD), onset of infundibular stenosis, and evolution
to aortic insufficiency. Spontaneous closure is one of the main features of VSD;
when that happens, no treatment is necessary. Hemodynamically significant shunts
require surgical repair. Surgery is also recommended in patients with aortic valve
leaflet prolapse and aortic insufficiency, irrespective of the degree of shunting
across the VSD. The outcome following surgical correction is excellent, although an
occasional patient may develop complete atrioventricular block or worsening aortic
valve regurgitation. New methods of transcatheter and hybrid device closures are
useful in patients with large muscular VSDs. Large, unrepaired VSDs may go on to
develop irreversible PVOD, leading to Eisenmenger’s syndrome, although this is
uncommon in developed countries. Patients with Eisenmenger’s syndrome may be
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treated with endothelin receptor antagonists, phosphodiesterase 5 inhibitors, and
prostacyclins; such treatment modalities appear to improve functional capacity.
Patients with PVOD are not candidates for closure of VSD but may require eventual
lung transplantation. In Chapter 6, Dr. Donthula and I review the issues related to
atrioventricular septal defects (AVSDs). AVSDs are defects in the atrioventricular
(AV) septum and AV valves. AVSD is the most common defect seen in patients

with Down syndrome. They are classified into complete, intermediate, partial, and
transitional forms. Complete forms of AVSDs are further divided into balanced and
unbalanced defects. Echo-Doppler studies are the main imaging methods used for
the diagnosis and assessment of AVSDs. Subjects with complete and intermediate
types manifest early in infancy and surgical repair is needed, also in early infancy,
while partial and transitional varieties develop symptoms in early childhood and
need surgical intervention at that time. Babies who can’t undergo complete surgical
correction (because of their weight or comorbidities) are addressed by palliation
with pulmonary artery banding. Surgical treatment of unbalanced AVSDs is more
complicated. These patients are addressed with either single ventricle, one-and-a-half
ventricle, or bi-ventricular repair, depending upon their anatomy and physiology.
Prognosis following surgery is generally good for balanced AVSDs and residual
mitral valve insufficiency is the most frequent reason for repeat surgery. For the
unbalanced AVSDs, the selection of the type of procedure is more complex and the
long-term outcome is less than ideal. In Chapter 7, Dr. Bell-Cheddar et al. tackle issues
related to hypoplastic left heart syndrome (HLHS). The authors define HLHS asa
complex CHD consisting of the hypoplastic left ventricle (LV), aorta (Ao), and mitral
valve. This defect resulted in the uniformly fatal outcome prior to the description

of the Norwood procedure in the early 1980s, but now, with the use of a three-stage
surgery including Fontan, prognosis has improved remarkably. Nevertheless, a high
morbidity and mortality still exist in 25% of babies with HLHS who either need heart
transplantation or die within one year following the Norwood procedure. While the
reasons for such high morbidity/mortality were not clearly defined, they appear to

be related to cardiovascular/hemodynamic abnormalities. In the remaining part of
the chapter, the authors focus on the studies of a mouse model of HLHS. The studies
demonstrate metabolic dysfunction resulting in the arrest of cell cycle and defects

in cardiomyocyte differentiation. It is hypothesized that these intrinsic cell defects
contribute to cardiac abnormalities of HLHS. In addition, the association of HLHS
with chromosomal anomalies and high recurrence rates support the genetic etiology
of HLHS. Finally, Chapter 8 by Dr. Da Silva et al. is on Ebstein’s anomaly. The authors
characterize Ebstein’s anomaly of the tricuspid valve (TV) as downward displacement
of the septal and inferior leaflets of the TV. In addition, there is a redundancy of

the anterior leaflet with a sail-like morphology, dilatation of the true right AV valve
annulus, TV regurgitation, and dilation of the right atrium and right ventricle (RV).
They also describe a similar abnormality of the left-sided morphologic tricuspid
valve in patients with congenitally corrected transposition of the great arteries. Then
they review the existing classifications and pathophysiology of Ebstein’s anomaly.
This is followed by a description of diagnostic studies such as echocardiography,
cardiac MRI, and CT for evaluation of Ebstein’s. The authors also examine the
historical evolution of surgical management. They comment that the wide variability
of anatomic and pathophysiologic characteristics of Ebstein’s anomaly resulted in

not securing uniformly good results following surgical repair; this resulted in the
development of several surgical repair techniques. Then, they provide a detailed
description of the cone procedure, which was developed by one of the authors of this
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chapter. The Da Silva technique of cone reconstruction of the TV involves the creation
of a cone-like structure from all available TV leaflet tissue; the result simulates
normal TV structure. The authors contend that the cone procedure for Ebstein’s
anomaly has low mortality/morbidity with effective and long-lasting results in

most patients. They also discuss the relative advantages of valved atrial septal defect
(ASD) closure vs. bidirectional Glenn procedure in patients with inadequate RV to
support pulmonary circulation. They then address surgical management of Ebstein’s
anomaly in the neonate. In the final section, they discuss post-operative management
in detail. They conclude that given the advances in diagnostic techniques, surgical
management, and peri-operative care, most Ebstein’s anomaly patients are likely to
have two-ventricle repair with good long-term results.

Section 6 reviews therapy. In Chapter 9, Dr. Surak reviews the pharmacological
management of patent ductus arteriosus (PDA) in preterm infants. The author states
that PDA is responsible for several morbidities in preterm infants and that there is an
inclination toward a more conservative treatment of PDA instead of surgical therapy.
He discusses the utility of targeted neonatal echocardiography in the detection of
hsPDA. He then reviews the results of pharmacological therapy of PDA in preterm
babies with non-steroidal anti-inflammatory drugs (NSAIDs) such as indomethacin
and ibuprofen as well as acetaminophen. He also refers to the usefulness of combined
therapy (ibuprofen and acetaminophen) in occluding the ductus. Finally, he mentions
device closure of PDA and quotes safety and efficacy data of device occlusion of PDA.
It is concluded that pharmacological therapy, while causing ductal constriction, does
not guarantee the elimination of the shunt and that additional research is necessary
to see if the device closure approach would produce added favorable outcomes in

the premature. In chapter 10, Dr. Abqari discusses right ventricular outflow tract
(RVOT) stenting. The standard management option in children with CHDs with
diminished pulmonary blood flow is the creation of systemic-to-pulmonary artery
shunt such as a modified Blalock-Taussig (BT) shunt. However, RVOT stenting has
recently been used for palliation. The author asserts that RVOT stenting results

in fewer complications and achieves physiological growth of pulmonary arteries
(PAs). The latter may have a positive impact during final corrective surgery. Usually,
RVOT stenting is undertaken in the neonate, but in some institutions, it is being

used in older children. The author presents indications for RVOT stenting and
provides a detailed description of RVOT stent procedure. The author also presents
modifications, complications, challenges, and outcomes of the procedure. Two-point
fixation of the stent guarantees the prevention of stent embolization. However,
covering only the infundibular region, and sparing the pulmonary valve may prevent
future trans annular patches, although removing the stent may be challenging. The
author believes that RVOT stenting is a safer alternative in some pediatric cardiac
programs, although several programs opt for primary surgical correction. The author
concludes that RVOT stenting is expected to garner greater acceptance amongst other
palliative procedures as larger experience with this procedure is gained. In Chapter 11,
Dr. Wong et al. review the advances in the management of congenital malformations
of the aortic valve. The authors state that congenital malformations of the aortic
valve are life-long ailments that may need many catheters and/or surgical procedures.
The bicuspid aortic valve may be seen in 1%-2% of live births, whereas aortic valve
stenosis is much less common. The authors review management options, including
balloon aortic valvuloplasty, surgical valvotomy, surgical repair of the aortic valve,
and aortic valve replacement. The options of bicuspidization and tricuspidization

XIvV



types of reconstruction and materials used for the reconstruction of the aortic valve
are also reviewed in detail. Then, the authors address aortic valve replacement with
mechanical valves and bioprosthetic valves (bovine or porcine valves, homografts,
and allografts) or by Ross procedure (patient’s own pulmonary valve is relocated to
the aortic valve position and a tissue valve replaces the pulmonary valve). They also
review the relative advantages of repair vs. replacement. In general, the described
techniques carry their own benefits and have their own limitations regarding growth
potential, longevity of repair, need for repeat surgery, anticoagulation requirement,
risk of infection, and morbidity/mortality risks. The authors conclude by presenting a
basic algorithm for the management of aortic stenosis.

Section 7 reviews international issues. In Chapter 12, Dr. Elshazali et al. discuss

the management of CHD in low-income countries (LICs) and low-middle-income
countries (LMICs). They review the epidemiology of CHD in the LICs and compare
it with that in high-income countries (HICs). Although the overall prevalence of
CHD is similar (8 to 9 per 1,000 live births), higher fertility and birth rates in LICs
than in HICs result in 90% of babies with CHDs being born in countries with limited
resources in caring for these babies. Pediatric cardiac services are considered to be
aburden and a challenge in LICs and are a challenge as well in LICs. The currently
available pediatric cardiac services in most LICs are difficult to access and not
affordable for most and there is an absence of awareness of the necessity for quality
pediatric cardiac services. Healthcare planners should recognize that pediatric
cardiac services are essential services and are not a luxury. The authors recommend
collaboration and partnerships among international organizations, national and local
governments, and non-governmental organizations. They also assert that patient
and family advocates are required to assure that children around the world have
access to quality and dependable pediatric cardiac care. They quote some shining
examples of countries such as Cuba, India, and China which accomplished providing
pediatric cardiac services with strategic planning and leadership. They conclude

that capacity building to accomplish the eventual objective of self-sufficient LIC

and LMIC programs will necessitate a paradigm change by the leadership of the
respective countries, better alliance among stakeholders, and facilitate data sharing
and research expansion. In Chapter 13, Dr. Nwafor et al. review issues similar to those
dealt with in the preceding chapter, but with a focus on Nigeria. They state that the
delivery of cardiovascular services to children and adults with CHDs in Nigeria is
grossly inadequate. They also opine that there is no accurate statistical data on CHD
in Nigeria, but suggest that the prevalence of CHD is comparable to that reported

in other countries (8 per 1,000 live births). They first review historical aspects

of the development of surgery for CHD in Nigeria. The problems of inadequate
surgical resources are presently improved by medical tourism and cardiac surgery
missions from foreign countries, but the authors’ assessment is that such services

are still not adequate. They opine that there is a need for the government to share
resources between non-communicable diseases such as CHD and communicable
diseases. When this is accomplished with the help of international partners and
humanitarian organizations, a sustainable pediatric cardiac surgery program is likely
to be established. They conclude that such efforts will definitely improve the care of
patients with CHD.

The last five decades have witnessed a great many advances in the diagnosis and
management of CHD that have resulted in increased survival of children with heart
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disease. This book discusses some of these advances and is a useful resource on
diagnostic and therapeutic methods for healthcare professionals in providing quality
care to their patients with cardiac disease.

P. Syamasundar Rao, MD, DCH, FAAP, FACC, FSCAI
Children’s Heart Institute,

University of Texas at Houston McGovern Medical School,
Children’s Memorial Hermann Hospital,

Houston, Texas, USA
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Chapter1

Introductory Chapter: Introduction
to Recent Advances in the Diagnosis
and Management of Congenital
Heart Defects

P. Syamasundar Rao

1. Introduction

Congenital heart defects (CHDs) are defined as anatomic malformations of either
the heart or great vessels, which occur while intrauterine development of the heart
is taking place [1]. This is regardless of the age at which the CHD manifests. Typical
examples of CHDs are ventricular septal defect and coarctation of the aorta. Many
studies were performed to determine the incidence of CHDs; these investigations
indicate an incidence of 0.8% of live births [2]. This would result in the birth of
approximately 40,000 babies in the United States alone, and over 1,000,000 babies
are born with a heart defect worldwide. There is no evidence for any differences in the
prevalence of CHD among continents or between racial groups [3]. Recent descrip-
tion of pulse oximetry screening of newborn babies prior to discharge from the hos-
pital has resulted in early identification of critical CHDs [4-6]. This adds to the early
detection strategies offered by fetal echocardiography [7]. Approximately half of the
patients with CHDs may be addressed by providing ordinary medications and clinical
follow-up without major therapeutic interventions. Nevertheless, the outstanding
half formerly needed surgery, and some requiring open-heart procedures through
cardiopulmonary bypass. Subsequently, following the development of percutaneous
methods [8-12], half of these children (i.e., 25% of the total) are being addressed by
percutaneous, transcatheter techniques that are less invasive than surgery.

Availability of highly sensitive noninvasive diagnostic tools such as echo-Doppler
studies [13-16], magnetic resonance imaging (MRI) [17, 18], computed tomography
(CT) [19, 20]; identification of CHD in the fetus by echo [7]; early detection of
neonates with serious heart disease [21, 22], including pulse oximetry screening of
the neonates prior to discharge from the hospital [4-6] and their rapid transport to
tertiary care centers [21, 22]; advances in transcatheter interventional procedures
[8-12]; improvements in pediatric cardiac anesthesia [23, 24]; and extension of com-
plicated surgical procedures to treat children with complex CHDs [25] have resulted
in the successful management of all children with heart disease. Consequently, almost
all CHDs are diagnosed and “corrected.” Defects that cannot be completely corrected
can be effectively palliated [26] or cardiac transplantation performed [27-29]. The
last five decades have seen a great many advances and as mentioned above, these
resulted in the increased survival of children with CHD. The purpose of this book on

3 IntechOpen



Congenital Heart Defects - Recent Advances

“Congenital Heart Defects: Recent Advances” is to present some of these advances in
an easily readable format for the physicians and other health-care personnel inter-
ested in the care of infants, children, and adults with congenital heart disease.

While a number of chapters were contributed to this book, not all the advances
that occurred during the last 50 years could be included; this is largely related to the
method by which the authors were recruited and chapter titles were selected and
limitations of the space. Yet, the authors of the book chapters and I hope that the
discussed matter is helpful to the reader and help him/her in the care of the patients
that they are involved in.
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Abstract

Congenital heart disease (CHD) represents the group of the most common malfor-
mations detected both prenatally and after birth. Although progress in the manage-
ment and treatments of CHD, it still remains a significant cause of neonatal morbidity
and mortality. However, the recent improvement in the diagnosis and therapy of CHD
represents one of the most important successes of cardiac surgery and medical treat-
ment. Accordingly, in the last twenty years, the number of patients with CHD who
have reached adulthood has increased significantly and even surpass the number of
affected pediatric patients, due to the extraordinary progress in the diagnostic, clini-
cal, and surgical technologies. In particular, the ultrasound study of the fetal heart
allows a diagnosis of CHD in the prenatal period, significantly improves perinatal
outcomes in infants with critical CHD, and enables a reduction in stillbirth.

Keywords: Congenital heart disease, fetal echocardiography, invasive fetal cardiac
intervention, counseling

1. Introduction

Congenital heart disease (CHD) is the most common malformation detected pre-
natally and at birth. Generally, estimated incidence is approximately 10/1000 of live
births and is significantly higher in premature infants and in stillborn [1]. Although
remarkable progress has been made in the diagnosis and treatment of this condition,
it still remains a significant cause of neonatal morbidity and mortality. Congenital
malformations of the heart are a broad spectrum of defects varying from mild lesions
that produce only minimal or no symptoms and might be incidentally detected in
adult life to severe anomalies that cause premature death. There are many factors that
increase the risk of having a child with CHD. The etiology of CHD can be separated
into genetic and non-genetic forms. Epidemiological studies have suggested that a
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genetic or environmental cause can be identified in approximately 30% of CHD cases
[2]. Approximately 17% of CHD occurs in association with a well-defined syndrome
such as trisomies 13, 15, 18, 21 and Turner syndrome [3]. Some environmental factors
have been identified as responsible for CHD such as congenital rubella infection or
teratogenic drugs [2]. However, the majority of cases remain unexplained, probably
due to some combination of genetic and environmental factors [4].

The main classification of CHD includes:

* Left-to-right shunt leading to an increased pulmonary flow
* Reduced pulmonary blood flow

* Transposition of the great arteries

* Left and right heart obstruction

* Duct dependent pulmonary or systemic circulation

In this chapter, we will discuss in detail the importance of fetal echocardiog-
raphy and the fundamental impact of early detection and interventions during
fetal life on postnatal outcomes. We will also discuss the importance of adequate
counseling in order to allow parents to understand the condition, to support them
in the most difficult decision to interrupt or keep pregnancy, to offer extensive
information on available therapeutic options, and prevision of data on outcome

and quality of life.

2. Fetal echocardiography, impact on the prognosis

Fetal echocardiography is born in the late 80s, when the improvement of ultrasound
technology has made possible to focus attention on the characteristics of the fetal
heart. Huhta JC, one of the pioneers of this method, raised the question if, without the
possibility of treating in utero CHD, is it useful or advisable to make the diagnosis in
advance, before birth [5]. It is clearly demonstrated that a team consisting of an expert
gynecologist and a pediatric cardiologist can make diagnosis of a number of congenital
heart defects in the fetal stage with very high degree of accuracy [6]. The prenatal
diagnosis of CHD in the last 30 years has reached a high degree of diagnostic accuracy
allowing to identify of almost all forms of CHD during fetal life; this is true in most
expert centers since the interpretation of fetal echocardiography requires advanced
skills. Accordingly, a suspected cardiac abnormality should then always be referred to
a fetal cardiology specialist in a tertiary level center for further evaluation. Prenatal
diagnosis rates for CHD increased from 23.0% in 1983-1988 to 47.3% in 1995-2000 [6].
Similarly, termination rates increased from 9.9% (between 1983 and 1989) to 14.7%
(between 1989 and 2000) [6]. The spectrum of CHD observed before birth appears
similar to the spectrum of CHD postnatally detected [6]. Early diagnosis of CHD
during fetal echocardiography can influence the prognosis because it can permit the
parents and clinicians to treat the defect. In this chapter, we will address pregnancy and
delivery management, issues related to voluntary interruption of pregnancy, and fetal
interventions.
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3. Pregnancy and delivery management

Prenatal diagnosis has an impact on morbidity and mortality for most severe
conditions because it allows an appropriate referral and planning of delivery and
immediate assistance in expert centers resulting in improving short-term outcomes.
However, its influence on long-term outcomes are still not clarified. In particular,
prenatal diagnosis of conditions that constitute a neonatal emergency, such as duct
dependent lesions, allows for manage the delivery in a tertiary care center. This strat-
egy improves survival significantly and reduces preoperative morbidity and risk of
neurological compromission [7]. CHD patients diagnosed postnatally that were born
at non-tertiary centers, without specialist neonatal or cardiac services, presented
later and required much higher levels of cardio-respiratory support during transfer
from geographically distant locations [8]. Of note, clinical instability in postnatally
diagnosed infants with CHD is an established risk factor for morbidity and mortal-
ity [8]. Moreover, it has also been proven that prenatally diagnosed infants undergo
significantly earlier surgery [8].

4. Voluntary interruption of pregnancy

It has been documented that a parallel increase in pregnancy interruption
occurred with fetal CHD diagnosis [9]. Thus, early diagnosis of CHD permits par-
ents to make the difficult choice of eventual interruption of pregnancy. The rates of
prenatal diagnosis of CHD were 47,3% in France, 49% in USA, and 52,8% in Australia
[10]. In our center, our 21 years’ experience is in accord with the one of Khoshnood
[6]: the spectrum of prenatally diagnosis CHD is getting similar to the one observed
after birth. This is due to the great number of detected cases. Other than hypoplastic
left heart syndrome (HLHS), pregnancy termination was exceptional. Early neonatal
mortality in patients with severe CHD decreased to less than 1/3 in the period 1995-
2000 [6]. The curve of survival shows a slightly worse survival for neonates with the
prenatal diagnosis but this is likely to be related to the composition of the population
and selection bias since fetal echocardiography is performed only when there is a high
index of suspicion for more severe CHD [11].

4.1 Fetal cardiac intervention

Several fetal studies reported that structural heart disease, in particular aortic
stenosis, evolves in utero, hindering the growth of the left ventricle [12]. Fetal
cardiac intervention (FCI) is a novel and advanced technique that allows in utero
treatment of a subset of congenital heart disease. Fetal cardiac intervention with
valvuloplasty, is based on the principle that intervention will modify the natural
history of the disease process [13]. To prove an eventual favorable impact of FCI,
we must first gain a full understanding of the unaltered progression of heart
disease in utero. Referral centers that have performed the most procedures have
shown that in utero valvuloplasty can be performed successfully, with limited risk
to the mother and encouraging outcomes for fetuses, especially in those with aortic
stenosis at risk of evolving to HLHS [14].

Fetal intervention is technically feasible only in a small specific subset of congenital
heart defects.
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The three most commonly performed FCI are [15]:

1.Fetal aortic stenosis with risk factors for evolving into hypoplastic left heart
syndrome (HLHS).

2.HLHS with intact or restrictive atrial septum.

3.Pulmonary atresia/stenosis with intact ventricular septum, with concern for
worsening right ventricular (RV) hypoplasia.

Fetal aortic stenosis. In Linz center between October 2000 and February 2020,
115 fetal aortic valvuloplasties (FAV) were undertaken in 95 fetuses. All patients
but one had at least one technically successful procedure. An overall success rate
of 82.4% (14/17 procedures) was reported by Tulzer et al. [16]. Similarly, Pickard
et al. reported in a period from 2000 to 2017 that fetal aortic valvuloplasty was
technically successful in 84% of 143 fetuses, while fetal demise was observed in
8%. Biventricular circulation was achieved in 50% of the remaining 111 live-
born infants with successful fetal aortic valvuloplasty, while only 16% of the 19
patients with unsuccessful valvuloplasty achieved biventricular circulation [17].

HLHS with intact or restrictive atrial septum. The incidence of intact atrial
septum in HLHS is approximately 6%, with restrictive atrial septum occurring
in up to 22% [18]. Survival for patients with HLHS and intact atrial septum
remains poor, with a 1-year survival rate of ~ 30% [19]. The rationale for FCI
in HLHS with intact or restrictive atrial septum is to avoid severe neonatal
hypoxia and death and to prevent worsening of the lung disease that frequently
occurs as a result of chronic in utero pulmonary venous hypertension. Postnatal
management involves atrial septostomy, the Rashkind procedure, to open the
atrial septum and enhance atrial mixing. Some selected centers performing this
type of FCI, have attempted to maintain patency of the atrial septal defect until
the time of delivery, with an atrial septal stent. In the largest cohort of patients
undergoing FCI on the atrial septum (n = 47) from the International Fetal
Cardiac Intervention Registry, technical success was reported in 77% of cases,
with 65% success in atrial stent placement [20].

Pulmonary atresia/stenosis with an intact ventricular septum. Even lesions
like pulmonary atresia with intact ventricular septum and severe pulmonary
stenosis can progress to significant right ventricular dysplasia and evolve to
unfavorable univentricular circulation at birth which will require complex and
multiple interventions in the follow-up. These fetuses are potential candidates
for pulmonary balloon valvuloplasty in utero. Fetal cardiac intervention offers
the potential for improved right ventricle and tricuspid valve growth, less dam-
age to the myocardium, potential for biventricular circulation, and improved
morbidity and mortality [21].

The International Fetal Cardiac Intervention Registry (IFCIR) has published data
from multiple institutions that provide FCI for PA/IVS [22]. In this study, 16 patients
enrolled underwent FCI with 11 successful procedures. The procedure success rate
was 11/16 (69%). Of the 11 technically successful cases, five (45%) had postnatal
biventricular repair [22]. The group at the Children’s Hospital Heart Center in Linz has

12



The Impact of Fetal Echocardiography on the Prognosis of Congenital Heart Disease
DOI: http://dx.doi.org/10.5772/intechopen.104828

published a large cohort of patients at a single center [23]. They performed 35 FCI on
25 maternal-fetal pairs for either PA/IVS (n = 15) or critical pulmonary valve stenosis
(n = 8). They report either partial or successful FCI in 21/23 maternal-fetal pairs. In the
successful intervention group, 15 had a predicted biventricular surgery (70%), three
a one and a half ventricle surgery and three an indeterminate outcome. No patients
that had a successful FCI were predicted to have a single ventricle outcome [23]. A
study performed at Boston Children’s Hospital describes their experience [24]. FCI
was performed in ten fetuses with PA/IVS. The first four procedures were technically
unsuccessful and the following six procedures were successful. Compared with control
fetuses (n = 15) with PA/IVS who did not undergo prenatal intervention and had
univentricular outcomes after birth, the tricuspid valve annulus, right ventricle length,
and PV annulus grew significantly more from midgestation to late gestation in the
six fetuses who underwent successful interventions. Nine fetuses were liveborn; one
fetus was terminated after an unsuccessful attempt at FCI. All nine patients required
postnatal interventions. Of the six successful FCIs, five had a predicted biventricular
outcome (83%) and one had a predicted single-ventricle outcome [24].

FCI also includes transplacental drug therapy, such as maternal antiarrhythmic
drugs in case of fetal arrhythmias and steroids [25].

4.2 Termination of pregnancy

FCI techniques have made possible to improve the success rates of cardiac inter-
ventions in utero, obtaining better postnatal outcomes. However, it is inevitable to
consider the consequences of a diagnosis of CHD in the prenatal period, leading to
a set of complex emotional states in parents who move away from the concept of
“healthy condition” of their future child. Discussion with parents on the long-term
prognosis constitutes a fundamental element of adequate counseling. Appropriate
counseling is ideally composed of an interdisciplinary team: obstetrician, pediatri-
cian, pediatric cardiologist, and heart surgeon [26]. Counseling to parents following
the diagnosis of congenital heart disease should take into account: the severity of
CHD, the association with extracardiac malformations, and the presence of an associ-
ated genetic syndrome. All of these factors influence the parents’ decision regarding
pregnancy continuation or interruption.

In recent decades, the study of the heart in the prenatal period through fetal echo-
cardiography, associated with a marked improvement in ultrasound technologies,
and a greater competence of the operators, has significantly increased detection of
the prenatal CHD. The incidence cardiac anomalies diagnosed at prenatal ultrasound
screening differs from that observed at birth, due to intrauterine fetal demise and
the recourse to termination of pregnancy (TOP). Indeed, in countries where prenatal
evaluation is considered as standard of care, the incidence of CHD births is even
lower [27]. As mentioned before, the main advantages of an early diagnosis of cardiac
malformation are the possibility of adequate preparation for childbirth and neonatal
care and early interventions in utero. However, it is inevitable to consider the conse-
quences of a diagnosis of cardiac malformation have in the prenatal period, leading to
a set of complex emotional states in parents who have to move away from the concept
of “healthy condition” of their future child and eventually undertake the difficult
choice of TOP [6]. Annually in the European Union, it has been estimated that 36000
children are live-born with CHD [28]. Increasing prenatal detection may lead to a
reduced birth incidence of severe complex CHD through a high rate of TOP, even if
this trend is not universal [29]. In the EUROCAT registry, a total of 31% of prenatally
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diagnosed nonchromosomal CHD resulted in TOP [28]. The parent’s choice to TOP is
conditioned by several factors as listed below [30-32]:

1. ethical and/or religious reasons;

2. current legislation;

3.severity of cardiac malformation;

4.impact of heart disease on quality of life;

5.possibly associated extracardiac malformations;

6.underlying genetic condition;

7.complexity of cardiac surgery;

8. prediction of survival to adulthood and long-term quality of life;

Additional components that influence the couple’s decision-making process
include the socioeconomic status, the age of the parents, and the overall family
context (caregivers) [33]. It is also reported in the literature that the “pressure”
regarding the choice to terminate a pregnancy following multidisciplinary counseling
is greater when listening to gynecologists than to pediatric cardiologists and cardiac
surgeons [34]. A French study reports an interesting analysis of isolated CHD fetuses;
concluding that more than half of the choices for termination of pregnancy were
based on the “complexity” of heart disease as HLHS, univentricular heart, pulmonary
valve atresia, aortic stenosis [6]. It is, therefore, essential to transfer adequate and
precise counseling to the couple without limiting the decision-making process. Thus,
considering the information that is offered to parents by pediatric cardiologists and
cardiac surgeons regarding the diagnosis of hypoplastic left heart syndrome, it is not
surprising that the choice for TOP will increase in this condition because this CHD
has a poor post-natal outcome with an impact on the quality of life of the newborn,
given the multistage palliative surgery and the surgical risks associated with each
intervention [35]. After these considerations, we should if fetal echocardiography
should be performed ignoring the consequence of such acts [36]. This debate is still
ongoing today, asking questions about the impact that prenatal ultrasound diagnosis
can have on the future of humanity [37, 38].

4.3 Fetal counseling

Since the prenatal diagnosis of fetal malformation has improved and it’s now
possible to detect or suspect a fetal malformation from the mid-gestation, it has been
necessary to improve the counseling, paying attention to the ethical and psychological
aspects related to this issue [39-42]. This is an important issue raised by the large and
growing scientific literature on this argument [39-42]. As a consequence of these obser-
vations, many authors [43, 44] suggest that is necessary that counseling is performed
by a multidisciplinary team comprising the obstetrician, the cardiologist, the surgeon,
and the psychologist, in order to provide a fully comprehensive information to the
parents. The passage from paternalistic medicine to defensive medicine, which recognizes
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the patient’s right to have full information, incites the doctor to tell the truth, even in
the case of the inauspicious diagnosis of a life-threatening illness. During counseling,
at the communicative level, the challenge is not “whether to tell the truth, but rather, how
to tell it”. Since CHD is a significant cause of morbidity and mortality in the newborns,
its diagnosis may lead to a huge crisis in the affected families, considering the perceived
implications of having an abnormality of such vital an organ. The severity of the crisis
depends not only on the nature of the abnormality, but also upon its perceived serious-
ness and whether the defect is correctable. During the pregnancy, parents idealize the
newborn and give him/her qualities, feelings, and capacities that they wish. The birth
of a baby with a malformation is a sorrow including the death of the imagined child.

The majority of the diagnosis of fetal congenital heart disease occurs after the
18th week of gestation, when the mother already feels the first fetal movements, and
the baby is part of her body [45]. During counseling, parents need to know if there
is a possibility of repair and what is the risk of the procedures, and how will be the
child’s quality of life. Some authors analyzed the mother’s desire for more informa-
tion on prenatal diagnosis of fetal abnormality [46]. Some mothers preferred to have
increased information upfront in order to “wrap their head around the disease,” while
other mothers felt that too much information upfront increased anxiety and would
rather “cross that bridge when they came to it.”

The explanation should possibly be given with both parents present, allowing
each to provide support to the other, considering that the impact may be different on
either parent, since each may perceive the abnormality differently.

4.4 Genetic counseling

The etiology of congenital heart disease is currently the focus of intense research.

The ideal genetic counseling for cardiovascular malformations includes a thorough
understanding of the anatomy, management, and outcome of the particular defect, iden-
tification of other affected family members, and careful pedigree analysis for prediction
of familial risks, identification of associated malformations or syndromes, and options
for prenatal diagnosis [2]. Preferably, genetic counseling should be provided both by a
clinical geneticist with adequate knowledge about cardiac defects and outcomes and by a
pediatric cardiologist who has good knowledge and skills in genetic issues.

In the past, genetic counseling for isolated congenital cardiovascular malforma-
tions (i.e., without extracardiac malformations or syndromic diagnosis) was trans-
mitted as an advice, with the use of overall recurrence risk for first-degree relatives
of 2-5%. These malformations were reputed to be multifactorial, but recent studies
suggest that specific genetic influences may be more important than previously
recognized, and that certain malformations are more likely to have a stronger genetic
component [47, 48].

A common genetic defect or pathogenetic mechanism may cause several appar-
ently different forms of congenital cardiovascular malformations, as, for example, in
case of chromosome 22q deletion, that cause a variety of conotruncal malformations
and aortic arch anomalies [49, 50].

5. Conclusions

The prenatal diagnosis of CHD in the last 30 years has reached a high degree of
diagnostic accuracy allowing identification of almost all the main forms of CHD
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during fetal life, in expert centers. In particular, prenatal diagnosis of conditions that
constitute a neonatal emergency, such as duct dependent lesions, allows to manage
the delivery in a tertiary care center. This strategy improves survival significantly,
and reduces preoperative morbidity, and the risk of neurological compromise. While
some CHD may have a successful surgical correction in postnatal life, a small selec-
tive subset of these defects can progress during intrauterine life and be susceptible to
early interventions in the uterus. Fetal cardiac interventions might prevent in utero
worsening from a simple, potentially correctable lesion to a complex cardiac condi-
tion in selective patients. FCIs are most commonly and successfully performed in

the setting of 1) fetal aortic stenosis with risk for evolving to hypoplastic left heart
syndrome, 2) HLHS with intact or restrictive atrial septum 3) pulmonary atresia/
stenosis with intact ventricular septum, with specific features associated with risk
for worsening right ventricular hypoplasia. FCI also includes transplacental therapy,
including maternal antiarrhythmic drugs in case of fetal arrhythmias and steroids.
FCl is a procedure that has maternal and/or fetal risks, which must be well explained
to parents at the time of counseling, to be sure that they fully understand the possible
complications.

Moreover, fetal early diagnosis allows to program earlier clinical management
and surgery after birth, improving outcomes. The improvement in the diagnosis and
treatment of these conditions, due to extraordinary advances in imaging and cardiac
surgical and interventional technologies in the last twenty years, has led to a signifi-
cant increase in survival rate in patients with CHD, and accordingly, the number of
patients with CHD who have reached adulthood has increased significantly and even
surpass the number of affected kids.
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Abstract

The main goals of a good echocardiographic examination are an accurate
assessment of myocardial function and precise presentation of cardiac morphol-
ogy. Therefore, some new echocardiographic methods, such as functional echocar-
diography, cardiac deformation imaging, and 3D echocardiography, are becoming
increasingly useful. The main advantages of each method, the possibilities for clin-
ical use, and the most important limitations are presented in this paper. Functional
echocardiography enables real-time evaluation of cardiac performance, identifying
the nature of cardiovascular compromise, guiding therapeutic decisions, and
monitoring response to treatment. A better understanding of the cardiac function
and hemodynamic changes in critically ill patients is a crucial clinical benefit of the
method. Myocardial deformation imaging could be beneficial for the detection of
early ventricular dysfunction, especially where classical methods are unreliable.
The new methods do not rely on geometric assumptions and can quantify regional
as well as global ventricular function. 3D echocardiography allows understanding
of complex spatial cardiac relationships; furthermore, it can be valuable in under-
standing functional anatomy and help planning interventions.

Keywords: echocardiography, congenital heart disease, functional echocardiography,
myocardial deformation imaging, speckle-tracking imaging, three-dimensional
echocardiography, four-dimensional echocardiography

1. Introduction

Congenital heart diseases (CHD) are highly variable, ranging from simple to
complex lesions. Therefore, pediatric echocardiography faces different challenges,
especially in demonstrating complex anatomy and assessing myocardial function in
ventricles with variable morphology [1]. At the same time, there is a desire to detect
early changes in ventricular function in cardiac patients as well as in patients with
systemic diseases potentially affecting the heart. Furthermore, bedside techniques
are increasingly used in clinical medicine, which is also seen in pediatric echocardiog-
raphy. Consequently, the development of new methods or the upgrade of existing
ultrasound techniques is urgently needed.

Recent advances in pediatric echocardiography include functional imaging,
myocardial deformation imaging, and 3D echocardiography. Advances in ultrasound
techniques, especially in pediatric probes, allow imaging with high temporal and
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spatial resolution, which opens a new perspective on the mechanics and function
of the myocardium. 3D echocardiography can help understand complex anatomy
with associated functional changes, which is valuable for appropriate intervention
planning. For pediatric cardiac patients, a highly variable ventricular morphology
is typical, therefore, assessment of myocardial function may be challenging, espe-
cially assessment of right ventricular function and function of a single ventricle.
Deformation imaging with strain and strain-rate quantification enables quantitative
assessment of myocardial function independent of underlying morphology [1, 2].
Strain imaging also enables detecting minimal changes in the global and regional
systolic function of the ventricles and allows recognition of the preclinical stage of
different diseases affecting the heart [3].

Functional echocardiography has become increasingly useful in everyday clinical
practice; nowadays it plays a central role in understanding and managing hemody-
namics in critically ill patients [4]. Functional echocardiography facilitates real-time
evaluation of cardiac performance, identifying the nature of cardiovascular com-
promise, guiding therapeutic decisions, and monitoring response to treatment [5].
Namely, early detection of cardiac dysfunction may help to choose an appropriate
inotropic or vasopressor support. Good collaboration with pediatric cardiologists tak-
ing care of the patient is essential in the performance and interpretation of functional
echocardiography [6].

2. Functional echocardiography

Bedside functional echocardiography provides physiological information and is
a useful real-time noninvasive method among other monitoring tools for critically
ill children. It is being increasingly used in making therapeutic clinical decisions and
assessing response to treatment in unstable patients in the intensive and emergency
units [7].

Functional echocardiography allows bedside use of cardiac ultrasound that brings
fast and efficient investigation and recognition of the key hemodynamic changes,
an assessment of cardiac function, pulmonary hypertension, pericardial effusion,
and evaluation of the shunts. It provides insights into pathophysiology that leads to
significant hemodynamic instability, and in addition, therapeutic interventions could
be better planned and targeted. It also enables monitoring responses to treatment,
which allows rapid therapeutic adjustments [7-10].

Functional echocardiography is also called targeted echocardiography, point-of-care
cardiac ultrasound, or clinician performed ultrasound. It is being used to assess preload,
afterload, and cardiac contractility while choosing inotropic or fluid therapy [4, 7].

Functional echocardiography performed in the newborn differs significantly from
that performed in older children, because of the increased risk of critical or signifi-
cant CHD. Therefore, the first echocardiography performed on a newborn should
be accurate and structured with sequential segmental analysis of the heart. The
subsequent scans can be functional, focused, or targeted to address specific clinical
questions [7, 11-13].

Table 1 summarizes the recommendations for the practice of functional echocar-
diography including neonatologist-performed echocardiography.

Clinical benefits of functional echocardiography are well seen in patients with
hypotension and shock, which are common conditions in critically ill children, both
likely to have high mortality. Furthermore, echocardiography is crucial in identifying
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Parameter Recommendations
Left ventricular * Qualitative assessment (eye-balling)
systolic function ¢ Quantitative assessment (M-mode measurements of LVEDD and LVESD with a
thickness of the septal and posterior wall)
* Shortening fraction can be measured by M-mode if there is no regional wall
motion abnormality or abnormal septal motion
* Ejection fraction should be calculated using biplane volumetric Simpson’s
measurements
Left ventricular * Doppler mitral or tricuspid inflow flow and pulmonary venous flow
diastolic function * TDI velocities at the mitral or tricuspid annulus
Right ventricular ¢ Qualitative visual assessment
systolic function

¢ Quantitative assessment (TAPSE and FAC)

Volume status

* IVC size and collapsibility
* Measurement of LVEDD

Pulmonary artery * Estimation of RVSP and SPAP, MPAP and DPAP (Doppler measurement of
pressure tricuspid regurgitation and pulmonary regurgitation jets)

* Pressure gradient across the PDA
Cardiac output * Left ventricular output method with pulsed Doppler tracing of TVI in the left

ventricular outflow tract and measurement of the cross-sectional area of the left
ventricular outflow tract (in the presence of a PDA, the left ventricular output
method does not reflect systemic blood flow)

Pericardial effusion ¢ Measurements of effusion at the end of diastole

* Assessment of the hemodynamic significance

PDA * The presence of a PDA

* Direction of the shunt and pressure gradient between the aorta and pulmonary
arteries

* Hemodynamic significance in the case of left-to-right shunt by studying the
degree of volume overload and left ventricular dimensions

PFO * The presence of a PFO

* Shunt direction and the pressure gradient between the right and the left atrium

DPAL, diastolic pulmonary artery pressure; FAC, fractional area change; LVEDD, left ventricular end-diastolic
dimension; LVESD, left ventricular end-systolic dimension; MPAP, mean pulmonary artery pressure; PAB, pulmonary
artery pressure; PDA, patent ductus arteriosus; PFO, patent foramen ovale; RVSP, right ventricular systolic pressure;
SPAE, systolic pulmonary artery pressure; SVC, superior vena cava; TAPSE, tricuspid annular plane systolic excursion;
TDI, tissue Doppler imaging; TVI, time velocity integral.

Table1.
Recommendations for functional echocardiography.

the underlying pathophysiology, evaluating hemodynamics, and managing the
response to treatment in patients with shock [7, 14].

Information from functional echocardiography in conjunction with other clinical
parameters and monitoring tools can be used in choosing fluid resuscitation therapy
and appropriate inotropic, vasopressor, or vasodilator therapy [15-17]. Early recogni-
tion of increased pulmonary pressure may help in the early institution of pulmonary
vasodilators, especially in neonates with pulmonary hypertension [7, 9, 11, 17].

Functional echocardiography offers the potential for novel insights into cardio-
vascular impairment. Specifically, whether the concern relates to preload, afterload,
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or myocardial contractility. Serial echocardiography evaluation to monitor treatment
response may provide a better understanding of physiology and guide the duration of
treatment, which minimizes drug exposure [11].

Assessment of volume status is usually made with inferior vena cava (IVC) size and
collapsibility, which is also the method of choice to evaluate right heart filling pressure.
This can be done easily in spontaneously breathing children, but some limitations exist
in ventilated patients. In the presence of cardiogenic shock and increased right heart
filling pressure, the IVC will appear dilated with no respiratory variation [15].

Qualitative estimation of the severity of pulmonary hypertension can be made by
assessing the shape of the left ventricle and interventricular septum (IVS) motion,
which is obtained from the parasternal short-axis view. With rising pulmonary artery
pressure (PAP), the left ventricle begins to lose its circular shape and IVS starts to
flatten, furthermore, paradoxical septal movement may occur in severe pulmonary
hypertension [7, 9]. The shunt across the patent foramen ovale (PFO) is generally
bidirectional in the presence of pulmonary hypertension but can sometimes be
left-to-right even in the presence of severe pulmonary hypertension. An exclusively
right-to-left shunt across the PFO is always abnormal and suggests elevated right
heart filling pressure [6]. Direct assessment of the pulmonary artery pressures can be
done by a peak velocity of the tricuspid insufficiency jet using the modified Bernoulli
equation. The pulmonary artery systolic pressure (PASP) may be estimated by adding
right atrial pressure to the peak systolic pressure gradient between the right ventricle
and right atrium. The mean pulmonary artery pressure (MPAP) is assessed by using
the peak diastolic velocity of the pulmonary regurgitation jet. The end-diastolic
velocity of the pulmonary regurgitation jet is used to estimate diastolic pulmonary
artery pressure (DPAP) [6, 7]. Functional echocardiography is useful in the initiation
of vasodilator treatment (such as inhaled nitric oxide) and monitoring the response to
treatment [6].

Pericardial effusion is a common condition in intensive care units; functional
echocardiography allows easy diagnosis and timely echo-guided pericardiocentesis
[18]. The hemodynamic effect of pericardial effusion does not depend solely on the
amount of pericardial fluid. A large amount of pericardial fluid can be well tolerated
when the fluid accumulates slowly. However, rapidly increasing pericardial effusion
is more dangerous and may lead to cardiac tamponade. The main echocardiographic
signs of cardiac tamponade are distended IVC with no respiratory variation, right
atrial collapse at the end of diastole, right ventricular free wall collapse during
diastole, and respiratory variation of Doppler mitral inflow for more than 10% and
tricuspid inflow for more than 25% [7].

Patent ductus arteriosus (PDA) is an independent risk factor for intraventricular
hemorrhage, necrotizing enterocolitis, bronchopulmonary dysplasia (BPD), and
acute pulmonary hemorrhage [19, 20]. The hemodynamic significance of a PDA may
not be directly related to the size of the PDA but depends upon the magnitude of the
shunt and the ability of the myocardium to adapt to a left-to-right shunt [7, 20-22].
PDA causes pulmonary hyperperfusion and systemic hypoperfusion, which could be
assessed with functional echocardiography. The duration of the shunt and the level of
diastolic flow reversal in the descending aorta are good indicators of the significance
of PDA and can be used for follow-up. An additional factor in assessing the PDA is
pulmonary artery pressure, which can be monitored based on PDA Doppler velocity
magnitudes. A low-pressure gradient between the aorta and pulmonary artery may be
associated with pulmonary hypertension. Non-restrictive PDA has a low peak systolic
velocity with a high systolic to diastolic velocity gradient, while restrictive shunt is
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characterized by a high peak systolic velocity and a low systolic to diastolic velocity
gradient [21]. Functional echocardiography has also been reported to improve the
outcomes in infants being treated for PDA, the impact of this echocardiographic
method is still the subject of ongoing research [23, 24]. Furthermore, it has been
found that the performance of bedside echocardiography reduces the number of
indomethacin doses used for treating PDA [25, 26]. The introduction of a functional
echocardiography screening program for hemodynamically significant PDA on day 3
of life with the targeted intervention was associated with a reduction of severe intra-
ventricular hemorrhage and ventilation duration [25, 27]. Serial echocardiography
was associated with earlier identification and treatment of PDA, lower rates of severe
intraventricular hemorrhage, and reduced ventilator days [11, 25].

3. Myocardial deformation imaging

Conventional methods for assessment of regional and global ventricular function,
such as fractional shortening and ejection fraction, are largely dependent on loading
conditions and geometric assumptions [28, 29]. Myocardial deformation imaging has
introduced a new global parameter of left ventricular longitudinal deformation GLS
(global longitudinal strain), which has turned out to be more sensitive for early detec-
tion of myocardial impairment compared to conventional echocardiographic systolic
function parameters. Myocardial deformation parameters have diagnostic as well as
prognostic values in several cardiac diseases [3].

Recent developments in the assessment of ventricular function are the measure-
ment of myocardial tissue Doppler velocities (tissue Doppler imaging, TDI) and
deformation imaging (strain and strain-rate quantification). TDI has some advan-
tages over traditional echocardiographic techniques in providing measurements of
cardiac tissue movements [7, 30]. Myocardial deformation analysis is a quantitative
technique that helps define a global and regional function of both ventricles. Tissue
deformation is measured by cardiac strain, and there is an additional parameter called
strain rate that defines the rate of myocardial deformation in time [7].

Compared to traditional methods that measure cardiac function mainly in the
radial direction, strain imaging does not rely on geometric assumptions and can
quantify function in the longitudinal, radial, and circumferential direction of motion.
Therefore, regional as well as global ventricular function may be better estimated.
Strain rate measures the extent of shortening of the myocardium in the longitudinal
and circumferential directions and thickening in the radial direction. These newer
methods of myocardial function assessment have already shown great promise in
several areas of pediatric echocardiography, but their use in clinical practice is still
limited by the lack of data from large patient cohorts [1].

Recently, two-dimensional (2D) and three-dimensional (3D) speckle-tracking
echocardiography (STE) has been introduced as a new method to quantify myocar-
dial strain [29]. STE tracks the motion of speckles within the scan volume, allowing a
more complete and accurate assessment of myocardial deformation in all three spatial
dimensions [29, 31]. Strain imaging is a promising method for assessing left ventricu-
lar function for diagnosis, prognosis, and risk stratification of various congenital and
acquired heart diseases; it is also useful for monitoring treatment outcomes before
and after medical, percutaneous, and surgical interventions [29].

Strain and strain rate can be measured either from tissue Doppler velocities or
with speckle-tracking techniques together with final analysis at the workstation. It
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Vendor Software Average value of Lower limit of Averagevalueof  Average value of
GLS (%) normal GLS (%) GCS (%) GRS (%)
GE EchoPAC BT12 -1940 -18 —1947 50.41
(—20.06 to (-20.49 to (47.96 to 52.87)
-18.74) —18.45)
Philips QLAB71 -19.67 -14 -2213 59.24
(-21.27 to (—26.73 to —17.52) (41.91 to 76.56)
~18.08)
Toshiba UltraExtend -17.04 =15 -28.79 3317
(—1791 to —-16.17) (—32.90 to (24.38 t0 41.97)
—24.68)

Data are mean (95% Cl—confidence interval); GLS, global longitudinal strain; GCS, global circumferential strain;
GRS, global radial strain.

Table 2.

Normal left ventricular global longitudinal strain (GLS), global circumferential strain (GRS), and global radial
strain (GRS) values for specific vendors’ equipment based on data from the literature (adapted from Truong
etal., Lang et al.).

is necessary to be aware of the wide variability of the strain and strain rate measure-
ments that depend on vendors, software packages, and echocardiographic laborato-
ries, as shown in Table 2 [32, 33]. Broad clinical use of the strain is still limited due
to the intervendor differences and related difficult comparison of the results, thus,
standardization is urgently needed [1, 34]. Higher heart rates, especially in younger
children, require higher frame rates, particularly for strain rate imaging; therefore,
this aspect of use requires further development. Another challenge for the implemen-
tation of strain imaging in everyday clinical practice is the availability of reference
values for different age groups of children [1, 35].

3D speckle-tracking provides a more comprehensive evaluation of ventricular
mechanics from pyramidal 3D datasets. Furthermore, it enables also more precise
mechanical activation mapping compared to 2D strain, by being maximum opposing
wall delay and SD (standard deviation) still significantly correlated with similar 2D
strain measurements. 3D loops of regional strain are color-coded and divided into 16
or 18 segments for time-strain curves. The results are presented in a 16- or 18-segment
polar map with segmental systolic strain values displayed in the bull’s eye. GLS value
is defined as the average peak longitudinal strain of the left ventricle [36, 37]. Future
development and expansion of applications for 3D speckle tracking are anticipated.

Strain imaging has also been used to gain a greater understanding of the patho-
physiology of cardiac ischemia and infarction, primary diseases of the myocardium,
the effects of valvular disease on myocardial function, and understanding of diastolic
function, as seen in Table 3. Strain imaging has also been used for heart failure
patients undergoing cardiac resynchronization pacing therapy providing important
quantitative information on the timing of mechanical activation. Strain imaging has
become increasingly used for research purposes, in addition, it shows great potential
for routine clinical practice in the light of the improved treatment of cardiovascular
patients [37]. Therefore, deformation imaging also plays a role in the risk stratifica-
tion of young individuals with a potentially increased risk for heart failure and
sudden cardiac death [1, 38]. Strain imaging has also been used to help to differentiate
between athlete’s heart and individuals with potential cardiomyopathy [1, 39]. While
multiple studies have shown the usefulness of strain quantification for risk stratifica-
tion in various diseases, such as arterial hypertension, diabetes mellitus, metabolic
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Area of use Clinical applications

CHD * The effects of valvular disease on myocardial function
* Understanding of the diastolic function

* Timely treatment decisions

Primary diseases of the myocardium * Early detection of ventricular dysfunction

(cardiomyopathies) * Potential need for additional diagnostics

* Timely treatment decisions

Cardiac ischemia and infarction * Extent of the ischemic myocardium

* Assessing ventricular function, especially in patients with
preserved LVEF

Cardiac resynchronization therapy * Quantify abnormalities in the timing of mechanical activa-
tion of the left ventricle

Myocarditis « Evaluation of ventricular function in patients with preserved
LVEF

« Evaluation of regional myocardial dysfunction

Cardiotoxicity * Recognition of subclinical myocardial dysfunction

 Adjustment of therapy

Risk stratification for heart failure and * Early detection of ventricular dysfunction in patients with
sudden cardiac death in children with a arterial hypertension, diabetes mellitus, metabolic syndrome,
systemic disease chronic kidney disease, neuromuscular diseases

* Potential need for additional diagnostics

* Timely treatment decisions

CHD, congenital heart disease; LVEF, left ventricular ejection fraction.

Table 3.
Main clinical applications of myocardial deformation imaging.

syndrome, chronic kidney disease, neuromuscular diseases, and others, the main
limitation remains that strain values vary among methods, modalities, and software
versions [40-42].

Ventricular morphology can be highly variable in CHD, and therefore traditional
methods of assessment of ventricular function that rely on geometry are unreliable.
Assessment of right ventricular function and evaluation of functional changes in
patients with a single ventricle are particularly challenging. Assessment of regional
function is also important in pediatric patients with coronary artery abnormalities
[1]. Subtle impairment in myocardial function, detectable with strain imaging, can be
used to identify asymptomatic patients who progress to require valve surgery, which
improves timely planning of the appropriate treatment [43].

Due to geometric factors, strain imaging better reflects systolic function in
patients with preserved ejection fraction (EF), which is also common in cardiomy-
opathies. Particularly, longitudinal shortening may vary in patients with cardiomy-
opathies significantly, as it has less effect on EF than circumferential shortening.
Therefore, longitudinal shortening might potentially be a more sensitive marker of
systolic dysfunction, which typically affects the subendocardial region first, and
could be assessed with longitudinal strain [44]. Deformation parameters, especially
global longitudinal strain, have better accuracy in detecting cardiac amyloidosis in
patients with thickened hearts [45].

29



Congenital Heart Defects - Recent Advances

Strain imaging is a beneficial additional echocardiographic method in assess-
ing the extent of the ischemic myocardium and ventricular function. Postsystolic
shortening is an important feature of the ischemic myocardium as a marker of
tissue viability, and when associated with systolic hypokinesis or akinesis, it indi-
cates actively contracting myocardium. When combined with dyskinesis, however,
postsystolic shortening seems to be a nonspecific marker of severe ischemia [46].
Semiautomated calculation of GLS is significantly related to all-cause mortality or
heart failure in patients with myocardial infarction and left ventricular ejection frac-
tion (LVEF) > 40% [47].

Strain imaging is effective in monitoring cardiac function in patients with the mul-
tisystem inflammatory syndrome in children (MIS-C), which occurs after COVID-19
infection. Patients with preserved LVEF in myocarditis within MIS-C had significantly
lower GLS; furthermore, regional myocardial dysfunction may also be presented, as
seen in Figure 1. Hence, even preserved EF patients show subtle changes in myocardial
deformation, suggesting subclinical myocardial injury. During a follow-up of the patients
with MIS-C, there was a good recovery of systolic function but the persistence of diastolic
dysfunction [48, 49]. Speckle-tracking imaging can help in the diagnosis of acute myo-
carditis when cardiovascular magnetic resonance (CMR) is not readily available or cannot
be performed. There is a good correlation between speckle-tracking imaging-based LVEF,
global strain and magnetic resonance imaging (MRI) calculated LVEF [50].

Segmental strain curves in a four-chamber view (top left), two-chamber view
(top right), three-chamber view/APLAX—apical long-axis view (bottom left), and

Figure 1.
Lower global longitudinal strain and regional myocardial dysfunction in the patient with myocarditis within
multisystem inflammatory syndrome in children (MIS-C).
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18-segment model or bull’s eye (bottom right). The numbers in segments in the bull’s
eye are the peak longitudinal strain values in systole. The calculated value of global lon-
gitudinal strain (GLS) is —13.3%. Systolic values of the longitudinal strain are reduced
in basal and mid-cavity segments of the anterior and lateral wall (blue color).

The recognition of early left ventricular dysfunction in cancer patients after
cardiotoxic therapy may allow the identification of individuals at risk of future heart
failure, allowing targeted monitoring and possibly institution of potential therapies
such as angiotensin-converting enzyme inhibitors. The potential of strain imaging to
prevent future cardiac toxicity by modulating cancer therapy and the institution of
cardiac protective therapy is promising [51, 52].

GLS is the preferred indicator of left ventricular global systolic function. Strain mea-
surements have proven to be more reproducible than LVEF due to minor dependency on
segmental variability than LVEF calculations. Additionally, strain measurements should
be obtained with the same analysis system and software version [42, 53-55].

Strain imaging is designed for the echocardiographic assessment of regional
and global myocardial function, and has been well studied in the adult population,
however, its use in pediatrics appears to be limited [56-58]. The duration of the
investigation and the need to perform post-processing are major barriers to the more
widespread implementation of the strain. Fully automated analysis with algorithms
validated in the pediatric population may remove this problem [58].

4. 3D echocardiography

3D echocardiography (3DE) allows imaging and analysis of cardiovascular struc-
tures as they move in time and space, which enables the creation of 4D datasets (3D
in real-time). Real-time 3DE is a major innovation in the history of cardiovascular
ultrasound [59].

3DE is increasingly used in patients with congenital heart disease, as it allows the
visualization of lesions in three dimensions, with opportunities for increased appre-
ciation of complex spatial relationships. Alternative imaging modalities such as CMR
or computed tomography (CT) have, compared to 3DE, some disadvantages, such as
expense, general anesthesia (CMR), or exposure to radiation (CT) [1].

Clinical benefits of 3DE are evident in three main areas: better visualization and
understanding of the spatial relationships and 3D morphology of congenital heart
defects; quantification of cardiac mass and volumes; planning and guiding therapeu-
tic interventions, as seen in Table 4 [1, 60].

However, 3DE scanning modalities that use the ECG for gating, and then collect
the data acquired over several heartbeats are often problematic in younger patients,
as there is a large potential for movement artifact, especially with higher respiratory
rates. The main shortcomings of 3D imaging have been the lower spatial and temporal
resolution compared with 2D imaging, and the requirement for offline analysis [1, 60].

Compared to cross-sectional imaging methods 3DE does not use the same geometric
assumptions, which allows a more accurate assessment of the cardiac function. At the
same time, with better visualization also comes a better understanding of the anatomy
of CHD, such as atrial and ventricular septal defects, atrioventricular (AV) septal
defects, and atrioventricular valve or outflow tract abnormalities. In addition, 3DE
enables better volumetric assessment of cardiac chambers in patients with borderline
sized ventricles, it can also work as an important diagnostic tool for cardiac mass. 3DE
findings correlate well with surgical findings, and can significantly improve the plan-
ning of therapeutic interventions, sometimes may also reduce the operative time [1].
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Area of use Clinical applications

Morphology of CHD * Atrial septal defects
* Ventricular septal defect
* Atrioventricular septal defects
« Atrioventricular valve abnormalities

¢ Outflow tract abnormalities

Quantification of cardiac mass « Ventricular volume and mass quantification (borderline left ventricle,
and volumes right ventricle)

* Atrial volume and mass quantification

* Dyssynchrony assessment (regional LV volumes)

Planning and guiding * Presurgical imaging (including 3D printing of atrioventricular valves)

therapeutic interventions * Intraprocedural imaging (intraoperative epicardial and transesopha-

geal 3DE, transcatheter procedures, endomyocardial biopsy)

Fetal echocardiography * Spatial relationship of the cardiac structures and great vessels

¢ Quantification of cardiac volumes

CHD, congenital heart disease; LV, left ventricle.

Table 4.
Main clinical applications of 3D echocardiography.

3DE offers the additional advantage to estimate the AV valve regurgitant volume,
the mechanism, and the origin of regurgitation with clear visualization of the valves,
which makes 3DE an ideal imaging modality to evaluate these structures and plan
interventions [61-64]. 3DE is also a promising modality for 3D printing of AV valves,
structures that are largely missing from cardiac models using exclusively MRI or CT
data [64-66].

The 3DE and 4DE with spatiotemporal image correlation allow obtaining fetal
cardiac volumes and their static and real-time analysis [67], and multiple two-dimen-
sional images are stacked one behind the other to create a volume dataset [68-70].
4DE is used mainly in the field of fetal echocardiography for the dynamic assessment
of fetal cardiac structures and large vessels. The main challenge of fetal echocardiog-
raphy is still a profound understanding of the spatial relationships and connections
of the cardiac structures and great vessels, which 4DE overcomes with more accurate
anatomic information. Although traditional 2D echocardiography is the basic modal-
ity for prenatal diagnosis of CHD, 3DE and 4DE should be considered as very useful
additions [71].

5. Conclusions

Recently, the focus of the development of pediatric echocardiography has shifted
toward accurate assessment of myocardial function and precise presentation of
cardiac morphology. As in other areas of ultrasound examinations, there is an increas-
ing need for bedside targeted echocardiography that provides fast answers to major
clinical challenges. Therefore, some echocardiographic methods becoming increas-
ingly useful, such as functional echocardiography, cardiac deformation imaging, and
3D echocardiography.
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Functional echocardiography enables real-time evaluation of cardiac perfor-
mance, identifying the nature of cardiovascular compromise, guiding therapeutic
decisions, and monitoring response to treatment. An additional advantage of func-
tional echocardiography is the noninvasiveness of the method. The decision-making
process is easier with further information provided by targeted echocardiography,
which also reduces a substantial proportion of interventions. Standardized training
and close collaboration with pediatric cardiologists are essential for ensuring patients’
safety and quality of examination, especially in neonatal units where the risk of a
critical or major CHD is higher compared to older children. Future research should
address short-term cardiovascular effects and long-term outcomes of functional
echocardiography.

Myocardial deformation imaging may be beneficial for the detection of early
ventricular dysfunction, especially where classical methods are unreliable. A better
understanding of patterns of dysfunction may help clinicians to identify causative
factors for global and regional ventricular dysfunction. Patients with progressive
heart disease or systemic disease affecting the heart may be identified and treated
timely. Furthermore, closer monitoring of the effects of therapy is also an impor-
tant advantage of myocardial deformation. New methods of myocardial function
assessment have already shown great promise in several areas of pediatric echocar-
diography, but the main limitation remains that strain values vary among methods,
modalities, and software versions. Further investigation is warranted for the potential
clinical applications in a pediatric population, especially in defining the normal range
and maturational changes in strain.

3DE is a very promising and topical new echocardiographic method; recently,
it has become more popular in patients with CHD, as it allows the visualization of
defects in three dimensions, with opportunities for increased appreciation of com-
plex spatial relationships. A current limitation of 3DE is a restriction of spatial and
temporal resolution. Based on 3D modeling, virtual surgery may even be possible, to
optimize device design for individual patients, or to determine the optimal surgical
technique. In a near future, we are likely to see increased use of 3DE during transcath-
eter interventions and heart surgeries.
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Chapter 4

Pre-Sports Participation Cardiac
Screening Evaluation — A Review

P. Syamasundar Rao

Abstract

Sudden death is associated with sports, while rare is a disastrous event. Sudden
death in athletes often has a cardiac etiology. Hypertrophic cardiomyopathy and
congenital coronary artery anomalies are the two most frequent causes. The existing
recommendations are to perform a pre-spots participation screening consisting of full
personal and family history and detailed physical examination. If abnormal findings in
history or physical examination are found, additional investigations should be
performed to define the nature of abnormalities. Employing an electrocardiogram,
echocardiogram, or magnetic resonance imaging as a routine screening technique is
not recommended in the US. The rationale of pre-participation screening is to allow as
many athletes as feasible to take part in the sports.

Keywords: sudden cardiac death, athlete, pre-participation screening,
electrocardiogram, echocardiogram, hypertrophic cardiomyopathy, aberrant
coronary artery, Marfan’s syndrome

1. Introduction

Sudden cardiac death (SCD) is defined as any death secondary to a cardiac cause
within minutes to 24 h of the exercise activity [1-3]. The SCD may be associated with a
rhythm disturbance or circulatory collapse. The prevalence of SCD in children is
approximately 600 per annum in the USA [3]. By contrast, sudden infant death
syndrome (SIDS) occurs in 7000-10,000 infants per year, and SCD in adults is seen in
300,000-400,000 subjects per year [3]. Consequently, the prevalence of SCD in child-
hood (and young adult) athletes is a lot less frequent than SIDS in babies and SCD in
adults. The objectives of this presentation are to list the most frequent cardiac causes of
sudden death in athletes, describe clinical features of more common cardiac disease
entities causing SCD, and discuss methods of pre-sports participation screening. The
discussion will not include SIDS and SCD without an antecedent exercise activity.

2. Causes of sudden death in athletes

Disease processes causing SCD have changed remarkably over the years. In the
1970s, aortic valve stenosis, un-palliated cyanotic congenital heart defects (CHDs),
and Eisenmenger’s syndrome were the major culprits. In the 1990s, hypertrophic
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cardiomyopathy (HCM), congenital anomalies of the coronary arteries (CAs), pre-
mature atherosclerosis, rupture of the aorta in Marfan’s syndrome, and arrhythmias
were identified as major diseases entities causing SCD in athletes [2]. At the present
time, HCM; congenital anomalies of the CAs; Marfan’s syndrome; structural cardiac
defects, namely, repaired tetralogy of Fallot, repaired transposition of the great arter-
ies by Mustard or Senning procedures, single ventricle lesions addressed by Fontan
operation; CHD without prior surgery, including aortic is responsible for SCD [2-4].
Less common causes namely, acute or chronic myocarditis; complex forms of mitral
prolapse, arrhythmogenic right ventricular cardiomyopathy (ARVC), Eisenmenger’s
syndrome; long QT syndrome; other abnormalities of the coronary artery such as
Kawasaki disease and familial hyperbeta hyperlipoproteinemia; commotio cordis;
catecholaminergenic polymorphic ventricular tachycardia; and Brugada syndrome
were also found to be responsible for SCD [4-7]. Some of these entities will be
reviewed in the ensuing paragraphs. In the US, SCD is seen more frequently following
basketball and football than with other sports; this is likely to be related to the
requirement for high level of physical activity in these sports [5, 6].

3. Hypertrophic cardiomyopathy
3.1 Introduction

This condition has been called asymmetric septal hypertrophy (ASH), hypertro-
phic obstructive cardiomyopathy (HOCM), dynamic muscular subaortic stenosis,
idiopathic hypertrophic subaortic stenosis (IHSS), diffuse muscular subaortic steno-
sis, Brock’s Disease, Teare’s Disease, and others, but is now best described as hyper-
trophic cardiomyopathy. HCM is a primary, often inherited, disease of the
myocardium affecting the sarcomeric proteins. This results in hypertrophy and disor-
ganization of myofibrils and fibrosis of interstitia. Autosomal dominant inheritance
with a high degree of penetrance is noted. Matrilineal, X-linked, and autosomal-
recessive inheritance patterns have also been described. One hundred or more differ-
ent mutations in 10 genes have been discovered (chromosomes 1, 14 & 15). Troponin-
T, beta myosin heavy chain, and alpha tropomyosin may also be involved.

3.2 Pathology and pathophysiology

HCM is characterized by hypertrophy of the left ventricle (more often) and/or
right ventricle (RV). Concentric left ventricular (LV) hypertrophy is present without
an identifiable hemodynamic reason. Frequently, there is asymmetric interventricular
septal hypertrophy. Diastolic dysfunction including, delayed relaxation and increased
muscle stiffness are present. LV outflow obstruction, which is dynamic is seen in 25%
of cases. Systolic anterior motion (SAM) of the mitral valve may contribute to the LV
outflow tract narrowing. RV outflow obstruction is rare but is more frequent in
infants with HCM. There appear to be areas of localized hypertrophy in the LV muscle
in addition to those in the septum and serve as potential arrhythmogenic foci.

3.3 Symptoms

There are usually no symptoms in infants and children; they are most often
detected because of a cardiac murmur or family history of HCM. Symptoms in infancy
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usually indicate a poor prognosis. In early adulthood, the presenting symptoms are
exertional dyspnea, lightheadedness, chest pain, syncope, or palpitations.

3.4 Physical examination

In the non-obstructive HCM, the findings are subtle with minimal or no increase in
LV impulse. A third or fourth heart sound may be auscultated at the apex. There may
either be a soft systolic murmur or no murmur. In the obstructive HCM, increased LV
impulse, double or triple impulse may be felt. Pulses bisfiriens may be felt in some
subjects. An ejection systolic murmur is heard at the left mid and right upper sternal
borders. The murmur changes with postural maneuvers: decreases in intensity on squat-
ting which may increase in a standing position. The murmur of HCM is usually auscul-
tated at the left mid sternal border and increases in intensity with the Valsalva maneuver.

3.5 Chest X-ray and electrocardiogram (ECG)

Chest X-ray is of limited value; the size of the heart may be normal or
cardiomegaly may be present. The size of the heart may be normal even with marked
LV hypertrophy. ECG is abnormal in 90% of patients; bizarre patterns are seen, but
none are characteristic of HCM. Most commonly, increased LV voltages (deep S
waves in V1 and V2 and tall R wave in V5 and V6) are detected. T wave inversion,
deep q waves, and enlargement of the left atrium may be identified on the ECG in
some patients. Unfortunately, the ECG pattern does not discriminate between
obstructive and non-obstructive types or those at risk for sudden death. However,
Holter monitoring is likely to detect arrhythmia [8, 9] and may help prognosticate [9].

3.6 Echo-doppler studies

Echocardiogram is the most useful test in the diagnosis of this condition. It demon-
strates LV hypertrophy (Figure 1), asymmetric septal hypertrophy (Figures 1 and 2),

Figure 1.

A. Parasternal long (A) and short (B) axis views of the left ventricle (LV) illustrating LV hypertrophy and
strikingly thickened inter-ventricular septum (IVS). Ao, aorta; LVPW, LV posterior wall; RV, right ventricle.
(veproduced from reference [10]).
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Figure 2.
Parasternal short (left) and long (right) axis views of the left ventricle (LV) illustrating distinctly thickened inter-
ventricular septum (arrows in both images). Ao, aorta; LA, left atrium.

and SAM of the mitral valve (Figure 3). The LV cavity is completely obliterated in
systole (Figure 4). Doppler studies will detect abnormal mitral inflow Doppler
patterns and mitral insufficiency and help to quantify LV outflow tract obstruction
(Figures 5 and 6).

Figure 3.
Parasternal echocardiographic long axis views of the left ventricle (LV) and mitral valve illustrating systolic
anterior motion (SAM) of the mitral valve (thick arrows in both ‘A’ and ‘B’). Note thickened inter-ventricular

septum (thin arvows), particularly noticeable in ‘B’. Ao, aorta; LA, left atrium; RV, right ventricle.
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Figure 4.
Parasternal long-axis views of the left ventricle (LV) of a child with hypertrophic cardiomyopathy demonstrating
total obliteration of the cavity of the LV (right image) in systole (arrows).
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Figure 5.

A. Parasternal long axis 2D and color doppler vecording showing turbulent flow (TF) in the left ventricular (LV)
outflow tract. B. Continuous-wave doppler indicates a gradient of 39 mmHg (the insert in B). The triangular
pattern of the doppler recording is suggestive of subaortic narrowing. Ao, aorta. (veproduced from reference [10]).

Localized, atypical hypertrophy patterns as demonstrated in Figures 7-9 may also
be detected.

3.7 Differentiation from athlete’s heart

Some athletes develop LV hypertrophy and differentiation of this LV hypertrophy
from that seen with HCM maybe not easy. Criteria that help differentiate these
conditions [7] are listed in Table 1.

3.8 Sudden cardiac death in HCM

Yearly mortality rate in subjects with HCM is in the order of 2 to 4% of the HCM
cases; this is largely based on patients cared for in large tertiary care centers.
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Figure 6.
Apical five-chamber view with continuous-wave doppler across the left ventricular outflow tract demonstrating a
peak gradient of 75 mmHg. The triangular pattern of the doppler recording is suggestive of subaortic narrowing.

Figure 7.
Parasternal long-axis views of the left ventricle of a patient with hypertrophic cardiomyopathy showing marked
inter-ventricular septal thickening (arrows). LA, left atrium.

Consequently, the true population prevalence is unknown. Examination of SCD in
competitive athletes revealed that HCM is the most frequent reason for SCD and
accounted for 36% of deaths [5-7]. The mortality is largely confined to the 12-to-
35-year age patient group. Most of these patients are asymptomatic or mildly
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Figure 8.
Subcostal view of the left ventricle (LV) of a patient with hypertrophic cardiomyopathy showing marked
inter-ventricular septal thickening (arrows).

symptomatic and therefore, risk stratification of HCM is difficult. In some investiga-
tions, risk factors for SCD in HCM patients have been identified and these include, a
family history of sudden death related to HCM, history of syncope or pre-syncope,
history of having survived sudden death episode, massive LV hypertrophy

(> 30 mm), non-sustained ventricular tachycardia, unusual blood pressure (BP)
response to exercise, and high LV outflow tract gradient [1-4, 11-13].

3.9 Sudden cardiac death prevention in HCM

The mechanism by which HCM results in SCD following exercise is not clearly
understood, but the development of ventricular arrhythmia, leading to ventricular
fibrillation is thought to be responsible for SCD [2]. Even at the present time, we have
limited knowledge as to how to prevent SCD in HCM. We continue to lack sound
criteria of individual severity and relative prognostic risk, in general, and especially in
athletes. Early studies showed the usefulness of beta-blockers in reducing mortality,
but recent studies did not corroborate the usefulness of beta-blocker usage in the
prevention of mortality. Exercise limitation may be helpful in decreasing the proba-
bility of sudden death. Indeed, the athlete with HCM should not be permitted to take
part in the strenuous sports activity. If non-sustained ventricular tachycardia is pre-
sent, Amiodarone has been shown to be beneficial. Intra-cardiac defibrillators (ICDs)
for high-risk patients with ventricular tachycardia induced by programmed
ventricular stimulation may be helpful.
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Figure 9.
Apical four-chamber view of the left ventricle (LV) of a patient with hypertrophic cardiomyopathy showing
marked inter-ventricular septal thickening (arrows). RA, vight atrium.

Parameter Hypertrophic cardiomyopathy Athlete’s heart
Unusual patterns of LVH on echo Positive Negative

LV Cavity <45 mm Positive Negative

LV Cavity >55 mm Negative Positive

Left atrial enlargement Positive Negative
Bizarre ECG patterns Positive Negative
Abnormal LV filling Positive Negative
Female gender Positive Negative
Decreased LV muscle thickness with de-conditioning Negative Positive

Family history of hypertrophic cardiomyopathy Positive Negative

ECG, electrocardiogram; LV, left ventricle; LVH, left ventricular hypertrophy.

Table 1.
Criteria to distinguish athlete’s heart from HCM.

4. Congenital coronary artery anomalies
4.1 Normal coronary arteries

In normal subjects, the left and right coronary arteries (CAs) originate from left
and right sinuses of Valsalva, respectively. The left main CA is short and divides into
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two branches, namely the left anterior descending (LAD) and circumflex. The LAD
continues in the same course as the left main CA and traverses in the interventricular
groove. The circumflex traverses perpendicular to the axis of the left main CA and
keeps on going in the posterior atrioventricular groove. The left CA perfuses the LV
and interventricular septum [14, 15]. The right CA originates from the right sinus of
Valsalva and continues in the right atrioventricular sulcus and does not branch out
similar to the left CA. The right CA supplies the RV [14, 15]. The site of origin and the
course of the CAs proximally can easily be demonstrated in echocardiographic studies
(Figures 10 and 11). Color flow mapping of the CAs (Figures 11 and 12) should also
be undertaken concurrently to ensure that the parallel lines of the transverse sinus of
the pericardium are not mistaken for CAs [16].

4.2 Aberrant coronary arteries

The aberrant origin of the CA is a rare abnormality with its origin from the
contralateral aortic sinus of Valsalva [16]. In aberrant left CA, the left CA originates
from the right sinus of Valsalva (rarely from the right CA) with a short intramural
(within the aortic wall) course and continues between the pulmonary trunk anteriorly
and the aorta posteriorly. The ostium of the left CA is often Slit-like forming a
potential site for obstruction to coronary blood flow. In aberrant right CA, the right
coronary artery arises from the left sinus of Valsalva (less commonly from the left
main CA). This is the counterpart of aberrant left CA. The right CA then traverses
rightward with a short intramural course within the aortic wall and then traverses
between the pulmonary artery and aorta to get to its usual course. There is adequate
coronary flow at rest, but during exercise, ischemia may develop secondary to either

Figure 10.

A 3%’:1071’41)61'5 view at the level of aortic sinuses demonstrating normal left and right (RC) coronary arteries and their
branches. The left main coronary avtery (LMC) continues in the same direction to become the left anterior
descending (LAD) artery. The circumflex (CiR) and marginal (MR) branches traverse perpendicular to the axis
of LMC. The aorta (AO) and pulmonary artery (PA) are also shown. Demonstration of color flow within the
coronary arteries is required to ensure that these indeed are coronary arteries. (modified from veference [16]).
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Figure 11.
The short-axis views at the level of aortic sinuses demonstrate the origin and course of the left (LCA) (A and B)

and right (RCA) (C and D) coronary arteries. The LCA continues in the same direction to become the left anterior
descending artery (LAD). The civcumflex (CIRC) traverses perpendicular to the axis of LCA. Color flow within
the coronary arteries is demonstrated in ‘B’ and ‘D’ and is requived to ensure that these indeed are coronary arteries

and not parallel lines of the transverse sinus of the pericardium. Ao, aorta.

Figure 12.
A. a short-axis view at the level of aortic sinuses, similar to Figures 10 and 11, focusing on the left main covonary artery

showing its division into left anterior descending (AD) and circumflex (CIR) coronary arteries. Note the red flow in the
AD and the blue flow in the CIR. B. a short-axis view at the level of aortic sinuses, similar to figurve a, but focusing on to
the right coronary artery (RCA) showing its origin from the right sinus with the color flow within it. AO, aorta.
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partial or total occlusion of the CA [17, 18]. Several hypotheses have been proposed to
elucidate the reason(s) for inadequate CA blood flow. One such hypothesis is com-
pression of the CA (left or right) between the great arteries by the expansion of the
aorta and pulmonary artery against each other during the exercise. Another hypothe-
sis suggests that an angle is created between ostium of the CA and its main axis
creating additional tension, during aortic expansion [19-21]. The intramural course of
the coronary artery also contributes to the risk of SCD during exertion. Echocardio-
graphic examples of aberrant left CA arising from the right sinus of Valsalva

(Figure 13) and of aberrant right CA arising from the left sinus of Valsalva

(Figures 14-16) are shown in Figures 13-16.

4.3 Aberrant coronary arteries and SCD

The aberrant origin of the left CA is strongly associated with SCD [19, 20]. While
not as common, aberrant right CA is also seen with SCD associated with exercise [21].
Aberrant CAs constitute 17% of all SCDs following exercise [5-7] and are next only to
HCM with regard to frequency.

4.4 Clinical and laboratory features of aberrant coronary arteries

Often, the first presentation of most patients with aberrant coronary arteries is
SCD with exercise. A few patients may present with symptoms of angina or syncope
following exercise [22]. Some patients may be detected during echocardiograms
performed for some other reason. Routine physical examination is completely normal.
Patients with complaints of angina or syncope following exercise should be evaluated

Figure 13.
A short-axis view of the aorta demonstrating aberrant left coronary artery from the right sinus of Valsalva,
traversing between the aovta (AO) and pulmonary artery (PA). (veproduced from veference [16]).
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Figure 14.

The short-axis views of the aorta (Ao) demonstrate aberrant right coronary artery (RCA) from the left sinus of
Valsalva by two-dimensional (A and B) and color flow (CF) (C) imaging. The intramural (IM) course of the
right coronary artery is shown in ‘B’
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Figure 15.

The short-axis views of the aorta (Ao) demonstrate aberrant right covonary artery (RCA) from the left sinus of
Valsalva by two-dimensional (A) and color flow (B) imaging. Color flow (CF) at the origin of RCA (B) and
intramural (IM) course of the RCA (A and B) are shown. PA. Pulmonary artery.

by a cardiologist. Stress testing, while routinely used for complaints of this nature, a
regular stress test may not yield abnormal results in subjects with aberrant CAs
particularly if the stress test is sub-maximal [16, 17]. If the stress test with maximal
activity is performed, it may precipitate a coronary event or even sudden death.
Instead, the author recommends echocardiographic studies, focusing on imaging of
proximal CAs [16]. Reliable echocardiographic screening methods to identify aberrant
CAs (Figure 17) have been described [23, 24] and may be used. However, normalcy
(Figures 10-12) of the CAs or aberrancy (Figures 13-16) should be documented by
direct visualization of the CAs by transthoracic echocardiographic studies. With the
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Figure 16.

The short-axis views of the aorta (Ao) demonstrate aberrant right coronary artery (RCA) from the left sinus of
Valsalva by two-dimensional (A) and color flow (B) imaging. Color flow acceleration (FA) at the origin of RCA
(B) may suggest stenosis at the ovigin of RCA. The intramural (IM) course of the RCA (A and B) is seen. PA.
Pulmonary artery.

Figure 17.

Pa%;stemal long-axis two-dimensional echo images of the left atrium (LA), left ventricle (LV) and aorta (AO) in
a normal child ave shown in A. A similar view of the heart in a child with an aberrant covonary artery (CA) is
shown in B which demonstrated a cross-sectional image of the CA in the anterior wall of the AO (arrow in B). RV,
right ventricle. Modified from Juveidini SB, Marino CJ, Singh GK, Balfour IC, Rao PS. ] Am Society of Echocard
2003; 16: 756-763 [23].

current state-of-the-art echocardiographic equipment, echo studies are the primary
tools of investigation. If transthoracic echocardiographic images are not clear, espe-
cially in adolescents and adults with poor acoustic windows, other studies such as
transesophageal echocardiography (TEE), computed tomography (CT) scan, or
angiography may have to be performed to demonstrate the CA anatomy. Surgical
re-implantation of the aberrant CAs along with enlarging the coronary ostium and
un-roofing the intramural portion of the CA, as deemed appropriate, can be safely
performed, and subsequent to recovery from surgery, participation in the full athletic
activity is feasible.
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5. Marfan’s syndrome

Marfan’s syndrome is a disorder of the connective tissue with multisystem
involvement, particularly of the musculoskeletal, ocular, and cardiovascular systems
[25, 26]. Mutations of the fibrillin-1 gene are believed to be responsible for this
syndrome. The overall prevalence is one in 10,000 to 20,000 individuals [27]. The
inheritance pattern is autosomal dominant with variable expression. In approximately
15% of cases, it may manifest sporadically [25]. Several reviews of SCD in young
athletes disclosed aortic rupture in Marfan’s syndrome patients (2 to 3%) as a causa-
tive factor [1, 5-7, 26, 28].

Clinical manifestations of Marfan’s syndrome are tall stature with arm span >105%
of the height, scoliosis, arachnodactyly, pectus deformity, hyper-extensible joints, and
dislocation of the lens. They may also have glaucoma and retinal detachment. Some of
the clinical features are illustrated in Figure 18. Cardiovascular abnormalities include
mitral valve prolapse (Figure 19) in almost 100% of patients, some with mitral
regurgitation (Figure 19), and aortic root dilatation (Figures 20 and 21) in a high
percentage of patients [26, 29]. The mitral prolapse and mitral regurgitation may be
appreciated on careful auscultation and confirmed by echocardiography. However,
echocardiography is necessary to detect aortic root dilatation [29]; the measurements
are compared with normal subjects, and Z scores are determined. The diagnosis of
Marfan’s syndrome is largely on the basis of Ghent nosology criteria [27, 30] using a
mixture of major and minor clinical features and the family history. In the absence of
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Figure 18.
A summary of clinical features of Marfan’s syndrome.
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Figure 19.

Selected video frames from apical four-chamber views demonstrating mitral valve prolapse (MP) and mitral
regurgitation jet (MR]) in a patient clinically diagnosed as Marfan’s syndrome. LA, left atrium; LV, left ventricle;
RA, right atrium; RV, right ventricle.
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Figure 20.

Selected video frame from parasternal long-axis view demonstrating measurements of the dilated aortic root in a
patient clinically diagnosed as Marfan’s syndrome. Note the measurements ave listed at the left bottom. The Z scoves
of the dilated aortic root varied between 2.9 and 3.8.

these criteria, a scoring system is utilized [31] for the diagnosis. Spontaneous aortic
dissection has been observed. To prevent such catastrophes, surgery to replace the
aortic root is suggested if the aortic diameter exceeds 5.0 cm or if the rate of growth of
the aorta is more than 0.5-1.0 cm/year [30]. Beta-blocking drugs, angiotensin
converting enzyme (ACE) inhibiting medications and more recently, losartan (to
attenuate TGFf signaling) have been used to decrease the rate of growth of the aorta.
In an attempt to prevent aortic dissection and SCD, restriction from participation
from sports is generally recommended [31].
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Figure 21.

Selected video frames from parasternal long-axis view demonstrating measurements of the dilated aortic root in a
patient clinically diagnosed as Marfan’s syndrome. The measurements are listed at the left bottom in both ‘A’ and
‘B’. while the Z score of the aortic valve (AV) annulus was within normal limits, the Z score of the dilated aortic

SINUS Was +5.5.

6. Structural heart defects

Congenital cardiac defects following repair (tetralogy of Fallot—total correction;
transposition of the great arteries—Mustard or Senning operation, and single ventricle
lesions—Fontan operation) in 2% and un-operated CHDs, including aortic stenosis in 3%
have been reported as causative factors for SCD following exercise activity [4-7]. The
clinical features of these disease entities [32-37] and their long-term squealae [38, 39]
were reviewed elsewhere [32-39] for the interested reader and will not be reviewed here.

7. Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a rare myocardial dis-
order inherited in an autosomal dominant pattern with an estimated prevalence of
1:1000-1:5000 [40]. It has been identified as a cause of SCD following sports participa-
tion in approximately 4% of cases [5-7]. Cardiomyopathic changes most frequently
involve the right ventricular myocardium; however, cases involving the LV have also
been reported. Exercise may be important in eliciting ventricular arrhythmias. The usual
presenting symptoms are palpitations, syncope, or aborted cardiac arrest. Congestive
heart failure may occur in the late stages. T-wave inversion in the right chest leads,
indicative of repolarization abnormalities are seen in the ECG. However, the ECG is not
sensitive in detecting ARVC [41]. The diagnosis is largely based on major and minor
criteria in the echocardiographic and MRI studies, reviewed elsewhere [40, 42]. The
mechanism for SCD following exercise is the development of ventricular arrhythmia 40].

8. Other disease entities

There are number of other diseases/defects that have been known to have a causal
relationship with SCD following exercise; the prevalence of each of these varied
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Disease entities Percent Comments
prevalence
Myocarditis 6% [5-7] Early studies indicated a higher prevalence

ranging from 18 to 29% [28, 43, 44]

Complex Forms of Mitral Prolapse 4% [5-7]  Family history of SCD and exercise-induced
arrhythmias in mitral prolapse cases are
likely to be related to SCD [2]

Ion Channelopathies 3 to 4% Long QT syndromes (Jervell and Lange-
[5-7] Nielson syndrome and Romano-Ward
syndrome) and Brugada syndrome

Myocardial Bridging of the Left Anterior 3% [5-7] Has also been reported in other studies

Descending Coronary Artery [16, 45, 46]

Atherosclerotic Coronary Artery Disease 3% [5-7] Premature atherosclerotic coronary artery
disease secondary to hyperbeta

hyperlipoprotenemia

Dilated Cardiomyopathy 2% [5-7] —

Wolf Parkinson White syndrome 2% [7] —

Pulmonary Hypertension (Eisenmenger’s ~1% each Pulmonary Hypertension (Eisenmenger’s

Syndrome), Sarcoidosis, Kawasaki Disease, [2,5,6,28, Syndrome) [28], Sarcoidosis [5], Kawasaki

Commotio Cordis 47] Disease [2, 6], Commotio Cordis [6, 47]

ECG, electrocardiogram; SCD, sudden cardiac death.

Table 2.
Other disease entities associated with SCD following exercise.

between 1 and 6% [5-7]. These are listed in Table 2. A detailed discussion of these
entities is beyond the scope of this paper.

9. Pre-sports participation screening

Pre-sports participation screening is commonly suggested by most medical socie-
ties [5, 48-52] including the American Academy of Pediatrics (AAP), American Heart
Association (AHA), and the American College of Cardiology (ACC). Yet, the heart
conditions which predispose to SCD happen in 5 in 100,000 persons and SCD occurs
in 1in 200,000 subjects. This degree of low risk makes the appraisal hard and the
cost-effectiveness of screening techniques is low. The aim of any program is to dis-
cover individuals at risk for SCD during tough exercise without invasive testing and in
a cost-effective manner. However, no generally established standards for screening
are available at the present time. This issue was tackled differently in different coun-
tries. In the US, the pre-participation screening [5, 48, 51, 52] includes securing sports
person’s personal and family history and complete physical examination (Tables 3
and 4) without an ECG or any other imaging studies and if abnormalities are detected
in this initial screening process, further workup is pursued. In Italy [49, 53], Israel
[54], and Japan [55], an ECG is also performed along with history and physical
examination; this is mandated by the respective country’s laws. Screening of the
athletes in other European countries is limited to the individuals participating in
international, Olympic, or other professional sports [56]. Denmark, on the other hand
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Personal history

1. Chest pain or discomfort during exertional activities

2. Unexplained syncope or near-syncope

3. Excessive exertional and unexplained dyspnea/fatigue or palpitations associated with exercise

4. Previously recognized heart murmur

5. Elevated systemic blood pressure

6. History of prior restriction from participation in sports

7. Results of prior testing of the heart by another physician/healthcare giver

Family history

8. History of premature death (sudden and unexpected, or otherwise) prior to age 50 years secondary to a
cardiac issue in more than 1 relative.

9. Disability from heart disease in close relatives less than 50 years of age

10. History of hypertrophic or dilated cardiomyopathy, long-QT syndrome or other ion channelopathies,
Marfan’s syndrome, clinically significant arrhythmias, or genetic cardiac conditions in family members

Table 3.
Personal and family history [5, 48, 51, 52].

Physical examination

11. Complete physical examination including blood pressure in a sitting position”

12. Palpation of femoral pulses to exclude coarctation of the aorta

13. Look for physical stigmata of Marfan’s syndrome

14. Careful auscultation to exclude left ventricular outflow tract obstruction”

*The numbering continues from Table 3.
**Auscultation should be undertaken with the athlete in both the supine and standing positions (and with Valsalva
maneuver) particularly to discover murmurs associated with HCM (dynamic left ventricular outflow tract obstruction).

Table 4.
Pre-participation physical examination [5, 48, 51, 52].

completely rejected systematic screening for the athletes; their stated justification was
a low event rate [57].

Some investigators employed screening studies utilizing ECG [58-61], echocardio-
gram [61-64], or MRI [65], and these investigators demonstrated that the prevalence
of high-risk cardiac condition that is likely to predispose to SCD following exercise is
low: ECG—0.33 to 11.5%; echocardiogram—1.26 to 5.1%; and MRI—1.25% of the
athletic population screened [58-65].

The current recommendations by the AHA and ACC [5, 48, 51, 52] are to examine
the personal history and family history (Table 3) and to carry out an orderly and
complete physical examination (Table 4), whether it is undertaken in primary care
doctors’ clinic or in mass pre-participation screening programs. The rationale of the
pre-participation screening is not to exclude youths from participation in sports, but
to enable as many of them as possible to participate in sports to their full potential.

As mentioned above, the present AHA/ACC suggestions are that screening assess-
ments are executed by trained examiners. This appraisal should consist of the 14-key

60



Pre-Sports Participation Cardiac Screening Evaluation — A Review
DOT: http://dx.doi.org/10.5772 /intechopen.102942

elements of personal and family history and physical examination (Tables 3 and 4).
Such assessment should be carried out in a setting favorable for best auscultation of
the heart. These all-inclusive screening assessments should be re-done in two years for
high school athletes and in three years for the college student athletes. It is not realistic
to presume that usual large-scale screening assessments are capable of excluding all
clinically pertinent diseases. The writer of this chapter strongly believes that such
appraisals should be undertaken by the primary care doctors (pediatricians, internists,
family practitioners, and other primary care providers who care for children, adoles-
cents and young adults) as a part of their annual regular physicals, but they should
make sure that the AHA/ACC suggested 14-key elements of personal and family
history and physical examination (Tables 3 and 4) are included.

If abnormalities are detected in the previously expressed, 14-Element AHA/ACC
recommendations (Tables 3 and 4) for pre-participation cardiovascular screening,
additional testing, as suitable, should be undertaken (Table 5).

9.1 Electrocardiogram

ECG is the first test that should be performed if any abnormalities are detected in
the 14-element screening (Routine pre-participation screening ECG is not
recommended in the US and the justification for such will be reviewed in the next
section of this chapter). The ECG may identify patients with HCM because, as men-
tioned in the HCM section, many patients with HCM exhibit ECG abnormalities
although the ECG abnormalities are not diagnostic of HCM. The value of ECG in
identifying coronary abnormalities is limited. However, the ECG is useful in detecting
long QT syndrome, Wolf-Parkinson-White (WPW) syndrome, atrioventricular
block, and Brugada syndrome.

9.2 Echocardiogram

Echocardiogram should be performed to investigate abnormalities detected during
history taking, performing a physical examination, or unexplained ECG findings.
However, it is absolutely impracticable to use the echocardiogram as a screening tool
for SCD [2 22]. Hypertrophic cardiomyopathy (Figures 1-9) and other types of
cardiomyopathies can easily be diagnosed by echo-Doppler studies. Aberrant CAs
should be specifically imaged in an attempt to document normalcy (Figures 10-12) or
to establish aberrancy (Figures 13 through 17). Echo is also useful in quantifying
dilatation of the aortic root (Figures 20 and 21) in Marfan’s syndrome. The presence
of prolapse of the mitral valve and mitral valve insufficiency (Figure 19) can be
detected easily in echo-Doppler studies.

9.3 Other studies

A number of other studies may be useful in investigating these patients and they
should focus on specific issues/concerns discovered during the screening process
(Table 5). Exercise testing may help resolve the significance of exercise-induced
symptoms. Holter or Event monitors may be used to document arrhythmias. An
invasive electrophysiology study may be needed in some children. Genetic screening
for HCM, Marfan’s syndrome, and long QT syndrome is currently available and may
be performed as indicated for a given clinical scenario. MRI and CT scans may be
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1. Secure careful personal and family history (Table 3)

2. Perform methodical pre-participation physical examination (Table 4)

3. Obtain a 12-lead electrocardiogram if any abnormalities are detected during history and/or physical
examination (items 1 and 2)

4. If abnormalities are detected during history taking and physical examination or if unexplained ECG
findings are seen, an echocardiogram should be performed. Particular focus should be paid to address the
type of abnormality detected during items 1, 2, and 3

5. If problems are detected during items 1 through 4, additional studies, specifically addressing the
detected abnormalities, are in order:

* Exercise testing if exercise-induced symptoms were noted

* Holter or Event monitors may be used to document arrhythmias

* Genetic screening for HCM, Marfan’s syndrome, and long QT syndrome, if indicated

* MRI and CT scans may be performed to address issues not resolved by an echo

* Cardiac catheterization and cineangiography are rarely needed

CT, Computed tomography; HCM, Hypertrophic cardiomyopathy; MRI, magnetic vesonance imaging.

Table 5.

Stepwise approach to cardiac screening evaluation.

employed in specific situations, not resolved by echocardiography. Cardiac catheteri-
zation and cineangiography are rarely needed.

Given the easy accessibility of echocardiography and its utility in the detection and
quantification of causes of sudden death in athletes (as reviewed in Sections 2-8 of
this chapter), echocardiography has become the primary mode of investigation to
address issues identified during history, physical examination and ECG screening.
However, in subjects with poor echo windows, noninvasive studies such as MRI and
CT scans may be utilized. These studies are particularly useful in evaluating aortic
arch and pulmonary artery anomalies. Another condition in which MRI is useful is
arrhythmogenic right ventricular cardiomyopathy; indeed, MRI criteria forms the
basis for diagnostic confirmation of ARVC. In patients with Marfan syndrome, aortic
dilatation can be quantitated and aortic dissection detected by MRI. MRI and CT scans
are also useful in evaluating anomalous origin and course of the coronary arteries as
well in assessing other coronary artery abnormalities listed in Table 2.

10. Routine ECG as a screening tool

The Task Force on Preparticipation Screening for Cardiovascular Disease in Com-
petitive Athletes of AHA/ACC [5, 48, 51, 52] does not recommend routine ECGs and
echocardiograms for pre-participation screening. On the other hand, the International
Olympic Committee [66] and the European Society of Cardiology [67] guidelines
recommend routine screening with a 12-lead ECG along with history and physical
examination. Pre-participation screening ECG does not increase the diagnostic
accuracy, is not practical, is not sensitive, and is not specific. In addition, both false
positives and false negatives (5-20%) exist with the ECG [68]. However, it may detect
patients with hypertrophic cardiomyopathy, WPW syndrome, atrioventricular block,
long QT syndrome, and Brugada syndrome.

The justification for AHA/ACC guidelines for not recommending routine record-
ing of ECGs as a part of pre-participation screening may be summarized as follows: 1.
ECG is not sensitive and is not specific with false-positive ECGs taking place way
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above true-positive ECGs, 2. The incidence of cardiac conditions leading to sports-
related deaths is rather low (5 out of 100,000 subjects), 3. The athlete group to be
screened is of the considerable size (10 million in the USA and much larger world-
wide), 4. Routine ECG screening will impose a large price tag of roughly 2 Billion
dollars/year, and 5. There is no adequate physician pool to do and interpret this large
number of ECGs. Furthermore, the subjects with undiagnosed cardiac abnormality
may present with symptoms, namely chest pain, exertional dyspnea, or syncope
which may be uncovered by the screening questionnaire. Since some of the entities
have a genetic and familial origin, they may be discovered by the screening protocol.
Finally, studies comparing the strategies with and without ECG during screening did
not demonstrate a mortality benefit in the group with routine ECGs [52, 54, 69]. Based
on these and other considerations, the author is in support of not performing ECG
during pre-participation screening [3] and recommends careful attention to
implementing the 14-point AHA/ACC pre-participation screening protocol.

11. Summary and conclusions

Sudden death associated with sports participation often has a cardiovascular cause
and the two most frequent etiologies are HCM and aberrant CAs. Clinical features of
HCM, aberrant CAs, Marfan’s syndrome, and ARVC were reviewed and other entities
responsible for SCD were listed/tabulated. The existing recommendations are a pre-
spots participation review of full personal and family history and systematic physical
examination, preferably in the primary care doctors’ office. Additional investigative
studies should be undertaken if history or physical examination detect any abnormal-
ities. Using ECG, echocardiogram, or MRI as routine screening techniques is conten-
tious and is not currently recommended in the USA. The rationale of pre-sports
participation evaluation is to allow as many athletes as feasible to partake instead of
being excluded from sports participation.
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Chapter 5

Ventricular Septal Defects: A
Review

Unnati Doshi and Elizabeth Wang-Giuffre

Abstract

Ventricular septal defects (VSDs) account for up to 30% of all congenital
cardiac anomalies and are one of the most common lesions encountered in day-to-day
practice. The etiology is thought to be multifactorial inheritance but it is sometimes
associated with chromosomal abnormalities such as aneuploidies and microdeletions.
Most of these defects, close spontaneously and do not require treatment. Symptoms are
primarily dependent upon the degree of shunt across the ventricles. Echocardiography
remains the main modality of definitive diagnosis for isolated defects. Surgical repair is
recommended in hemodynamically significant shunts or if there is aortic prolapse and
regurgitation. Prognosis after surgical repair remains excellent especially with isolated
defects but complete atrioventricular block or worsening valve regurgitation may
occur in some patients. Newer techniques involving catheter based or hybrid device
closures are being used in select cases such as muscular defects. Large unrepaired
shunts, although uncommon in the developed world, may cause irreversible changes in
pulmonary vasculature leading to Eisenmenger’s syndrome.

Keywords: ventricular septal defect, congenital heart defects, heart disease, pediatrics,
Acyanotic heart defects

1. Introduction

The incidence of congenital heart disease varies from 6/1000 live births for moderate
to severe forms and increases to ~75/1000 if trivial forms are included [1]. Ventricular
septal defect (VSD) is a defect in the interventricular septum and one of the most
common congenital cardiac anomalies accounting for up to 30% of all congenital heart
defects [2]. Many trivial defects are unaccounted for as they close before one year of
age or in fetal life and therefore, a precise prevalence is difficult to obtain. Prevalence is
reported up to 5% in newborn babies [3]. They can occur in isolation or as a part of sev-
eral other complex cardiac anomalies including tetralogy of Fallot, truncus arteriosus
and atrioventricular septal defect. In this paper, we will primarily discuss isolated VSDs.

2. Embryology/genetics

The interventricular septum (IVS) is composed of the mesenchymal and muscular
portions. The ventricular septal growth starts around the fifth week of embryonic
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development and involves fusion of different septal components. The atrioventricular
endocardial cushions form part of the interventricular septum [4]. The muscular
interventricular septum arises from the primary fold or ring and grows upward from the
floor of the ventricles towards the already fused endocardial cushions [5]. The outflow
tract cushions composed of mesenchymal cells as well as neural crest cells contribute to
the septation of the common outflow tract, the semilunar valves and also move down-
ward into the ventricles forming the aortopulmonary septum. By the eighth week of ges-
tation, when the endocardial cushions, muscular septum and aortopulmonary septum
fuse, the membranous septum is formed and the ventricular septation is complete [6].
Several theories are currently postulated to determine factors affecting normal
cardiac septation. The etiology of ventricular septal defect is heterogenous and may
involve environmental and genetic factors, commonly referred to as multifactorial
inheritance. Known chromosomal abnormalities such as aneuploidies (e.g. trisomy 21 or
trisomy 18) and microdeletions such as DiGeorge syndrome are known to be associated
with ventricular septal defects [7]. Single gene defects involving TBX-5 causes Holt Oram
syndrome and is characterized by a constellation of birth defects, including ventricular
septal defects. Transcription factor encoding genes such as TBX, NKX2-5,GATA4 play an
important role in the ventricular septum positioning during cardiogenesis. Other genes
that may play a possible role in cardiac septation include GATA6, HOMEX and PLG1 [8].

3. Anatomy

Even though VSDs are encountered on a day to day basis by cardiologists and
cardiovascular surgeons alike, its classification and nomenclature continues to remain
variable among different groups. Two famous schools of thought come from descrip-
tions by Soto et al. [9] and Van Praagh et al. [10].

Soto et al., broadly divided the ventricular septum into the membranous and
muscular portions. The membranous septum is separated by the septal leaflet of

| Outlet Septum I

\ . Membranous Septum

Trabecular Muscular Septum

Inlet Septum

Figure 1.
Anatomy of the ventricular septum from the right ventricular aspect.
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tricuspid valve tissue into atrioventricular and interventricular components. The
muscular septum in turn is described as having three different components,
(Figure 1): The inlet muscular septum is small and divides the mitral and tricus-
pid valves. The trabecular septum is the largest portion of the ventricular septum
extending to the ventricular apex. The infundibular septum is the portion above the
crista supraventricularis that separates the aortic and pulmonary valves. The other
part of the crista is between the tricuspid and pulmonary valves [11].

Van Praagh and associates have described these defects as atrioventricular
canal, muscular, conoventricular, and conal septal type ventricular septal
defects.

Accordingly, the ventricular septal defects may be classified as follows:

(Figure 2).

A. Perimembranous defects: These are defects in the membranous septum and
may further extend into inlet, trabecular or outlet muscular septum. On the
left ventricular side, these defects typically lie in the outflow tract below the
aortic valve. On the right ventricular side, the defects appear beneath the crista
supraventricularis and posterior to the medial papillary muscle. All defects have
arim which is formed by the tricuspid, mitral and aortic fibrous continuity.
Approximately 80% of ventricular septal defects occur in this area [2].

B. Muscular defects are further divided into the inlet, trabecular and outlet septal
defects. These account for ~5-20% of all VSDs.

C. Subarterial infundibular defects are located in the area of the septum, adjacent to
the arterial valves which are contiguous. These are also called doubly committed
juxtaarterial/subarterial defects. They account for ~5-7% of all VSDs. Of note,

M - Inlet muscular defect
M - Trabecular muscular defects
M - Perimembranous defects

- Subarterial defects

Figure 2.
Types of ventricular septal defects by location.
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it is more common among Asians with reported incidence up to 30% in Japanese
population.

D. Atrioventricular septal defects are located in the inlet septum and will not be
reviewed in this chapter.

VSDs are also classified based on their size: those less than one-third (~33%) the
size of the aortic valve annulus are considered as small; more than half (50%) as large
and moderate being in between.

4. Pathophysiology

The degree of shunting across the VSD is primarily dependent on the size of the
defect. In large non-restrictive defects, the difference in the pulmonary vascular
resistance (PVR) and systemic vascular resistance (SVR) determines the magnitude
of the shunt. The degree of shunt is frequently described as the ratio of pulmonary
blood flow (Qp) to systemic blood flow (Qs) and shunts with Qp:Qs >1.5 are typically
considered hemodynamically significant.

In neonates, right after birth, there is significant drop in PVR as the gas
exchange changes from placental circulation to the lung. Thereafter there is pro-
gressive rise in SVR, and decline of PVR, with consequent increase in pulmonary
blood flow which continues over a period of the first 6-8 weeks of life. It is this rate
of decline in PVR that determines the amount of left to right shunting in patients
with VSDs.

In patients with small VSDs, the decrease in PVR does not influence pulmonary over
circulation as the size of the defect intrinsically restricts flow. In comparison, in patients
with large VSDs, the drop in PVR primarily determines the amount of pulmonary blood
flow and direction of flow across the two ventricles. Once the pulmonary resistance
decreases, blood flow from the left to the right ventricle causes over circulation to the
lungs and increases preload to the left atrium and ventricle. Pulmonary mechanics are
altered due to increased pulmonary blood flow including decreased lung compliance and
tidal volume [12]. Another mechanism contributing to clinical symptoms of congestive
heart failure is neurohormonal activation with increased levels of norepinephrine and
renin — angiotensin seen in these infants [13]. In some patients, the medial muscle layer in
the small pulmonary vessels does not regress as rapidly, in turn leading to slower decline
of the PVR [14]. In such patients, there may be subsequent delay in development of
symptoms.

Chronic exposure of volume and pressure overload due to large uncorrected
VSDs leads to structural and functional changes of the pulmonary vascular bed.
There is development of endothelial dysfunction, smooth muscle proliferation,
vascular remodeling, and intravascular thrombosis. These changes lead to increase
in pulmonary vascular resistance and pulmonary arterial hypertension (PAH) [15].
The definition of PAH includes a mean pulmonary arterial pressure > 25 mmHg
at rest, a left atrial pressure < 15 mmHg, and normal resting cardiac output,
suggesting a resting pulmonary vascular resistance of >3 Woods units (WU).
Eisenmenger’s syndrome (ES) is the most advanced stage of pulmonary arterial
hypertension in patients with unrepaired shunts of congenital heart disease and
often irreversible.
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5. Natural history of ventricular septal defects

Conventional descriptions of natural history of VSDs include spontaneous closure,
progression to pulmonary vascular obstructive disease (PVOD), development of
infundibular stenosis, and progression to aortic insufficiency. Each of these will be
reviewed briefly.

5.1 Spontaneous closure

Approximately 70% of ventricular septal defects do not require any intervention
either due to spontaneous closure or due to hemodynamically insignificant shunts.
Trabecular muscular VSDs tend to close more often than membranous defects. Most
defects close by 2 years of age but in some cases, closure may take place through
8 years of age. However, the process of spontaneous closure continues through adoles-
cence and adulthood. Membranous defects close due to apposition of tricuspid valve
leaflets against the VSD; also described as “aneurysmal” formation [16].

5.2 Progression to pulmonary vascular obstructive disease

PVOD may develop in 10% of untreated VSDs. This is likely to be due to the expo-
sure of the pulmonary vascular bed to high flow and high pressure. Speedy diagnosis
and closure of the VSD at least prior to 18 months of age is expected to decrease the
incidence of development of PVOD.

With the advent of better echocardiographic imaging as well as its availability, the
incidence of Eisenmenger’s syndrome and irreversible PVOD has decreased but still
exists in less than 10% of patients. Such patients are often are diagnosed in adulthood,
particularly in developing countries. In many of these patients, prognosis maybe
worse after surgical repair. In a subset of patients with VSD and PAH, newer treat-
ment modalities such as pulmonary vasodilators have made some patients amenable
to repair. However, immediate post-operative survival does not necessarily assure
good long-term outcomes [17].

5.3 Development of infundibular stenosis

Development of infundibular stenosis, originally described by Gasul, occurs in
8% of VSDs. Some specific signs, namely, right aortic arch and increased angle of
the right ventricular outflow tract that may influence the VSDs to undergo Gasul’s
transformation. Although the onset of infundibular stenosis ultimately needs
surgery, it truly protects the pulmonary circulation and prevents development of
PVOD.

5.4 Progression to aortic insufficiency

While most spontaneous VSD closures are due apposition of tricuspid valve tissue
against the VSD, sometimes aortic valve cusps prolapse down towards the VSD to
produce partial or complete closure. This may either be due to prolapse of an aortic
valve cusp into the VSD or lack of support to the aortic root. This complication
appears to occur more commonly with doubly committed subarterial VSDs than with
other types.
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Combination of VSD and aortic regurgitation (AR) due to prolapse of right coronary
or, less frequently, non-coronary cusp is known as Laubry-Pezzi syndrome. Aortic valve
prolapse can be seen in some patients with perimembranous defects and more commonly
those with the subarterial defects where the tissue supporting aortic cusp is lacking. It
is commonly seen in those with smaller defects due to venturi effect on the leaflets. The
lifetime risk of developing aortic valve prolapse in patients with VSD is ~6.3% [18]. Long
term follow up is recommended in these patients and surgery is indicated in patients with
more than trivial AR. Based on a recent study of 261 pediatric and adult patients with
VSD and AR, it was found that AR tends to be detected between the ages of 3-8 years
[19]. Only the patients with aortic valve abnormalities or delayed operation had AR
progression or persistence of more than mild degree of AR. The study authors concluded
that surgical closure of subarterial VSD is indicated in patients with significant leaflet
deformity as well as those with subarterial VSDs with moderate to severe AR.

5.5 Other natural history events
5.5.1 Double chambered right ventricle

First described in 1858 by TB Peacock, double chambered right ventricle may
evolve as a complication in some patients with VSD. It is characterized by a mid-
cavitary obstruction either due to hypertrophy of the crista supraventricularis or of
septoparietal trabeculations causing the right ventricle to divide into a high-pressure
proximal portion and a low-pressure distal portion. It can occur in up to 8-10% of
patients with VSDs [20].

5.5.2 Development of infective endocarditis

VSDs even when not hemodynamically significant carry a lifetime risk of
developing infective endocarditis (IE). The incidence of IE in unrepaired VSDs is
1.5 to 2.4 per 1000 patient-years, especially if associated with aortic insufficiency
or with left ventricle-to-right atrial shunt [21]. Based on a Swedish registry study,
risk of IE in adult VSD patients without previous intervention is 20-30 times
higher than the general population [22]. The second natural history study reported
risk of IE is twice as likely in unrepaired defects as compared to after surgical
repair. However, the incidence of IE after closure of VSD was still higher than
normal risk curve [23, 24]. Based on the 2007, AHA guidelines, prophylaxis for
IE is not recommended on patients with isolated VSDs. The exceptions are VSDs
within 6 months of surgical or intervention closure, with ES, with residual defects
after surgery or patients with previous history of IE [25].

6. Clinical presentation

Small VSDs: Patients with small VSDs are usually asymptomatic and are detected
incidentally on routine physical examination. A holosystolic murmur with or without
a thrill is best heard at the left lower sternal border in muscular and membranous
defects while the holosystolic murmur is heard at the left upper sternal border in sub-
arterial defects due to direction of VSD jet towards the pulmonary outflow tract. In
very small defects, the murmur is shorter and does not last through the entire systole.
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Moderate to large VSDs: Subjects with hemodynamically significant, moderate
to large VSDs usually present with signs of congestive heart failure due to pulmo-
nary over-circulation and left ventricular volume overload. Due to equalization
of pressures in both right and left ventricles, the right ventricular impulse in
the lower left sternal border or subxiphoid region is prominent. In patients with
chronic left ventricular overload, the left ventricular impulse is hyperdynamic
and shifts laterally. A mid diastolic flow rumble may be heard at the apex due to
relative mitral stenosis from increased left to right shunt. This usually indicates a
Qp:Qs >2:1.

Eisenmenger syndrome: Patients with ES may present with central cyanosis,
clubbing, peripheral edema, abdominal tenderness, right ventricular heave, a loud
pulmonary ejection click and an accentuated pulmonary component of the second
heart sound.

7. Diagnostic testing
7.1 Non-invasive imaging

In current times, transthoracic echocardiogram (TTE) is the main modality for
definitive diagnosis of VSDs. It allows to delineate size and location of the defect as

well as other details such as outflow tracts, associated lesions, evidence of chamber
dilation and pressures (Figures 3—-6). Transesophageal echocardiographic (TEE)

Figure 3.
Echocardiographic parasternal long axis view showing perimembranous ventricular septal defect (VSD).
RV = right ventricle; LV = left ventricle.
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BPM

Figure 4.
Echocardiographic parasternal short axis color compare view showing perimembranous ventricular septal defect
(VSD) at ~110’ clock position. The ved flow vepresents indicates left to right shunt during systole across it.

Figure 5.
Echocardigraphic image (parasternal short axis color compare view) showing subarterial ventricular septal defect
(VSD) at ~12—1 o’clock position. The red flow represents indicates left to right shunt during systole across it.

imaging is routinely used for evaluation of anatomy intraoperatively. It also helps to
better delineate associated pathologies especially those involving valve abnormalities
such as valve prolapse and regurgitation. Postoperatively, it is used to detect presence
of residual defects as well as ventricular function assessment.
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Figure 6.
Echocardiographic parasternal long axis view showing trivial aortic regurgitation (AR) is seen by color flow in
the presence of aortic cusp prolapse into the subarterial ventvicular septal defect (VSD).

Electrocardiographic changes such as left atrial enlargement as well as left
ventricular hypertrophy is seen in hemodynamically significant defects. Right
ventricular hypertrophy maybe seen in patients with significant pulmonary arterial
hypertension. Chest X-rays serve as adjuncts to clinical assessment. Cardiomegaly,
and increased pulmonary vascular markings are seen in patients with moderate
to large VSDs. Left atrial dilation may cause superior deviation of the left main
bronchus. In patients with Eisenmenger’s, there is evidence of right heart enlarge-
ment with main pulmonary artery dilation without increased pulmonary vascular
markings.

Advanced imaging such as cardiac magnetic resonance (CMR) imaging is not
necessary in the routine evaluation of isolated VSDs. However, it is a helpful adjunct
in the diagnosis of complex anatomical variants and in the evaluation of associated
defects or complications such as double chambered right ventricle and pulmonary
arterial hypertension (PAH). 3D phase contrast-CMR may help obtain additional
information with regards to quantification of pulmonary blood flow.

7.2 Cardiac catheterization

Although a mainstay in diagnosis of all congenital heart defects in the past,
cardiac catheterization is now reserved for cases requiring measurements of PVR.
In the patients with PAH, cardiac catheterization may be undertaken to determine
operability. Catheterization data indicating operability suggests the likelihood of a
favorable versus an unfavorable outcome [17]. But, there is no validated consensus
data accurate enough to define which patients will be free of major postoperative
complications related to pulmonary vascular disease. However, a baseline ratio
between indexed pulmonary vascular resistance (PVRi) and indexed systemic
vascular resistance (SVRi) of <0.3 and PVRi of <6 indexed Woods units/m2 (iWU.
m?2) is indicative of favorable outcome. Pulmonary vasoreactivity study with O, and
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iNO has been used to determine operability in subjects with PVRi of 6-9 iWU m2 or
resistance ratio (PVRi/SVRi) of 0.3-0.5. A positive test is defined as decrease of both
PVRi and resistance ratio by 1/5th of initial value as well as final PVRi of 6 iWUm?2
and resistance ratio of <0.3. All patients should meet all of these criteria before being
considered operable with decreased risk of serious postoperative complications [26,
27]. In patients with PVRi >10 iWUm2 and resistance ratio of >0.7, surgical repair is
not beneficial [28].

Other protocols have been proposed for the vasoreactivity studies to assess oper-
ability as well as to assess prognosis and indication for specific anti PAH therapies.
Measurements of resistance and flow in systemic and pulmonary vascular beds are
carried out in several conditions such as room air, nitric oxide, IV epoprostenol or
inhaled iloprost and in some cases oral phosphodiesterase 5 inhibitors. Some recom-
mend to avoid use of high oxygen concentrations in these patients if other agents
are available due to high amounts of dissolved oxygen as a potential source of error
causing overestimation of Qp [29].

8. Treatment
8.1 Medical management

Most small VSDs do not require intervention unless complications occur. In
moderate to large defects, medical therapy is initiated if signs of pulmonary over-
circulation and congestive heart failure develop. Standard medical therapy consists of
diuretics, commonly furosemide. This helps to decrease preload and relieves symp-
toms such as tachypnea and tachycardia. Spironolactone is usually added to counter
the hypokalemia related to the loop diuretic use. One other approach is afterload
reduction, mostly with the use angiotensin converting enzyme (ACE) inhibitors such
as captopril or enalapril to reduce the SVR which in turn decreases pulmonary blood
flow and increases systemic flow. Digoxin, still preferred by some cardiologists, is not
very commonly used anymore since the theoretical effect in the presence of normal
systolic function is not well known. Medical therapy for congestive heart failure
should be continued either until the defect size decreases, closes spontaneously, or
until surgery as the case may be.

Medical management of patients with ES with anti — PAH drug therapy remains
the main stay for treatment of Eisenmenger’s syndrome. Three groups of pulmonary
vasodilators have emerged since 1995. These include, prostacyclins such as epopros-
tenol, treprostinil, iloprost; endothelin receptor antagonists (bosentan, ambrisentan,
macitentan); and phosphodiesterase-5 inhibitors, namely tadalafil and sildenafil [30].
One of the newer FDA approved therapy is a soluble guanylate cyclase stimulator,
Riociguat. They are often used as mono, dual or triple therapy, as per the clinical sce-
nario. Detailed discussion of the pulmonary vasodilators is beyond the scope of this
chapter. Optimizing hemoglobin and iron levels is important, usually with oral and
occasionally intravenous iron supplementation may become necessary. Phlebotomies
and routine anticoagulation are not recommended. When polycythemia is found to
be problematic (hematocrit >70%), erythropheresis instead phlebotomy is recom-
mended. Oxygen supplementation is not shown to provide symptomatic relief or
survival benefits in patients with ES. Definitive treatment is lung transplantation with
VSD closure or heart-lung transplantation.
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8.2 Surgical intervention

Hemodynamically significant VSDs are those with congestive heart failure and
pulmonary artery hypertension, and those causing failure to thrive or repeated
respiratory infections [24]. VSDs producing cardiomegaly beyond a year of age are
also considered hemodynamically significant [24].

Surgical closure of VSD remains the mainstay of treatment for most VSDs.
Indications for surgical closure include hemodynamically significant shunts caus-
ing left ventricular volume overload and failure of medical therapy. A Qp:Qs >2:1
although difficult to calculate by non-invasive imaging modalities, is an indication for
surgery in older and adult patients if there is normal or reversible pulmonary vascular
resistance. Other indications include aortic valve prolapse with regurgitation, double
chambered right ventricle with significant obstruction, left ventricular systolic
dysfunction, or patients with previous history of bacterial endocarditis.

Majority of perimembranous VSDs are closed using a Dacron patch via right
atriotomy with or without detachment of the tricuspid valve leaflets. Tricuspid valve
detachment adds to the cardiopulmonary bypass and cross clamp time but there is no
significant difference in postoperative residual shunts or degree of tricuspid regur-
gitation [31]. A transpulmonary approach is used in sub arterial, doubly committed
VSDs. Although not widespread, some surgeons have reported use of the right axil-
lary approach for closure of selected VSDs. Use of such methods are limited to certain
centers and in mostly older adolescents and adults. Most muscular defects are difficult
to close by surgical approach.

Surgery is relatively safe and the surgical mortality is low. Long term prog-
nosis after surgical closure is excellent. After closure, catch up growth may take
~6-12 months and the left ventricular volume and mass eventually return to normal.
Complications, although rare, include residual lesions, sinus node dysfunction,
pulmonary hypertension, and modest progression of aortic insufficiency [32]. The
incidence of complete heart block after closure of perimembranous defects is between
0.7 and 1% [33].

Although commonly used few decades ago, main pulmonary artery banding is
rarely used in the management of most isolated VSDs. In rare situations such asina
child with other comorbidities where a complete repair is not feasible or where the
VSD is difficult to close by standard techniques such as muscular “swiss-cheese” type
defects, a main pulmonary artery banding procedure may be considered. Later, the
band is removed with repair of main pulmonary artery and patch closure of VSD. In
some cases, the muscular defects close spontaneously or at least become hemody-
namically insignificant to require closure [32].

8.3 Percutaneous device closure

Device closure of VSDs is an alternative for some residual defects, centrally
located muscular defects and those not amenable to surgery such as apical muscular
defects [34]. Various devices have been used to close VSDs, since its initial description
by Rashkind in the 1970s [35]. Since then, several devices including the Amplatzer
muscular and membranous VSD occluders, Nit-occlud, and duct occluders I and
II are being used for different types of VSD [36]. At this time, only the Amplatzer
muscular VSD occluder has received approval for clinical use by the Food and Drug
Administration (FDA) and others devices are used on “off-label” basis. Within a year
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of device placement, up to 92% of patients achieve complete closure of the muscular
VSDs. Complications, although rare, include device embolization or malposition,
valve regurgitation, residual shunt, hemolysis, arrhythmias, tamponade, cardiac
perforation, and death [32]. Nit-occlud devices are associated with residual shunt
when compared to other devices. Transient and permanent atrioventricular block is
the most serious complication reported with device closure, especially with closure
of perimembranous defects [37]. However, more recent studies have reported success
of device closure of VSD may depend on patient selection as well as the distance of
VSD to aorta and tricuspid valve [36]. The newer ADO II devices are being used in
younger patients with perimembranous or muscular VSDs. In a single center trial,
lesser complication rates with good success were reported [38]. However, longer,
multicenter, prospective data is needed to establish the safety and efficacy.

8.4 Hybrid approach

In rare cases, such as small infants with hemodynamically significant muscular
VSDs a hybrid “perventricular” approach has been utilized without placing patient
on cardiopulmonary bypass; this procedure is performed under TEE guidance. In
these cases, access is obtained through a median sternotomy or subxiphoid inci-
sion. The device delivery sheath is inserted under TEE guidance from right to left
ventricle. The success rate of closure with these devices is reported from 82 to 100%
in different studies. Complications include arrythmias, device malposition or miss-
ing additional defects. Unsuccessful implantations are converted to conventional
open-heart surgical repair [32]. These percutaneous perventricular approach has
also been described for successful closure of subarterial VSDs in a small number of
patients [39].

Detailed description of percutaneous and perventricular device closures of VSDs
is beyond scope of this chapter; the interested is referred elsewhere [32].

9. Eisenmengers syndrome

An unrepaired large VSD with unrestricted left to right shunt over a period of
time, if not corrected, will lead to increased PVR and irreversible PVOD due to
vascular remodeling. There is a bidirectional shunt initially and eventually, right to
left shunt develops, as pulmonary artery pressures and PVR exceed systemic pres-
sures and SVR, causing central cyanosis. There is a secondary erythrocytosis, polycy-
themia and coagulation abnormalities develop. Maladaptation of the right ventricle
(RV) as a result of pressure and volume overload with time causes progressive right
heart failure. Other factors that may influence risk of developing ES is presence of
complex anatomy and underlying genetic and environmental factors. Diagnosis
of ES is made by clinical features and echocardiography is a common monitoring
tool. The patients may develop dyspnea, decreased exercise tolerance and syncope.
Parameters such as O, saturation, WHO functional class, level of exercise intolerance,
reflected by six min walk distance, and NT proBNP are used for serial assessments
as well as predictors of survival. Other models of risk stratification in these patients
describe various clinical, laboratory and diagnostic markers to determine predictors
of mortality [40]. Various other biomarkers reflecting RV dysfunction, endothelial
dysfunction and some that may predict potential reversibility of pulmonary vascular
lesions are being studied [17]. In a large adult study, older age, pre-tricuspid shunt
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(such as atrial septal defects and partial anomalous pulmonary venous return), O,
saturations at rest, absence of sinus rhythm, and presence of pericardial effusion were
determined as predictors of mortality [41]. Right heart catheterization remains gold
standard to confirm diagnosis of ES. In ES patients with established reversed shunt
and significant vascular remodeling and PVOD repair is not indicated [17]. Pregnancy
is associated maternal and fetal mortality and is contraindicated. Management of
patients with ES with drug therapy was reviewed in the section on 8.1. Medical
Management and will not be repeated. Many other novel treatment trials and targeted
PAH therapies have promising results with improvement in functional capacity and
hemodynamic parameters; however, prospective randomized studies are needed to
assess their effect on mortality.

10. Conclusions

Smaller VSDs may self-resolve and the majority of the patients do well without
intervention. On the other hand, recognition of unrestrictive defects, and prompt
medical and surgical intervention may prevent development of irreversible pul-
monary vaso-occlusive disease. Newer therapeutic options such as a minimally
invasive approach as well as catheter based closures are appealing and can dramati-
cally improve cosmetic outcomes in many of these patients. Development of newer
devices and ongoing trials provide promise in non-surgical approach for VSD closure.
Adult patients with Eisenmenger’s syndrome continue to present a challenge due
to increased morbidity and mortality. Specialized targeted anti pulmonary arterial
hypertension therapies with endothelin receptor antagonists, phosphodiesterase 5
inhibitors and prostacyclins show improved exercise capacity and hemodynamics in
this patient population.
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Chapter 6
Atrioventricular Septal Defects

Rakesh Donthula, Animisha Rudra and P. Syamasundar Rao

Abstract

Atrioventricular septal defects (AVSD) are a group of malformations involving the
atrioventricular (AV) septum and common AV junction. They are divided into com-
plete, partial, intermediate and transitional AVSD. It is most commonly associated
with Down Syndrome. All of them share a few common features. Complete AVSDs are
also classified as balanced and unbalanced. Echocardiography is the primary imaging
tool to diagnose these defects. Patients with complete and intermediate forms clini-
cally present early and require surgical correction during infancy, whereas partial,
and transitional forms become symptomatic in early childhood. Patients who are
ineligible for complete surgical repair initially undergo palliative pulmonary artery
banding. The surgical management of unbalanced AVSDs is complex. Most of these
patients fall into either single ventricle, one and a half or bi-ventricular repair. Overall
surgical outcomes for AVSDs are excellent. Left atrioventricular valve regurgitation is
the most common reason for reoperation.

Keywords: atrioventricular septal defects, atrioventricular canal, recent advances,
complete atrioventricular septal defect partial atrioventricular septal defect,
transitional atrioventricular septal defect, intermediate atrioventricular septal defect

1. Introduction

Atrioventricular septal defects are a group of malformations involving the
atrioventricular (AV) septum and common atrioventricular junction (Figure1).
Previously, referred to as atrioventricular canal or endocardial cushion defects, is
now called AV septal defect (AVSD). For the purpose of this chapter, we will use the
term AV septal defects. They are divided into complete, partial and variations of both
of them based on the orifices and septal communications which will be discussed in
detail in this chapter.

2. Prevalence

Congenital heart disease (CHD) accounts for around 1-1.2% of live births both in
the United States and globally [1, 2]. AVSDs account for around 4-5% of all CHDs,
with 5.38 cases per 10,000 live births, an increase from prior reports [1, 3]. It is the
most common fetal cardiac anomaly detected on prenatal screening (Figure 2).
Around half of the patients with AVSD have Down syndrome. However, approxi-
mately 45% of CHD patients with Down syndrome have AVSD [4, 5]. Most of these
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Figure 1.

At%ioventricular septum in the normal heart. The atrioventricular septum (AVS) lies between the right
atrium (RA) and the left ventricle (LV). LA, left atrium; RV, right ventricle; MV, mitral valve; T'V, tricuspid
valve. “From: Cetta F, Truong D, Minich LL, Maleszewski J], O’Leary PW, Dearani JA & Burkhart HM.
Chapter 29: Atrioventricular Septal Defects. In: Allen HD, editor. Moss ¢ Adams’ Heart Disease in Infants,
Children, and Adolescents, Including the Fetus and Young Adult, 9th Edition. Philadelphia: Lippincott
Williams & Wilkins, 2016; used with permission of Mayo Foundation for Medical Education and Research,
all rights reserved.”

cases are isolated, although some may have pulmonary stenosis or atresia. There is an
association with other anomalies like heterotaxy and Ellis-Van Creveld syndrome [6].

3. Pathology

In a normal heart, tricuspid and mitral valve annuli are positioned at different
levels because of the atrioventricular septum. In AV septal defects, tricuspid valve
annulus is located more apically in relation to mitral valve. The portion of the offset
between tricuspid and mitral valve is the location of atrioventricular septum. It
has overlapping atrial and ventricular walls [7]. Aortic valve is located anterior and
superior between tricuspid and mitral valve, what is referred to as wedged between
these valves. This makes the subaortic outflow region placed in between tricuspid and
mitral valves. The papillary muscles in the left ventricle are located antero-superior
and postero-inferior region. Another feature of importance to this topic, the distance
from mitral valve to apex of left ventricle is same as the distance from left ventricular
apex to aortic valve (Figure 3).

In patients with AV septal defect, the fundamental abnormality is absence of the
atrioventricular septum or having a common atrioventricular junction. This results
in a cascade of features that are different from normal hearts. The common features
shared by all forms of atrioventricular septal defects are:

a. Presence of common atrioventricular valve

b.Elongation of the left ventricular outflow tract
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Figure 2.
Fetal echocardiogram four-chamber view: Complete AVSD. RA, right atvium; LA, left atrium; RV, right
ventricle; LV, left ventricle. *Primum atrial septal defect and inlet ventricular septal defect.

Figure 3.

2D echocardiogram parasternal long axis view: A. In normal cardiac anatomy, distance from the mitral valve to
left ventricular (LV) apex and from LV apex to aortic valve is same. B. In AVSD, LVOT is elongated and distance
from LV apex to left AV valve annulus is shorter. LA, left atrium; RV, right ventricle; Ao, aorta.
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c. Clockwise rotation of papillary muscles

d.Cleft in the left AV valve

4, Classification

There are two major types of AV septal defects: complete and partial AVSDs. Two
sub-types are described: intermediate and transitional, which are variations of com-
plete and partial AV septal defects, respectively (Figure 4). It is preferable to describe
the features of these subtypes rather than identifying them as an entity. Different
combinations of shunting across atria and ventricles could happen based on the attach-
ments and relationship of the bridging leaflets to septal structures. In general, we
would see ostium primum defect and ventricular septal defect (VSD). If the bridging
leaflets are attached to the atrial septum, there could be only a ventricular level shunt
(Figure 5). When the bridging leaflets are attached to the crest of ventricular septum,
it results in an atrial level shunt with an ostium primum defect. In rare instances,
where the bridging leaflets close the septal defect(s), we will still see features of the

Similar physiology — Large VSD & ASD  Similar physiology - ASD & No/Small VSD

I | I

L]

Complete Intermediate Transitional Partial

|

Similar AV valve anatomy:
A tongue of tissue divides the common AV valve
into a right and left component by connecting the
anterior and posterior “bridging” leaflets centrally

Figure 4.

Summary of AVSD. Anatomic and physiologic similarities between the different forms of atvioventricular septal
defect (AVSD) ave illustrated. Complete AVSDs have one orifice with large interatrial and interventricular
communications. Intermediate defects (two orifices) ave a subtype of complete AVSD. Complete AVSDs have
physiology of VSDs and atrial septal defects (ASDs). In contrast, partial AVSDs have physiology of ASDs.
Transitional defects are a form of partial AVSD in which a small inlet VSD is present or the ventricular level

shunt has been obliterated by chordal tissue. Partial AVSDs and the intermediate form of complete AVSD share a
similar anatomic feature: A tongue of tissue divides the common atrioventricular valve into distinct vight and left
orifices. LA, left atrium; LPV, left pulmonary vein; LV, left ventricle; RA, right atrium; RPY; right pulmonary vein;
RV, right ventricle. “From: Cetta F, Truong D, Minich LL, Maleszewski JJ, O’Leary PW, Dearani JA ¢ Burkhart
HM. Chapter 29: Atrioventricular Septal Defects. In: Allen HD, editor. Moss ¢ Adams’ Heart Disease in Infants,
Children, and Adolescents, Including the Fetus and Young Adult, oth Edition. Philadelphia: Lippincott Williams ¢
Wilkins, 2016; used with permission of Mayo Foundation for Medical Education and Research, all vights reserved.”
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Figure 5.

2D echocardiogram apical four-chamber view: A rare form of AVSD with large inlet ventricular septal defect
(*) without a primum atrial septal defect. Note that AV valves are at same level. RA, right atrium; RV, right
ventricle; LA, left atrium; LV, left ventricle.

common atrioventricular valve [8-10]. Complete AVSDs are classified further into
three types based on the morphology of anterior bridging leaflet and is named after
Giancarlo Rastelli who made significant contributions in his short career and life span:

1. Type A: In this type, anterior bridging leaflet (ABL) is divided and attached to
the crest of the interventricular septum. It is the most common defect and is as-
sociated with Down syndrome.

2. Type B: ABL is partly divided and is not attached to the crest of the septum.
Chordae attach usually to papillary muscle in the right ventricle (RV), on the
septal surface. It is the least common of all types.

3.Type C: ABL is not attached or divided and is termed “free-floating”. There are
chordal attachments to RV free wall. This type is seen in Down syndrome pa-

tients with Tetralogy of Fallot; double outlet right ventricle, complete transposi-
tion of the great arteries, and heterotaxy syndromes.

5. Other features
5.1 Left AV valve

In normal hearts, mitral valve has two leaflets, anterior and posterior with a
zone of opposition in one plane. In hearts with AV septal defects, the left AV valve
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closes in tri-foliate fashion with zones of opposition between posterior, superior and
inferior bridging leaflets. This characteristic feature of the left AV valve in AV septal
defects will never achieve a mitral valve as in normal hearts. Usually, jet of LAVV
cleft is directed to the ventricular septum when compared to isolated mitral valve
clefts which are directed anteriorly towards the aortic valve [11]. Rarely, a fusion of
the leaflets within the left AV valve (bridging and posterior leaflet) would lead to a
double orifice valve. The combined area of the double orifice valve is always less than
the single left AV valve area.

5.2 Left ventricular outflow tract (LVOT)

As described earlier, LVOT is wedged anteriorly and is narrow when compared
to the aortic valve, irrespective of the type of AV septal defect. In partial form,
where the superior bridging leaflet is attached to the crest of the septum, it is
markedly narrow (Figure 6). This abnormality has been described as goose-neck
deformity.

5.3 Chamber dominance

Depending on the overall flow from the atrioventricular orifices to respective
ventricles, the chambers are usually the same size which is termed as ‘balanced
AVSD’ When a common AV valve opens more into the right ventricle or to the
left ventricle, it would cause decreased growth of the contralateral ventricle and
its great artery, leading to the term ‘unbalanced AVSD’. In right ventricle dominant
atrioventricular septal defect, left ventricle and aorta are hypoplastic depending
on the amount of blood flow, but usually, the atrial and ventricular septal align-
ment is maintained. In left ventricular dominance, there will be hypoplasia of the
right ventricle and pulmonary artery, typically with septal malalignment. This
chamber dominance when it involves the atrium would give rise to double outlet
atrium (Figure 7).

Figure 6.

A. Diagram in a normal heart showing aortic valve (AoV) wedged between tricuspid valve (TV) and mitral
valve (MV). B. In AVSD, aorta is not wedged between these valves, termed “sprung aortic valve”. PV, pulmonary
valve; RAVV/LAVY, right and left atrioventricular valve. A. by Dr. Johannes Sobotta - Sobottacy#039;s atlas and
text-book of human anatomy 1906, public domain, https://commons.wikimedia.org/w/index.php?curid=29901804.
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Figure7.
2D echocardiogram showing right ventricle (RV) dominant AVSD with severely hypoplastic left AV valve and
ventricle (LV). Moderately dilated right atrium (RA) and RV with large primum ASD. LA, left atrium.

5.4 Associated malformations

In partial atrioventricular septal defects, the most common associated malforma-
tion includes secundum ASD, patent ductus arteriosus and persistent left superior
vena cava to coronary sinus [12].

Tetralogy of Fallot with pulmonary stenosis is found in one-tenth of the patients
with common atrioventricular septal defect and in these patients, Rastelli type C is
common. Among others, common atrium, double outlet right atrium, double inlet
ventricle with discordant ventriculoarterial connections can be seen.

5.5 Atrioventricular conduction tissues

In normal hearts, AV node is located in the triangle of Koch which is formed by
Tendon of Todaro, coronary sinus ostium and septal leaflet of the tricuspid valve
[13-15]. In patients with AVSDs, because of deficient AV septum, the atria will meet the
ventricle at the crux of the heart, shifting the AV node more posteriorly and inferiorly.

6. Embryology
In the past, failure of the fusion of endocardial cushions was thought to be the only
reason for AV septal defects [16]. It could be the first step in the formation of these

hearts, but not in entirety. Delamination of valve leaflets occurs late in development,
with its formation occurring by undermining of the ventricular myocardium [17].
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When the endocardial cushions fail to meet, subaortic outflow tract will not be
normally wedged and there will be abnormal development of ventricular mass.
Additionally, mesenchymal tissues surrounding the primum ostial foramen play a role
in these defects [18, 19].

7. Pathophysiology

In patients with complete AVSD, there is one common AV valve with large atrial
and inlet VSD (Figure 8). In intermediate form, there are two AV valve orifices,
which are formed by a tongue of tissue between superior and inferior bridging leaf-
lets. It has similar physiology as the complete form with large ASD and VSD. In partial
AV septal defects, where there are two AV valve orifices with the bridging leaflet
attached to ventricular septal crest, giving rise to only interatrial communication
(Figure 9A). In some instances, there could be communication at the ventricular level
from the chordal attachments which is described as a transitional type (Figure 9B). In
all forms of AV septal defects, the left AV valve invariably has a cleft. Rarely there will
be no septal communications seen with other common features of AVSD [8].

8. Clinical features
8.1 Partial AVSD

Usually, patients with partial AV septal defect (also called primum ASD) remain
asymptomatic until early childhood. They rarely present early with failure to thrive
depending on the size of the defect and severity of AV valve regurgitation. Patients
with primum ASDs usually present earlier and with symptoms when compared with
secundum ASDs. Auscultatory findings include widely split and fixed second heart

Figure 8.

2D echocardiogram apical 4-chamber view: Complete balanced AVSD. A. When AV valve is closed, there is large
primum atvial septal defect (ASD, *) and large inlet ventricular septal defect (VSD, +). Common AV valve and
single orifice. B. with valve open. RA, right atvium; LA, left atrium; RV, right ventricle; LV, left ventricle.
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Figure 9.

Trgnsesophageal echocardiogram, four-chamber view. A. Partial AVSD with lavge primum atrial septal defect
(ASD) (*). Note the valvar attachments to crest of the septum. B. Transitional AVSD with small primum ASD
and inlet ventricular septal defect (+) covered by right AVV chordal attachments to the crest of ventricular
septum. RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle.

sound, crescendo- decrescendo systolic ejection murmur at the left upper sternal
border from the increased flow across pulmonary valve, and holosystolic murmur at
the apex from LAVV regurgitation. A mid-diastolic murmur may be heard at the apex
if there is significant mitral regurgitation or at the left lower sternal border if there is
a large atrial shunt.

8.2 Complete AVSD

Patients with complete AV septal defects present in the neonatal period after first
few days/weeks of life when pulmonary vascular resistance falls. This is attributed
to the large atrial and ventricular level shunts leading to pulmonary over circulation.
There will be tachypnea, increased work of breathing, failure to gain weight. More
often, they would require high-calorie nutrition, diuretics to decrease the preload.
On exam, there will be accentuated first heart sound, with S1- coincident holosystolic
murmur from LAVV regurgitation, widely split and fixed S2, crescendo- decrescendo
systolic ejection murmur at the left upper sternal border from the increased flow
across pulmonary valve and sometimes mid-diastolic murmur at apex.

9. Investigations
9.1 Electrocardiogram

As previously described, AV node is displaced posteriorly and inferiorly in these
defects; this may result in prolongation of the PR interval. There will be a left supe-
rior deviation of the mean frontal plane vector. Biventricular hypertrophy is seen in
complete and intermediate forms. Right ventricular hypertrophy is seen in the partial

99



Congenital Heart Defects - Recent Advances

£

£E°3

-0
i
il
=

e
i

Figure 10.
12-lead EKG in patient with CAVSD showing left superior axis deviation and right ventricular hypertrophy.

form. If there is moderate to severe mitral insufficiency, left ventricular hypertro-
phy may be seen. Other abnormalities which might be seen are prolongation of PR
interval (Figure 10) [20].

9.2 Chest roentgenogram

Chest roentgenogram shows cardiomegaly with increased pulmonary vascular
markings. Features of pulmonary edema may be seen in subjects with congestive
heart failure.

9.3 Echocardiography

Echocardiography is the primary diagnostic modality for the evaluation of
atrioventricular septal AV defects [21]. Assessment of the ASD can be best done from
a subcostal coronal and sagittal view. VSD could be best evaluated in the parasternal
short axis. En-face view of the common AV valves is best achieved with a modi-
fied subcostal left anterior oblique view (Figure 11). This view also demonstrates
the bridging leaflets, their attachments and helps with the Rastelli classification in
patients with complete AVSDs. Subcostal short axis view would assess atrial or ven-
tricular level unbalance. An Apical four-chamber view would augment the informa-
tion on previously mentioned variables along with AV valve inflow and regurgitation.
Overall, all the views complement each other to get comprehensive information, as
in any other heart. Associated malformations like tetralogy of Fallot, coarctation,
patent ductus arteriosus, arch sidedness should be evaluated using modified subcostal
right anterior oblique/parasternal long axis and high parasternal/suprasternal views
[22]. 3D echocardiography demonstrates a comprehensive and accurate assessment of
the size and extent of the septal defects, size, number, and abnormalities of AV valve
leaflets and their attachment sites, as well as the relation of the valvular structures to
the great vessels [23]. Other findings such as double orifice left AV-valve, single papil-
lary muscle should be evaluated.

100



Atrioventricular Septal Defects
DOI: http://dx.doi.org/10.5772/intechopen.105615

Figure 11.

Ec%omrdiogam left anterior oblique (LAQ) view. 1. Rastelli type a with attachments of the anterior/superior
bridging leaflet (SBL) to crest of venticular septum; B. when valve is closed, notice the cleft in LAVV valve; C.
Rastelli type C with “free floating” anterior bridging leaflet (<—>) and chovdal attachments to right ventricular
(RV) free wall (—>); D. 3D image showing tri-foliate cleft LAVV. IBL, inferior bridging leaflet; ML, mural
leaflet; RAL, right anterior leaflet; RPL, right posterior leaflet; ML, left mural leaflet; LV, left ventricle.

In determining the balance of ventricles, a quantitative approach was proposed
by Cohen et al. [24] using a subcostal sagittal view. In this view, they measured the
area of AV valve over each ventricle and calculated a left/right ventricular ratio, also
known as AV valve index (AVVI). Based on the index, patients were stratified either
to single-ventricle or bi-ventricular repair pathways. Patients with an AVVI <0.67 and
alarge VSD would be considered for the single-ventricle pathway. This was modified
to the left AV valve area/total area. An AVVI >0.6 is considered left ventricular domi-
nant whereas AVVI <0.4 was considered right ventricular dominant. It is important
after surgical repair to assess for residual defects, progressive LVOT obstruction, AVV
stenosis and regurgitation, systolic function.
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9.4 Cardiac catheterization

Cardiac catheterization is not frequently performed in AVSDs. However, it
is helpful in assessing the hemodynamic information like the degree of shunt-
ing, pulmonary vascular resistance. One would see the characteristic “gooseneck
appearance” from elongated LVOT on angiography. Patients with severely elevated
PVR are poor candidates for full repair and may eventually be candidates for lung
transplantation [25].

9.5 Advanced cardiac imaging

Cardiac computed tomography (CT) is particularly helpful to assess for any
extracardiac defects or associated anomalies in these patients. Retrospective gated
approach is useful for the evaluation of ventricular function and ventricular sizes,
allows volumetric measurements, and also allows evaluation of ventricular function
and wall motion. This may be of particular relevance in patients with hypoplastic
ventricles and unbalanced AVSDs [26]. Cardiac magnetic resonance imaging (MRI)
is an important tool to assess the degree of unbalance and guide for future surgical
planning. These modalities have proven to decrease the amount of radiation exposure
during cardiac catheterization [27].

10. Management
10.1 Medical management

Patients with complete defects present early with signs and symptoms of pulmo-
nary over circulation such as tachypnea, increased work of breathing. In the neonatal
period, when the pulmonary vascular resistance decreases, they require diuretics
to help with pulmonary congestion and control heart failure along with optimizing
nutrition. Occasionally they require afterload reducing agents if there is significant
AV valve regurgitation and rarely inotropes. If heart failure or failure to thrive persists
despite maximizing medical management, they would be referred for surgery.

Based on the corrected gestational age, weight, type of atrioventricular septal defect
and associated anomalies, surgical options vary which will be discussed below. As
mentioned earlier, patients with partial atrioventricular septal defects usually show
symptoms in childhood.

10.2 Surgical management

The goals of the surgery are to close the septal defect(s), repair the AV valve, con-
struct two separate and competent AV valves, and avoid injury to conduction tissue.

1.Balanced atrioventricular septal defects
* Surgical Palliation
Palliation with main pulmonary artery band (PAB) is performed in babies less

than 5 Kg who failed medical management. In the recent era, complete repair is done
even in this weight range. Palliation is considered in patients who are premature,
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those deemed ineligible for definitive repair or with other co-morbidities. A recent
study showed that PAB in complete AVSDs as a bridge to biventricular repair has
similar survival as those for primary biventricular repair [28].

* Surgical Correction

Patients with complete AVSDs frequently require surgical repair in early infancy
with a median age of 3.6 months at the time of repair [29]. Surgical repair is achieved
by singe-patch, modified single-patch (Australian/Nunn) or two-patch techniques.
A meta-analysis, which compared modified single-patch and two patch techniques
showed no significant difference between two groups, but modified single-patch
performed when there is small VSD had shorter cardiopulmonary bypass and aortic
cross-clamp time [30]. Several other studies showed similar findings [31, 32-35]. The
main advantages of the two-patch technique are maintaining planar alignment of AV
valves, lower chances of narrowing of LVOT, not compromising ventricular volumes
and preserving the integrity of bridging leaflets [36]. In the Pediatric Heart Network
(PHN) study, earlier complete repair showed increased resource utilization with
longer intensive care unit stay but no association with incidence of residual VSD or
significant left AV valve regurgitation at six months of age (Figure 12). Moderate or
greater left AV valve regurgitation was found in 22% at six months with the strongest
predictor being moderate or greater left AV valve regurgitation at one month [32].

Figure 12.
A, B: Intra-operative transesophageal echocardiogram, color compare deep transgastric view of left AV valve.
A. Pre-operative image showing moderate regurgitation. B. Postoperative after left AVV repair. Note cleft is

completely closed without any regurgitation. C. Transthoracic apical 4-chamber view of another patient with
severe left AVV regurgitation in multiple jets.
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In the majority of the cases, cleft was closed, 93% in this study [37], it was partially
closed, or left open in remaining cases.

Associated anomalies like patent ductus arteriosus, double orifice left AV valve
parachute left AV valve should be addressed. Patients with complete AVSDs and
tetralogy of Fallot associated with Down syndrome may need initial palliation with
systemic to pulmonary artery shunt or right ventricular outflow tract (RVOT) stent
placement and full repair at a later age. In a retrospective study [38], RVOT stenting
showed a significant increase in median Z-score for both branch pulmonary arter-
ies at a median follow-up of 255 days. Four patients out of 26 patients died during
follow- up period, but none after the initial intervention. Another meta-analysis
found no significant difference in the 6-year survival between staged palliation and
primary repair, with higher rate of reintervention for RVOT who underwent staged
repair [39].

In patients with partial and transitional AVSDs, there has been controversy
regarding the age of surgical correction. A PHN study in 2010, showed good results
at a median age of 1.8 years, with left AV valve regurgitation being most common and
more frequently in children repaired after 4 years of age [12, 40, 41]. One patient out
of 87 died in the hospital. Another review showed excellent results at median age of
1.5 years with LV outflow tract obstruction being most common reason for reopera-
tion at their center [42]. Several other studies showed good long-term outcomes with
30-day and 5-, 10-, 20-, and 40-year survivals at 98%, 94%, 93%, 87%, and 76%,
respectively. Approximately 3% of the patients in the Mayo group required perma-
nent pacemaker [40, 41]. A minimally invasive right axillary approach has also been
performed with good results in partial AVSD patients [43].

2. Unbalanced atrioventricular septal defects

Surgical techniques in patients with unbalanced AVSDs include single ventricle
palliation, biventricular repair and 1.5 ventricular repair.

* Single Ventricle Palliation

Patients with severely hypoplastic right/left ventricle would be managed using
staged single ventricle palliation. Initially, they are palliated with PAB and later
undergo bidirectional Glenn around four to six months of age, if the pulmonary
artery pressures are favorable. Around 2 to 3 years of age, extracardiac Fontan
completion with or without fenestration is performed [44].

* One and half or bi-ventricular repair (BVR)

There are no clear selection criteria to stratify patients into either single or bi-
ventricular pathways. Several factors are taken into consideration such as hypoplastic
ventricle end-diastolic volume (EDV) of >30 mL/m?, normal ventricular function,
adequate AV valve size and function, and low end-diastolic pressures on cardiac
catheterization [45].

In select patients with right ventricular dominant AVSD, a staged left ventricu-
lar recruitment approach is considered, especially in patients with trisomy 21. It
includes ASD closure or restriction, without VSD closure, septation of the common
AV valve and banding of the main pulmonary artery [45, 46]. This strategy allows
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rehabilitation of the left ventricle. With this approach, patient would not be commit-
ted at an early age to either a single or bi-ventricular approach and it would give an
opportunity to monitor for LV growth [45].

On the other hand, in patients with LV dominant AVSD with inadequate RV size,
one and a half ventricular repair has been proposed with primary AVSD repair along
with a bidirectional Glenn procedure [47]. This would allow growth of the hypoplas-
tic right ventricle for future biventricular conversion. In some institutions, routine
3-D printing is done for all complex AVSD for pre-surgical planning which permitted
biventricular repair in some patients who were previously deemed to be candidates
for single ventricle palliation [48, 49].

11. Surgical outcomes

Even though the outcomes for partial AVSDs are excellent, approximately 10-15%
of patients require additional operations. It is well known that pre-operative left AV
valve regurgitation predicts the post-operative severity of regurgitation. Other fac-
tors are severely dysplastic valve, failure to close the cleft, age of initial surgery, left
AV valve stenosis and LVOT obstruction [41]. A technical performance score (TPS)
was proposed to grade residual lesions after partial and transitional AVSD repair.

In that study, left AV valve regurgitation was the strongest predictor of in-hospital
outcomes and unplanned reinterventions after discharge [50]. When compared to
complete AVSD, LVOT obstruction occurs more frequently after repair of partial
AVSD. Several technical strategies were proposed to decrease the likelihood of
subaortic stenosis [51-53].

In complete AVSDs, late reoperation occurs in around 11-20% of patients with
most common reason being left AV valve regurgitation [54, 55]. In these studies,
freedom from further reoperation after the first reoperation was 63%, 48%, and 42%
at5, 10, and 15 years, respectively. On later follow-up (median 10.7 years, maximum
30 years), actuarial overall survival was 91%, 91%, and 86% at 5, 10, and 15 years,
respectively [55]. A recent study showed improved outcomes with overall survival
at 10, 15 and 20 years was 91.7%, 90.7% and 88.7%, respectively and freedom from
reoperation was 82.7%, 81.1% and 77%, respectively [56].

12. Down syndrome

Around 36.5-66% of Down patients have pulmonary hypertension with con-
genital heart disease less than six months of age [5, 57]. There has been controversy
about the extent of pulmonary vascular changes with Down and non-Down syn-
drome patients. There are studies which showed earlier development of pulmonary
parenchymal hypoplasia and pulmonary vascular obstructive disease (PVOD) in this
patient population [58-60]. In children with Down syndrome, Rastelli type A is most
common. But when associated with tetralogy of Fallot, Rastelli type C is common. In
unbalanced AVSDs, left ventricular dominance is more common [6]. It’s known that
this patient population tolerates single ventricle physiology poorly [61]. Nevertheless,
surgical outcomes are not different for biventricular repair when compared with
non-Down syndrome patients. Survival at 30 years was 85.6% for complete AVSD, in
patients with trisomy 21 [62].
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13. Conclusions

AVSDs are a group of disorders with deficient AV septum and abnormal AV valve
morphology. It is the most common defect in Down syndrome. The definitive surgi-
cal repair has excellent outcomes in balanced AVSDs. For unbalanced AVSDs, itisa
complex decision-making process and their repairs are usually categorized to single,
one and half or bi- ventricular repair. For a select subset of patients, ventricular
recruitment procedures improve the candidacy for future bi-ventricular circulation.
Patients with Down syndrome should have similar surgical strategies as that of non-
Down syndrome patients. The most common reason for reoperation is left AV valve
regurgitation.

Conflict of interest

The authors declare no conflict of interest.

Author details

Rakesh Donthula™, Animisha Rudra® and P. Syamasundar Rao™*

1 Division of Pediatric Cardiology, McGovern Medical School, Children’s Memorial
Hermann Hospital, Children’s Heart Institute, The University of Texas Health Science
Center at Houston, Houston, TX, USA

2 Kasturba Medical College, India

*Address all correspondence to: rakeshdonthulamd @gmail.com,
rudraanimisha@gmail.com and p.syamasundar.rao@uth.tmc.edu

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

106



Atrioventricular Septal Defects
DOI: http://dx.doi.org/10.5772/intechopen.105615

References

[1] Mai CT et al. National population-
based estimates for major birth defects,
2010-2014. Birth defects Research.
2019;111(18):1420-1435. DOI: 10.1002/
BDR2.1589

[2] Egbe A, Uppu S, Stroustrup A,

Lee S, Ho D, Srivastava S. Incidences
and sociodemographics of specific
congenital heart diseases in the United
States of America: An evaluation of
hospital discharge diagnoses. Pediatric
Cardiology. 2014;35(6):975-982.

DOI: 10.1007/s00246-014-0884-8

[3] Parker SE et al. Updated National
Birth Prevalence estimates for selected
birth defects in the United States,
2004-2006. Birth Defects Research.
Part A, Clinical and Molecular
Teratology. 2010;88(12):1008-1016.
DOI: 10.1002/bdra.20735

[4] Stoll C, Dott B, Alembik Y, Roth
M-P. Associated congenital anomalies
among cases with down syndrome.
European Journal of Medical Genetics.
2015;58(12):674-680. DOI: 10.1016/j.
ejmg.2015.11.003

[5] Mourato FA, Villachan LRR, MattosS
da S. “Prevalence and profile of
congenital heart disease and pulmonary
hypertension in down syndrome in a
pediatric cardiology service.” Revista
Paulista de Pediatria. 2014;32(2):159-163.
DOI: 10.1590/0103-0582201432218913

[6] Cetta HMF, Truong F, Minich D,
Maleszewski LL, O’Leary JJ, Dearani PW,
et al. Atrioventricular Septal Defects.

In: Ninth FCHD, Allen RE,

Shaddy D], Feltes PTF, editors. Moss and
Adams&Apos; Heart Disease in Infants,
Children, and Adolescents: Including

the Fetus and Young Adult. Philadelphia:

107

Lippincott Williams & Wilkins; 2016.
pp- 757-782

[7]1 Tjark Ebels RHA, Tretter JT,

Spicer DE. Atrioventricular septal
defects. In: Fourth G, Wernovsky A,
editors. Anderson’s Pediatric Cardiology.
Philadelphia: Elsevier Inc; 2019.

pp- 521-554

[8] Silverman NH, Ho SY,

Anderson RH, Smith A, Wilkinson JL.
Atrioventricular septal defect with
intact atrial and ventricular septal
structures. International Journal of
Cardiology. 1984;5(5):567-573. DOI:
10.1016/0167-5273(84)90167-0

[9] Ho SY, Russell G, Gerlis LM.
Atrioventricular septal defect with
intact septal structures in a 74-year-
old. International Journal of
Cardiology. 1990;26(3):371-373.
DOI: 10.1016/0167-5273(90)90097-0

[10] Kaski JP, Wolfenden ], Josen M,
Daubeney PEF, Shinebourne EA. Can
atrioventricular septal defects exist
with intact septal structures? Heart.
2006;92(6):832-835. DOI: 10.1136/
HRT.2005.069278

[11] LaCorte MA, Cooper RS,

Kauffman SL, Schiller MS,

Golinko R], Griepp RB. Atrioventricular
canal ventricular septal defect with
cleft mitral valve. Angiographic and
echocardiographic features. Pediatric
Cardiology. 1982;2(4):289-295.

DOI: 10.1007/{BF 02426975}

[12] Minich LL et al. Partial and
transitional atrioventricular septal
defect outcomes. The Annals of
Thoracic Surgery. 2010;89(2):530-536.
DOI: 10.1016/j.athoracsur.2009.10.047



Congenital Heart Defects - Recent Advances

[13] Lev M. The architecture of the
conduction system in congenital heart
disease. I. Common atrioventricular
orifice. AMA Archives of Pathology.
1958;65(2):174-191

[14] Feldt RH, DuShane JW, Titus JL.
The atrioventricular conduction system
in persistent common atrioventricular
canal defect: Correlations with
electrocardiogram. Circulation.
1970;42(3):437-444. DOI: 10.1161/01.
cir.42.3.437

(15] Thiene G et al. Surgical anatomy and
pathology of the conduction tissues in
atrioventricular defects. The Journal of
Thoracic and Cardiovascular Surgery.
1981;82(6):928-937

[16] LHS VM. Pathology and pathogenesis
of endocardial cushion defects. Surgical
implications. In: JC D, editor. Second
Henry Ford Hospital International
Symposium on Cardiac Surgery. New
York: Appleton-Century-Crofts; 1977.

pp- 201-207

[17] Ebels T, Tretter JT, Spicer DE,
Anderson RH. 31 - Atrioventricular
Septal Defects. Fourth ed. Philadelphia:
Elsevier Ltd; 2022

[18] Goddeeris MM et al. Intracardiac
septation requires hedgehog-dependent
cellular contributions from outside the
heart. Development. 2008;135(10):1887-
1895. DOI: 10.1242/dev.016147

[19] Gutgesell HP, Huhta JC. Cardiac
septation in atrioventricular

canal defect. Journal of the
American College of Cardiology.
1986;8(6):1421-1424. DOL: 10.1016/
s0735-1097(86)80317-5

[20] Fournier A, Young M-L, Garcia OL,
Tamer DF, Wolff GS. Electrophysiologic
cardiac function before and after surgery
in children with Atrioventricular Canal.

108

The American Journal of Cardiology.
1986;57(13):1137-1141

[21] Snider RS, Serwer GA. Defects

in cardiac septation. In: Snider RS,
Serwer GA, editors. Echocardiography in
Pediatric Heart Disease. St. Louis, MO:
Mosby; 2009. pp. 277-289

[22] Cohen MS. Common Atrioventricular
Canal defects. In: Lai WW, Mertens LL,
Geva T, Cohen MS, editors.
Echocardiography in Pediatric and
Congenital Heart Disease. UK: John
Wiley & Sons Ltd; 2016

[23] Singh A et al. Usefulness of live/real
time three-dimensional transthoracic
echocardiography in the assessment

of atrioventricular septal defects.
Echocardiography. 2006;23(7):598-608.
DOI: 10.1111/j.1540-8175.2006.00268.x

[24] Cohen MS, Jacobs ML,

Weinberg PM, Rychik J. Morphometric
analysis of unbalanced common
atrioventricular canal using two-
dimensional echocardiography. Journal
of the American College of Cardiology.
1996;28(4):1017-1023. DOI: 10.1016/
S0735-1097(96)00262-8

[25] Rao PS, Harris AD. Recent advances
in managing septal defects: Ventricular
septal defects and atrioventricular
septal defects [version 1; referees: 3
approved]. F1000Research. 2018;7:1-16.
DOI: 10.12688/£1000research.14102.1

[26] Patel MD. Septal defects: Atrial
septal defects, ventricular septal

defects, atrioventricular septal defects,
and unroofed coronary sinus. In:

Adebo DA, editor. Pediatric Cardiac CT
in Congenital Heart Disease. Switzerland:
Springer; 2021

[27] Arar Y et al. {3D} advanced imaging
overlay with rapid registration in {CHD}
to reduce radiation and assist cardiac



Atrioventricular Septal Defects
DOI: http://dx.doi.org/10.5772/intechopen.105615

catheterisation interventions. Cardiology
in the Young. 2020;30(5):656-662.
DOI: 10.1017/51047951120000712

[28] Devlin PJ et al. Pulmonary artery
banding in complete atrioventricular
septal defect. The Journal of Thoracic
and Cardiovascular Surgery.
2020;159(4):1493-1503.e3. DOI: 10.1016/j.
jtcvs.2019.09.019

[29] Atz AM et al. Surgical management
of complete atrioventricular septal
defect: Associations with surgical
technique, age, and trisomy 21. The
Journal of Thoracic and Cardiovascular
Surgery. 2011;141(6):1371-1379.

DOI: 10.1016/jjtcvs.2010.08.093

[30] Li D, Fan Q, Iwase T, Hirata Y, An Q.
Modified single-patch technique versus
two-patch technique for the repair of
complete atrioventricular septal defect:
A meta-analysis. Pediatric Cardiology.
2017;38(7):1456-1464. DOI: 10.1007/
$00246-017-1684-8

[31] Loomba RS, Flores S, Villarreal EG,
Bronicki RA, Anderson RH. Modified
single-patch versus two-patch repair for
atrioventricular septal defect: A systematic
review and meta-analysis. World Journal
for Pediatric and Congenital Heart
Surgery. 2019;10(5):616-623. DOI: 10.1177/
2150135119859882

[32] Fong LS, Winlaw DS, Orr Y. Is the
modified single-patch repair superior
to the double-patch repair of complete
atrioventricular septal defects?
Interactive Cardiovascular and
Thoracic Surgery. 2019;28(3):427-431.
DOI: 10.1093/icvts/ivy261

[33] Backer CL et al. Modified single
patch: Are we still worried about
subaortic stenosis? The Annals of
Thoracic Surgery. 2015;99(5) discussion
1675:1671-1675. DOI: 10.1016/j.
athoracsur.2015.01.032

109

[34] Ugaki S, Khoo NS, Ross DB,
Rebeyka IM, Adatia I. Modified single-
patch compared with two-patch repair
of complete atrioventricular septal
defect. The Annals of Thoracic Surgery.
2014;97(2):666-671. DOI: 10.1016/j.
athoracsur.2013.09.084

(35] Bell D et al. Propensity-matched
comparison of the long-term outcome of
the Nunn and two-patch techniques for
the repair of complete atrioventricular
septal defects. European Journal of
Cardio-Thoracic Surgery. 2020;57(1):85-
91. DOI: 10.1093/ejcts/ezz124

[36] Das NPD, Dutta N, Das P. Repair of
complete atrioventricular septal defect
by two patch technique. CTS Net. 2020.
DOI: 10.25373/ctsnet. 12867356

[37] Xie O et al. Outcomes of repair of
complete atrioventricular septal defect

in the current era. European Journal of
Cardio-Thoracic Surgery. 2014;45(4):610-
617. DOI: 10.1093/ejcts/ezt444

[38] Abumehdi M et al. Short to medium
term outcomes of right ventricular
outflow tract stenting as initial
palliation for symptomatic infants with
complete atrioventricular septal defect
with associated tetralogy of Fallot.
Catheterization and Cardiovascular
Interventions. 2020;96(7):1445-1453.
DOI: 10.1002/ccd.29306

[39] Lenko E et al. Influence of staged
repair and primary repair on outcomes in
patients with complete atrioventricular
septal defect and tetralogy of Fallot: A
systematic review and meta-analysis.
Interactive Cardiovascular and

Thoracic Surgery. 2018;26(1):98-105.
DOI: 10.1093/icvts/ivx267

[40] Mery CM et al. Contemporary results
after repair of partial and transitional
atrioventricular septal defects. The
Journal of Thoracic and Cardiovascular



Congenital Heart Defects - Recent Advances

Surgery. 2019;157(3):1117-1127.e4.
DOI: 10.1016/jjtcvs.2018.10.154

[41] El-Najdawi EK et al. Operation for
partial atrioventricular septal defect:
A forty-year review. The Journal of
Thoracic and Cardiovascular Surgery.
2000;119(5):880-889; discussion 889.
DOI: 10.1016/50022-5223(00)70082-1

[42] Devlin PJ, Backer CL, Eltayeb O,
Mongé MC, Hauck AL, Costello JM.
Repair of partial atrioventricular
septal defect: Age and outcomes.
The Annals of Thoracic Surgery.
2016;102(1):170-177. DOI: 10.1016/j.
athoracsur.2016.01.085

[43] Dodge-Khatami ], Noor R, Riggs KW,
Dodge-Khatami A. Mini right axillary
thoracotomy for congenital heart defect
repair can become a safe surgical routine.
Cardiology in the Young. 2022:1-4.

DOI: 10.1017/51047951122000117

[44] Marcelletti C, Corno A, Giannico S,
Marino B. Inferior vena cava-pulmonary
artery extracardiac conduit. A new form
of right heart bypass. The Journal of
Thoracic and Cardiovascular Surgery.
1990;100(2):228-232

[45] Oladunjoye OO et al. Staged
ventricular recruitment in patients

with borderline ventricles and large
ventricular septal defects. The Journal
of Thoracic and Cardiovascular Surgery.
2018;156(1):254-264. DOI: 10.1016/j.
jtcvs.2018.03.111

[46] Chiu P, Emani S. Left ventricular
recruitment in patients with hypoplastic
left heart syndrome. Seminars in
Thoracic and Cardiovascular Surgery.
Pediatric Cardiac Surgery Annual.
2021;24:30-36. DOI: 10.1053/j.
pcsu.2021.03.001

[47] Cohen MS, Spray TL. Surgical
management of unbalanced

110

atrioventricular canal defect. Seminars
in Thoracic and Cardiovascular Surgery.
Pediatric Cardiac Surgery Annual.
2005;8(1):135-144. DOI: 10.1053/j.
pcsu.2005.02.006

[48] Tagatqa AS, Vettukattil JJ.
Atrioventricular septal defects:
Pathology, imaging, and treatment
options. Current Cardiology Reports.
2021;23(8):93. DOI: 10.1007/
s11886-021-01523-1

[49] Vettukattil JJ, Mohammad Nijres B,
Gosnell JM, Samuel BP, Haw MP. Three-
dimensional printing for surgical
planning in complex congenital heart
disease. Journal of Cardiac Surgery.
2019;34(11):1363-1369. DOI: 10.1111/
jocs.14180

[50] Tishler B, Gauvreau K, Colan SD, Del
Nido P, Nathan M. Technical performance
score predicts partial/transitional
atrioventricular septal defect outcomes.
The Annals of Thoracic Surgery.
2018;105(5):1461-1468. DOI: 10.1016/j.
athoracsur.2017.11.043

[51] Van Arsdell GS et al. Subaortic
stenosis in the spectrum of
atrioventricular septal defects. Solutions
may be complex and palliative. The
Journal of Thoracic and Cardiovascular
Surgery. 1995;110(5):1534-1541;
discussion 1541. DOI: 10.1016/
S0022-5223(95)70077-3

[52] Macé L, Dervanian P, Folliguet T,
Verrier JF, Losay ], Neveax JY.
Atrioventricular septal defect with
subaortic stenosis: Extended
valvular detachment and leaflet
augmentation. The Journal of
Thoracic and Cardiovascular Surgery.
1997;113(3):615-616. DOIL: 10.1016/
s0022-5223(97)70383-0

[53] van Son JA, Schneider P, Falk V.
Repair of subaortic stenosis in



Atrioventricular Septal Defects
DOI: http://dx.doi.org/10.5772/intechopen.105615

atrioventricular canal with absent

or restrictive interventricular
communication by patch augmentation
of ventricular septum, resuspension

of atrioventricular valves, and septal
myectomy. Mayo Clinic Proceedings.
1997;72(3):220-224. DOI: 10.1016/
S0025-6196(11)64752-6

[54] Pontailler M et al. Reoperations for
left atrioventricular valve dysfunction
after repair of atrioventricular septal
defect. European Journal of Cardio-
Thoracic Surgery. 2014;45(3):557-562;
discussion 563. DOI: 10.1093/ejcts/ezt392

[55] Stulak JM et al. Reoperations after
initial repair of complete atrioventricular
septal defect. The Annals of Thoracic
Surgery. 2009;87(6):1872-1877;
discussion 1877. DOI: 10.1016/j.
athoracsur.2009.02.048

[56] Fong LS et al. Predictors of
reoperation and mortality after complete
atrioventricular septal defect repair.
European Journal of Cardio-Thoracic
Surgery. 2021;61(1):45-53. DOI: 10.1093/
ejcts/ezab221

[57] Alhuzaimi AN, Alotaibi NM,
Alsuhaibani GI, Alanazi RK, Temsah
M-H. Congenital heart defect and
pulmonary hypertension in children with
down syndrome: Clinical profile over
two decades. Cureus. 2021;13(2):e13212.
DOI: 10.7759/cureus.13212

(58] Cooney TP, Thurlbeck WM.
Pulmonary hypoplasia in Down’s
syndrome. The New England Journal
of Medicine. 1982;307(19):1170-1173.
DOI: 10.1056/{NEJM198211043071902}

[59] Clapp S et al. Down’s syndrome,
complete atrioventricular canal,
and pulmonary vascular obstructive
disease. The Journal of Thoracic
and Cardiovascular Surgery.
1990;100(1):115-121

111

[60] Bush DS, Ivy DD. Pulmonary
hypertension in the population with
down syndrome. Cardiol Therapeutics.
2022;11(1):33-47. DOI: 10.1007/
S$40119-021-00251-5

[61] Gupta-Malhotra M, Larson VEV,
Rosengart RM, Guo H, Moller JH.
Mortality after total cavopulmonary
connection in children with the down
syndrome. The American Journal of
Cardiology. 2010;105(6):865-868.
DOI: 10.1016/].AMJCARD.2009.11.043

[62] Peterson JK et al. Long-term survival
and causes of death in children with
trisomy 21 after congenital heart surgery.
The Journal of Pediatrics. 2021;231:246-
253.e3. DOI: 10.1016/jjpeds.2020.12.058






Chapter7

Hypoplastic Left Heart Syndrome

Yolandee Bell-Cheddar, William Devine, Mario Castro-Medina,
Raymond Movales, XinXiu Xu, Cecilia W. Lo
and Jiuann-Huey Ivy Lin

Abstract

Hypoplastic left heart syndrome (HLHS) is a complex congenital heart disease
(CHD) involving hypoplasia of the left ventricle (LV), aorta (Ao), and mitral valve.
HLHS was uniformly fatal in the past, now survivable with 3-stage surgical pallia-
tion. However, there is high morbidity and mortality, with 25% of HLHS patients
either dying or having a heart transplant within 1 year of age. The causes for such
high morbidity and mortality are not well understood, but the majority of deaths are
directly or indirectly related to cardiovascular/hemodynamics causes. Studies in a
mouse model of HLHS uncover important contributing factors for single-ventricle
patients such as the patient’s intrinsic factors related to mitochondrial dysfunction,
and derangements in the early stages of embryonic development. The HLHS mutant
mice were noted to have metabolic dysfunction accompanied by cell cycle arrest and
cardiomyocyte differentiation defects. Intrinsic cell defects may contribute to cardiac
failure in the HLHS population. Moreover, strong evidence of the genetic etiology
of HLHS has come from the observation that HLHS has a high recurrence risk and is
associated with various chromosomal abnormalities. In this chapter, we will review
the basic pathophysiology, pertinent pre-and post-operative managements of HLHS
and recent advances derived from the HLHS mouse model.

Keywords: HLHS, cardiomyocyte, mitochondria, single ventricle, hemodynamics,
complex genetics

1. Introduction

Hypoplastic left heart syndrome (HLHS) is a complex congenital heart disease
(CHD) involving hypoplasia of the left ventricle (LV), aorta (Ao), and mitral valve
(MV). While HLHS is relatively rare (prevalence 0.02%) [1], it accounts for 25% of
CHD infant deaths [2]. The great surgical advancement in HLHS led to a transition
from the only option of comfort care in the 1980s to a three-stage cardiac surgical
palliation procedure offering a 50-70% five-year survival [2]. However, about 25% of
HLHS patients either died or had a heart transplant within 1 year of their Norwood
operation [3]. Most HLHS survivors suffer ongoing morbidity, with a substantial
portion of these patients developing heart failure over time, as well as neurodevel-
opmental delay and neurocognitive impairment that can significantly degrade the
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health-related quality of life. The causes for such high morbidity and mortality are not
well understood, but the majority of deaths are directly or indirectly related to cardio-
vascular causes [4]. While the causes for the poor cardiac outcomes are multifactorial,
our study in a mouse model of HLHS uncovers important contributing factors related

to mitochondrial dysfunction [5].

2. The morphologic Spectrum of hypoplastic left heart syndrome

Dr. Maurice Lev first described the hypoplastic left heart as hypoplasia of the aortic
tract in 1952 [6]. However, the term HLHS was initially used by Noonan and Nadas in
1958 [7]. HLHS is a diagnosis that incorporates a spectrum of left ventricular inlet, ven-
tricular and outlet obstructions that may include: aortic atresia or stenosis; mitral stenosis,
atresia or agenesis (Figure 1); hypoplasia of the ascending aorta that may extend to the
entire aortic arch; a non-apex forming left ventricle with variable degrees of left ventricu-
lar hypoplasia; commonly, a discrete coarctation of the aorta; and an intact ventricular
septum in most patients [6-8].

A normal left ventricle has a mitral valve and gives rise to the aorta. Furthermore, the
apical portion of a left ventricular septal surface shows finer trabeculations than a mor-
phologic right ventricle, and the subarterial septal surface is smooth (Figure 2a). Hearts
with HLHS show variability in the size of the left ventricle (Figure 2b—d), and the types of
mitral valve malformations (Figure 3b—e) and aortic valve obstruction (Figure 4b
and c) along with the varying degrees of hypoplasia of the ascending aorta and aortic arch
(Figure 5a and b) with or without coarctation.

In classical HLHS, the left ventricle has an intact ventricular septum. Ventricular
size may vary from a mild degree of hypoplasia to being morphologically absent with
no discernible inlet or outlet. The hypoplastic ventricle is commonly muscle bound
with a thick myocardial wall causing the hypoplastic left ventricle to bulge on the
epicardial surface. The hypoplastic left ventricle almost universally shows endocardial
fibroelastosis that, at times, can be quite prominent (Figure 2b-d). Additionally, the
left atrium will demonstrate varying degrees of hypoplasia.

A normal mitral valve consists of an anterior and posterior leaflet with tension
apparatus attached to papillary muscles (Figure 3a), and the anterior leaflet is in
fibrous continuity with the aortic valve. In the setting of HLHS, mitral valve can vary
from well-formed but miniature to dysplastic and stenotic to imperforate or congeni-
tally absent (Figure 3b-e).

The normal aortic valve consists of three semilunar cusps (Figure 4a) and the aorta
consists of the ascending aorta, aortic arch, isthmus, and descending aorta. Aortic valves
in hearts with HLHS can vary from having three cusps to bicuspid and are dysplastic and
stenotic or atretic. Hearts with HLHS can have ascending aortas that may uncommonly
be mildly hypoplastic (Figure 5a), but most of the time they vary from moderately to
extremely hypoplastic with an almost thread-like appearance (Figure 5b). The hypoplas-
tic ascending aorta serves as a conduit to perfuse both coronary arteries in a retrograde
manner. In addition, the aortic arch may be hypoplastic. Coarctation of the aorta - a
shelf-like, circumferential, paraductal lesion - is common in the setting of HLHS and
may be mild to severe. Furthermore, HLHS is ductal-dependent condition, and the arte-
rial duct is usually widely patent and large (Figure 5b). The right heart is enlarged
and shows right ventricular hypertrophy. A patent oval fossa or atrial septal defect
(Figure 5¢) is present. Sometimes, the flap valve of the oval fossa can show aneurysmal
dilatation bulging into the right atrium.
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(a) MS/AS (b) MA/AA
(c) MS/AA (d) MA/AS

(e) Norwood/BTT (f) Norwood/Sano

Figure 1.

Hllustration of 4 types of HLHS and Norwood procedure with modified BTT shunt (e) and Sano shunt (f). AA:
aortic atresia, AS: aortic stenosis, BT'T: Blalock-Taussig-Thomas shunt, MA: mitral atresia, MS: Mitral stenosis
(graphic illustration by Dr. Raymond Morales).

Hearts with premature closure of the oval fossa at an early gestational age result
in malformations such as mitral atresia or stenosis and/or aortic atresia or stenosis,
variable degrees of hypoplasia of the left ventricle, and endocardial fibroelastosis. The
severity of the impact on the heart depends on the gestational timing of the closure
or restriction of the oval fossa [9]. Figure 6a—c are images of a heart with premature
closure of the oval fossa. Rarely, in patients born with premature closure of the oval
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Figure 2.

Vagriatiom in the degree of left ventricular hypoplasia in hearts with HLHS. (a) Septal view of a normal left
ventricle, (b) hypoplastic left ventricle with a stenotic and dysplastic aortic valve and endocardial fibroelastosis,
and (c) three-chamber view showing the muscle bound, non-apex forming hypoplastic left ventricle with
endocardial fibroelastosis, mitral valve stenosis and aortic valvar atresia, (d) diminutive and atretic (no inlet or
outlet) left ventricular chamber in a heart with aovtic and mitral atvesia, and the muscle bound left ventricular
segment of the heart bulges on the epicardial surface, and the position of the left ventricle is outlined by the
anterior and posterior descending coronary arteries.

fossa and inflow obstruction such as mitral atresia and in cases of typical HLHS with
inflow obstruction, an escape channel for the pulmonary venous return may be pres-
ent [10]. This escape channel may be a levoatriocardinal vein that allows pulmonary
blood to egress from the left atrium or a pulmonary vein and reaches the right atrium
via the left innominate/superior caval veins (Figure 6d) [11]. Rarely the escape of
pulmonary venous blood from the left atrium may be accomplished by partial or total
anomalous pulmonary venous return [12].

A hypoplastic left ventricle with aortic stenosis and an intact ventricular septum
(Figure7a) is not classified as an HLHS. Furthermore, isolated cardiac malformations
such as a right-dominant unbalanced atrioventricular septal defect (AVSD) (Figure 7b)
or a heart with double outlet right ventricle (DORV) with its ventricular septal defect and
mitral valve stenosis (Figure 7c and d), both of which have interventricular communica-
tions and a hypoplastic left ventricle are arguably not categorized as having HLHS because
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Figure 3.

Vag:'tm'om in the condition of the mitral valve in hearts with HLHS. (a) Normal mitral valve, (b) normally
configured but miniaturized mitral valve with slightly shortened and mildly thickened tension appavatus and
mild diffuse endocardial fibroelastosis, (c) stenotic and dysplastic mitral valve in a heart with severe hypoplasia
of the left ventricle and prominent endocardial fibroelastosis, (d) floor of the left atrium and an imperforate
mitral valve, and (e) completely muscular floor of the left atrium without evidence of a mitral valve in a heart
with mitral valve agenesis.

Left
Aortic Coronary
Cusps

Anterior
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Mitral Valve
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Septal Surface of the Left Ventricle

(@)

Figure 4.
Aortic valve stenosis and atresia in the setting of HLHS. (a) Normal aortic valve, (b) tricuspid, stenotic and
dysplastic aortic valve, and c) aortic valvar membranous atresia, mitral valve stenosis, and thick endocardial

fibroelastosis.

they do not meet the traditional definition. However, these types of hearts (right-dominant
unbalanced AVSD and DORYV) have been described as HLHS variants in addition to their
hypoplastic left ventricles they had one or more of the expected left-sided obstructive

117



Congenital Heart Defects - Recent Advances

~ Atrial Septal Defect
*: -

%

Va

“l Rrgh:l.
Ventriclet oy

E entri -

Ascending
Aorta

(@)

Figure 5.

Supracardiac great arteries and the right side of specimens with HLHS. (a) Mildly hypoplastic ascending aorta
and large arterial duct, (b) hypoplastic ascending aorta and proximal aortic arch, coarctation of the aorta at the
level of a large arterial duct, (c) enlarged right heart with hypertrophy of the right ventricle and an atrial septal

defect.
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Figure 6.

Right and left heart anatomy of a heart with premature closure of the oval fossa, and a specimen with a
levoatriocardinal vein. (a) Septal surface of the right atrium illustrating the prematurely closed oval fossa, (b)
dysplastic and stenotic mitral valve, (c) non-apex forming hypoplastic left ventricle with pronounced endocardial
fibroelastosis, (d levoatriocardinal vein connecting the left atrium to the left innominate vein.
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Figure7.

Specimens with hypoplastic left ventricles that do not meet the criteria of HLHS. (a) Aovtic stenosis and intact
ventricular septum, (b) right-dominant, unbalanced AVSD, and an atrial septal defect, (c) right ventricle view,
DORV and a ventricular septal defect, (d) left ventricular view of C showing the hypoplastic left ventricle,
ventricular septal defect, and the stenotic mitral valve.

features seen in classical HLHS such as aortic stenosis/atresia or mitral valve atresia/
stenosis, hypoplastic aorta or coarctation of the aorta. Hearts witha DORV or a right-
dominant AVSD but had only aortic obstruction and a hypoplastic left ventricle that is
physiology inadequate should not be classified as HLHS variants just because they require
single ventricle surgical palliation such as the Norwood, bidirectional Glenn, and the
Fontan procedures. The classifications of these types of hearts continue to be unsettled,
and this is a reason the classification of HLHS variants needs to be based not only on
morphology but also on genetic studies, and not on the need for single ventricle surgical
palliation or describing them as HLHS variants just to make the cardiac malformations
easier to understand for the clinician or others not trained in pediatric cardiology. Doing
this may skew forthcoming studies concerning DORYV, right-dominant unbalanced AVSD,
and HLHS [13].
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3. Surgical palliation of HLHS

The surgical palliation of HLHS consists of three, staged procedures: the
Norwood, the Glenn, and the Fontan procedures.

The goal of the first two procedures is to prepare the heart for the final Fontan
procedure. The ventricular function must be preserved by avoiding a pressure load
(avoiding a pressure gradient in the aortic arch) or excessive load (correct-sized
shunt), minimizing pulmonary vascular resistance (good-sized atrial communica-
tion), maintaining optimal pulmonary artery growth, and preserving the tricuspid
valve function by avoiding ventricular dilatation associated with excessive volume
work by the ventricle.

The first report of an attempted palliative operation for HLHS was in 1977 by Doty
and Knott [14]. All the patients described died of poor right ventricular function or
coronary ischemia. Norwood and associates reported the first successful palliative
procedure that is still performed today [15].

The crucial components of this procedure can be divided into 3 steps:

1. Anastomosis of the main pulmonary artery with the ascending aorta to provide
unobstructed right (systemic) ventricle outflow.

2. Atrial septectomy to allow unobstructed pulmonary venous drainage.

3. Systemic-to-pulmonary shunt as the source of controlled pulmonary blood flow
using a Blalock-Taussing Shunt or Sano shunt (right ventricle to pulmonary
artery conduit) [16-18].

The Norwood procedure is performed through median sternotomy; under moder-
ate or deep hypothermia, using circulatory arrest or selective cerebral perfusion; the
latter is currently the preferred option. Different materials are used for arch recon-
struction; homograft is the most common material used, but there are other options
including bovine pericardium, core-matrix, and femoral vein graft.

The systemic-to-pulmonary shunt can be performed by using the modified
Blalock-Taussing-Thomas shunt (MBTT) (Figure le) or the right ventricle to pulmo-
nary artery shunt (RVPA) which is named the Sano Shunt (Figure 1f).

MBTT shunt is made of polytetrafluoroethylene (PTFE, Gore-Tex): generally
3.5 mm for infants of 2.5-3.5 kg and 4 mm for larger infants.

The 5 mm RVPA shunt is used for neonates between approximately 2.3 and 3.5 kg.
If PVR is high, a 6 mm RVPA shunt may be considered.

A randomized clinical trial comparing MBTT and RVPA at 15 North American
Centers was performed which includes 275 patients with MBTT and 274 patients with
RVPA shunt [16]. Compared with the MBTT group, the patients with RVPA shunt
were associated with higher rates of transplantation-free survival at 12 months. By
14 months, the right ventricular end-diastolic volumes were similar in 2 groups [16],
however, the RVPA shunt group had more unintended interventions and complica-
tions. Data collected over the follow-up period of 32 months showed a nonsignificant
difference in transplantation-free survival between the two groups [16].

The second stage procedure is the bidirectional Glenn procedure that consists of a
Cavo-pulmonary anastomosis which is usually is performed between 3 and 6 months
of age. Viegas et al. reviewed 14 years of experience on 36 patients younger than
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90-day-old and reported no mortality, but 90% of patients required Glenn patch
augmentation. The indications to perform a Glenn procedure within the first 90 days
of life are persistent hypoxemia, signs of ventricular dysfunction, and atrioventricu-
lar valve regurgitation [19].

Finally, the third stage procedure is total cavopulmonary connection or the modi-
fied Fontan procedure. There are two different surgical techniques for this procedure,
namely, the lateral tunnel with intra-atrial PTFE graft and the extracardiac PTFE
conduit; these procedures were popularized in an attempt to avoid late supraventricu-
lar arrhythmias [20]. The expandable Gore-Tex graft (Peca-labs) allows for dilatation
of the Fontan conduit in the cardiac catheterization suite [21].

In 2002, Akintuerk et al. from Giessen, Germany were the first to describe the
hybrid approach to HLHS, which is a combination of surgical intervention
(application of bilateral branch pulmonary artery bands) and catheter interven-
tion (placement of ductal stent) as primary palliation for neonates with HLHS
[22]. In the United States, Galantowicz and Cheatham reported the results of this
procedure in 2005 [23].

The results of the Norwood procedure have improved over the last few decades to
where it is unethical not to offer this procedure to all newborns with HLHS; cardiac
transplant is considered if there is any contraindication for the Norwood operation or
Hybrid procedure.

4. Pre and post-operative care of HLHS

Adequate pre-operative management of HLHS requires knowledge of the fetal circu-
lation in this disorder. In patients with aortic atresia and very severe aortic stenosis—in
general, there is a lower pO, to the fetal brain with probably decreased blood flow to the
brain as well. There is retrograde flow into coronaries in these instances and the ascend-
ing aorta is quite small. Normally the lungs will receive only 11% of the combined
ventricular output [24], but the blood flow that the lungs see in HLHS fetus is usually
higher [25]. In HLHS, it is conceivable that the relatively higher oxygen saturation could
impact the normal microvascular development in the pulmonary artery and veins [26].

Postnatally, pulmonary venous return (normally fully saturated blood) must be
routed to the right atrium. This mixes with desaturated blood in the right atrium and
is ejected by the right ventricle. By default, the right ventricle supplies both systemic
(through the PDA) and pulmonic circulations. Blood may need to flow retrograde to
supply head and neck vessels and coronaries arteries. The delicate balance between
systemic vascular resistance and pulmonic vascular resistance plays a major role. As
suggested in the above section, ischemia of the brain and coronaries may occur.

In the postnatal period, we need an adequate interatrial communication, widely
patent ductus arteriosus and a balanced pulmonary vascular resistance (PVR) to
systemic vascular resistance (SVR). There is an inherent tendency for high pulmonary
blood flow—in otherwise uncomplicated cases, with concurrent systemic steal. The
right ventricle is volume overloaded at baseline. So, the immediate goals of pre-op
care rest on preserving ductal patency and balancing PVR and SVR. One needs to be
able to diagnose a high pulmonary to systemic flow ratio (Qp:Qs) state. Some of the
clinical manifestations include hypotension, decreased urine output, delayed capil-
lary refill, and lactic acidosis. Patients may also present with tachypnea, increased
work of breathing, and respiratory distress.
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4.1 Keeping the duct patent

The ductus arteriosus can be kept patent via the use of prostaglandin E; (PGE,).
The previously described starting dose range of 0.05-0.10 mcg/kg/min [27] has fallen
out of favor to a lower starting dose of 0.01 mcg/kg/min [28]. It is most probable that
these previously higher doses were the starting doses for patients who had not been
prenatally diagnosed; and who came to medical attention later in the neonatal period.
The risk of precipitating apnea is higher at higher starting doses. The recommended
maintenance dose of PGE is 0.01-0.04 mcg/kg/min. At our institution, we will use
doses as low as 0.003 mcg/kg/min-0.005 mcg/kg/min while patients await surgical
repair. There are still institutions that will maintain their patients on PGE; for
prolonged periods of time.

The other means by which the ductus arteriosus can be maintained patent is
through stenting of the ductus arteriosus. For patients with HLHS, this is generally
done as part of the Hybrid procedure.

4.2 Limiting pulmonary blood flow

Pulmonary blood flow may be limited by manipulating pulmonary vascular
resistance. This may be done by the use of sub-ambient oxygen otherwise called
hypoxemic mixture [29]. The literature on this is sparse; particularly there are no
randomized controlled trials. There has been hesitation to use this widely due to
concerns about the cellular effect of hypoxemic mixture on tissue oxygenation. The
other concern is that a non-intubated patient receiving a hypoxic mixture may hypo-
ventilate or become apneic due to prostaglandin administration; therefore, the PaO,
levels may fall drastically [30]. The use of a hypoxemic mixture requires vigilance in
terms of frequent checking of blood gases—to look at PaO, and base deficit. Attempts
to maintain Qp:Qs of approximately 1:1, with an ideal goal for PaO, of 35-45 mmHg
should be made. A useful thing to be aware of is that a central line placed in the right
atrium of a patient with HLHS and aortic atresia is generally representative of an arte-
rial gas in such patients. Hypoxemic mixture can be administered via high flow nasal
cannula or via oxy-hood or a combination of both or through the endotracheal tube of
an intubated patient.

Adjusting the ventilator settings of an intubated patient to allow for higher PaCO,
will also restrict pulmonary blood flow, as well as blending CO, into the circuit [31, 32].
The latter is also not commonly practiced.

4.3 Optimization of systemic circulation

One can increase systemic circulation by use of afterload reduction agents such as
milrinone—which can be titrated to effect as we monitor saturations; clinical cardiac
output, base deficit, lactate levels, and PaO, [2]. Optimization of oxygen-carrying capac-
ity by keeping hematocrit >40% is also ideal. Ultimately, if all these maneuvers fail and
one still needs to wait for intervention, then muscle relaxation of the patient may need to
be considered in order to decrease metabolic demand, fully take over respiratory support
and manipulated PaCO,.

Some of the maneuvers to limit pulmonary blood flow and increase systemic
circulation are listed in the table below.

122



Hypoplastic Left Heart Syndrome
DOI: http://dx.doi.org/10.5772/intechopen.104723

Limiting pulmonary blood flow Augmenting systemic blood flow
Hypoxemic mixture Good intravascular volume

PaCO, Increasing oxygen-carrying capacity
Intubation and mechanical ventilation Milrinone (afterload reduction)
Muscle relaxation Muscle relaxation

4.4 Special considerations

Neonates with a restrictive atrial septum are usually quite ill-appearing with
hypoxia and heart failure. The keys to management prior to cardiac catheteriza-
tion intervention are intubation; ventilation; maintaining good blood volume;
inotropic support in the form of a dopamine infusion or epinephrine infusion and
continuing prostaglandin. It should be noted that increasing the PGE may worsen
the clinical picture as there may be a transient increase in the blood return to the
left atrium with no egress. Administration of sodium bicarbonate to mitigate the
acidotic milieu and alerting the cardiac catheterization team as well as the surgical
team are crucial. The atrial level communication in a patient with HLHS is superior
in position and often times the tissue is very thick. As such, the cardiac catheteriza-
tion intervention to establish atrial level patency can be challenging. If a balloon
atrial septostomy cannot be effectively performed, then static ballooning may be
done (alternatively stent implantation across the restrictive PFO) and if that fails,
the surgical opening of the atrial septum is indicated. Blalock-Hanlon procedure
(described in 1948 by Alfred Blalock and C. Rollins Hanlon) [33] is not usually
performed for HLHS patients.

Infants with moderate-to-severe tricuspid valve insufficiency and/or poor right
ventricular function from the very beginning pose an especially high degree of chal-
lenge for the cardiac intensive care physician. Some considerations in their manage-
ment include ventilation; institution of diuretics; inotropic support; heart failure/
cardiac transplant evaluation and supportive care/palliation team care involvement.

The patient with HLHS and severe pulmonary venous obstruction will develop
marked hypoxemia over time. This hypoxemia may progress after a period of
apparent well-being. The goal for these patients until surgical intervention—is
to intubate, provide hyper-ventilation, increase FiO,, and increase SVR using
inotropic support. A severe degree of pulmonary venous obstruction is a surgical
emergency and may require rescue via extracorporeal membrane oxygenation
(ECMO).

4.5 Non-cardiac pre-op management

Genetic evaluation should include chromosome microarray and whole-exome
sequencing, if indicated. A screening renal and head ultrasound is also recom-
mended. Feeding the patient with HLHS pre-operatively is also important. Those
with relatively balanced circulations—should feed by mouth. For those in whom
we may be concerned about their systemic circulation—total parenteral nutrition
may be the judicious approach to avoid complications such as necrotizing entero-
colitis [2].
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4.6 Post-operative management of the HLHS

The post-operative management of the HLHS patient is dependent on which initial
procedure is undertaken. In general, there are three first-stage palliation proce-
dures—Norwood procedure with MBTT shunt; Norwood procedure with Sano shunt;
and the Hybrid procedure as mentioned in the above section.

The initial management of patients with Norwood MBTT shunt revolves again
around achieving that fine balance between pulmonary and systemic flows. If the
shunt is relatively large, the patient may have too much pulmonary blood flow and
all the maneuvers to limit those as described in the prior section may be instituted.

If the shunt placed is long or narrow and relatively resistive and or patient has high
pulmonary artery pressure or PVR, then one may find oneself in the situation where
there is a need to increase the SVR (use of epinephrine, norepinephrine, vasopressin,
calcium) to drive flow through the shunt; to administer volume; and, in extreme cases,
to Administrator pulmonary vasodilators in the form of inhaled nitric oxide. These
maneuvers are intended to be temporary as the infant’s circulation adapts. The man-
agement of these patients post-operatively requires great skill and expertise. One also
needs to ensure patency of the shunt by administering anticoagulation—usually in the
form of heparin drip—which could later be transitioned to Enoxaparin or Aspirin or
both. The regimen of anticoagulation is institution-dependent.

The patients who undergo the Norwood procedure and Sano modification are, in
general, less cerebrally challenging to care for. Their cardiac output is highly depen-
dent on pre-load and single ventricular function and less so on a potentially tenuous
balance between Qp and Qs. Volume administration and inotropic support generally
are sufficient.

Both procedures require judicious monitoring and aggressive treatment of

dysrhythmias.
4.7 Hybrid procedure

The Hybrid procedure involves placement of a PDA stent and bilateral PA bands and,
if needed, atrial septostomy [22, 23]. The management of patients post-operatively after
a Hybrid procedure can be very similar to the way we manage patients post a Norwood
procedure and MBTT shunt. Balancing Qp:Qs is important. Keen attention should be paid
to the maintenance of duct patency with anticoagulation and/or anti-platelet therapies.

Patients should be observed closely for signs of stent migration either into the
pulmonary artery or the aorta as well as for the possibility of PA band migration.
Retrograde arch obstruction from the migration of the stent can be screened through
daily 4-limb blood pressure measurements. Intermittent echocardiographic assess-
ment can assist in early diagnosis.

4.8 Second stage palliation

The Glenn procedure is the second stage in the HLHS palliation. By far, it is much
less challenging to manage these patients post-operatively. The expectation is that
these patients will exit the operating room extubated. If the patient had a reassuring
pre-Glenn catheterization study, then the hope is that this would have translated into
a successful procedure.

In terms of the respiratory system, post-operative care lies in the avoidance of high
positive end-expiratory pressure (PEEP) and high PVR states. Through avoidance
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of hyperventilation, one may manipulate PaCO2 to optimize flow in the Glenn
circulation should the patient be intubated. Augment cardiac inotropy, if necessary.
Oftentimes, a combination of milrinone and epinephrine drips post-operatively
works well. Pain control and, later, effective diuresis are also important. Cerebral
congestion from the new passive circulation to the pulmonary arteries can be a source
of significant patient discomfort. Simple maneuvers such as elevating the head of the
bed can contribute to great patient comfort by using gravity to promote anterograde
blood flow from the cerebral to the pulmonary circulation.

Monitoring these patients for desaturation relative to their physiology is also
important; and assessing for the common causes of a desaturated Glenn patient is cru-
cial. The desaturated Glenn patient may pose a serious dilemma for the ICU team. The
use of 100% FiO, and inhaled nitric oxide can be employed. Ultimately, the patient
may need to be intubated. In such instances, cardiac catheterization procedure should
be pursued to investigate the possible causes. Ensuring adequate hemoglobin levels for
Glenn’s physiology is important. If the patient requires additional pulmonary blood
flow, then an aortopulmonary shunt may be added to the system [34].

These patients require monitoring for high chest tube output and pleural
effusions/chylothorax.

4.9 Third stage

The third stage of palliation is called the Fontan procedure or total cavo-pulmonary
anastomosis. Similar to the Glenn procedure, acute post-operative management
includes avoidance of high PEEP, and high PVR triggers. The majority of Fontan
patients will return from the operating room extubated. Typically, the saturations
in a patient post Fontan procedure will be around 92-95%—Dbarring the presence of
collaterals or pulmonary vein desaturations. They are preload dependent—at some
institutions, the initial post-operative fluid management involves giving patient one
and half times maintenance fluid volume. After the first 24-36 h, effective diuresis is
then initiated.

Inotropic support may involve the use of epinephrine, milrinone, and/or dopa-
mine. Most recently, the potential beneficial use of vasopressin post-operatively has
been explored [35].

Arrhythmias are not infrequent. Postoperatively Fontan patients should be
observed for supraventricular tachyarrhythmias of all forms (atrial tachyarrhythmias,
re-entry tachyarrhythmias, and junctional arrhythmias).

Like in the Glenn patients, the post-operative Fontan patients require monitoring
for high chest tube output and pleural effusions/chylothorax.

Any evidence of an acutely failing Fontan physiology [36, 37] should be anticipated
and acted upon expeditiously. If there is evidence of an acutely failed Fontan physiol-
ogy—serious consideration should be given to taking down the Fontan circuit [38].

5. Possible etiologies for HLHS

5.1 Reduced blood flow—“no flow, no growth” is a possible etiology of
hypoplastic left heart syndrome

Reduced blood flow through the left side of the developing heart is the most
prevalent hypothesis in the causation of HLHS. Abnormal blood flow has a negative
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effect on the shear forces applied to the developing heart which in turn impacts the
growth of the left ventricle. Any experimental manipulation to decrease left ventricu-
lar preload during embryonic development by either obstructing the left atrioven-
tricular canal flow [39], inserting a balloon in the left atrium [25], or by placing an
occluder in the foramen ovale [40] resulted in cardiac phenotypes of HLHS in chick
embryos and fetal lambs. This hypothesis is further supported by the observation

of the HLHS phenotypes in human fetuses with foramen ovale restriction [41] and
premature closure of foramen ovale (Figure 6).

5.2 Fetal aortic valve stenosis and HLHS

A group of fetuses with aortic valve stenosis with dilated or normal-sized left
ventricles in mid-gestation were found to develop into HLHS [42, 43]. In this group of
patients, the aortic stenosis in the developing heart resulted in left ventricular dys-
function, myocardial damage, and decreased left ventricular flow which led to HLHS
after birth [43, 44]. However, after successful aortic valvuloplasty for aortic stenosis
in human fetus, some patients did not have an improvement in their left ventricle
growth and ended up with single ventricle palliation [42]. Therefore, intrinsic defects
of left ventricular cardiomyocytes cannot be excluded.

6. Complex genetics in HLHS

Strong evidence of the genetic etiology of HLHS came from the observation that
HLHS has a high recurrence risk [45] and is associated with various chromosomal
abnormalities [46, 47]. Identifying the genetic causes of HLHS may yield deeper
insights into the molecular mechanism driving the pathogenesis of HLHS. In families
with HLHS, often bicuspid aortic valve (BAV) is also observed, indicating a genetic
link between these two congenital heart lesions [48]. Paradoxically, BAV is the most
common CHD (prevalence 1-2%) and is clinically important because of the morbidity
and mortality of associated phenotypes, specifically aortic valve disease and aortic
aneurysm/dissection (aortopathy). Indeed, BAV underlies aortic valve disease in
>50% of patients of all ages undergoing valve surgery [49]. The recurrence of left-
sided congenital heart defects in first-degree relatives of a proband of HLHS is about
10-15%, suggestive of a strong but heterogeneous genetic component [45, 47, 50-52].
In addition, there are approximately 30% of fetuses with HLHS that have extracardiac
abnormalities [53]. Analysis from the Society of Thoracic Surgeons database from
2002 to 2006 demonstrated mortality after Norwood procedure was significantly
worse in HLHS neonates with non-cardiac abnormalities and/or syndromes with
higher unfavorable results in patients with chromosomal defects [54].

6.1 Possible genetic etiologies associated with HLHS

1. Syndromes with HLHS as a cardiac phenotype: Holt-Oram syndrome caused
by TBX 5 mutations [55], Rubinstein Taybi syndrome caused by CREB bind-
ing protein mutation [56, 57], Smith-Lemli-Opitz syndrome [58], and Noonan
syndrome [59, 60].

2.Chromosomal abnormalities: chromosomal abnormalities were noted in 10%
of HLHS including trisomy 13 [61, 62], trisomy 18 [62, 63], trisomy 21 [62, 64],
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Turner syndrome [62, 65], and DiGeorge syndrome [62, 64]. Turner syndrome
with HLHS is associated with significant mortality [54, 66].

3. Copy number variants: Jacobsen syndrome (11q24-qter deletion) [67], Alagille
syndrome (20p12.2-p12.3 deletion) [68], dup 1q21.1, dup 16p13.11, dup 15q11.2-
13, dup 22q11.2, and del 2q23.1 [69], del14q23.3 [70]. Copy number variants were
reported to be associated with more than 10% of single ventricle lesions including
HLHS [71-73]. However, copy number variants of undetermined significance in
neonates with HLHS are not associated with worse clinical outcomes [73].

4. Gene mutations: Notchl [72, 74, 75], Nkx2.5 [72, 75, 76], HAND1 [72, 75, 771,
GJA1 [78], Lrp2 [79], SMAD3 [80], ERBB4 [81], PROX1 [82]. Pathological muta-
tions in cardiomyopathy-associated genes-MYBPC3, RYR2 and MYH6 were
noted in HLHS patients with cardiomyopathy which suggests a shared clinical
and genetic pathway between HLHS and cardiomyopathy [83].

6.2 Cell intrinsic defects in the pathogenesis of HLHS

The complex genetics of HLHS is further supported by analysis of HLHS mutant
mice through the usage of a large-forward genetic screen [5]. Lo et al. recovered 8
HLHS mutant lines with exome sequencing demonstrating no shared mutations
among the 8 HLHS lines [5, 84] (Figure 8). The results indicate that HLHS is geneti-
cally heterogeneous with a multi-genetic etiology. Through extensive analysis of one
HLHS mutant line, Ohia identified defects in mitochondrial bioenergetics, nitric
oxide (NO) metabolism, and cell cycle regulation [5]. The Ohia HLHS mouse model
exhibits mid-to-late gestation lethality with heart failure characterized by severe peri-
cardial effusion with poor cardiac contractility. This is associated with decreased car-
diomyocyte proliferation and increased apoptosis [5]. Ultrastructural analysis showed
the myocardium with poorly organized thin myofilaments and altered mitochondrial
morphology [5]. Dynamic changes in mitochondria morphology play an important
role in the developmentally regulated metabolic switch from glycolysis to oxidative
phosphorylation, a process that also plays a critical role in regulating cardiomyocyte
differentiation [85]. This entails closure of the mitochondrial permeability transition
pore (mPTP) and formation of a mitochondrial transmembrane potential (AY,,)
mediating oxidative phosphorylation. Using primary cardiomyocyte explants from
the E14.5 Ohia HLHS mouse heart, Lo et al. measured the A¥,, in cardiomyocytes
from the right (RV) and left ventricle (LV). A reduction was observed in both the RV
and LV cardiomyocytes. To determine whether the abnormal open state of the mPTP
is a cell-autonomous defect, mouse induced pluripotent stem cell-derived cardiomyo-
cytes (iPSC-CM) were used to verify the cardiomyocyte and mitochondrial defects.
Those studies indicate that the mitochondrial dysfunction, and proliferation and
differentiation defects observed in the Ohia HLHS heart tissue are cell autonomous.
Hence, the feasibility to model HLHS-HF in iPSC-CM is suggested by studies of the
mouse model of HLHS [5]. Furthermore, modeling using human iPSC-CM showed
early heart failure (HF) patient iPSC-CM have increased apoptosis, redox stress, and
failed antioxidant response. This was associated with mitochondrial permeability
transition pore (mPTP) opening, mitochondrial hyper-fusion, and respiration
defects. In contrast, iPSC-CM from patients without early-HF had a hyper-elevated
antioxidant response with increased mitochondrial fission and mitophagy. Single-cell
transcriptomics also showed dichotomization by HF outcome with mitochondrial
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Figure 8.

Ol%ia HLHS phenotypes. (A, F) newborn (Po) or E16.5 hearts from wild-type (A) and HLHS mutants (F).
Hypoplastic aorta and LV ave visible in the HLHS mutant. (B, G)) Histopathology showing the cardiac anatomy
of HLHS mutant (G) and littermate control (B) at birth (Po) and E14.5. Compared with controls, the HLHS
mutant exhibited hypoplastic aorta and aortic valve atvesia, hypertrophied LV with no lumen, and MV stenosis,
arrowhead. (C-E, H-]) Ultrasound color-flow imaging of normal fetus (C-E), showing robust flow from the
aorta (Ao) and pulmonary artery (PA). In the HLHS mutant (H-]), the aorta showed only a narrow flow
stream, whereas the pulmonary artery showed robust flow. 2D imaging revealed hypoplastic LV (H), as compared
with the normal-sized LV in the control (C) (modified with permission from reference 5).

dysfunction and endoplasmic reticulum (ER) stress associated with early-HF.
Importantly, oxidative stress and apoptosis associated with early-HF were rescued by
sildenafil inhibition of mPTP opening or TUDCA suppression of ER stress. Together,
these findings support a new paradigm for modeling clinical outcomes in iPSC-CM,
demonstrating that uncompensated mitochondrial oxidative stress underlies early-HF
in HLHS [86].

6.3 Increased mitochondrial oxygen consumption is associated with poor cardiac
outcomes in HLHS patients

Oxygen consumption rate (OCR) from peripheral blood mononuclear cells in 16
biventricular-CHD (BV-CHD) patients, 20 single ventricle-CHD (SV-CHD) patients,
and 22 healthy controls without CHD demonstrated higher respiratory maximum and
reserve in single ventricle patients with poor cardiac outcome (death or cardiac death)
[87]. Apart from that, we observed a lower OCR in HLHS patients with cardiac dys-
function compared with normal controls [87]. Of the 8 SV-CHD patients with Fontan
completion, we observed significantly higher OCR in 4 patients with poor cardiac
outcomes (death or cardiac death) (Figure 9a and b). These changes were observed in
two related respiratory parameters—respiratory maximum and respiratory reserve. In
contrast, SV-CHD patients with normal cardiac function showed significantly lower
OCR when compared to either SV-CHD patients with HF, BV-CHD patients, or healthy
controls (Figure 9a and b). Given SV-CHD with systemic RV are known to have worse
clinical outcomes than SV-CHD patients with systemic LV [88-90], we reanalyzed the
data focusing on only SV patients with HLHS (systemic RV), either with or without
HF. This analysis yielded similar findings with significantly higher respiratory maxi-
mum and reserve observed in the post-Fontan HLHS patients with HF. However, we
observed a lower OCR in HLHS patients without HF (Figure 9c and d). In addition,
there is no difference between post-Fontan SV or HLHS patients either with or without
HF when compared to BV-CHD patients or control subjects in basal glycolysis by
measurement ECAR. Heart tissue from Ohia mutant mice with HLHS showed elevated
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Figure 9.

Mitochondrial vespivation in SV-CHD patients and Ohia HLHS mutant mouse heart. (a, b) Mitochondrial
respiration in the PBMCs of SV-CHD patients =10 years old with and without HF vs. age-matched controls (a)
and BV-CHD patients (b). (c, d) Mitochondrial vespiration in the PBMCs of HLHS-CHD patients =10 years old
with and without HF vs. age-matched controls (c) and BV-CHD patients (d). (e~h) Basal OCR in LV and RV
heart tissue from E14.5-16.5 Ohia line with Sap13o/Pcdhag mutations known to cause HLHS. This analysis was
obtained using the Seahorse Analyzer. (e, f) Data was obtained from litters comprising wild-type (WT) (n = 7)
and HLHS (n = 4). (g, h) Quantitively analysis of 5 Sap130/Pcdha9 mutants with normal cardiac anatomy
without HLHS (e, f) and six WT controls. (a-d) Mean + SEM with one-way ANOVA test. Subjects’ numbers
are indicated in the legend for the graphs. (e~h) Bar graphs show mean + SEM with Student’s t-test. Each dot
represents one mouse embryo heart tissue (modified with permission from reference [81]).

basal respiration (Figure 9e and f). This is also associated with HF, shown by in utero
echocardiography observation of poor cardiac contractility, low cardiac output, and
severe pericardial effusion in the Ohia HLHS fetal mice [5]. In contrast, genetically
identical Ohia mutants without CHD showed reduced basal respiration but entirely
normal cardiac function (Figure 9g and h). Together these findings suggest intrinsic
metabolic defects in patients with HLHS with a shared genetic etiology with their
structural heart defects. These results are supported by studies demonstrating that
mitochondrial metabolism [91] plays an important role in heart development and the
regulation of cardiomyocyte differentiation [85]. These findings suggest systemic
defects impact mitochondrial respiration in SV-CHD patients.

6.4 The complex genetics driving the cardiac and neurodevelopmental outcomes
in HLHS patients

Many studies have shown patients with complex CHD, especially those with
HLHS, have impaired neurodevelopment associated with developmental delay, learn-
ing disabilities, behavioral deficits, and cognitive impairment [92-97]. The etiology of
the cognitive impairment in HLHS had been generally assumed to arise from hypoxic
injury (prior to palliation) and/or complications from medical/surgical management.
Clinical studies analyzing various risk elements (cardiopulmonary bypass time,
hypothermia, etc) in the Single Ventricle Reconstruction Trial showed such factors
can explain some of variance in HLHS outcomes which suggests patient intrinsic
factors may contribute to the cause of the poor neurodevelopmental outcomes in
SV-CHD patients [92]. A shared genetic etiology for CHD and brain abnormalities has
been indicated by a large-scale human genomic study [98] as well as studies of HLHS
mutant mouse models. Mouse models of HLHS were also observed to exhibit brain
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abnormalities, suggesting that mutations causing the cardiac lesion in HLHS can also
cause brain defects that could contribute to the poor neurodevelopmental outcome in
HLHS patients [99-101]. The brain phenotypes observed in the HLHS mice included
microcephaly, which has also been reported in HLHS patients [99, 101]. Also seen
were other brain abnormalities largely confined to forebrain structures, including the
cerebral cortex, hippocampus, corpus callosum, cerebellum, and olfactory bulbs. In
contrast, the midbrain and hindbrain structures were mostly spared. These findings
suggest abnormal brain development with regional brain dysplasia may drive the
neurodevelopmental delay and neurocognitive impairment associated with HLHS.

7. Summary and conclusion

A diagnosis of HLHS was once uniformly lethal, but now survivable with multi-stage
surgical palliation. However, it is still associated with significant morbidity and mortality.
Through clinical research and animal models, our understanding of the pathophysiology
and underlying mechanisms is actively evolving to improve outcomes for this vulnerable
population of patients.
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Abstract

Ebstein’s anomaly of the tricuspid valve is a cardiac malformation characterized by
downward displacement of the septal and inferior tricuspid valve (TV) leaflets,
redundant anterior leaflets with a sail-like morphology, dilation of the true right
atrioventricular annulus, TV regurgitation, and dilation of the right atrium and ven-
tricle. The wide variety of anatomic and pathophysiologic presentations of Ebstein’s
anomaly has made it difficult to achieve uniform results with surgical repair, resulting
in the development of many different surgical techniques for its repair. In 1993, Da
Silva et al. developed a surgical technique involving cone reconstruction of the TV.
This operation aims to undo most of the anatomic TV defects that occurred during
embryologic development and to create a cone-like structure from all available leaflet
tissue. The result mimics normal TV anatomy, which is an improvement compared to
previously described procedures that result in a monocusp valve coaptation with the
ventricular septum. In this chapter, we review the surgical maneuvers that we have
used to obtain the best functional TV in cases with several anatomic variations of
Ebstein’s anomaly. The cone procedure for reconstruction for Ebstein’s anomaly can
be performed with low mortality and morbidity. This tricuspid valve repair is effec-
tive and durable for the majority of patients.

Keywords: Ebstein’s anomaly, tricuspid valve, delamination, circular shunt, Starne’s
procedure, cone procedure

1. Introduction

Ebstein’s anomaly of the tricuspid valve is a rare congenital heart malformation
that accounts for about 0.5% of all congenital heart defects and 0.005% of all live
births [1, 2]. In a report from the Society of Thoracic Surgery (STS) Congenital Heart
Surgery Database from 2010 to 2016, there were 494 patients with Ebstein’s anomaly
who received index operations in 95 centers [3]. Given the low incidence of this
defect, some centers will have limited experience managing patients with Ebstein’s
anomaly, suggesting the potential importance of regionalizing care in patients with
more complex physiology. Ebstein’s anomaly was first described by Wilhelm Ebstein
with the autopsy findings of abnormal tricuspid valves in 1866 [4]. The patient,
Joseph Prescher, was a 19-year-old worker who presented with cyanosis, dyspnea,
palpitations, cardiomegaly, and distended jugular veins [4]. Ebstein’s anomaly is more
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than an issue with inferior displacement and rotation of the tricuspid valve, as this
anomaly may also involve abnormalities of the right ventricular myocardium and in
some cases the left ventricle [5]. This malformation is thought to be due to the defects
in the process of “delamination from the underlying myocardium” [6] during the
development of the tricuspid valve. Presentation of this malformation varies widely
from neonates in extremes to an incidental finding during physical examination in an
otherwise asymptomatic adult secondary to the anatomic severity of the tricuspid
valve and the associated heart malformations [7].

2. Morphology of Ebstein’s anomaly of the tricuspid valve
2.1 Ebstein’s anomaly is an anomaly with both myocardial and valvular defects

The chief distinguishing feature of an Ebstein’s malformation is the positioning of
the hinge point of the tricuspid valve into the right ventricular cavity with an apical
and anterior rotated appearance toward the right ventricular outflow tract rather than
at its normal location at the atrioventricular junction or annulus, and this is due to
failure of the septal and inferior leaflets to delaminate from the underlying myocar-
dium. In addition, Ebstein’s malformation is often accompanied by valvar dysplasia,
anomalies of the tension apparatus, and myocardial anomalies, and in severe cases, the
dilated thin-walled, atrialized inlet component is divided from the apical tubercular
and outlet components by a muscular shelf. Furthermore, an Ebstein’s anomaly may
be associated with an atrial septal defect, pulmonary atresia, or congenitally corrected
transposition of the great arteries (ccTGA) and less commonly with pulmonary ste-
nosis, a ventricular septal defect, or an atrioventricular septal defect [1, 8].

A normal morphologic right ventricle (Figure 1a and b) is divided into inlet, apical
trabecular, and outlet components and has a tricuspid valve with its orifice pointing
toward the ventricular apex. The tricuspid valve consists of three leaflets designated
anterior-superior, inferior, and septal, and its hinge point is located at the annulus.

In addition, the tension apparatus of the septal leaflet is attached to the coarsely

i
N

Atrial Appendage

terior-Superior
" Leaflet

Q;,f;‘ .

¥ V'Séptal Surface

Figure 1.
Morphology of the right side of a normal heart. (a) Septal surfaces of the right atrium, inlet, and apical components
of the ventricle and tricuspid valve. (b) Right ventricular outlet and pulmonary valve and pulmonary trunk.
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trabeculated septal surface, and the pulmonary valve is supported by a complete
muscular sleeve separating it from the tricuspid valve.

With an Ebstein’s anomaly, the extent of the area of failed delamination, and the
appearance of atrioventricular valve rotation may vary from mild to severe, and the
functional orifice of the tricuspid valve opens toward the ventricular outflow tract. In
addition, there is variability in the condition of the tricuspid valve leaflets. The
delaminated anterior-superior leaflet may be small or severely deformed with fenes-
trations, and its tendinous cords can be short and thickened, and in other cases, the
leaflet tissue may be redundant and located within the right ventricular outflow tract
possibly resulting in an element of obstruction. Moreover, the inferior and septal
leaflet tissue can be hypoplastic and dysplastic. However, in some cases, the inferior
leaflet may be large and curtain-like with fenestrations, some of which may have a
fan-like appearance. Figure 2 shows the un-delaminated areas of the septal and
inferior leaflets. The functional orifice of the tricuspid valve shows the appearance of
slight rotation away from the apical component and toward the outlet component.
Both the septal and inferior leaflets are dysplastic at the level of their hinge points. The
anterior-superior leaflet is dysplastic with thickened tendonous cords. The right ven-
tricular inlet component shows slight atrialization.

Figure 3a shows the severe form of Ebstein’s anomaly with the hinge point located
well within the right ventricular chamber and located on a muscular shelf that separates
the inlet and apical trabecular components. Proximal to this muscular shelf, the heart
shows marked atrialization and dilatation and the septal surface is smooth with loss of
trabeculations. The atrialization in hearts with Ebstein’s anomaly can vary from almost
non-existent to severe. In severe cases, the atrialized right ventricle can be greatly
dilated and affect the shape and function of the left ventricle (Figure 3b) [8-10].

Inferior
Leaflet

Figure 2.

Right side of a heart with a moderate Ebstein’s anomaly showing the septal and inferior leaflets of the tricuspid valve
failure to delaminate from the ventricular wall and a rotational appearing displacement of their hinge points, slight
atrialization of the inlet to the right ventricle and a small atrial septal defect at the site of the oval fossa.
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Figure 3.

Heart specimens with severe Ebstein’s anomaly. (a) Right side showing severe dilatation and mavked atrialization
of the inlet of the right ventricle with failed delamination of the septal leaflet showing a smooth septal surface and
the muscular shelf. The inferior leaflet is curtain-like with short chovds attaching it to the muscular shelf. The
functional orifice is bifoliate and faces the pulmonary outlet. The dash line shows the solitary zone of apposition,
and the arrow heads show the second outlet from the right ventricle. (b) Shows the left ventricle with the septum
bulging into the left ventricular cavity because of a severe Ebstein’s anomaly of the right side of the heart.

"Tendinous Cord Attachements A
to Ventricular Wall

Figure 4.

The outlet components of two hearts with severe Ebstein’s anomaly. (a) Shows the bifoliate functional orifice of the
tricuspid valve along with multiple tendinous cords attached to the ventricular wall at the junction between the
atralized inlet and the functional parts of the right ventricle, the apical trabecular and outlet components. (b) A
view of the outlet component from the arterial side showing the functional bifoliate orifice, the only outlet from the
inlet and apical components of the right ventricle, divected toward the pulmonary valve. The dash line shows the
solitary zone of apposition.

This heart illustrated in Figure 3a shows two exits from the right ventricle. One outlet
from the inlet component is through a functional orifice that faces the pulmonary
outlet, and this orifice is a bifoliate opening that functionally closes along a solitary zone
of apposition. This bifoliate orifice is created by a tongue of valvar tissue joining the
anterior-superior to the inferior leaflets. A second exit from the right ventricle is
through the proximal outlet component and between tendinous cords.
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In some cases of Ebstein’s anomaly, the functional bifoliate outlet orifice leaflet can
show multiple tendinous cord attachments to the ventricular wall at the junction between
the atralized inlet and the apical trabecular and outlet components (Figure 4a), or the
bifoliate functional orifice may be the only outlet from the right ventricle (Figure 4b).

Besides atrial septal defects, Ebstein’s malformations have an association with pulmo-
nary atresia. Figure 5a shows the right side of a heart with Ebstein’s anomaly, which is
markedly dilated, shows severe atrialization of the inlet and a very dysplastic atrioven-
tricular valvar leaflet tissue. Figure 5b shows the outlet from this right ventricle illustrat-
ing the pulmonary atresia and redundant dysplastic atrioventricular valve leaflet tissue.

2.2 Ebsteinoid malformation and congenitally corrected transposition
of great arteries

Some patients with congenitally corrected transposition of the great arteries exhibit
Ebstein-like malformation of the left-sided morphologic tricuspid valve. Ebstein’s
malformation in the setting of the discordant atrioventricular and discordant ventriculo-
arterial connections (ccTGA) is less severe than in cases with normal concordant
connections. Because Ebstein’s anomaly in the setting of ccTGA is not completely the
same as in hearts with concordant connections, it has been suggested that it should be
called an Ebsteinoid anomaly. Figure 5c is an example of a heart with ccTGA and an
Ebsteinoid malformation in a left-sided morphologic right ventricle.

2.3 Classification

In 1988, Carpentier et al. reported the most described morphological classification
[11] (Figure 6) [7].

/ Hinge Point
Of Septal

Figure 5.

Cardiac specimen with Ebstein’s anomaly and pulmonary atresia and a specimen with congenitally corrected
transposition of the great arteries and an Ebsteinoid anomaly. (a) Shows the right side of a markedly dilated heart
with Ebstein’s anomaly with failure of delamination of the septal leaflet and pulmonary valvar atresia. (b) Shows
the outlet component of this heart showing the dysplastic leaflets of the atrioventricular valve and pulmonary
valvar atresia. (c) Shows the septal surface of a left-sided morphologic right ventricle with congenitally corrected
transposition of the great arteries (atvioventricular discordant and ventriculo-arterial discordant connections)
with an Ebsteinoid anomaly. (Images 5a and 5b used with Robert H. Anderson’s permission).
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Type B Type C Type D

\Anlarior Leaflet Anterior Leaflel

Septal/Posterior Mild Moderate Severe Extremely Severe
Leaflet Displacement (Tricuspid Valve Sac)
Anterior Leaflet Normal Morphology Abnormal Partial Adhesions to the Severe Adhesions to the
and Mobility Attachments with Ventricular Free Wall Ventricular Wall
Normal Mability and Restricted Motion
“Atrialized” Ventricle Small/Preserved Moderate/Reduced Large/Reduced Very Large/Minimal
Function Function Function Function
Functional Ventricle Normal/Preserved Reduced/Preserved Small/Reduced Infundibulum/Depressed
Function Function Function Function
Figure 6.

Carpentier classification of Ebstein’s anomaly. RA: right atrium, ARV: atrialized right ventricle; FRV: functional
right ventricle (modified with permission from reference [7]).

Type A: Mild apical displacement of the tricuspid valve leaflets with the adequate
functional right ventricle.

Type B: Moderate apical displacement of the tricuspid leaflets with a moderate
reduced size but adequate functional right ventricular volume with freely mobile
anterior leaflet.

Type C: Severe apical displacement of the tricuspid valve leaflets with a small
functional right ventricle. Anterior leaflet movement is restricted due to abnormal
chordal attachments that cause right ventricular outflow tract obstruction.

Type D: Complete non-delamination of the tricuspid valve leaflets with almost
complete atrialization of the right ventricle, only infundibular portion of the right
ventricle remaining: “Tricuspid sac”.

3. Genetics

The molecular mechanisms underpinning the failed delamination of the tricuspid
valve in Ebstein’s anomaly are unknown [12]. Genetic factors resulting in Ebstein’s
anomaly may be related to the mutations in myosin heavy chain 7 (MYH7) and NKX2.5.
One study reports heterozygous mutations in MYH7 were noted in eight of 141 (6%)
patients with Ebstein’s anomaly. Ebstein’s anomaly with left ventricular noncompaction
(LVNC) had a higher frequency of MYH7 mutations (6 out of 8) than Ebstein’s anomaly
without LVNC [13]. A heterozygous missense mutation in MYH7 was identified in two
siblings with familial Ebstein’s anomaly and LVNC [14]. Ebstein’s anomaly is noted to
be the cardiac phenotypes for mutations involving NKX2.5 [15]. Genetic anomalies or
syndromes were detected in 19 of 243 fetuses (11%) in a multi-center study. Eleven
patients were confirmed with Trisomy 21, two patients were noted to have CHARGE
syndrome, and two patients were noted to have a 1p36 deletion [16]. There was no
association between Ebstein’s anomaly with genetic abnormalities and mortality [16].
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4. Environment

Maternal use of lithium during the first trimester was associated with an increased
risk of congenital heart defects (2.41%), including Ebstein’s anomaly [17].

5. Pathophysiology

The presentation and pathophysiology of Ebstein’s anomaly depend on the severity
of the morphology and associated congenital heart defects. Symptomatic neonates
generally present with cyanosis, cardiomegaly, arrhythmias, and congestive heart fail-
ure [18]. At the extreme end in Carpentier type C and D of Ebstein’s anomaly, there is
severe displacement of the tricuspid valve that results in severe tricuspid regurgitation
and an ineffective functional right ventricle. With the physiological elevation in pul-
monary vascular resistance typically seen in neonates, the small and ineffective func-
tional right ventricle is unable to generate antegrade pulmonary blood flow, especially
when the ductus arteriosus is still patent, which leads to “functional pulmonary atresia.”
True anatomic pulmonary valve atresia is also associated with Ebstein’s anomaly and
requires a patent ductus (PDA) to provide pulmonary blood flow.

Another serious condition observed in neonatal Ebstein’s patients is a “circular
shunt,” where there is ineffective systemic output due to recirculation of blood with a
poorly functioning right ventricle and severe tricuspid regurgitation in association
with an atrial septal defect and a patent ductus arteriosus. Retrograde flow from the
ductus arteriosus (Figure 7 arrow 1) through a regurgitant pulmonary valve

Figure 7.
Diagram illustrating the “circular shunt” physiology.
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(Figure 7 arrow 2) circulates into the right atrium due to severe tricuspid regurgitation
(Figure 7 arrow 3) and then passes into the left heart (Figure 7 arrow 5, 6) through an
atrial septal defect (Figure 7 arrow 4) for another cycle through this circular shunt via
the ductus arteriosus (Figure 7). High perinatal mortality is associated with the pres-
ence of a “circular shunt”; in utero NSAIDs constrict the ductus arteriosus improving
fetal survival and resulting in greater gestational age at delivery [19]. In neonates, a
“circular shunt” creates unstable hemodynamics with severe hypoxia and low-cardiac-
output syndrome. Patients may be temporized with mechanical ventilation and
inotropic support, but more definitive correction of the physiology with surgical
intervention, typically the Starnes procedure may be required [7].

The goal of medical treatment during the neonatal period is to assist with the genera-
tion of antegrade pulmonary blood flow by supporting the functional right ventricle.
Antegrade pulmonary flow improves as the pulmonary vascular resistance falls and can
be augmented by the initiation of pulmonary vasodilators, such as inhaled nitric oxide
(iNO). Prostaglandin infusion is crucial to maintain patent ductus in neonates with
anatomic pulmonary atresia. A trial of withdrawing prostaglandin may be required to
assess for the presence of functional pulmonary atresia. Early prostaglandin withdrawal
may also be necessary for neonates with a “circular shunt.” With less severe forms of
Ebstein’s anomaly (Carpentier type A and B), the functional right ventricular can gener-
ate antegrade pulmonary blood flow. These neonates may recover out of the neonatal
period without any intervention. Such neonates need to be followed into infancy as the
tricuspid regurgitation may worsen over time leading to worsening cardiomegaly from
worsening right atrial dilatation and thinning out of the atrialized right ventricle [7].

In the neonatal period, cyanosis due to inadequate pulmonary flow and/or right to
left shunting, as well as congestive heart failure are the main issues. Neonates with
adequate antegrade pulmonary blood flow and a reasonable size functional right
ventricle are candidates for a biventricular repair beyond the neonatal period.

Neonates with pulmonary atresia fall into two groups: true anatomic pulmonary
valve atresia and “functional pulmonary atresia.” In neonates with Ebstein’s anomaly
and anatomic pulmonary atresia, initial prostaglandin administration followed by either
stenting of the ductus arteriosus or placement of a surgical Blalock-Tausig shunt may be
the option to get out of the neonatal period in patients with an adequate functional right
ventricle. When the functional right ventricle is small, patients may undergo a Starne’s
repair followed subsequently by a Cone procedure and/or a Fontan procedure.

Neonates with functional pulmonary atresia are often very unstable, as some
patients may develop a “circular shunt” with retrograde flow back through the pulmo-
nary valve. Such neonates usually present in extremis and need a Starne’s repair. The
strategy for stable patients depends again on the size of the functional right ventricle.

6. Diagnostic studies
6.1 Echocardiogram

Echocardiography remains the mainstay in the diagnosis of patients with Ebstein’s
anomaly and guides management decisions regarding surgical strategy. Each patient
with the Ebstein anomaly should undergo a comprehensive transthoracic echocardio-
gram that allows evaluation of the right atrial size, right ventricular size, and function,
the accurate anatomy of the tricuspid valve, the right ventricular outflow tract, the
pulmonary valve, the atrial and ventricular septum, and left ventricle. This evaluation
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Tricuspid valve anatomy and  * Inferior displacement of septal and posterior/inferior leaflets
function * Attachments/tethering of leaflets
* Rotation of the tricuspid valve orifice toward the right ventricular
outflow tract.
» Coaptation point of TV leaflets
* TV function - stenosis and insufficiency
* Muscularization of leaflets

Right ventricle ¢ Size of atrialized RV
¢ Functional RV size
* Abnormal appearing RV myocardium
* RV function (2D wall motion, tissue Doppler measurements, TR
gradient, 3D measures)
* Abnormalities of right ventricular outflow tract

Pulmonary valve * Pulmonary valve morphology
* Pulmonary atresia (functional or anatomy)
* Insufficiency
* Pulmonary stenosis
* Supra-valvar pulmonic stenosis

Right atrium * Atrial septal defect
* Right atrial size

Left ventricle » Compression/abnormal geometry
» LV diastolic dysfunction
* Abnormal septal wall motion
¢ Left ventricular non-compaction

Associated lesions * Ventricular septal defect
* Congenitally corrected TGA

LV, left ventricle; RV, right ventricle; TGA, transposition of the great arteries; TV, tricuspid valve.

Table 1.
Checklist for echocardiography in Ebstein anomaly.

is crucial for decision-making before surgical repair [20]. Table 1 summarizes the
important details elucidated by echocardiogram that need to be evaluated in patients
with Ebstein’s anomaly.

The most sensitive and specific echocardiographic finding to diagnose Ebstein’s
anomaly is the apical displacement of the septal leaflet of the tricuspid valve. This can
be best seen in apical four-chamber views by echocardiography. When indexed to the
body surface area, the distance between the hinge point of the septal leaflet of the
tricuspid valve and the anterior leaflet of the mitral valve is called the displacement
index. A displacement index above 8 mm/m? is considered diagnostic of Ebstein’s
anomaly (Figure 8) [21]. However, it is important to note that there are rare cases of
“atypical Ebstein” anomaly with normal displacement index [22]. Additionally, there
are some cases with a displacement of the anterior leaflet of the tricuspid valve [23].
The evaluation of the tricuspid valve leaflets and attachments can be best performed
from an apical view with sweeps posteriorly toward the coronary sinus and anteriorly
toward the ventricular outflow tracts. In addition to the displacement, this will clarify
septal attachments. It is common to have tethering attachments of the septal and
posterior/inferior leaflets of the tricuspid valve to the right ventricular wall. In some
cases, the posterior/inferior leaflet is muscularized with muscular attachments to the
right ventricular free wall (Figure 9). These attachments are called the linear attach-
ments of the tricuspid valve and they have implications for surgical repair [24]. As the
anterior leaflet is usually the larger leaflet and is often sail-like, describing this leaflet’s
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Figure 8.
Apical four-chamber view measuring the displacement of the tricuspid valve which is mild in the left panel and
severe in the right panel.

Septal
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Figure 9.
Muscularization and abnormal attachments of the posterior/inferior leaflet of the tricuspid valve by 2D
echocardiography and 3D echocardiography showing the muscular “linear” attachments.

size and attachments is important to help surgical planning. The parasternal long-axis
views allow for an accurate description of the anterior and posterior/inferior leaflets
(Figure 10). It is important to note that often, there is a fusion of the anterior and
posterior/inferior leaflets creating a bileaflet tricuspid valve, as discussed above.
Three-dimensional echocardiography can give important insights into the valve anat-
omy in many patients and should be used when possible. The tricuspid valve is also
often severely rotated toward the right ventricular outflow tract, and this can be seen
by parasternal long and short axis views (Figure 11). Additional important features
include the annular size, which is often dilated. Also, muscularization and dysplasia of
the tricuspid valve leaflets should be evaluated.

After evaluating the anatomical features of the tricuspid valve, it is important to
evaluate the tricuspid valve function using multiple views. Grading of the tricuspid
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Figure 10.
Parasternal long-axis view with a focus on the tricuspid valve showing the anterior and septal leaflet on the left
panel and the posterior/inferior and anterior leaflet on the right panel.
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Figure 11.

Parasternal short axis view showing the anatomy of the tricuspid valve leaflets and the rotation of the tricuspid
valve orifice toward the right ventricular outflow tract. LV: left ventricle, RVOT: right ventricular outflow tract,
TV: tricuspid valve.

regurgitation depends on the width of the vena contracta and can be challenging in the
malformed valve. Using multiple views helps to clarify the severity of tricuspid
regurgitation. The classification can be graded as trivial, mild, moderate, or severe. A
width below 3 mm in multiple views is considered mild, while a width of more than
7 mm is considered severe (Figure 12). It is important to note that these criteria are
derived from older patients and may not apply to the infant. Furthermore, the evalu-
ation can be challenging when multiple jets exist. In infants, the percentage of the
vena contract width to the tricuspid valve annulus is used with a width below 10%
considered as mild while above 30% considered as severe [25]. It is also important to
note that the orientation of the regurgitant jet can be unusual due to the rotation of the
valve and thus using multiple views and sweeps will be essential to clarify the inflow
and regurgitation jets. By continuous wave doppler, the tricuspid regurgitation jet
velocity is reported as a measure of the ability of the right ventricle to generate
pressure. Also, evaluation by Doppler to assess the degree of tricuspid stenosis is
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Figure 12.
Apical four chamber and parasternal short-axis views showing a patient with Ebstein anomaly and severe
tricuspid regurgitation.

important, as some patients may have a significant degree of narrowing of the
tricuspid valve orifice. Post tricuspid valve repair or replacement, a mild gradient
<6 mmHg is common and should be followed.

An echocardiographic grading system for determining the severity of neonatal
Ebstein, The Great Ormond Street score (Celermajer index), is calculated by
dividing the combined area of the right atrium and atrialized right ventricle by
the combined area of the functioning right ventricle and left heart. At the end of
diastole, the measures are taken in the apical four-chamber view. Patients with a
ratio of <1 had a 92% survival rate and those with a ratio of >1.5 had a 100% mortality
rate [26].

For a variety of reasons, quantifying RV function in the Ebstein anomaly is diffi-
cult by two-dimensional echocardiography. Although evaluation of RV volume and
function is always challenging by 2D echocardiogram, it is even more difficult to
assess in Ebstein’s anomaly. The RV is frequently enlarged (both the atrialized and
functional portions) to the point where imaging it totally in one plane is challenging.
Although experienced observers may classify right ventricular activity based on qual-
itative evidence, intraobserver and interobserver variability is very common. To
assess ventricular function, the fractional area change (FAC) of the RV can be calcu-
lated. This can be determined by tracing the systolic and diastolic areas in the apical
four-chamber view or from the systolic and diastolic areas in the apical four-chamber
image. This is limited by the inability to visualize the dilated RV in one image in
Ebstein patients [25, 27]. Tricuspid Annular Plane Systolic Excursion (TAPSE) has
also been used to evaluate the right ventricular function and poses a challenge in
Ebstein’s anomaly given the abnormal tricuspid valve annulus and morphology. Tissue
Doppler systolic wave S’ of the tricuspid valve has similar challenges [28].

The atrial septum should also be evaluated. Atrial septal defect or patent foramen
ovale is very common. Evaluating the size and direction of shunting should be
performed. This can be best seen from subcostal coronal and sagittal views. Right to left
flow across the atrial septum may result in desaturation at rest or with exercise [29].

The right ventricular outflow tract should also be carefully evaluated. In severe
Ebstein cases, the RV outflow tract can become a large part of the functional right
ventricle. The function of the pulmonary valve should be evaluated for pulmonary
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stenosis and regurgitation. This can be achieved from parasternal and subcostal views.
There may be true or functional pulmonary valve atresia; the latter is common espe-
cially in the immediate neonatal period when there is transient pulmonary hyperten-
sion. The presence of a pulmonary insufficiency jet on color Doppler imaging would
indicate the functional type of the pulmonary valve atresia.

6.2 Cardiac magnetic resonance imaging

Multimodality imaging can provide crucial preoperative information, such as a
functional and structural assessment of the right ventricle and the tricuspid valve
anomaly. This data helps with surgical planning and preoperative counseling.
Multimodality imaging can provide personalized details of distinct components of the
tricuspid valve. While echocardiography provides correct valvar anatomical details
and assessment of right ventricular pressure, cardiac magnetic resonance (CMR)
enables a more accurate evaluation of the regurgitant fraction and right ventricular
function, which complements the information provided by echocardiography.

Before the cone operation, CMR enables functional and anatomical examination of
the RV and tricuspid valve abnormality, which is crucial for surgical planning [30].
Preoperative CMR offered extra information in more than three-quarters of patients,
according to a study by Johnson et al., with 69% of the findings changing surgical
therapy [31] . Leaflet attachments of the posterior/inferior and anterior leaflets to the
RV wall can also be assessed using CMR. There are two types of attachments—focal
attachments and linear attachments. Normal attachments, such as focal attachments,
allow unobstructed communication between the atrialized and functional RV. Linear
attachments occur when the leaflet is completely or partially attached to a muscle
shelf at the joint (Figure 13).

Additionally, CMR can measure the degree of displacement and rotation of the
tricuspid valve and can also measure the Great Ormond Street Hospital score

- Muscularizemd

Valve Leaflet

Figure 13.
Cardiac MRI image showing the muscularization of the tricuspid valve leaflet on a four-chamber view.

151



Congenital Heart Defects - Recent Advances

Figure 14.

Cardiac MRI image in four-chamber view showing the calculation of the great Ormond street hospital index using
the right atrium and atvialized right ventricle area divided by the sum of the functional right ventricle, left atrium,
and left ventricle.

(Figure 14). Most importantly, CMR gives an accurate assessment of chamber size
including atrialized and functional right ventricle and RV function. CMR is the gold
standard for RV size and function and overcomes the limitations of 2D echocardiog-
raphy to measure RV size and function.

6.3 Computed tomography (CT)

CT provides excellent spatial resolution and fast image acquisition. This makes it
ideal to image the coronary arteries and vascular anatomy. CT scans are used fre-
quently in procedural planning for a ductus arteriosus stent [32]. The downside of CT
scans is exposured to radiation. With improved CT technology using lower radiation
and better temporal resolution.

7. Surgical treatment
7.1 Historical evolution

In the beginning, the surgical procedures for Ebstein’s anomaly treatment included
systemic-pulmonary anastomosis (Blalock-Taussig and Potts-Smith) closure of atrial
septal defect, and anastomosis of the superior vena cava to the right pulmonary artery
(Glenn operation, bidirectional cavopulmonary shunt (BCPS)) [33-36].

In 1960, Weinberg et al. reported the first successful Glenn operation for Ebstein’s
anomaly [36]. However, despite the reported improvement of cyanosis and reductions
in the patients’symptoms, Weinberg et al. were cautious in their conclusions, leaving
open questions regarding the procedure’s effectiveness.

In 1962, Barnard and Schrire reported valve replacement in a patient with Ebstein’s
anomaly who was the first survivor of tricuspid valve regurgitation correction [37]. In
this procedure, part of the valve prosthesis ring was sutured in the right atrium
proximally to the coronary sinus—a maneuver intended to avoid atrioventricular
block.
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In 1964, Hardy et al. [38] reported the first successful performance of tricuspid
valve repair with transverse plication of the RV atrialized portion. The technique
utilized by Hardy et al. had been previously described by Hunter and Lillehei in 1956
[39]. Bahnson et al., at the University of Pittsburgh, published the successful applica-
tion of the same repair technique and described important anatomical findings in
Ebstein’s anomaly specimens in 1965 [40].

The tricuspid valve replacement presented less-than-ideal results with 54%
mortality reported by the international cooperative study published in 1974 [41].
Similarly, poor results were also reported by Lillehei et al. [42] and in the published
experience of the Mayo Clinic [43].

Danielson et al. developed a modification of Hardy’s technique, to which was
added the posterior tricuspid annuloplasty and the right atrium reduction plasty
[44]. Similar to Hunter and Lilelehei’s technique, this procedure comprises
transverse plication of the atrialized portion of the RV, leading to an approxima-
tion of the displaced leaflets and the true tricuspid annulus, obliterating the
atrialized right ventricle. Next, the posterior part of the tricuspid annulus is
plicated to further reduce the tricuspid annulus circumference. This technique
became one of the most used surgical repair techniques for the treatment of
Ebstein’s anomaly. The Mayo Clinic group accumulated a great deal of experience
with Danielson’s procedure, however, 36-65% of cases still required tricuspid valve
replacement [45-47].

In 2006, the Mayo Clinic reported their 30-year experience with the treatment of
186 children under 12 years old with Ebstein’s anomaly [48]. Valve repair using
Danielson’s technique had a mortality rate of only 5.8% but this repair was possible in
only 52 patients (28%), highlighting the limitations of this procedure. In 117 patients
(62%), the TV was replaced by prosthesis, while other approaches were used in the
remaining 17 children [48].

In 1988, Carpentier et al. [11] described a new technique for valve repair. In
contrast to the transverse plication of the atrialized right ventricular chamber
described by Danielson et al. (19), Carpentier’s procedure involved vertical plication
of the atrialized right ventricle. Furthermore, they brought the tricuspid valve leaflets
to the anatomically correct level, thus achieving good right ventricular morphology.
The tricuspid valve annulus was remodeled and reinforced with a prosthetic ring.

Carpentier’s group applied this procedure to the vast majority of anatomical pre-
sentations of the disease, but their initial series showed a high hospital mortality rate
of 14%, as well as frequent long-term complications [11]. The experience of the
Carpentier group, representing the second-largest published series, included an
overall mortality rate of 9% [49].

Quaegebeur et al. [50] performed a slight modification in this operation without
the use of prosthetic ring. They reported that there was no hospital death, but still
observed a high incidence of moderate and severe tricuspid regurgitation.

Many additional surgical techniques were developed, but the wide variety of
anatomical and pathophysiological presentations of Ebstein’s anomaly makes it diffi-
cult to achieve uniform results with surgical repair. Among them, we highlighted the
Hetzer and the Sebening procedures [51, 52]. Some of these techniques were used to
treat many patients and are still used in a few centers and in specific anatomical
situations.

Sarris et al. [53] reported the collective results of 179 operations from 13 institu-
tions associated with the European Congenital Heart Surgeons Association, which
showed a 13.3% in-hospital mortality rate. However, it should be noted that this rate
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included operations in newborns, which constitute a higher-risk group. Despite using
a variety of available TV repair techniques, they accomplished tricuspid valve repair
in only 27.3% of patients, with a hospital mortality rate of 7.1% for this procedure.

7.2 The Da Silva Cone procedure

Starting in 1989, we developed and routinely used a new surgical technique that
was initially called conical reconstruction of the TV [54]. The surgical goals of this
method included undoing most of the tricuspid valve anatomical defects that occurred
during embryological development and creating a cone-like structure from all avail-
able leaflet tissue. This procedure is illustrated in Figure 15 and aimed to cover 360° of
the right AV junction with leaflet tissue, allowing leaflet-to-leaflet coaptation [55].
The result is intended to mimic the normal TV anatomy, with leaflet-to-leaflet coap-
tation, in contrast to previously applied procedures in which a monocusp valve coapts
with the ventricular septum muscle [11, 44, 50, 51].

The first 40 patients who underwent this new procedure had a 2.5% mortality rate
and none required tricuspid valve replacement. Early postoperative echocardiograms
showed a significant reduction of TV regurgitation, while the medium-term follow-up
examinations showed substantial clinical improvement and a low incidence of
reoperation [56]. We next performed a study with a larger number of patients and
longer follow-up [57], with a focus on investigating the need for valve replacement
and the recurrence of TV valve failure, which are the problems observed with the
techniques of Danielson and Carpentier, respectively [11, 44, 45]. There were four
deaths in 52 enrolled patients (7.69%) during the 57 months of mean follow-up with
improved tricuspid regurgitation. In addition, the functional area of the right ventricle
increased from 8.53 cm*/m” to 21.01 cm®/m? after surgery [57].

(b)

Figure 15.

Ebstein’s anomaly heart illustration (a) shows the displacement of the septal and posterior leaflets of the tricuspid
valve, dividing the right ventricle into two chambers—atrialized right ventricle (proximal to the tricuspid valve)
and the functional right ventricle (distal to the tricuspid valve). The cone procedure illustration (b) depicts the
tricuspid valve leaflet mobilized and reconstructed in a cone-like shape and reattached to the normal
atrioventricular junction, and the atrial septal defect closed in a valved fashion with a single stitch. ASD = atrial
septal defect, RA = right atrium, ARV = atrialized right ventricle, functional right ventricle (Modified with
permission from reference [55]).
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Below, we review the surgical maneuvers that we have used to obtain the best
functional tricuspid valve repair in several anatomical variations of Ebstein’s anomaly.

7.3 Surgical technique

The operation is performed via median sternotomy, with the institution of a
cardiopulmonary bypass through aortic and bicaval cannulation. For myocardial pro-
tection, moderate systemic hypothermia (25-28°C) and cold antegrade blood
cardioplegia are used, and a subsequent cardioplegia dose is applied at a suitable
interval during the cross-clamp period. The main pulmonary artery can be closed by
snare placement to maintain a dry RV during valve repair. This also facilitates exam-
ination of the TV after repair, when the RV is filled with a saline solution via a bulb
syringe or catheter placed inside the RV [58].

The main steps of the cone operation are described below:

Step 1: Exposure and assessment of the tricuspid valve.

This is accomplished by transverse right atriotomy with the placement of stay
sutures just above the true valve annulus at the 10, 12, and 3 o’clock positions. The
sutures at the 10 and 12 o’clock positions go through the pericardium to avoid annular
plane distortion. The left heart is vented by the insertion of a catheter across the
patent foramen ovale (PFO) or atrial septal defect (ASD).

Step 2: Mobilization of the tricuspid valve.

The surgical methods used to achieve TV mobilization in cases of Ebstein’s anom-
aly are chosen according to the degree of anterior leaflet tethering, septal leaflet size,
degree of delamination failure of the inferior and septal leaflets, and the axis of the
tricuspid opening in relation to the right ventricle outflow tract (RVOT) and to the RV
apex. TV mobilization is accomplished by complete sectioning of the abnormal teth-
ering tissues between the tricuspid leaflets and ventricular wall, leaving the leaflet
tissues attached to the ventricle only at its distal margin (by normal papillary muscle,
cords, or directly to muscle). In most cases, the majority of leaflet tissue is detached
circumferentially, except at the 10-12 o’clock positions. This portion usually is
attached to the true annulus without tethering to the ventricular wall, thus allowing
free movement. In special situations, the leaflets are detached in the full circumfer-
ence, allowing complete mobilization of the valve. Aggressive detachment of the
leaflet down to its distal point is a critical component of this procedure, to free an
adequate amount of tissue for cone construction. This also allows sufficient mobility
of the leaflet body in the constructed cone, enabling adequate movement during
systole and closure with a good coaptation surface.

The anterior and inferior leaflets of the tricuspid valve are mobilized as a single
piece (Figure 16), starting with an incision at its proximal attachment to the atrio-
ventricular junction (12 o’clock position) and moving clockwise, toward the displaced
inferior leaflet. The incision terminates when the inferior leaflet is completely released
from its abnormal proximal attachment to the RV wall. This step provides access to
the space between these leaflets and the RV wall, allowing the sectioning of all
abnormal papillary muscle, myocardial bridges, and chordal tissues that tether these
leaflets to the RV wall. The anterior papillary muscle, which is usually positioned at
the anteroposterior commissure, must be freed from its more proximal attachment to
the RV wall, retaining only the supports near the RV apex. In some cases, the posterior
leaflet must be completely released from its abnormal attachments to the RV to
allow its medial rotation to join the septal leaflet, composing the septal aspect
of the cone.
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Figure 16.

Anterior and posterior leaflets of the tricuspid valve mobilized as a single piece. (a) Anterior and posterior leaflets
anatomy—dotted line shows the displaced and the dashed line shows the true tricuspid annulus, (b) anterior leaflet
mobilization, (c) section of posterior leaflet proximal connection to RV wall, and (d) the completely mobilized
anterior and posterior leaflets (with permission from reference [58]).

The TV anteroseptal commissure is approached with the goal of creating a space
between the ventricular septum and the septal aspect of the cone, and of moving the
opening axis of the tricuspid valve toward the RV apex. An incision is made at the
proximal attachment line of the anterior leaflet, approximately 1 cm anterior to the
anteroseptal commissure. This incision is continued counterclockwise down to the
septal leaflet, which is mobilized to its lateral limit (Figure 17). Stay sutures are placed
at the leaflet’s proximal edge, exposing the subvalvular apparatus of the septal aspect
of the anterior leaflet, septal leaflet, and the anteroseptal commissure. The tissues
holding the proximal portion of these leaflets to the septum are divided. If the tricus-
pid valve opens toward the RV outflow tract, it is necessary to mobilize or cut the
papillary muscle abnormally attached to the RVOT. The medial papillary muscle is
usually related to the anterior and septal leaflet at its commissure, but in some cases, it
is fused to the septum and can be deeply freed improving the mobility of that area of
the future cone.

Step 3: Cone construction.

The cone is constructed using all available mobilized tissue, via the vertical suturing
of leaflets—both inferior to septal and septal to anterior. A 5-0 polypropylene running
suture technique is used for adults, while a 6-0 polypropylene interrupted suture
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Figure 17.

Anteroseptal commissuve mobilization. (a) An incision is made at the proximal attachment line of the anterior
leaflet continues anticlockwise (b), mobilizes the medial papillary muscle (c), and reaches the septal leaflet (d),
which is mobilized as deep as possible (with permission from reference [58]).

technique is applied in children. The cone tends to be narrower posteriorly where there
is typically less available leaflet tissue, and thus this area must be widened by vertical
incision and horizontal suturing of the leaflet tissue in the constructed cone. The septal
leaflet is incorporated into the cone such that the septal part of the cone is longer than
the septal vertical distance between the final TV hinge line to its distal attachment to the
ventricular septum. Importantly, this allows the septal component of the cone to move
anteriorly in the process of coaptation with the anterior component of the cone during
systole. Furthermore, this prevents tension at the suture line in the septal aspect of the
annular attachment of the cone. If there is not enough leaflet tissue, a piece of the
autologous pericardium can be added to this region.

The principal methods of septal leaflet incorporation into the cone are as follows:

1.Placing a vertical suture to join the septal leaflet superior edge to the septal edge
of the anterior leaflet, followed by the placement of a second suture line uniting
the septal leaflet inferior edge with the lateral edge of the posterior leaflet
(Figure 18a-c). This approach is used for septal leaflets that are large after
having been mobilized.

2.Combining the septal leaflet with the completely detached posterior leaflet.

These leaflet plication and combining maneuvers increase the cone’s depth and
reduce its proximal circumference (Figure 18d and e).
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(b) (c)

(d)

Figure 18.

Septal leaflet incorporation: (a) a vertical suture joins the septal leaflet superior edge to the medial edge of the
anterior leaflet, (b) and (c) a second suture line unites the septal leaflet inferior edge to the lateral edge of the
posterior leaflet. In cases with a small septal leaflet, it is combined with the completely detached posterior leaflet by
a vertical suture (d), followed by a horizontal suture (e). V = vertical suture, H = horigontal suture (with
permission from reference [58]).

Step 4: Plication of the right ventricle and the true tricuspid annulus.

This step begins with vertical plication of the thin and attenuated RV-free wall.
This portion of the atrialized RV is usually aneurysmal and its limits are defined by the
triangle formed by the line of attachment of the displaced inferior tricuspid leaflet, the
posterior ventricular septal edge, and the posterolateral area of the true tricuspid
annulus. RV plication begins with the placement of a 4-0 polypropylene stitch at the
distal apex of this triangular-shaped area, and the suture is continued toward the
atrioventricular junction, excluding all of the aneurysmal atrialized RV. Initially, for
vertical RV plication, we used a 4-0 polypropylene running suture in two layers with
gentle superficial bites to avoid coronary injury or distortion. Recently, we modified
this technique, placing interrupted 4.0 polypropylene sutures in multiple places to
achieve the vertical plication of the RV atrialized portion. This interrupted suture
technique is more often used in children. The vertical plication reduces the true
tricuspid annulus at the atrioventricular junction. If further reduction is required,
sutures are placed first at the anteroseptal and then at the anteroposterior position of
the true tricuspid annulus. The true tricuspid annulus must be reduced such that it
matches the proximal circumference of the cone. These multiple plications are
important to prevent the right coronary artery distortion or kinking that can occur
with a large TV annular reduction at a single site. Additional plication with
interrupted sutures is applied to the area where the leaflets were tethered to the RV
wall, to prevent anterior wall bulging and dilation of the RV. This maneuver mimics
the usual trabeculation of the RV.
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Step 5: Fenestration of the Cone apex.

The linear attachment of the leaflets can cause obstruction of blood inflow to the
RV. To prevent obstruction, fenestrations of the 1/3 distal attachments of the leaflets
and division of papillary muscles are usually applied.

Step 6: Cone attachment to the true tricuspid annulus.

The cone is attached proximally to the true annulus over 360 degrees and with no
tension in the horizontal or vertical plane (Figures 19 and 20). The proximal cone
circumference must be correctly matched to the true annular dimension. If necessary,
the true annulus can be further reduced by separate plication at 2-3 o’clock and 9
o’clock, and the cone proximal circumference can be reduced by leaflet plication. The
initial attachment and assessment are performed with the placement of 5-0 polypro-
pylene single sutures to achieve an even distribution of the valve in the tricuspid
annulus. The suture line is then completed with a running suture. To reduce the risk of
heart block, special care should be taken when suturing the area of the annulus just
medial to the coronary sinus. In this area, the valve can be sutured in a proximal
position, in the Todaro’s tendon. In patients with a fragile adult-size annulus, the use
of a prosthetic ring may be considered for reinforcement.

Figure 19.

Cone attachment to the true tricuspid annulus. The constructed cone (a) is reattached to the true tricuspid annulus
stavting at the anterior position (b) and completing the attachment (c), taking superficial bites when suturing near
the atrioventricular node avea (arvow) (with permission from reference [58]).

Figure 20.

Cone construction was done by rotation of the posterior leaflet, which was combined with the septal leaflet (a),
before attachment to the true tricuspid annulus (b). AL = anterior leaflet, PL = posterior leaflet and SL = septal
leaflet (with permission from refevence [58]).
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Step 7: Atrial septal defect treatment.

The ASD/PFO are closed in a valved fashion, such that blood can be shunted from
right to left in the event of postoperative RV failure. The opening size of the resulting
orifice should be proportional to the degree of RV dysfunction or enlargement. This
can be accomplished with the single-stitch technique in cases of PFO or by using a
polytetrafluoroethylene (PTFE) patch with an extension flap positioned inside the left
atrium to allow unidirectional blood flow toward the left atrium. In cases of severe RV
dysfunction, the single-stitch technique (Figure 20) can be performed with place-
ment near the PFO anterior corner, which will result in a less restrictive PFO. In cases
of RV dysfunction, some authors recommend the bidirectional Glenn procedure as an
adjunct to Ebstein’s anomaly repair [53, 59-62]. We have considered using the Glenn
procedure in some patients, as we will describe in the neonatal section.

7.4 Special anatomic types of Ebstein’s anomaly

In some anatomical situations, the three leaflets are connected at the commissures
and there is a well-formed distal attachment of the TV to the RV. In such cases, the TV
leaflets are mobilized from their displaced hinge line and the TV is released from its
abnormal connections to the RV wall. Next, some plications are made at the distal and
proximal edges of the TV, reducing its proximal and distal circumferences, and wid-
ening the septal and posterior leaflets to give it a cone shape.

The cone technique can also be used to treat patients presenting with Ebstein’s
anomaly with Carpentier’s type D anatomy. Figure 21 depicts one of our patients who
was successfully repaired by taking down the leaflets as a single piece, retaining only
the distal direct attachment of the leaflet to the RV. Vertical fenestrations were
provided at the distal third of this large leaflet. Then the lateral and medial edges of
this leaflet were sutured together, creating a cone-like structure. As in all other cases,
the cone was revised and any holes/fenestrations in the proximal 2/3 of the cone’s
membranous tissues were closed to achieve a similar circumferential depth and to
prevent regurgitation leaks. Furthermore, natural, or surgically created fenestrations
should be present at the distal 1/3 of the cone to permit unrestricted forward blood
flow in diastole.

7.5 Important notes on Da Silva cone technique

The mechanism of tricuspid insufficiency in Ebstein’s anomaly is usually related to
restrictive leaflet movements. This occurs due to failure of leaflet delamination that
results in more distal hinge line attachment to the RV, as well as to the presence of
muscular bridges and abnormal papillary muscles that tether the TV leaflets to the RV
wall, restricting their movements. Creating a competent tricuspid valve using the cone
technique requires extensive mobilization of the displaced or tethered leaflets. Other-
wise, the repair will result in leaflet coaptation failure or excessive tension in the
leaflet suture line due to pulling of the leaflet that remained improperly attached to
the free RV wall, which will be subject to strong tension when the RV is filled. An
understanding of these concepts is essential to minimize the incidence of tricuspid
insufficiency after the cone procedure and to prevent postoperative dehiscence of the
suture line due to diastolic tension. The septal leaflet is frequently incorporated into
the septal aspect of the cone, in combination with the posterior tricuspid leaflet. This
is a very important component of the cone technique, as it helps prevent both stenosis
and insufficiency of the tricuspid valve.
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Figure 21.

Preoperative magnetic resonance images and intraoperative photos depicts the heart’s anatomy of a 4-year-old givl
with type D Ebstein’s anomaly (Carpentier’s classification). Images (a) (b), and (c) show that the tricuspid valve
leaflets are tethered to the right ventricle wall and image d shows that theve is only a small hole-H communicating
the atrialized to the functional right ventricle (with permission from reference [58]).

7.6 Bidirectional Glenn procedure to improve postoperative cardiac output

It is expected that some RV dysfunction will be evident early after the cone
procedure due to RV wall damage related to surgical maneuvers superimposed on
varying degrees of RV impairment from the Ebstein’s malformation itself. Addition-
ally, myocardial injury may be caused by the extended ischemic time required to
perform this somewhat complex operation. With this in mind, we have routinely used
avalved ASD that allows blood flow from the right to the left atrium, aiming to reduce
RV preload and increase LV preload, thereby helping to prevent low cardiac output
due to severe RV dysfunction in the early postoperative period. In most patients, the
ASD stays functionally closed from the beginning of the postoperative course. How-
ever, approximately 10% of cases evolve with right-to-left blood shunting that can
cause a substantial drop in oxygen saturation. In such cases, oxygen saturation usually
increases in a few days as RV function improves. Additionally, the resulting RV
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decompression may prevent excessive tension at the tricuspid valve, decreasing the
risk of suture dehiscence and TV regurgitation.

In some studies, the problems related to postoperative RV dysfunction have been
addressed by diverting the superior caval blood flow to the right pulmonary artery.
Chauvaud et al. [59] used this bidirectional cavopulmonary shunt (BCPS)—also called
the Glenn procedure—as an adjunctive procedure to Carpentier’s operation in patients
with Ebstein’s anomaly and severe right ventricular dysfunction (36% of procedures).
They reported that this combination of procedures led to improved results. Other
studies have also reported the use of this technique to reduce RV preload in cases of
severe RV dysfunction, thus significantly reducing mortality caused by RV failure
[60, 61]. Quinonez et al. [62] also reported the creation of a BCPS as an adjunctive
procedure with surgical treatment of Ebstein’s anomaly in 14 patients from the Mayo
Clinic (TV replacement in 13 and TV repair in 1). In most cases, this approach was
planned in anticipation of RV failure, but it was also sometimes performed as a salvage
procedure when faced with postoperative hemodynamic instability. Considering the
serious clinical situation of the included patients, the study results were excellent with
only one death, outlining the importance of this procedure for a subset of patients. Liu
etal. [63] also reported the use of the BCPS procedure in addition to the cone operation
in a series of young patients. This group applied BCPS procedure to 67% of patients
with Ebstein’s anomaly (20 of 30), which drew our attention. However, their series of
young patients had good clinical outcomes at mid-term follow-up. We think this
method can be used in children to improve pulmonary circulation in case of residual
tricuspid regurgitation after the cone repair. We also believe that it is important to
employ one of these two methods after the cone operation to prevent low postopera-
tive cardiac output and to protect the dysfunctional RV from distension. We preferen-
tially use the valved closure of ASD. Despite initial cyanosis in some patients and the
possibility of paradoxical thromboembolism, RV dysfunction is completely or partially
reversible with time and, consequently, oxygen saturation progressively improves [57].
While the BCPS has the advantage of providing better oxygenation, we do not rou-
tinely use it because it may be associated with pulsations of the head and neck veins
and other complications [61]. In case of low oxygen saturation (<75%) we add a BCPS
for older patients or a small (3.0-mm) modified Blalock-Taussig (BT) shunt. We tend
to anticoagulated patients who present a dilated RV and/or right-to-left atrial shunting.

The cone procedure for reconstruction of the TV in Ebstein’s malformation usually
provides a full coaptation of the leaflets, resulting in effective and durable tricuspid
regurgitation repair in the majority of patients. Therefore, its use has been expanded
to patients who previously underwent other types of Ebstein’s anomaly treatment.

7.7 Surgical treatment in neonatal Ebstein’s anomaly

Despite recent medical advances, it remains difficult to manage critically ill neo-
nates with Ebstein’s anomaly. A multicenter study conducted at excellent hospitals
reported that surgical or catheter interventions carried high mortality (30%) in new-
borns with critical Ebstein’s anomaly [16]. Additionally, multivariable analysis showed
that the lack of antegrade pulmonary valve flow or the presence of pulmonary regur-
gitation at the time of diagnosis were powerful hemodynamic risk indicators [16].
That study emphasized the necessity for careful surgical management of this group of
patients.

Newborns with Ebstein’s anomaly presenting a dependency on prostaglandins or
mechanical ventilation, worsening cyanosis or heart failure, anatomic pulmonary
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atresia, a circular shunt, will require surgical intervention during the neonatal
period [7].

The primary cone repair of neonatal Ebstein’s anomaly is a complex procedure due
to the delicate valve tissues and the associated lung immaturity. It can be applied only
to a small subgroup of older (over 2-week-old), and stable patients with a favorable
TV morphology, such as a large and mobile anterior leaflet, a reasonably sized func-
tional RV with good systolic function, and good pulmonary artery and valve anatomy
[64]. In that situation, the procedure by an experienced surgeon would be indicated to
correct a severe regurgitation that would limit the pulmonary flow and cause cyanosis.
In a few situations, where the tricuspid valve presents more complex anatomy in
patients with inadequate forward pulmonary flow, with cyanosis, but without
expressive cardiomegaly, or septal impingement to the left ventricle, a PDA stent or a
BT shunt can be the initial surgical approach. This stenting procedure has the goal to
allow the child to develop the pulmonary circulation and the RV for the next step,
which is the Cone procedure applied at 4 or 5 months, resulting in a biventricular
repair.

However, the great majority of newborns with Ebstein’s anomaly presenting with
heart failure should be addressed with the Starnes procedure that, by decompressing
the left ventricle and giving more space to the lungs, offers a better outcome for these
very sick babies [65].

The surgical palliation with the Starnes procedure consists of excluding the mal-
formed right ventricle with a fenestrated patch sewn at the anatomic level of the
tricuspid valve annulus and creation of a systemic to pulmonary artery shunt to
provide the pulmonary blood flow. This procedure allows the decompression of the
malformed right ventricle, but also ameliorates the septal impingement to the left,
with a significant effect on the systemic left ventricle, which reassumes the globular
shape after the Starnes. Any pulmonary insufficiency should be contained, and the
coronary sinus must stay on the atrial side of the patch to assure effective decompres-
sion of the right ventricle. The atrial communication is enlarged and a reduction
atrioplasty opens space inside the chest for the lung development [66]. The modified
Starnes procedure is adequate for neonates who are hemodynamically unstable, or
even on ECMO support. It is usually successful and helps the patients to survive and to
prepare them for other more definitive future procedures.

7.8 The Da Silva Cone repair after the Starnes procedure

Although usually successful, the Starnes approach excludes the right ventricle
from the pulmonary circulation. So, after the Starnes operation, these patients were
traditionally committed to the single ventricle repair pathway [67], which leads to the
undesirable long-term complications associated with Fontan palliation [68]. However,
we have demonstrated that it is possible to rehabilitate the right ventricle after the
Starnes procedure in patients with Ebstein’s anomaly and pulmonary atresia, achiev-
ing 1.5 or two-ventricle repair [69]. We also have shown that in patients with fetal
circular shunt physiology who underwent the Starnes procedure as a newborn, it is
possible to rehabilitate the RV and the pulmonary valve, resulting in two-ventricle
physiology [70], as demonstrated in Figure 22.

Bearing in mind that the cone repair can follow the Starnes procedure, we prefer to
use a Gore-Tex patch to exclude the RV in the Starnes procedure, because it causes
less adhesions, facilitating its taking down during the cone repair. Furthermore, this
patch should be sutured above the TV annulus, and in the Todaro’s ligament at the
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Figure 22.

Intraoperative images of the Da Silva cone repair after the Starnes procedure. (a) Exposure of the tricuspid valve,
which is covered with the Starnes patch (SP). (b) Removal of the fenestrated PTFE patch, taking care not to
damage the anterior leaflet of the tricuspid valve, which is adjacent to the patch. (c) Extensive tricuspid valve
mobilization; this is initiated at the anterior leaflet (AL) hinge line and continues clockwise toward the inferior
leaflet; heve, the inferior papillary muscle is being cut. (d) A second incision is made near the anteroseptal
commissure (arrow); the cut continues counterclockwise to mobilize the medial part of the anterior leaflet and the
entire septal leaflet from their proximal attachments. The proximal detachment of the septal leaflet (SL) follows
the dotted line. (e) The inferior leaflet is rotated medially, and a vertical interrupted suture unites it with the
lateral aspect of the septal leaflet. The vesulting cone-shaped structuve is sutured to the anatomical tricuspid valve
annulus, which completes the cone repair. SP = starnes patch, AL = anterior leaflet, SL = septal leaflet (with
permission from reference [58]).

()

Figure 23.

Serial echocardiograms show cardiac evolution in a four-chamber view. (a, b) Preoperative image shows typical,
severe Ebstein’s anomaly morphology, with enlarged right heart chambers, and severe downward displacement of
septal and inferior leaflets. The ventricular septum is shifted to the left, compressing the left ventricle. (c, d)
Postoperative image after the Starnes proceduve shows diastolic flow across the fenestration of the right ventricle
exclusion patch (FP). Here, the ventricular septum (S) is shifted to the right (arrow); this reduces the area for the
right ventricle and provides move space for the left ventricle, which increased in volume and assumed a globular
shape. (e, ) Image acquired 3 weeks after biventricular repair shows the vesults of the Da Silva cone technique; the
right ventricle is a good size, and the ventricular septum is in a well-balanced position. (e) The now anatomically
positioned tricuspid valve presented good inflow and (f) mild to moderate regurgitation. AL = anterior leaflet of
the tricuspid valve, RV = right ventricle, LV = left ventricle, FP = fenestrated polytetrafluoroethylene patch, and
S = ventricular septum (Figure 23c¢ with permission from reference [70].
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septal area. These technical measures aim to facilitate the patch removal without
damaging the TV leaflets or the atrioventricular node at the time of the Da Silva Cone
procedure. In Figure 23, serial echocardiograms images demonstrate the cardiac evo-
lution of a neonatal Ebstein submitted to the Starnes procedure and later to the Da
Silva Cone repair.

8. Postoperative care
8.1 Hemodynamic management

Neonates may experience low-cardiac-output syndrome after surgical palliation
for Ebstein’s anomaly. Inotropic support and afterload reduction for support of right
ventricular and left ventricular function are necessary. Reduction of right ventricular
afterload by decreasing pulmonary vascular resistance protects right ventricular strain
and reduces hemodynamically significant tricuspid valve regurgitation. Neonatal
patients with Ebstein’s anomaly who undergo single ventricular palliation may
develop relative pulmonary hypertension or maintain elevated pulmonary vascular
resistance and may benefit from inhaled nitric oxide and the use of muscle relaxants,
in combination with pain control and sedation. In neonate surgical intervention,
leaving an open sternum immediately after cardiopulmonary bypass facilitates venti-
lation at lower mean airway pressures and decreases right ventricular afterload. The
sternum can be closed once improved myocardial function and a decrease in edema
have been established.

8.2 Left ventricle

Even without associated left ventricular morphological abnormalities, left ventric-
ular function may be compromised due to compression from a dilated atrialized right
atrium (Figure 3b). Angiographic analysis of 26 patients with Ebstein’s anomaly
demonstrated seven patients with a decrease in left ventricular diastolic volume
(LVEDV <60 ml/m?); 12 patients had increased LVEDV (>80 ml/m?). Eight patients
29 (31%) either with normal or increased LVESV had decreased left ventricular
ejection fraction in this study. Patients with a decrease in LVESV had normal left
ventricular ejection fraction in this study [71]. Abnormalities of left ventricular mor-
phology involving the myocardium or valves were noted in 39% of Ebstein’s anomaly
[71], with 18% of patients demonstrating an association with left ventricular non-
compaction [72]. Mitral valve prolapse, bicuspid aortic valve, and mitral valve dys-
plasia, as well as left ventricular systolic dysfunction (7%) and diastolic dysfunction
(34%), can be associated with Ebstein’s anomaly [72]. A hemodynamically significant
left ventricular outflow tract obstruction secondary to the systolic anterior motion of
the mitral valve and severe mitral regurgitation was noted in a 52-year-old patient
following tricuspid valve replacement and was resolved with esmolol administration
[73]. Using three-dimensional models, a global or regional decrease in left ventricular
ejection fraction (LVEF) was noted in patients with Ebstein’s anomaly (LVEF 41 + 7%
VS 57 £ 5%) [74]. In addition, tricuspid regurgitation is negatively correlated with the
left ventricular ejection fraction by cardiac magnetic resonance imaging [75]. Rarely,
non-apex forming left ventricular anatomy is associated with Ebstein’s anomaly, in
which, heart transplantation is the only surgical option [76].
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8.3 Arrhythmia

The downward displacement of the septal leaflet of the tricuspid valve is
associated with direct muscular connections in the septal atrioventricular ring
resulting in a potential connection for an accessory atrioventricular pathway [77].
Accessory pathways are noted in 10-36% of patients with Ebstein’s anomaly [78-80]
and most accessory connections are located around the orifice of the malformed
tricuspid valve [45, 81]. Delayed ventricular activation with the appearance of a
right bundle branch block pattern can be seen in up to 93% of patients with
Ebstein’s anomaly [80]. In a series of 52 patients with Ebstein’s anomaly from
Mayo clinic, 34 patients (65%) had arrhythmias preoperatively (supraventricular
tachycardia, atrial fibrillation, ventricular arrhythmias, and high-degree
atrioventricular block) with perioperative and postoperative arrhythmias noted
in 42% of the patients (14 patients had atrial tachyarrhythmia and eight had
ventricular arrhythmias) s [82]. Maintenance of sinus rhythm is important to
maintaining adequate cardiac output and may necessitate the use of epicardial pacing
postoperatively.

8.4 Respiratory management

Tanaka et al. reported lung autopsy results from four neonates with Ebstein’s
anomaly or tricuspid valve dysplasia. Lung hypoplasia or immaturity was not seen in
full-term neonates with tricuspid abnormalities unless patients had a concomitant
diaphragmatic hernia [83]. Despite an increased cardiothoracic ratio to 92% [83],
surgical intervention to relieve tricuspid regurgitation and atrial plication may
improve respiratory function by decreasing cardiomegaly and associated lung com-
pression. Strategies to reduce pulmonary vascular resistance and minimize postoper-
ative right ventricular distention and tricuspid regurgitation include the use of
supplemental oxygen, inhaled nitric oxide, and ventilation to minimize hypercarbia.
Early extubation, if feasible, will reduce intrathoracic pressure and right ventricular
afterload.

9. Summary

Ebstein’s malformation is a condition that results from failure of the septal and
inferior leaflets of the tricuspid valve to delaminate from the myocardial wall of
the right ventricle which in turn results in the hinge point of the tricuspid valve
being located within the right ventricle and not at the annulus. Furthermore, there is
variability in the extent to which this failure to delaminate has on the heart. The
effects may be limited when this anomaly is mild, but in hearts with more severe
Ebstein’s anomalies, the rotational appearance of the hinge point of the tricuspid
valve is more evident. The clinical presentations vary widely secondary to the
abnormal morphology and the tricuspid valve and right ventricle as well as the
associated heart defects. Neonatal Ebstein’s anomaly is continuous to be
challenging. With the improvement in diagnostic methods, surgical treatment,
and pre and postoperative care, the patients with a severe form of Ebstein’s
anomaly still have a chance to undergo two-ventricle repair with good long-term
outcomes.
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Chapter 9

Pharmacological Treatment
of Patent Ductus Arteriosus in
Preterm Infants

Aimann Surak

Abstract

The patent ductus arteriosus contribute to many neonatal morbidities. There are
different approaches for treatment including conservative, pharmacological and
definitive closure. Most commonly, pharmacological therapy is attempted before
consideration of surgical intervention.

Keywords: preterm infant, PDA, NSAIDs

1. Introduction

Patent ductus arteriosus (PDA) was described a long time ago as a pathological
entity in preterm babies [1]. From the physiological point of view, and outside the
context of ductal-dependent lesions, PDA cannot be physiologically helpful when it
comes to neonatal morbidity [2, 3].

In animal studies, there is significant engorgement and increased lymphatic
conspicuity, secondary to dilated lymphatic architecture, in lambs with PDAs [4]. In
primates, there is data suggesting that closing the PDA early makes a great difference
in terms of the ventilation scores [4].

In humans, it takes only 3-7-day exposure to a moderate-large PDA shunt which
significantly increases the incidence of bronchopulmonary dysplasia (BPD) [5] and
BPD baseline incidence increases in preterm infants exposed to PDA [6].

PDA plays a critical role in the pathophysiology of many neonatal morbidities.
This includes pulmonary hemorrhage [7, 8], myocardial changes in shape and size
due to volume overload [9, 10], impaired bowel tissue oxygenation and other GI
morbidities including necrotizing enterocolitis (NEC) [11-14], increased incidence of
renal injury [15], mortality and intraventricular hemorrhage (IVH) [14].

Different approaches exist and vary between centers. In this chapter, we will
concentrate on the pharmacological approach.

Role of targeted neonatal echocardiography in detecting hemodynamically
significant PDA:

There has not been a standardized consensus to define hemodynamically
significant PDA [16, 17].
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Clinical assessment on its own was found not sensitive or specific in predicting
PDA shunt volume especially in the first few days of life [18]. In addition, ductal size
(diameter) only does not define the significance of the ductal shunt. There are large
size PDAs that have no hemodynamic significance, and the opposite is true as well.

It appears that a detailed echocardiographic assessment is the key using targeted
neonatal echocardiography (TnEcho). This comprehensive assessment includes mul-
tiple domains (Figure1). PDA characteristics are crucial to look at, which includes
the diameter, PDA flow Doppler pattern as well as PDA shape. It is interesting to think
about the morphology of the duct and how is it different in preterm as opposed to less
preterm babies. Initially, 5 types of ducts were described from A to E, however, with
the increasing number of preterm babies being referred for catheter closure, a 6th
type was recognized. The F type (fetal type) ductus is exclusively found in children
born prematurely and is long, wide, tortuous and unlikely to close with pharmaco-
logical treatments [19].

Assessment of pulmonary circulation is important to establish using multiple
parameters (Figure 1). Due to poor compliance, assessment of myocardial adaptation
to the high shunt load is crucial. In addition, the atrial shunt needs to be assessed and
established. Finally, any evidence of systemic compromise should be elaborated as
well.

Recently, few biochemical markers were suggested as a part of ductal assessment
especially in resource-limited areas. This includes cardiac troponin T (TnT), atrial
natriuretic peptide (ANP), brain-type natriuretic peptide (BNP), N-terminal pro-
BNP (NTpBNP) and urinary neutrophil gelatinase-associated lipocalin and urinary
heart-type fatty acid-binding protein [20-23]. It appears that TnEcho is the proper
tool to establish and define hemodynamically significant duct; only then treatment of
PDA is shown to have an impact on neonatal outcomes [14, 17, 24, 25].

PDA characteristics

Assess atrial shunt

1. PDA diameter
2. PDA flow Doppler pattern
3. PDAshape

1. Diameter trial shunt
2. TVE/Aratio
3. TV velocity of flow propagation

Pulmonary over circulation

Mpyocardial adaptation to shunt
volume

1. Pulmonary vein diastolic velocity

2. LA dimensions 1. MPI (Tei index)

3. MV E/Aratio 2. Systolic function

4, MV velocity of flow propagation 3. Diastolic function

5. LV dimensions

6. LVTVI Systemic compromise

7. LA/AO ratio

8. MR peak velocity 1. SvVCflow X

9. High VO 2. LVO:SVC ratio

10. QP:QS 3. Renal Doppler and RI
4, Doppler pattern in celiac artery
5. Doppler pattern in SMA
6. Doppler patternin MCA

Figure 1.

Targeted neonatal parameters needed to establish the hemodynamic significance of PDA.
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2. Pharmacological treatment of PDA in preterm infants

Pharmacological treatments induce ductal constriction with good effectiveness
overall, whether using non-steroidal anti-inflammatory drugs (NSAIDs) or
acetaminophen in different routes of administration [25-29]. However, complete
ductal closure or shunt elimination cannot be guaranteed even when combining these
agents together; this is in addition to potential adverse side effects [30-32].

3. Non-steroidal anti-inflammatory drugs (NSAIDs)

It was known early on that NSAIDs induce ductal constriction and closure
[25, 33-35]; this is even in infants who are born prematurely [36, 37]. Early treatment
with indomethacin induces ductal closure, however, with concerns about compro-
mising renal function [38]. This is probably due to the vasoconstrictive effects of
those agents contributing to the development of renal hypoperfusion, NEC and
spontaneous intestinal perforation (SIP), as well as platelet dysfunction and hyper-
bilirubinemia [39, 40].

A meta-analysis by Ohlsson et al. show that ibuprofen is equal to indomethacin
in terms of efficacy in closing PDA with fewer side effects on the kidneys as well
as reduced risk for NEC [41]. Rectal ibuprofen has been used as well with similar
efficacy to oral ibuprofen [42]. It appears that indomethacin, the most widely used
agent, is more prevalent in North America, and ibuprofen is more commonly used in
Europe and Asia [43].

Repeated courses of NSAIDs are a common practice when initial treatment wasn’t
completely successful in closing the PDA, keeping in mind, decreased efficacy with
repeated courses [44, 45].

A higher dose of ibuprofen has been attempted as well, and this includes a loading
dose of 20 mg/kg, followed by two subsequent doses of 10 mg/kg, 24 hours apart; this
is in comparison to the standard dosing regimen which is a loading dose of 10 mg/kg,
followed by two subsequent doses of 5 mg/kg, 24 hours apart. It appears that a higher
dose of ibuprofen is more effective in closing the PDA, without an obvious increase in
the side effects [41, 46].

3.1 Acetaminophen

Hammerman et al. reported the first case series of the use of acetaminophen as a
therapeutic agent to facilitate ductal closure [27]. Acetaminophen inhibits the POX
receptors on the prostaglandin synthesis pathway [29]. In a recent systematic review,
Ohlsson et al. included 916 infants in eight studies comparing oral or intravenous
acetaminophen to ibuprofen and found similar efficacy for acetaminophen with
lower gastrointestinal bleeds, lower serum levels of creatinine, lower serum levels of
bilirubin, and higher platelet count but no difference in the neurological outcomes
between 18 and 24 months [28].

It is possible that acetaminophen may increase pulmonary vascular resistance [47].

3.2 Combination therapy

Another strategy that has been attempted, is combining acetaminophen with
NSAIDs specifically ibuprofen which may provide a synergetic effect on the reduction
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of prostaglandin production, resulting in PDA closure. In a small randomized
controlled trial (RCT), Hochwald et al. compared the combination of intravenous
ibuprofen and intravenous acetaminophen versus intravenous ibuprofen alone. There
was a trend towards increased efficacy with combination therapy but without a
statistical difference (83% vs. 42%, p = 0.08); also, there was no increase in the side
effects [30]. In an observational study by Yurttutan et al., combination therapy with
oral ibuprofen and oral acetaminophen was successful in closing the ductus in 9 out
of 12 infants who had failed two previous courses with no increase in the side effects
[31]. A retrospective cohort by Kimani et al. did not demonstrate any increased
adverse effects in the combination group [32].

3.3 Other strategies

Diuretics have been used as an adjunct agent to facilitate ductal closure. While
diuretics help with symptomatic management of pulmonary over circulation,
it appears that it compromises the systemic blood flow and may not provide a
significant increase in the closure rates [48]. This is similar to a fluid restriction which
may help managing the symptoms of chronic lung disease, but it would worsen the
systemic blood flow [49, 50].

4, Conclusion

The PDA is common morbidity in preterm infants. There has been a trend towards
more conservative management over surgical treatment [51]. The pharmacological
treatment causes ductal constriction with good effectiveness overall whether using
NSAIDs or acetaminophen in different routes of administration. However, complete
ductal closure or shunt elimination cannot be guaranteed even when combining these
agents together; this is in addition to potential adverse side effects.

Recently, FDA approved the use of Piccolo device for the purpose of PDA closure
in preterm infants which was based of the efficacy and safety of such a device in this
fragile population [2]. It appears that this catheter closure approach is becoming more
popular as it is feasible, effective, and relatively safe [19, 52]. Whether this approach
would result in more favorable neonatal morbidities and outcomes, needs further
research.

Abbreviations

BPD Bronchopulmonary dysplasia

NEC Necrotizing enterocolitis

NSAIDs Non-steroidal anti-inflammatory drugs
PDA Patent ductus arteriosus

RCT Randomized controlled trial

SIP Spontaneous intestinal perforation
TnEcho Targeted neonatal echocardiography
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Chapter 10

Right Ventricular Outtlow Tract
Stenting

Shaad Abgari

Abstract

RVOT stenting has gained popularity over the last decade. Conventional treatment
of choice in children with cyanotic heart defect with decreased pulmonary blood
flow has always been the systemic to pulmonary arterial shunt, but lately, many
centres are opting for RVOT stenting as the first choice of palliation. It is associated
with fewer post-procedural complications and helps in a more physiological growth
of pulmonary arteries, which can significantly impact the definitive repair at later
date. Normally, RVOT stenting is performed in the early newborn period but it is not
unusual to be done at a later age because of varied reasons. Two-point fixation of the
stent ensures its safety against embolization but sparing the valve and covering the
infundibular area only protect the child from future trans annular patches, though
removing the stent can sometimes be challenging at a later stage. RVOT stenting has
now become a safer alternative in centres with early stage of cardiac programmes.

Keywords: RVOT stenting, cyanotic heart defect, neonate, aorto-pulmonary shunt,
palliation

1. Introduction

Cyanotic congenital heart defects continue to be a cause of significant morbidity
and mortality among infants and are an important contributor to neonatal mortality.
In the new paediatric cardiac programmes, the majority of these defects are being
corrected very early in life, but the repair, whether corrective or palliative, sometimes
is difficult to achieve, especially in neonates with complex anatomy or those with risk
factors. Right ventricular outflow stenting (RVOT) has emerged as the main bridging
procedure in infants who require early interventions, such as neonates who are duct
dependent or who are severely cyanosed and have poor anatomy of the right ventricu-
lar outflow tract and/or pulmonary arterial tree (hypoplastic branch PAs).

2. Indications

Neonates with risk factors such as prematurity, low birth weight, infection
(sepsis), necrotizing enterocolitis, cerebrovascular event, pulmonary diseases and
other conditions requiring noncardiac surgery, which included tracheoesophageal
fistula and gastrointestinal anomalies.
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Infants and older children with anatomy are not suitable for primary repair or as a
bail out procedure in emergent conditions like uncontrolled cyanotic spells.

As reported by various authors, co-morbidities increase the risk of or may delay,
primary cardiac repair [1-3]. Blalock-Taussig (BT) shunts performed in infants with
these co-morbidities have an increased rate of complications, besides an unpredict-
able post-op course such as pulmonary over circulation and distortion of pulmonary
artery anatomy [4-8].

The unpredictability of pulmonary balloon valvuloplasty combined with the high
morbidity/mortality of both modified BT shunt placement and primary repair sig-
nalled the need for an alternative palliation option—the RVOT stent. RVOT stenting
was initially described by Gibbs et al. [9] but the initial results were not encouraging,
and it was re-introduced from 2010 onwards as a mode of palliation.

Sandoval et al., at the Hospital for Sick Children in Toronto [1], performed a
detailed retrospective review of their experience managing infants with Tetralogy of
Fallot(TOF). Infants were treated in 1 of 4 ways: those with early cyanosis (<3 months
of age) were treated with either primary repair (early-PS group in those with pulmo-
nary stenosis, and early-PA group in those with pulmonary atresia) or RVOT stenting
(stent group); whereas those without early cyanosis had primary repair electively at
an age deemed optimal between 3 and 11 months (surg>3mo group). Risk factors for
primary repair were defined as low weight (<2.5 kg), prematurity (<37 weeks’ gesta-
tional age), pulmonary artery hypoplasia (Z score < —2) and significant noncardiac
co-morbidities. The decision to perform early primary repair versus RVOT stenting
was based largely on the presence of risk factors. Aortopulmonary shunts and ductal
stents were reserved for infants with whom RVOT patency could not be established;
that is, RVOT muscular atresia and unsuccessful RVOT intervention, or those with
nonconfluent central pulmonary arteries. The early-PS, early-PA, and stent groups all
had similar cumulative and postoperative lengths of stay, all significantly longer than
that for the surgery >3mo group. Most importantly, the stent group at baseline had
significantly smaller pulmonary arteries than the other 3 groups at a median Nakata
index of 79 mm?/m” After RVOT stenting, there was significant catch-up growth of
the pulmonary arteries. Although they remained somewhat smaller at the time of
ultimate anatomic repair (median 147 mm?’/mm? compared with 167 mm?*/m” in the
surg>3mo group), this difference was not statistically significant.

The ideal palliations as described by Glatz in an editorial in 2016 [10] are as fol-
lows: 1. Providing a stable and balanced source of pulmonary blood flow; 2. Allowing
growth of pulmonary vessels 3. Providing adequate time for subsidence of co-morbid-
ities and to gain weight and 4. Leaving no residue.

Transcatheter techniques in the initial palliation of these patients have previously
been attempted [9, 11-13], but did not gain widespread acceptance. Qureshi et al.
attempted balloon dilatation as initial palliation in 15 infants with modest results
with 10 requiring more than one dilatation [11]. Similarly, Sluysmans T et al. in 1995,
published the result of BPV in 19 infants and concluded that it leads to a 30-40%
reduction in the need for transannular patches at the time of corrective surgery [12].
Similarly, Gibbs first described RVOT stenting as a palliative procedure in 4 patients
with associated co-morbidities [9]. Ballooning of the right ventricular outflow tract
has gone out of favour because of dynamic obstruction in patients of TOF.

PDA stenting is gaining popularity in some of the centres but is a technically
challenging procedure, besides establishment of pulmonary blood flow is unpredict-
able and sometimes leads to flooding of pulmonary circulation. Transcatheter RVOT
stenting is gaining popularity as this results in a more physiological flow to pulmonary
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arteries and encourages equal growth of small pulmonary arteries providing a better
surgical substrate for subsequent repair.

3. Procedure

The procedure as described by Quandt and Stumper et al. [13] include detailed
pre-procedure work up and is usually performed under general anaesthesia and
mechanical ventilation, since the children are usually hypoxic and sick and can
deteriorate fast during the procedure.

Ambient temperature should be maintained by using Bair Hugger to prevent
hypothermia.

Prostaglandin infusions are usually continued and all the emergency drugs should
be available.

The child is to be positioned on the table with the arms elevated and the area to be
painted and draped.

Access is usually via the right femoral vein in a majority of cases but sometimes an
internal jugular venous approach is preferred if crossing of RVOT is difficult, espe-
cially in smaller children. A right femoral artery cannula is inserted for continuous
blood pressure monitoring and for blood gas analysis. Once the right femoral venous
sheath (usually 5F) is inserted, 50-100 IU/Kg of Heparin is given. The child also
receives a prophylactic antibiotic (Cefazolin) dose.

A right ventricular cineangiogram is performed through an NIH or any other diag-
nostic catheter placed within the apex of the right ventricle; 30° RAO with 20° cranial tilt
and a straight lateral projection are used. Some centres prefer to do angiograms in LAO
view instead of lateral view. The intent is to delineate the RVOT, its length and diameter,
the diameter of pulmonary valve annulus and the size of branch pulmonary arteries.

Selection of the size and the type of stent to be implanted is guided by the size of the
patient, the dimensions of the outflow tract and the anticipated length of palliation.

For smaller children and neonates with short term palliation- coronary stent is
preferred.

For older children or those who required medium to longer-term palliation- a bare
metal peripheral vascular stent, preferably Cook Formula pre-mounted 414 or 418
stent, may be used.

The advantage of Cooks Formula stent is that it can be re-dilated if required and
provided long term palliation. Sometimes, the availability of the specific stent is an issue;
in such situations, any peripheral stent may be used. Balloon mounted stents are preferred.
However, these stents may require thicker wire (0.035) either Amplatz superstiff or even
Teflon wire for the stent delivery. Another disadvantage is that the stiffer wire may precipi-
tate RVOT spasm and the child may have significant desaturation during the procedure.

After the selection of the stent, the appropriate delivery sheath or guide catheter
is used. For coronary stents, a 4 French (F) Flexor sheath (Cook Europe, Bjaeverskov,
Denmark) or a 60 cm 6 F right Judkins guide catheter (Cordis Corp, Miami Lakes FL)
may be used.

A 0.014” coronary wire is advanced across the RVOT via an end-hole catheter and a
stable position is achieved by placing the wire in distal branch pulmonary arteries (PAs).
Once the coronary wire is stable in the distal branch pulmonary artery, the selected delivery
sheath or guide catheter replaces the diagnostic catheter. In older children where a stiff wire
isrequired, firstly, a softer catheter such as a Glide catheter is passed into the distal branch
PAs and then advance a 0.032 Terumo wire and final diagnostic catheter like (Judkins
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Right) JR or Multipurpose catheter may be used for replacing the Terumo wire with the
stiff wires like Amplatz superstiff. The whole exercise is done due to hypertrophied infun-
dibular area which may not allow the diagnostic catheter to pass over the coronary wire.

Cook Formula stents are implanted through either 5 or 6 F Flexor sheaths or some-
times Mullins sheath may be needed. The disadvantage of using a stiffer sheath is that
it normally does not easily crosses the infundibular area, especially in older children
who present late and have very hypertrophied RVOT. In these cases, the sheath is placed
just below the infundibular area with multiple side arm injections; the stent is negoti-
ated across the RVOT avoiding the annulus. However, if the annulus is small or if there
is supravalvular PA narrowing, the stent may be placed across the pulmonary valve
achieving a two-point fixation, one at infundibular and another at valve annulus level.

In infants and young children, the pre-mounted stent is placed over the wire but
within the delivery sheath and advanced to the intended position within the RVOT and
the stent is fully uncovered after checking with test angiograms. When the position of
the stent appears satisfactory, (confirming it on echocardiography when necessary), the
balloon is inflated. Following placement of the stent, the balloon is slowly deflated whilst
the delivery sheath was advanced over the balloon, so as to re-sheath it. The position of
the stent is confirmed on the check angiogram (Figures 1 and 2) via the side arm of the
sheath. The position of the stent, opacification of the branch PAs and pulmonary valve
movements are recorded on the final angiogram.

Echocardiography is performed for confirmation of the position of the stent, ventric-
ular function, any interference with tricuspid valve function and evidence for effusion.
A repeat blood gas analysis is obtained and improvement in PO2 is recorded. When we
are confident of the implanted stent, the coronary wire along with the delivery sheath is
removed under fluoroscopic monitoring and manual haemostasis is achieved.

The infant/child is transferred to the Neonatal/Paediatric ICU, as appropriate and
vital signs are monitored. Patients who experienced an increase of oxygen saturation
in excess of 20% are commenced on twice-daily diuretics. Chest X-ray is performed
for any evidence of flooding of the lungs. In our experience, a peak gradient in excess
of 40 mm Hg across RVOT on Doppler echocardiography post stenting usually does

(a) (b)

Figure 1.

RVOT stenting: (a) shows RV angiogram (LAO30/cranialzo view) in a 5 month old patient of tetralogy of Fallot.
There was severe infundibular and valvular stenosis with diffusely narrow LPA and RPA. RVOT stenting was
done using 4 mm x 19 mm bave stent (Evermine) and a RV angiogram was done in a/P view which showed RVOT
stent in situ with velief of infundibular stenosis as shown in figure (b).
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(@ (b)

Figure 2.

Su%cessful RVOT stenting: (a) shows RV angiogram done in LAO 30/cranial 30 view in a one year old TOF
patient which showed severe infundibular stenosis. RVOT stenting was done in this patient using 8 mm x 37 mm
bare stent. (b) shows RV angiogram in the same patient done one year after the RVOT stenting procedure which
showed RVOT stent in situ and adequately sized branch PAS.

not have over circulation. Heparin infusion is continued and replaced with Aspirin
(3-5 mg/kg) once the child starts to take it orally and the aspirin is continued till the
child undergoes complete repair. RVOT stenting usually leads to a uniform growth of
branch pulmonary arteries as shown in Figure 2 where a repeat angiogram one year
post procedure showed adequate sized pulmonary arteries amiable for complete repair.

4, Modifications

The use of along sheath as described by Quandt et al. [13] is mainly performed to
minimise the tricuspid valve apparatus injury and to achieve a stable stent position by
repeated test angiograms. However, the use of a long delivery sheath may be associated
with haemodynamic instability, particularly in smaller and sicker patients due to tricus-
pid valve splinting open leading to compromised cardiac output and extreme cyanosis.

Linnane et al. have used periventricular approach in 4 patients weighing <2 kg through
asmall subxiphoid incision [14]. This approach provided a more direct route to the RVOT
and the stent was deployed under Trans Thoracic Echocardiography (TTE) guidance.

Linnane et al. [15] also described a method for avoiding long delivery sheath during the
stent deployment by crossing the tricuspid valve and RVOT with an angled glide catheter
to facilitate placement of the guidewire in the branch pulmonary arteries and doing 3-4
clockwise rotations to create some backwards tension on the wire during stent advance-
ment. The authors utilised TTE to guide the stent placement rather than angiography.

5. Complications

Malposition or migration- of the stent may occur due to more proximal deploy-
ment of the stent. If the stent does not achieve 2 point fixation, it remains unstable.
The commonest site of embolization is descending aorta (Figure 3). The use of along
delivery sheath for confirming the position and preventing the slippage of the stent
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Figure 3.
Stent embolization: Figure shows stent (4 mm x 20 mm, Encurse) had embolized into the abdominal aorta at the
level of left renal artery.

minimises the risk. Sometimes, distal deployment of the stent can lead to migration
of stent into branch pulmonary arteries.

Other Complications include balloon rupture, dissection, stent induced pulmo-
nary oedema, arrhythmias, injury to adjoining structures and injury to tricuspid valve
leading to tricuspid regurgitation, hypotension and hemodynamic instability during
the procedure.

6. Challenges

The procedure is a technically difficult procedure with a significant learning curve
and is difficult to execute in a new program.

Requirement of re-interventions, especially if performed in early neonatal period
with very hypoplastic pulmonary arteries.

Difficult corrective surgery post stenting- Removal of stent can be challenging
with increased cardiopulmonary bypass time, sometimes the posterior aspect of stent
is left in situ, and concerns of injury to adjoining structures like aortic and tricuspid
valve can complicate the post-op recovery.

Long term data on RVOT stenting is lacking, especially RV dilatation, growth of
pulmonary vessels and need for re-interventions.

7. Outcomes

The immediate outcome in children undergoing RVOT stenting is quite favourable
with saturations improving immediately after the procedure. In a yet unpublished
data from the authors more than 30 children had undergone RVOT stenting major-
ity of which were more than one year of age, there was significant improvement in
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the saturations and children were shifted out of PICU within 24 hrs. There were two
instances of stent embolization which happened in the initial phase of the learning
curve with no in-hospital mortality. The children were discharged on antiplatelets and
no episode of stent thrombosis or fracture was noted on follow up.

In a retrospective study by Sandoval et al. at the Hospital for Sick Children in
Toronto [1] which divided the children undergoing treatment for TOF into four cat-
egories as described earlier, it was found that the RVOT stent group had significantly
smaller pulmonary arteries as compared to other 3 groups (median Nakata index of
79 mm”/m?) with a comparable post-operative stay, thereby implying that the proce-
dure can be done in children with very unfavourable anatomy.

8. Summary

Transcatheter RVOT stenting is increasingly preferred over other palliative proce-
dures as aorto-pulmonary shunts have a very unpredictable course post-operatively,
especially neonatal BT shunts. The risks of shunt thrombosis or pulmonary over
circulation can influence the post-operative recovery, shunt leads to disruption and
distortion of the pulmonary arteries which can significantly impact the definitive
repair at a later date. RVOT stenting establishes a more physiological flow to pulmo-
nary arteries and encourages equal growth of small pulmonary arteries providing a
better surgical substrate for subsequent repair.

9. Conclusion

With increasing expertise and modifications like avoidance of long sheath and
reducing procedure time, RVOT stenting is emerging as a safer alternative to other
palliative procedures. However, many centres are opting for early primary repair. The
RVOT stenting procedure is likely to gain more and more acceptance among other
palliative options as the institutes increase their experience.
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of Congenital Malformations
of the Aortic Valve
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Abstract

Congenital aortic valve disease is a life-long condition that can require multiple
interventions. It is one of the most common causes of congenital heart defect, with
bicuspid aortic valve present in at least 1-2% of the general population. Surgical
management of congenital aortic valve disease consists of either valve repair or
replacement. While aortic valve replacement using the Ross procedure can be con-
sidered the gold standard management in the pediatric population, advancements
in aortic valve repair techniques have proved its usefulness as an initial management
approach as it prevents prosthesis-related complications and patient-prostheses mis-
match while the patient grows. Overall, all techniques have their benefits and limita-
tions in terms of growth potential, durability of repair, freedom from reoperation and
anticoagulation, infection risk, and mortality. Each patient will require an individual-
ized judiciously selected management plan to minimize the number of interventions
over their lifetime. The aim of this review is to discuss the merits and drawbacks of
the major techniques currently used in both aortic valve repair and replacement.

Keywords: aortic valve, congenital, Ozaki procedure, balloon valvuloplasty,
surgical valvulotomy

1. Introduction

The appropriate management of patients with aortic valve disease is perhaps one
of the most debated topics. Unlike the mitral valve, management of aortic valve dis-
ease is a more delicate process as poor decisions can lead to chronic strain on the left
ventricle, development of aortic insufficiency, high re-intervention rates, morbidity,
and mortality. For many patients, the first arguable decision is between balloon val-
vuloplasty and surgical repair. Balloon valvuloplasty has evolved over many decades
and is a reliable and straightforward procedure for any patient who needs immediate
relief of a stenosed aortic valve. On the other hand, emerging aortic valve repair
techniques have also shown satisfactory results for the management of aortic valve
disease. However, repairs in severely dysplastic unicuspid and bicuspid valves are still
evolving, and though promising results are seen in some studies, its utility long-term,
especially in the pediatric population, is still unknown. Aortic valve replacement
techniques have also improved throughout the years and have been the method of
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choice for some irreparable dysplastic valves. As more technically challenging repair
and reconstruction techniques are developed throughout the years, it is imperative to
understand if repair or replacement is a better option for certain patient populations.

This chapter will review current literature and attempt to address the following
gaps: 1) Is balloon valvuloplasty or surgical valvulotomy more superior? 2) What
repair techniques are available for management of aortic valve disease? 3) What are
the available options for aortic valve replacement? 4) Is aortic valve repair superior to
replacement, or is it just another way to delay aortic valve replacement?

2. Balloon valvuloplasty vs. surgical valvulotomy

The debate of whether balloon valvuloplasty or surgical valvulotomy is the supe-
rior initial management for aortic stenosis remains controversial. In balloon valvulo-
plasty, it is imperative to balance reducing the aortic valve gradient while limiting the
amount of aortic regurgitation produced [1]. The challenge interventionalists face is
having to make the decision of leaving a patient with residual aortic stenosis (AS) or
acute aortic regurgitation (AR) when an ideal outcome is not possible. Both outcomes
can pose as risk factors for poor long-term results and further reinterventions [2]. On
the other hand, surgical valvulotomy for aortic stenosis is an emerging approach with
continuous technique improvements to decrease mortality. However, it is not offered
at many institutions as it can be technically challenging, especially for neonates.
Hence, it is important to analyze the outcomes for both techniques in terms of the age
of presentation — critical neonatal aortic stenosis vs. noncritical aortic stenosis.

2.1 Critical aortic stenosis of neonates

Patients under one month of age with aortic stenosis are classified as having criti-
cal neonatal aortic valve stenosis [1]. These patients are usually symptomatic, ductal
dependent for survival, and have other associated cardiac congenital anomalies [3].
Most patients will have a smaller valve annulus with either a bicuspid or unicuspid
aortic valve, although many are too dysplastic to differentiate [1, 3].

Balloon valvuloplasty has been the preferred method for the management of criti-
cal neonatal aortic valve stenosis for many decades. When balloon valvuloplasty is
performed on patients with bicuspid or unicuspid valves, the tendency to cause a tear
in the fused leaflet is high, causing prolapse of the leaflet, regurgitation, and a need
for further intervention [4]. Hence, improvements in surgical valvulotomy techniques
have raised the question of which is the superior management option for this patient
population.

Donald et al. reviewed literature comparing the outcomes of both approaches
in neonates and concluded that mortality is higher for balloon valvuloplasty (56%)
compared to surgical valvulotomy (19%). They also concluded that undergoing
either procedure during the neonatal period is a risk factor itself for poor outcomes
[5]. A similar conclusion was reached by Siddiqui and colleagues who reported that
for the group who underwent surgical valvulotomy, freedom from reintervention at
10 years for neonates and infants was 53.9% and 75%, respectively. Freedom from
reintervention at 10 years for neonates who underwent balloon valvuloplasty was 17%
compared to 50% in infants. They further reported that besides balloon valvuloplasty
and age < 1 month, other factors associated with reintervention include unicuspid
valve morphology, presence of endocardial fibroelastosis and presence of an atrial
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septal defect [6]. Zain et al. compared both approaches by performing a retrospective
analysis on 25 neonates who underwent both balloon valvuloplasty and surgical val-
vulotomy. The majority of patients had a bicuspid aortic valve morphology, and one
patient had unicuspid aortic valve morphology. Like the previous studies, they also
concluded that patients who underwent balloon valvuloplasty had a higher reinter-
vention rate. When comparing other long-term results like development of moderate
to severe aortic regurgitation, balloon dilation was still the inferior option [7].

There are other studies that focused on the outcomes of balloon valvuloplasty
mentioning neonatal intervention as a risk factor for mortality and high reinterven-
tion rates [1, 8-11]. However, many of these studies included patients before the year
1998, when the Norwood procedure was introduced. When excluding patients after
the year 1998, mortality from balloon valvuloplasty decreased significantly. Another
limitation that is not always mentioned in these studies, especially in retrospective
studies, is that neonates who underwent balloon valvuloplasty tend to be more com-
plex or ill at the time of intervention, hence resulting in a biased comparison [12].

Surgical repair techniques for aortic stenosis can range from a simple blade com-
missurotomy, to leaflet reconstruction with pericardial patches [13]. Although tech-
niques for the repair of critical neonatal aortic stenosis are evolving, this approach is
not adopted at many centers and most still prefer balloon valvuloplasty as the initial
palliative method of choice [14]. In patients with tricuspid aortic valve morphology,
most repairs consist of a simple blade commissurotomy where the extent of repair is
largely within the surgeons’ control [7, 15], unlike balloon valvuloplasty which is a
blind technique, and the degree of damage is unknown at the time of intervention [7].
Some have argued that leaflet debridement should also be done for better long-term
results during the surgical procedure [6, 14, 16]. For bicuspid and unicuspid aortic
valves, surgical repair techniques are more complex as they can range from simple
repairs or complete reconstruction of the aortic valve. Repair techniques will be
discussed in a later section.

Alexiou et al. analyzed 18 neonates who underwent open valvulotomy for critical
isolated aortic stenosis and concluded that operative mortality for surgical repair in
this patient population has been decreasing over time as repair techniques improve.
They performed simple commissurotomy to the aortic annulus and also excised
obstructive nodules on the aortic valvular surfaces if present. Patients with bicuspid
aortic valve morphology were not converted to tricuspid morphology. This study
yielded excellent results where there was no early mortality and freedom from aortic
reintervention was 85% at 5 years. However, the sample size was small and the study
excluded patients with complex repairs [15]. Hraska and colleagues agreed with the
previous study and stated that surgical valvulotomy in neonates can produce pre-
dictable and reliable long-term results for any valve morphology. They analyzed 34
neonates with various valve morphology and achieved a 100% freedom from aortic
valve replacement at 20 years for patients with tricuspid valve morphology. They con-
cluded that the underlying morphology and function of the LV are more important
compared to the method of repair for determining outcomes. However, the long-term
preservation of an acceptable function of the native aortic valve seems to depend on
the method and the cusp anatomy. They believe that it is important to achieve tricus-
pid morphology in a dysplastic trileaflet valve during the repair for a better outcome,
but valve reconstruction into a tricuspid morphology from a bicuspid or unicuspid
morphology will not yield the same result [16]. Vergnat and colleagues adopted a
2-step approach for 103 neonates with critical neonatal aortic stenosis. It consists of
leaflet remodeling and apparatus rehabilitation, and an attempt to achieve a tricuspid
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arrangement without leaflet reconstruction. They also highlighted the importance of
leaflet debridement, which is only possible with surgical repair, to preserve the native
valve as balloon dilation resulted in early stenosis [14].

In summary, although preliminary results seem to favor surgical repair of criti-
cal neonatal aortic stenosis, there are many other factors to consider. Patients in
this population are often very ill and require immediate intervention for survival.
This would have contributed to the high mortality rate for balloon valvuloplasty.
Additionally, in most studies where the surgical repair was possible, they usually con-
sist of simple surgical techniques like commissurotomy and debridement. Complex
repairs are technically demanding and rarely performed in neonates and infants.
Therefore, a non-bias method is needed to accurately compare the two approaches.
This will be difficult as every patient presents differently and will have specific needs
[16]. In terms of replacement options in this population, the Ross—Konno procedure
may be the only option because of the small aortic annulus [17]. The Ross procedure
will be discussed in a later section.

2.2 Noncritical aortic stenosis

Patients who present after the neonatal period generally have fewer dysplastic
valves and adequate aortic annulus size, making surgical repair more feasible [3, 18].
Similar to critical aortic stenosis, surgical repair seems to be preferred in this patient
population.

Hill and colleagues performed a meta-analysis to compare both techniques and
reported that most literature either determined surgical valvulotomy as the more
superior method or found no difference between the two. The meta-analysis consisted
of 2368 patients with mean age of 2.9 months. Overall, at 10 years, the survival rate
was 87% for balloon valvuloplasty and 90% for surgical valvulotomy. There was a sig-
nificant difference for freedom from reintervention at 10 years, with balloon valvu-
loplasty at 46% and surgical valvulotomy at 73%; however, no significant difference
for freedom from replacement was found. In a subgroup analysis for infants <1 year of
age, the results were similar and only differences for freedom of reintervention were
found with balloon valvuloplasty at 40% and surgical valvulotomy at 60% [19].

Brown et al. also concluded that surgical repair is the superior option after per-
forming analysis on 158 patients older than 2 months of age. They reported that the
surgical method resulted in greater gradient reduction and significantly less regur-
gitation. There was also a longer interval for reintervention for the surgical approach
[18]. Brown et al. performed a retrospective analysis on 509 patients who underwent
balloon valvuloplasty and concluded that patients older than 11 years of age have an
increased risk of developing moderate to severe aortic regurgitation after balloon
valvuloplasty [20]. Hence, it appears there may be certain age groups where balloon
valvuloplasty should be avoided to minimize the possibility of reintervention.

Overall, it appears that surgical repair is superior to balloon valvuloplasty for
patients with noncritical aortic stenosis by comparing freedom from reintervention
rates. However, without standardization for the definition of successful management,
thresholds for reintervention and replacement, or ballooning and repair techniques,
it is difficult to compare the two modalities accurately without biases in both critical
and noncritical aortic stenosis patients. Furthermore, most studies cover a diverse age
group, span over different amounts of follow-up time, or cover different time periods,
making the comparison even harder [5, 11, 12]. Since each patient’s anatomy, physiol-
ogy, and age of presentation are different, the management plan should be tailored for
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each individual to minimize complications [7, 9]. A successful outcome also depends
on the options available and skills of the surgeons and interventionalists [9].

Balloon valvuloplasty has improved and become safer over the past decade [9].
Having a standardized progression may be helpful for this blind technique in mini-
mizing complications. Porras et al. performed a study to investigate the utility of a
Standardized Clinical Assessment and Management Plan (SCAMP) algorithm for
the management of congenital aortic stenosis. They used the cut-off of <35 mmHg
residual aortic stenosis and the degree of aortic regurgitation present after each
ballooning to determine the option for further intervention. Following the algorithm,
they managed to ensure that all patients achieve a final gradient of <35 mmHg with-
out causing greater aortic regurgitation after the ballooning procedure [21]. However,
it is worth noting that the study sample size only consisted of 23 patients and 92
controls, and follow-up duration was only 10 years.

There are other studies that agree with Porras et al. that acute residual aortic
stenosis gradient and post-dilation aortic regurgitation were factors most strongly
related to the decision for long-term aortic valve replacement [2, 10, 12, 20]. Rao
and colleagues concluded that the most important factors leading to restenosis are
immediate post-valvuloplasty aortic valve stenosis and patients <3 years of age at
the time of procedure. They also commented that many studies found a linear rela-
tionship between follow-up time duration and post-procedural aortic insufficiency,
however, no definite causative factors were found [12]. Brown et al. also concluded
that a residual aortic stenosis gradient of <35 mmHg was associated with greater
freedom from aortic valve replacement and stated that having a lower aortic stenosis
gradient might be more important than ensuring minimal aortic regurgitation [20].
However, Sullivan et al. disagreed and reported that acute post-procedural aortic
regurgitation is associated with a greater risk instead. They discovered that patients
with moderate or severe acute aortic regurgitation post-procedure with residual aortic
stenosis gradients <30 mmHg had three times greater long-term risk for aortic valve
replacement compared to those with mild or less aortic regurgitation and > 30 mmHg
residual gradient. However, they did note that the study population consisted of more
neonates, and age could be a modifier [2].

Since reinterventions and replacement might be inevitable due to recurrent
stenosis or progressive aortic regurgitation [11, 22], balloon valvuloplasty can be
considered as an initial palliative option for ill patients [7 11]. Zain et al. proposed
that balloon valvuloplasty should be done for bicuspid valves with equal size leaflets,
while surgery should be reserved for thick, nodular dysplastic valves or unicuspid
valves with small aortic annulus to prevent the need for multiple interventions [7,

11]. Ballooning in highly dysplastic valves distributes circumferential force unevenly,
causing tears in the weakest part of the aortic valve and may therefore disrupt the
cusps unevenly leading to poorer outcomes [11, 18]. On the other hand, surgical
repair allows for direct inspection of the valve where surgeons can have better control
of the extent of commissurotomy and more precise repair [7, 15]. Nonetheless, repeat
balloon valvuloplasty should still be considered as the first option in most patients
after restenosis as it can still yield excellent results [12].

3. Aortic repair

Many aortic repair techniques have evolved since their first introduction resulting
in improved mortality and reintervention rates. However, its place in the management
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of patients with aortic valve disease is still controversial. Another big debate is
whether aortic repair or replacement is superior, despite most agreeing that aortic
valve replacement is inevitable in patients with congenital aortic valve disease.

The aortic repair can range from simple techniques such as commissurotomy to
complex ones such as aortic valve neocuspidization. To perform a precise aortic valve
repair, it is imperative to understand that the aortic valve operates as a unit consisting of
the ventriculo-aortic (VAJ) and sino-tubular junction (STJ). These provide a framework
for a functional annulus and cusps (Figure 1). Hence, both the annulus and cusps need
to be considered at the time of surgery to ensure a proper repair [4, 23-26]. The ideal
goal of any aortic valve repair is to restore the leaflets and functional aortic annulus to
their normal geometry while ensuring normal mobility of the valve cusps [24].

A repair-oriented functional classification was developed to improve understanding
of the pathophysiology and communication between physicians [27, 28]. With this clas-
sification, an algorithm can be established to guide physicians to the correct procedure.
Type 1 refers to defects in the functional annulus, and it is divided into several subtypes.
Type la refers to dilation in the STJ and ascending aorta, type 1b indicates dilation is in
the STJ, sinuses of Valsalva, and the VAJ, and lastly type 1c refers to pure dilation of the
VAJ. Depending on the subgroup, the regurgitant jet differs and physicians will be able
to determine the type of annuloplasty that is appropriate [24, 26-30]. Type 2 refers to
aortic insufficiency caused by cusp prolapse due to excessive motion of the aortic cusps
[24, 26-28]. These are generally managed by resuspension, free margin plication, or
triangular resection techniques [27-29]. Lastly, there is type 3 aortic insufficiency where
cusp motion is restricted, possibly due to thickening and fibrosis. This is potentially the
most challenging pathology for repair procedures as an additional patch augmentation
is frequently needed which can result in structural degradation [24, 26-28, 31]. Other
aortic valve pathologies that are not classified are cusp perforation and aortic stenosis.
Cusp perforations are generally repaired directly with a patch [28]. Materials for leaflet
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Figure 1.
Anatomy of the aortic valve.
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and patch repair will be discussed in a later section. Aortic stenosis is commonly man-
aged with commissurotomy [29] or reconstruction, depending on the complexity, if the
repair route is chosen.

Since bicuspid aortic valves are the most prevalent aortic valve disease, these are
also the most commonly repaired morphology [29]. They often present with defects
that are combined from the subgroups listed above, with the most common being
prolapse of the fused cusp with dilation in the annulus [24, 28, 32]. Cusp configura-
tion of bicuspid aortic valves uses a different classification first proposed by Sievers
and Schmidtkes (Table 1). The most common, type 1, refers to a bicuspid valve with
a median raphe and asymmetrical aortic sinuses, and type O refers to a symmetrical
bicuspid valve with no raphe present [24, 27]. Repairs for type 0 valves are usually
straightforward and performed in a similar fashion to tricuspid valves, where the
nonprolapsed cusp is used as the reference height for plication or resuspension. In
type 1 repairs, patch augmentation may be required depending on the amount of
native cusp tissue left after shaving or debridement [24]. For patients where annulus
dilation is present, a valve-sparing reimplantation technique for annuloplasty might
be preferred as it carries less risk for recurrent dilation. Although reimplantation is a
more technically challenging procedure, compared to a subcommisural annuloplasty,
both techniques are similar in terms of morbidity [24, 33]. Hence, surgeons who
have the expertise should consider performing valve-sparing implantation for better
long-term outcomes. The overall goal in the repair of bicuspid valves should meet
the following two criteria to ensure an optimal aortic root geometry: 1) the basal ring
diameter should be reduced to less than 25 mm, 2) effective cusp height should be
restored to above 8 mm. This will lead to better long-term valve stability and mini-
mize degradation rate of the tissues [28].

Unicuspid aortic valves were previously classified under the Sievers classification
for BAV as Type 2 due to the presence of two raphes; however many now consider it
as a separate entity due to its unique anatomy [32, 34]. There are two main types of
unicuspid aortic valves — either unicommissural (most common) where an eccentric
slit-like orifice is present with one commissural attachment, or a commissural where
there is a pinhole orifice with no commissural attachment [34-37]. Management of
unicuspid aortic valve remains a challenge since patients often have dysplastic and
severely calcified cusps with no functional native tissue [28]. Therefore, the aortic
replacement has been the main method of management for a unicuspid aortic valve
for many decades; however, more are turning to repair first and delaying replacement
to prevent complications from valve replacement [38].

Sievers and Schmidtkes classification

Types Type 0 Typel Type 2 (unicuspid)
Number of raphes 0 1 2 or more
(shown as dotted
lines)
o
Table1.

Sievers and Schmidtkes classification for bicuspid aortic valve.
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3.1 Bicuspidization

Schifers et al. proposed the first unicuspid aortic valve bicuspidization repair
technique which consisted of a reconstructive approach for unicommissural unicus-
pid aortic valve with aortic regurgitation or dilatation [34, 36]. The technique utilized
stay sutures on the commissure with normal height, as well as one placed at the same
height above the rudimentary anterior commissure to indicate the location of the
new commissure. The fused cusp tissue was then incised anteriorly. Glutaraldehyde-
treated autologous pericardium was then used to fill the gap between the rudimentary
cusp and new commissure, and also for the defect of the fused cusp so that it is in the
position of the rudimentary cusp [36]. This ultimately leads to a standard asymmetric
BAV configuration with 2 normal commissures [34]. The key parameter in this repair
was an effective cusp height of 8 mm in pediatric and 10 mm in adult repairs to ensure
a near-normal geometry to guarantee consistency and reliable results. The technique
was performed on 20 patients with a mean age of 26. Schafers et al. reported good
initial functional results with satisfactory hemodynamics post repair. At 4 years
following repair, freedom from moderate or more aortic regurgitation was 77%,
freedom from reoperation was 67%, and freedom from aortic valve replacement was
100%. However, the durability of autologous pericardium for cusp extension was not
explored in this study. Furthermore, due to the short follow-up period, cusp configu-
ration as a patient grows is also unknown [36].

Aicher et al. investigated hemodynamic effects and overall stability differences
between the asymmetric reconstruction technique proposed by Schafers et al. pre-
viously, and a similar symmetric bicuspidization cusp reconstruction. The study
consisted of 118 patients at a mean age of 27 years with either aortic stenosis, aortic
regurgitation, or both. Glutaraldehyde-treated autologous pericardium was used
for both groups, and both the effective and geometric heights were kept consistent
at 10 mm and > 20 mm, respectively. Overall, there was no significant difference in
reoperation rates between the configurations; however, the symmetric configuration
yielded better hemodynamics with lower mean and peak gradients, especially during
exercise [39]. Furthermore, Aicher et al. and Franciulli et al. combined the repair
technique to include root remodeling to address aneurysm of ascending aorta and aor-
tic roots which occur commonly in the unicuspid aortic valve. Dilation of the VA] had
previously been identified as a risk factor for repair failure [40]. Both studies reported
improvement in the durability comparted to isolated aortic valve repair. Additionally,
Franciulli et al. reported postoperative hemodynamics similar to age-matched patient
population with tricuspid aortic valve.

Kolesar et al. extended the symmetrical cusp repair technique to 17 patients with
stenotic unicuspid aortic valve and a mean age of 23 years. They also agreed on the
importance of ensuring a standardized cusp effective height to minimize the risk of
reoperation. Kolesar and colleagues also performed open extra-aortic ring implanta-
tion using a Dacron tubular graft in patients with annulus >25 mm, given the high
risk of aortic annulus dilatation in unicuspid aortic valve. They reported that per-
forming a ring annuloplasty in valve-sparing aortic valve repair significantly increases
freedom from valve-related reoperation and freedom from moderate or worse aortic
regurgitation. Freedom from valve-related reoperation was 100%, although the
follow-up period was too short (about 2 years). Similar to the previous studies, they
also highlighted the importance of creating a symmetrical orientation with the new
commissure. One difference between the repair techniques proposed by Kolesar and
Schafer is that Kolesar used equine pericardium instead of autologous pericardium.
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Despite this, Kolesar reported no statistically significant difference in freedom of
reoperation between the two patch materials [37].

Matsushima et al. [41] proposed that management of unicuspid aortic valve,
whether aortic stenosis or regurgitation, should be a three-stage approach - firstly,
balloon aortic valvulotomy during infancy or neonatal period, then bicuspidization
with cusp augmentation, and lastly aortic valve replacement mainly with a pulmo-
nary autograft later in life if needed. They also used a symmetrical bicuspidization
technique and involved 60 patients who are 18 years old or younger in the study.
These authors reported an overall survival of 96% at 5 and 10 years. However, 33%
of patients required aortic valve reoperation, mainly due to patch degeneration. The
authors also agreed with Kolesar et al. that an external suture annuloplasty is neces-
sary during the repair to improve cusp coaptation, reduce cusp stress and prevent
suture dehiscence especially if the aortic root is dilated.

The authors also noted that bicuspidization using their technique can be done
even after a balloon aortic valvuloplasty is performed during neonatal period. Their
repair technique can tolerate cusp tear which occurs commonly during balloon
valvuloplasty. Therefore, initial balloon valvulotomies are not a contraindication for
their bicuspidization cusp repair technique. In balloon dilation for unicuspid aortic
valve, tears commonly occur opposite to the normal commissure, which in this case is
removed for this bicuspidization technique, hence avoiding the controversial debate
on initial management plan [41]. They utilized three different patch materials for
cusp augmentation — glutaraldehyde-treated autologous pericardium, decellularized
xenogenic tissue, and expanded polytetrafluoroethylene (ePTFE) membrane. For
each material, freedom from aortic valve reoperation using autologous pericar-
dium was 72% and 52% at 5 and 10 years respectively. 50% of patients with ePTFE
membrane required aortic valve reoperation later in life; however, this sample size
was small (2 out of 4 patients). None of the patients with decellularized xenogeneic
tissue required aortic valve reoperation. They concluded that each patch material
had its own limitations. For example, patch augmentation with glutaraldehyde-fixed
autologous pericardium was more prone to patch degeneration, and suture dehiscence
was more commonly seen when using the ePTFE membrane. Overall, decellularized
xenopericardial patch yielded the best durability, however, a longer follow-up period
is required to compare appropriately with autologous pericardium [41].

Other studies have also investigated the utility of different materials in aortic valve
repair of various valve morphology. Nezhard et al. compared the repair of various
aortic valve malformations with either bovine or non-treated autologous pericardium.
They concluded that non-treated autologous pericardium was preferred in easy and
less technical repairs, such as perforation patching, and the bovine pericardium
was preferred in complex repairs or when autologous pericardium was not avail-
able. Overall, the bovine pericardium is comparable with autologous pericardium,
however, it still does not compare with native valve tissue and should be avoided if
possible [42]. Nordmeyer et al. investigated the durability of decellularized bovine
pericardial patch material for aortic valve reconstruction. Despite the reported advan-
tages of the material and excellent short-term results, the authors disagreed with
Matsushima and reported concerns regarding long-term durability of the material.
Patients with decellularized bovine pericardial patches had thickened leaflets with
reduced mobility at 3 years and required further reintervention. Therefore, the search
for an optimal patch material is still ongoing [43].

Si et al. addressed the issue of patch degeneration by proposing a bicuspidiza-
tion unicuspid aortic valve repair with primary leaflet reconstruction and geometric
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annuloplasty ring repair. They studied patients with aortic regurgitation and
attempted to create cusps using primarily the patient’s native leaflet tissue. Using
this technique supported with an appropriately sized annuloplasty ring, they created
cusps with equal free-edge length, geometric, and effective heights. The authors
reported excellent results and concluded that most unicuspid aortic valve variations
can be repaired using this standard technique. However, the study was limited due
to its small sample size and short follow-up durations. More importantly, the repair
technique was limited by the smallest available ring size, which is currently around
19 mm, making the technique inappropriate for repair in infants or children [44].

3.2 Tricuspidization/reconstruction

A recently emerging repair technique for unicuspid, as well as bicuspid aortic
valves, is tricuspidization by reconstructing all three leaflets [45]. Reconstruction of
aortic valves was first proposed by Duran et al.; these authors reported 51 patients
with a mean age of 31.2 years who underwent reconstruction of all three leaflets using
a single strip of rectangular glutaraldehyde-treated autologous pericardium [46].
Despite some success, the authors concluded that a standardized procedure is needed
to ensure technique reproducibility and that further research is needed to determine
the best material for reconstruction [46]. Most recent literature includes various valve
morphologies in their studies, with the majority being bicuspid aortic valves.

Ozaki et al. proposed another technique that consisted of the reconstruction of
each leaflet independently using glutaraldehyde-treated autologous pericardium [47].
This technique is also known as aortic neocuspidization (AVNeo). Since the technique
involves complete resection of all three dysplastic leaflets, it can be applied to any
congenital aortic valve malformation, even when root reimplantation is required in
patients with annulo-aortic ectasia [47]. The authors performed this technique in
over 404 patients with unicuspid, bicuspid, tricuspid, and quadricuspid aortic valves.
They believe that an aortic valve should be considered as a collection of different-size
cusps, and by measuring the distance between the commissure, one should be able
to determine the area of each cusp and perform individual cusp reconstruction. With
this technique, reconstruction can more effectively preserve the natural motion of the
annulus and the coordination between the structures surrounding the aortic valve. At
4 years of follow-up, the survival rate was 87.7% and freedom from reoperation was
96.2% [48]. In another study, Ozaki and associates focused the technique on bicuspid
and unicuspid valve morphology in patients under 60 years and noted commendable
hemodynamics in all patients, especially those under 40 years. There were also no
signs of calcification, as well as natural motion of all three cusps [49]. Ozaki and col-
leagues later updated their procedure, and the biggest change was seen in the repair of
patients without trileaflet aortic valves. They decided that tricuspidization with three
equal-size cusps was preferred for an even movement of the cusps [50].

Previously, AVNeo was performed largely in the adult population, where the
predominant pathology was acquired calcific aortic stenosis associated with bicuspid
valves. In the pediatric population, patients who require further intervention usually
are diagnosed with congenital aortic valve stenosis and have previously undergone
balloon aortic valvuloplasty resulting in regurgitation. Therefore, since AVNeo
requires excision of all leaflets, it is applicable in most pediatric patients as well [45].
The AVNeo procedure was reproduced by Baird and colleagues on the pediatric
population with a variety of congenital aortic valve morphologies. Due to the preva-
lence of bicuspid and unicuspid valve morphology in the pediatric population that
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required intervention, the authors noted technical differences in the pediatric popula-
tion when creating the 3 equal leaflets. They also highlighted a need to augment the
noncoronary sinus leaflet to accommodate 3 equal leaflets creating similar annular
and STJ, given the small aortic valve dimensions [51]. Overall, they found satisfactory
post-reconstruction hemodynamics and the possibility for annular growth. They also
concluded that the Ozaki procedure is promising for pediatric patients, however, it
can be technically challenging in patients with smaller aortic annuli and roots and
should only be performed by experienced surgeons [45]. Wiggins and associates also
utilized AVNeo, as well as a single leaflet reconstruction technique for tricuspidiza-
tion in pediatric patients who were unable to undergo either a mechanical replace-
ment or the Ross procedure. They were able to successfully perform the procedure in
patients with annular sizes as small as 6.7 mm with resultant favorable post-surgical
hemodynamics. The authors also commented on the benefit of increased free margin
length in AVNeo, and the advantages of preserving annular hemodynamics to allow
growth and further reconstruction surgeries if required [22].

3.2.1 Reconstruction materials

Another controversial topic in the reconstruction of aortic valves is the preferred
material for the AVNeo procedure [45]. While autologous pericardium is the most
widely used for the procedure due to its availability, convenience, and low cost [4, 52].
Recent studies have shown it to be less favorable due to its poor biomechanical proper-
ties, high rates of calcification, and lack of growth potential [4, 45, 51].

The autologous pericardium has been considered the “gold standard” material
for aortic valve repair and reconstruction for many decades. Treatment with glutar-
aldehyde produces autologous pericardium that is more resistant to retraction and
degeneration [52]. It can also increase the tensile strength to four times greater than
noncalcified native aortic leaflets [50]. However, varying reoperation rates rang-
ing from 15 to 33% have been reported in different studies. Many previous studies
focused on the durability of glutaraldehydetreated autologous pericardium in AVNeo
performed in the adult population, but its durability in younger patients has not been
studied and needs to be further investigated since there is an increased risk of degen-
eration [22].

The first studies investigating materials for aortic valve reconstruction were by
Duran et al., where they compared bovine and autologous pericardium. They deter-
mined that autologous pericardium was more favorable as it did not show fibrocalcific
deterioration, unlike bovine pericardium. They also concluded that the durability of
pericardium will depend on its implanted position and the pretreatment process [53].

Several types of treated bovine pericardium have since been introduced for valve
leaflet reconstruction. An example is CardioCel®, where bovine pericardium is treated
with glutaraldehyde, as well as by further anti calcification tissue-engineering tech-
niques, prior to reconstruction [45, 51]. Mazzitelli and colleagues utilized CardioCel®
for three pediatric AVNeo procedures and reported that there were no reoperations at
early follow-up [54]. Despite promising results, long-term follow-up is not available and
is needed due to concerns about developing calcification [22, 45, 51]. Another example
is the Photofix®, a bovine pericardium that undergoes photo-oxidation fixation.
Compared to the glutaraldehyde-treated bovine pericardium, it is more resistant to
calcification and inflammation, making it a more durable option. However, Photofix®
showed signs of annular separation that are of concern [45, 51]. Lastly, there is also the
Matrix®, an untreated equine pericardium, which has shown satisfactory preliminary
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results. Furthermore, its thin thickness may be advantageous for smaller pediatric
patients [45]. Another interesting theory that is yet to be explored is the remodeling
characteristics of extracellular matrix scaffolds. It has been proven in some tissues that
degradation occurs due to host remodeling responses to naturally occurring biologic
extracellular matrix scaffolds. Hence, durable valve leaflets can potentially be produced
if extracellular matrix scaffolds are seeded with mesenchymal stem cells to be differen-
tiated into valve leaflets. However, this theory has yet to be proven [4].

3.3 Unicuspid aortic valve: bicuspidization or tricuspidization?

In unicuspid aortic valves, it is debatable whether a symmetrical bicuspidization
technique is superior to a tricuspidization method. This may have been related to
the variability in commissural height and interrelation of three coaptation lines in
tricuspid aortic valves [39].

Kawase et al. performed trileaflet reconstruction on 9 unicommissural unicuspid
aortic valve patients. They utilized glutaraldehyde-treated autologous pericardium to
independently construct each leaflet so that coordination of the valve leaflets is maxi-
mized. These authors reported that tricuspidization is superior to bicuspidization as it
produces a longer total length of the free margin of the aortic valve leaflets, resulting
in a better full opening of the aortic valve. However, the study was only performed on
adults with a mean age of 48.9, and the average follow-up time was 18 months. Hence,
alarger and wider study population, and long-term results are needed [38]. Kohei and
associates discussed tricuspidization of 2 patients with unicuspid aortic valves and
performed aortic valvuloplasty and root construction using autologous pericardium
and a prosthetic graft. They agree that bicuspidization is hemodynamically inferior to
tricuspidization as it adds stress to the leaflets and restricts opening. However, long-
term results are also unavailable to determine the durability of this approach [55].
Therefore, it appears that tricuspidization is an area of repair that yet to be explored
for unicuspid aortic valve repair. Both studies discussing tricuspidization techniques
were performed on adults with a small sample size, hence durability results in pediat-
ric population and long-term results are lacking.

4. Aortic valve replacement

Before the emergence of surgical repair as an option to delay aortic valve replace-
ment, the common management plan for most patients with isolated aortic stenosis
was to perform balloon valvuloplasty until a replacement is needed. Isolated aortic
valve replacement is generally associated with low mortality and morbidity especially
if performed worsening the myocardial function [56]. However, the decision of which
type of aortic valve replacement to choose is complex as it depends on many factors
such as patient characteristics, medication compliance, access to care, etc. [57]. In
younger patients, it is important to choose a valve replacement that is resistant to
degeneration, infection, and has growth potential [56]. Whereas, in the older popula-
tion, the priority lies in minimizing the need for anticoagulation due to potential
thromboembolism complications [57, 58].

Tissue aortic valves can be either bioprosthetic with bovine or porcine valves,
homografts, or allografts. They are generally preferred in older patients due to their low
thromboembolism risk [57-59]. However, tissue valves are prone to a high risk of degen-
eration and structural failure which translates to high reoperation rates [56, 59-62],
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hence their use needs to be carefully evaluated [58]. Additionally, they often come in
sizes larger than 19 mm, lack growth potential, and are prone to patient-prosthesis
mismatch (PPM) as the recipient grows. One of the few pediatric populations, where
tissue replacement can be considered is teenage females who wish to be pregnant in
the future due to lack of anticoagulation. However, if accompanying conditions such
as atrial fibrillation, previous emboli, or an enlarged left atrium are present, the need
for anticoagulation may still be warranted [56, 58, 62, 63]. Homografts may sometimes
be available in smaller sizes suitable for younger children, and they are associated

with excellent hemodynamics. They are also resistant to infection, which makes them
preferred for patients with invasive endocarditis. However, the limitation of rapid valve
deterioration leading to recurrent stenosis and regurgitation outweighs these benefits,
hence its use is often discouraged [61].

The most attractive aspect of mechanical aortic valves is its superb durability.
However, its biggest drawbacks are the need for anticoagulation which can signifi-
cantly impact quality of life, and the lack of growth potential [58, 64, 65]. In older
patients, this can lead to drug interactions and increased thromboembolic risks.

In children, there can be possible compliance issues and difficulty with activity
restraints, though children seem to have an overall lower risk of bleeding and throm-
boembolism [58]. Newer generation mechanical valves have been explored to prevent
the need for warfarin and an INR goal >2.5, however, eliminating anticoagulation
completely is still unattainable in mechanical valves [57]. In children with mechanical
valves, the use of antiplatelet drugs instead of warfarin for anticoagulation can be
considered [63]. Reoperations are uncommon in patients who have received mechani-
cal valve replacements, and they are mainly due to PPM or subvalvular obstruction,
both more prevalent in the younger recipients [58, 61, 64]. Overall, the freedom from
reoperation for this subgroup is over 92% at 20 years in both adults and children [64].

The Ross procedure utilizes the patient’s own pulmonary valve to replace the dis-
eased aortic valve and a tissue valve for the pulmonary valve [59]. Though this proce-
dure is more technically demanding than the other replacement methods, it produces
better hemodynamics, fewer complications, and allows growth potential in the aortic
valve [58, 59, 66]. Since the pulmonary autograft is relatively resistant to calcification
or degeneration, trans-valvular gradients mostly remain unchanged from the immedi-
ate post-operative period. Additionally, having better post-replacement hemodynam-
ics places less strain on the left ventricle, overall resulting in improved mortality [59].

The biggest disadvantage to this approach is that it results in a double valve disease
where both valves will be at risk for reoperation and degeneration [60]. Some argue that
most reoperations after a Ross procedure occur on the pulmonary conduit [60, 67], and
this results in a higher total reoperation rate if both valves are considered, compared to
mechanical replacement [60, 66, 68]. Many alternatives for the pulmonary valve have
been investigated but none were superior to a homograft. The only exception was in
young infants since homografts have poor durability [66].

The preferred age groups for the Ross procedure are older children and young
adults, especially those with normal-sized aortic annulus due to procedure complex-
ity [65, 66]. Infants less than age 1 generally have a high mortality rate of up to 20%,
but this decreases as patient age increases and falls to almost 1% for children above
1 year old [58, 60, 69]. It is also important to note that patients who require the Ross
procedure as an infant generally have critical stenosis with failed previous repair or
balloon valvuloplasty which may have contributed to the high mortality [69]. Besides
mortality, pulmonary valve reoperations were also reported to be higher in neonates
and infants compared to older children [60, 69].
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The most common complication of the Ross procedure is aortic root dilation
causing regurgitation [58, 70]. Reoperation rates due to dilation can range from 8 to
30% within 10 years after surgery [66, 70]. Several methods to prevent dilation and
improve durability have been explored. The most common strategy is to place exter-
nal support, using either a Dacron (DuPont, Wilmington, DE) graft or a Gelweave
(Vascutek Ltd., Renfrewshire, United Kingdom) sinus of Valsalva graft around the
aortic root. Excellent results have been reported for this technique - freedom from
dilatation for standard Ross at 3 years was 52%, and is 90% for supported Ross
[58, 66, 68, 71, 72]. External stabilization using a strip of Daron at the STJ has also
been explored and is considered a standard Ross procedure in some institutions
for older children [66, 73]. Another common approach is to wrap the native aortic
root around the pulmonary autograft for extra stabilization [70, 71]. However, this
approach is limited by the size of the aortic root. In patients with bicuspid aortic
valve and aortic insufficiency, their aortic roots are usually already dilated and
hence will be unable to provide adequate support. On the other hand, patients with
bicuspid aortic valves with aortic stenosis tend to have small aortic roots which are
not feasible for this method of stabilization [73].

Despite promising results with different supported Ross procedures, these stabi-
lization techniques should only be used for older children or young adults because
it eliminates the growth potential which is a crucial benefit of the Ross procedure as
areplacement option [14, 68, 71-73]. A new supported Ross technique with Konno
annular enlargement using a subcoronary technique has been explored to extend the
procedure to younger children. However, this procedure becomes extremely compli-
cated, and long-term results are needed to prove its durability [72].

Between tissue and mechanical aortic valve replacements, mechanical replace-
ments seem superior overall. Tissue valves do not require anticoagulation and can be
available in smaller sizes; however, their high rate of valve degeneration and reinter-
vention makes it a poor valve replacement option for young patients. On the other
hand, mechanical valves have better durability and higher freedom from reoperation
rates [64, 69]. Despite better long-term benefits, its impact on quality of life due to
anticoagulation needs to be evaluated when considering this replacement option.

Both tissue replacement and the Ross procedure share similar immediate
post-operative hemodynamic and are both resistant to infections. Furthermore,
they are both available in small sizes and do not require anticoagulation. In terms
of surgical technicality, tissue replacements are generally easier since it does not
involve the pulmonary valve. However, tissue valves are associated with rapid
valve deterioration, resulting in higher mortality and reoperation rates. Therefore,
though it can be an option if resources are available, it is less preferred in the
younger patients [59, 60, 69, 74].

Overall, there is no statistically significant difference in reoperation rates between
mechanical replacement and the Ross procedure [65, 69]. However, surgeries involv-
ing the mechanical valve are less complicated since it does not involve the pulmonary
valve or the aortic root procedures [64]. The Ross procedure may have superiority
since it allows for growth potential and does not involve anticoagulation, resulting in
more favorable cardiac and valve-related mortality [59, 60, 65, 69]. Nonetheless, it is
difficult to compare these two approaches since the Ross procedure is usually per-
formed on younger patients for congenital causes, whereas the mechanical replace-
ment is favored in older patients with connective or rheumatic tissue pathologies, or
preoperative aortic regurgitation [75].
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Ultimately, all approaches to replacement have their own risk and benefits. To
properly evaluate the best option, it is important to first consider the age of the
patient, the need for growth potential, and the possible need for reoperations in the
future. The second important point is then to assess for possible complications and
comorbidities.

4.1 Repair vs. replacement

The topic of whether aortic valve repair or replacement is the preferred approach
to the management of aortic valve pathology is again controversial. Both aortic valve
repair and replacement have produced similar results and shown their respective ben-
efits and limitations [76]. Many institutions have started to express their preference
to repair valves and delay replacement for as long as possible. Burrato and associates
noted an increase in durability when the Ross procedure is done as a reoperation after
valve repair and attributed this to the presence of postoperative scarring aiding in
natural stabilization [77]. Similarly, favorable results were also reported by Popov
et al. regarding mechanical valve replacement after previous repair [61].

There are subgroups of patients in whom repair has been shown to be a superior
approach to replacement. Etnel et al. performed a meta-analysis and concluded that
replacement is a suboptimal option in the pediatric population [60]. Generally, the
repair is preferred in younger patients as it allows for growth potential, where most
replacement options are unable to accommodate growth and will require multiple
reoperations. Repair also avoids anticoagulation complications and activity restric-
tions [23, 78]. Danial et al. compared repair and the Ross procedure and concluded
that both options were similar in terms of mortality and freedom from reintervention.
However, aortic valve repair pulled ahead in terms of surgical morbidity and compli-
cations. They also noted that in patients who require immediate intervention, repair
with a patch is the preferred option since it yields better short-term outcomes [64].

It is important to note that both young age and unicuspid valve morphology were
identified as the greatest risk factors for poor outcomes in repairs [31]. Additionally,
pediatric patients who present with an aortic valve deformity usually have complex
pathology that requires multiple interventions. Hence, these risks and repair com-
plexity should be weighed against the limitations of having a replacement [79]. It

is possible that aortic valve repair should be considered for neonates and infants,
whereas both aortic valve repair and the Ross procedure can be options for older
children [78]. Ultimately, replacement may be unavoidable for patients who present
with aortic valve disease at a young age.

Another population where a repair can be more favorable is in adults where replace-
ment is contraindicated or those who are already undergoing other cardiac procedures
at the same time [23, 27]. Regardless of the patient population, the surgeon’s comfort
level and experience in performing the aortic valve repair can also deter the decision
as well [23, 80]. Another thought is to choose the management approach depending
on whether the pathology is aortic stenosis, insufficiency, or mixed disease. Valve
repair has shown satisfactory low reintervention rates for patients with aortic stenosis.
However, the repair had a higher reintervention rate for patients with mixed disease or
aortic insufficiency. This could however be institution dependent as repair outcomes
depend largely on the surgeon’s experience and expertise [81].

In conclusion, it is difficult to compare both modalities without bias as repair
techniques are still evolving and there is still a lack of long-term data available.

211



Congenital Heart Defects - Recent Advances

Additionally, many complex repair techniques, especially for children, are only avail-
able at several specialized institution whereas aortic valve replacement techniques
have been around for many decades and are known to be safe and successful among
most surgeons [23]. Studies that focused solely on either repair or replacement usually
consist of different patient populations with varying aortic valve pathology [29].

To increase the widespread practice of aortic valve repair techniques, there needs
to be a standardized range of techniques to help guide surgeons through variations in
valve deformities. More surgeons will need to be trained and familiarized with these
techniques so that they will have the expertise to explore repair instead of relying
on the reliable replacement option [23, 81]. An example algorithm was proposed
by Danial and colleagues, where repair should be preferred if native cusps with
good mobility can be achieved after shaving and/or debridement, there is at least
one functional commissure, and a cusp-free margin that is composed of half native
tissue. However, if the aortic annulus is less than two standard deviations, both repair
and replacement can be done together with the Konno procedure [67, 81]. Another
management pathway that was suggested for the pediatric population depended on
peak systolic gradient or Doppler mean gradient [82].

5. Conclusion

There are many decisions to make when managing a patient with aortic valve
disease, and it is crucial to conscientiously evaluate each decision as they can all have
a huge impact on the patient’s life. Regardless of the management approach, it is
certain that young age of intervention, especially for neonates and babies under the
age of 1, is the main risk factor for poor outcomes. For the pediatric population, an
attempt to preserve the native valves for as long as possible is important to minimize
reintervention rates. A possible basic algorithm for patients with aortic stenosis could
be to either perform balloon valvuloplasty or simple surgical valvulotomy as an initial
step and to delay replacement for as long as possible. The choice between balloon or
surgery will be dependent on the age, condition severity, and symptoms at presenta-
tion. If replacement is then needed at a later age, a supported or non-supported Ross
procedure may be the most appropriate. Unfortunately, the management of patients
with aortic regurgitation or mixed disease is a lot more complex. Many promising
repair techniques have been developed for highly dysplastic bicuspid or unicuspid
valves, however, long-term and age-matched results for durability and morbidity are
still lacking.
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Abstract

In this article, we will discuss the management of congenital heart disease in
low-income and low-middle income countries. First, we will review the epidemiology
of congenital heart disease in the low-income and low-middle income countries and
compare it to that in the high-income countries; cardiac disease is the commonest
cause of death globally. The challenges that are facing the delivery of pediatric cardiac
services will be discussed and some solutions will be suggested to improve these ser-
vices. Pediatric cardiac services face huge economic, financial, social, and health care
system delivery challenges. Collaboration between countries and non-governmental
and philanthropy organizations is strongly needed to improve delivery of pediatric
cardiac services in low-income and low-middle income countries. Planning of pedi-
atric cardiac services in these countries should consider the context of each country
or region; some countries managed to transform their pediatric cardiac services to be
better.

Keywords: congenital heart disease, pediatric, low-income countries, low-middle
income countries, management, children

1. Introduction

Congenital heart disease (CHD) is the most common among all birth defects,
occurring in about nine per 1000 live births globally. Fortunately, most of the CHD
lesion are simple lesions, but 25% are critical lesions [1], which need urgent interven-
tion within the first six months of age.

Each year about 1.35 million children are born with CHD; the majority of them
are born in low-income countries (LICs). LICs have a higher fertility rate of 4.6 per
woman compared to 1.6 per woman in high-income countries (HICs). The birth
rate in LICs is 22 per 1000 population compared to 10 per 1000 population in HICs
[2]. Each year around 140 million babies are born globally [3]; of these 1.4 million
are born with CHD. Ninety percent of those born with CHD are born in a place with
inadequate resources for pediatric cardiac care [4].
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CHD is one of the main seven causes of death globally and has a significant socio-
economic impact on the community [5].

The past 50 years have witnessed massive breakthrough advances in cardiovas-
cular care such as improvements in diagnosis, surgical treatment, catheter interven-
tions, and Intensive care management. Survival of newborns with CHD has improved
dramatically in HICs. Unfortunately, however, this is not the case in many low and
low —middle-income countries where the burden is the heaviest and rates of death and
disability continue to increase [6, 7].

Management of CHD requires significant resources, namely, highly developed
infrastructure, equipment and highly skilled professionals who need years of training.
This makes cardiovascular care in children very costly, and it needs a long time to be
established. HICs have perfected the treatment of CHD over the past 50 years and are
now able to provide adequate treatment to their population. LICs are only starting to
build a structure to deliver such care. Even in HICs, the management of some complex
CHD lesions is challenging, but in LICs the management of even simple lesions can be
a challenge [8].

In LICs, 90% of children with CHD do not have access to pediatric cardiac
services, even in the same country, there is a disparity in the access to the services
between rural and urban, rich and poor. The challenges include poor financial and
human resources and lack of infrastructure [9].

There is a huge disparity in pediatric cardiac resources between HICs and LICs, to
put this difference into prospective we can compare the number of pediatric cardiac
surgeons between HICs and LICs; in HICs, there are 1.67 pediatric cardiac surgeons
per million population compared to 0.03 in LICs [10].

Pediatric cardiac services are expensive and need resources and large investments
in the infrastructure. There is a positive correlation between the economic status of
the country and the access to pediatric cardiac services [10].

The challenges and obstacles leading to suboptimal delivery of cardiac care for
children with CHD in LICs, and potential solutions to improve access to cardiac care
in LICs must be considered within the context of each country or region and social,
economic, political and health care systems [11].

Need for greater awareness of CHD, increased education and training for in-
country program clinicians, strategic health care planning at governmental and policy
levels, and innovative solution for financing cardiac services in LICs are needed to
help improve pediatric cardiac services [12].

As mentioned earlier, CHD is the commonest congenital anomaly, represent-
ing 28% of all congenital anomalies [13]. Studies from different parts of the world
showed variation in the reported prevalence of CHD, some of the differences are due
to the study methodology and setting i.e., hospital-based studies show higher preva-
lence compared to population studies. The prevalence figure of 8-10 per 1000 which
came from HICs is generally taken as the approximate prevalence worldwide [8].

Significant geographical differences in the prevalence of CHD were reported. The
lowest reported prevalence was in Africa (1.9 per 1000 live birth), the highest was in
Asia (9.3 per 1000 live birth), while the prevalence in Europe was 8.2 per 1000 live
birth [7].

The reported prevalence figures of CHD in Africa, especially in low-income
countries, is not usually accurate and thought to be an underestimate owing to a
paucity of data, poor health care system, difficulty in accessing health care system,
poor health infrastructure, limited resources and early mortality [6]. CHD occur
worldwide and although the incidence and prevalence may vary according to genetic
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and environmental factors there is no reason to think that they are lower in LICs
compared to HICs [6].

In Africa, CHD is starting to become a major public health concern as the pediatric
population represents 50% of the total population [14, 15] and due to the scarce avail-
ability of pediatric cardiac services, the affected population is starting to accumulate.
CHD has now surpassed rheumatic heart disease (RHD) as the commonest cause of
pediatric heart disease in some parts of Africa; presumably, this is related to increased
awareness and better diagnostic facilities [16].

Delayed diagnosis is a major problem in LICS; this is due to low awareness of the
families and medical professionals about CHD. In HICs, the diagnosis of CHD is
established by 1 week of age in 40-50% of patients and by 1 month in up to 60% [7].
In addition, the fetal diagnosis is not well developed in LICs, with only 1% of cases
detected antenatally [17], while in HICs prenatal diagnosis is routinely used to detect
most of CHD cases before birth. Screening for CHD is not routinely practiced in LICs
[1], this combined with low awareness contributes to late diagnosis. Often, late-stage
presentation with complications such as pulmonary hypertension and myocardial
dysfunction, few benefits from surgical treatment. Because of delayed diagnosis, lack
of skilled personnel and non-availability of treatment facilities, the problem is further
exacerbated [11].

2. Challenges
2.1 Economic and financial resources

The world bank classifies countries according to their incomes into four groups;
in 2022 there are 27 countries in low-income economy (LICs) with Gross National
Income (GNI) per capita of $1045 or less, 55 countries with Lower Middle-income
economy (LMICs) with GNI per capita range of $1046-$4095, 55 countries in Upper
Middle-income economy (UMICs) with GNI per capita range of $4096-$12,695,
and 80 countries in high-income economy (HICs) with GNI per capita of $12,696 or
more [18].

The majority of LICs are struggling to meet the basic primary health problems
such as vaccination, malnutrition, and infectious diseases, making it very hard to
provide tertiary pediatric cardiovascular services [6]. Due to lack of awareness,
some policymakers and even medical professionals in LICs consider pediatric cardiac
services as a luxury and not an essential service [19].

LICs are struggling to provide the health services investment required for life-
saving CHD interventions. A study exploring associations between risk-adjusted
CHD surgical mortality from 17 LMICs and global development indices [20] found a
statistically significant positive correlation between under-five mortality and surgical
mortality rate, and a negative correlation between specialist surgical workforce and
CHD mortality: as specialist surgical workforce increases, congenital heart surgery
mortality decreases, suggesting that adequate workforce is vital to quality congenital
heart surgical capacity [20].

The association between outcome of CHD surgery and GNI per capita is well
established; in LMICs, surgical mortality for CHD was found to be higher in
countries with lower GNI per capita [21]. In addition, low health care expenditure
per capita, poverty, malnutrition, and high under-five mortalities also play a
significant role [20].
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CHD is the second cause of mortality under 1 year of age, the first being
infections [22].

There is a huge difference in mortality of CHD between HICs and LICs; in HICs,
the mortality is 3-7% compared to 20% in LICs. Mortality figures from CHD in LICs
are likely to be underestimated since access to the health services is difficult and
the available data is not reliable most of the time. Most of the available data is from
patients in tertiary centres rather than community-based studies [8].

2.1.1 Solutions and moving forward

We recommend that LICs governments should look for innovative ways to finance
pediatric cardiac services, using partnership models. Targeting potential partners
such as private sector, insurance companies, nonprofit organizations and interna-
tional organizations [11]. The system should be flexible to finance mainly the needed
sectors in the community; this will ensure the funds will go a long way in helping
many children.

Economic efficiency could be improved by the following measures:

Comprehensive care through dedicated cardiovascular programs and centres,
these centres will have important roles including improving awareness, prevention,
treatment, staff training and research. These centres will have a high-volume work-
load and this is likely to lead to more efficient manpower management and cheaper
consumables.

The cost of consumables and drugs may also be reduced by tax breaks and by
encouraging the production of some of these items locally [11] or purchasing the
items in bulk.

At the cardiac centre level, prioritization of intervention types is crucial in the
context of severe resource limitations; palliative, staged and off-pump operations may
be more suitable and safer than complex interventions [11]; of course, this will raise
an ethical and philosophical dilemma when a decision is reached not to intervene in
patients with complex congenital defects such as single ventricle palliation [23].

Many studies from LMICs demonstrated that it is more cost-effective to adopt
early screening programs [1, 24], streamlining of referral pathways, maintaining
a balanced case mix with focus on correctable lesions and provide cost-effective
intensive care management through the implementation of clinical protocols
and best practices as well as to minimize the use of expensive drugs or treatment
modalities [25, 26].

2.2 Health care system challenges

For a health system to be effective, it has to be staffed by well trained and efficient
medical, nursing, allied, and administrative staff. To be sustainable, it requires a
robust infrastructure, real leadership, good governance, and continuing educa-
tion program. In LICs the health system is usually not well planned due to a lack of
information and unawareness of the local health needs and priorities. The health care
system support usually comes from the government with some input from academic
institutions and NGOs [21].

Poorly supported health care delivery systems remain a major problem in LICs,
which can lead to poor management of CHDs in LICs. There is a clear disparity
between the poor and affluent as well as urban and rural settings. In LICs more
than 60% of the population reside in rural setting. In LICs the health services are
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struggling to provide support for other services and some of these deficiencies could
have an adverse effect on the pediatric cardiac services such as poor antenatal care,
poorly controlled diabetes in pregnancy, and congenital rubella syndrome. Since the
vaccination program is not well-established congenital rubella is still seen in LICs [8].

For a health care system to be functioning well and delivering good service, it has
to be affordable, accessible and the population has to be aware of the services [27].
Unfortunately, the health care delivery system in LICS is struggling with all of these
three factors.

The costs are excessive for most families [21]. Affordability is one of the main rea-
sons for delayed interventions and the associated high morbidity and mortality [21].
Most of the LICs are trying to provide pediatric cardiac services in public hospitals
either free or for a reduced cost but such hospitals lack funding and resources and are
extremely busy and overwhelmed [19, 21].

LICs have very few pediatric cardiac centres [26], and they are always located in
the main cities. Patients who live in non-urban setting sometimes have to travel long
journeys to access such services. Inaccessible services will lead to late presentation and
delayed diagnosis, and both are associated with high morbidity and mortality [21, 27].

Awareness of the parents, allied health workers and the health care professionals
in LICs is not adequate about pediatric cardiac disease. Parents in HICs are aware and
well informed about pediatric cardiac disease. The robust health system in HICs also
has several safety mechanisms in the system to detect and diagnose pediatric cardiac
disease early such as fetal diagnosis [24], routine neonatal check post-delivery, oxygen
saturation screening [1], routine primary health check, and routine school health
screening. Lack of awareness in LICs is one of the most important factors contribut-
ing to late presentation, missed and delayed diagnosis [6, 27].

In the poorest parts of Africa and Asia, the pediatric cardiovascular services are
limited. Some of the larger cities have facilities for diagnosis and intervention of
selected and straightforward conditions in older children but infant and newborn
services are limited.

The preoperative phase requires earlier detection. Fetal echocardiography and
screening programs are not readily available in LICs which leads to delay diagnosis.
One study from Sudan showed the antenatal diagnosis was 1% compared to the
figures of 10—15% in the HICs [17].

There are many barriers to accessibility and affordability in the process from
diagnosis to management [5]. The waiting list in the cardiac centres in LICs is get-
ting longer because of the increase workload and the inability of the existing centres
to cope. The waiting list is especially long for stable patients who tend to be pushed
down in the list because of the urgent and sick cases.

Postoperative critical care has witnessed slow but steady progress in the develop-
ing programs. Cardiac intensive care remains a bottleneck for the waiting list in
LICs due to increased length of stay for patients secondary to increased morbidity.

In developing programs, the cardiac intensive care unit (CICU) is usually integrated
with the general pediatric ICU [5]. While this is useful in terms of reducing the cost
and sharing of financial and human resources, this could create a problem for bed
availability as pediatric ICU patients may occupy the cardiac ICU beds affecting the
waiting list adversely. The teamwork philosophy approach has had a major positive
effect on the outcome of cases [25].

The poor economic and financial situation will have a detrimental effect on
attracting and retaining trained cardiac physicians and nursing staff [5]. The team
that looks after pediatric cardiac disease consists of surgeons, physicians, nurses
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and technicians, all are highly trained and receive specialized training that is
lengthy and expensive. The LICs must invest in them so the respective countries can
develop and maintain pediatric cardiac services. This staff will require continuing
job training and reasonable pay and benefits. Unfortunately, most of the time this
does not happen and the staff either start working in the private sector, usually in
adult centres or migrate abroad to richer countries leading to a brain drain which is
a major problem in the LICs [6, 28].

2.2.1 Solutions

The health care systems in LICs need to be reformed to improve the delivery of
primary and secondary health care. Pediatric cardiac services are very specialized that
need a health system with robust infrastructure [11].

Antenatal care services providers, pediatricians and primary care providers
should have increased awareness of aforementioned health care issues. Programs
targeting CHD include, screening programs such as fetal echocardiography, oxygen
saturations in the newborn prior to discharge, and neonatal examinations should be
established.

Creative solutions to tackle access and geographic barriers to care have been used
in countries such as India, Brazil, Vietnam, and Morocco. These in-country programs
operate mobile health care units that are staffed with trained cardiac clinicians and
equipped with portable electrocardiogram and echocardiogram equipment. These
units provide outreach services to non-urban communities increasing accessibility to
the services, raise awareness of CHD, provide education to local clinicians, and screen
children for structural heart disease [8].

Pediatricians with an interest in cardiology, especially in non-urban areas should
be provided with support from pediatric cardiologists such as telemedicine facilities
and satellite clinics. These services should be easily accessible to the residents of non-
urban areas and could improve the care of the children by providing early diagnosis
and referral to specialized centres. The above approach is cost-effective since the
training is shorter compared to the pediatric cardiology training.

Human resources are the most valuable asset; there is a great need for healthcare
workers to be trained, sustained, and retained in LICs [6, 28].

3. Centers of excellence

Every country should strive to establish their own cardiac centres. These dedicated
Centers of Excellence (COE) would provide clinical, educational, training, research,
and administrative support to the services and the programs within the country in
addition to their role in providing patient care [5].

These COEs would lead the service development and be a centre for data gather-
ing, research and development and may serve as a hub for medical missions [11]. The
COEs can also lead and coordinate the partnership with global cardiovascular orga-
nizations and forums; such partnership can help enormously in establishing cardiac
services for children in LICs [9].

If appropriately organized, COEs are economically and financially efficient and
can save resources especially if their patient volume is large [5].

The cost of these centres may be shared with the adult cardiology programs to save
the resources. The COEs would provide the greatly needed training. They also provide
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a hub for visiting humanitarian missions [29] which may promote high standards of
practice and training.

COEs may have a major role in education and training of the local teams while
visiting teams will train the pediatric cardiac personnel including surgeons, physi-
cians, anesthetists, Intensivists, perfusionists, and nurses. For sustaining the skills,
the local team’s training may have to be augmented by training abroad. However,
training abroad is expensive, and the trainee may not get good hands-on training.
Recently, there is a move toward long-term embedding projects, where experienced
cardiologists and/or surgeons spend one to 12 months in host programs. This has great
value both medically and financially [30, 31].

4. Voluntary and humanitarian initiatives

Voluntary organizations’ partnerships with the local governments can help bridge
the gap in pediatric cardiac services [29, 31]. The long-term strategy should be a
building of capacity and empowerment of the local team [6]. The twinning program
model between local centres and visiting centres is a successful one to follow [26, 31].

5. Research and Development

There is currently no reliable data on epidemiology and pattern of pediatric
cardiac disease in LICs; such information would improve the awareness and help in
planning and prioritizing the pediatric cardiac services [8, 32].

6. Conclusion

Pediatric cardiac services are a burden and a challenge to LICs. Currently, the ser-
vices available in most LICs are not accessible, not affordable and there is still a lack
of awareness about the need for quality pediatric cardiac services. Health planners
should be aware that pediatric cardiac services are essential services and not a luxury.

Collaboration and partnerships between international organizations, national and
local governments, non-governmental organizations, and patient and family advo-
cates are needed to ensure that children around the world have access to quality and
sustainable pediatric cardiac care.

There are some shining examples of countries that managed to transform pediatric
cardiac services with strategic planning and leadership, for example, Cuba, India and
China.

Capacity building toward the ultimate goal of self-sufficient LIC and LMIC
programs will require a paradigm shift in the recognition by the leadership, greater
collaboration among stakeholders, encouragement of data sharing, and research
development.
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Establishing Sustainable Pediatric
Cardiac Surgery Program in
Nigeria: Challenges and Prospects
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Abstract

Unlike in the Western world, the delivery of cardiovascular services to children
and adults born with congenital heart defects (CHDs) in Nigeria is grossly inadequate.
There are problems all through the ages of these unfortunate patients. Accurate sta-
tistical data of CHD in Nigeria is lacking, but it is comparable to 8 per 1000 live births
as seen in other countries. The burden is presently being ameliorated by medical
tourisms and foreign cardiac surgery missions, but such services are still inadequate.
There is a need for the government to share resources between this noncommunicable
(CHD) and communicable diseases. When this is done with assistance of interna-
tional partners and humanitarian organizations, a sustainable pediatric cardiac
surgery program will be established that will definitely enhance the care of these
patients at childhood, adolescent, and adult stages of their lives.

Keywords: pediatric, surgery, program, congenital, sustainable, medical tourism

1. Introduction

Unlike in developed countries, the delivery of cardiovascular services to children
born with congenital heart defects in Nigeria is inadequate. There are problems at
both pediatric and adult ages with high morbidity and mortality on account of inad-
equate surgical care. The country initially lacked both manpower and infrastructure
so that many souls of congenital pediatric patients departed their bodies with their
pathologies undiagnosed and untreated. Pioneers of cardiac surgery in Nigeria were
not decisive of separate pediatric cardiac program while they engaged the govern-
ment. Presently, with many trained personnel, there is a need for structured pediatric
cardiac team with requisite infrastructure to work. This will bring the desired success.

2. Historical aspects

In Nigeria, a foreign cardiac team with a local team performed the first open
heart surgery in our institution, University of Nigeria Teaching Hospital (UNTH)),
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Enugu, in 1974. UNTH is the teaching hospital for the Federal Government of Nigeria
and is affiliated to University of Nigeria, Nsukka. Foreign cardiac team was led by a
British-Egyptian Surgeon, Sir (Dr) Magdi Yacoub, and indigenous team was led by
late Professor Fabian Udekwu. This singular act added to many others attracted the
attention of the Federal Military Government of Nigeria, which designated it the
National Cardiothoracic Center of Excellence (NCTCE) in 1984.

Adult cardiac surgery was the main focus of the program. The hospital stood by
her deeds and was able to establish itself, as the leader in open heart surgery not only
in Nigeria but also in West African subregion [1]. Afterward, the center’s activities
decreased due to poor military governance and corruption. The near total neglect of
healthcare system (HCS) in the country led to the collapse of the center due to brain
drain and inadequate facilities such that between 1974 and 2000, only a total of 102
open heart operations were carried out, mainly by local team [1].

With return to civilian rule in Nigeria in 1999, efforts were made to improve the
center through Foreign Cardiac Mission Model. The first mission was by International
Children Heart Foundation (ICHF) in 2003 under the sponsorship of Kanu Heart
Foundation. Incidentally, that mission was the first pediatric mission, and William
Novick (International Cardiac Foundation) was the lead surgeon. The team visited
once and performed mainly pediatric cases for the first time at the center. Other inter-
national cardiac missions started visiting 10 years later and became regular with more
frequent visits every year [2]. Options considered toward sustenance of pediatric
cardiac surgery were staff training and equipment procurement. One way to achieve
the desired training in emerging country like ours is by regular and frequent visits to
centers such as NCTCE by foreign cardiac teams and performing the surgery along-
side the local team (cardiac mission model) [3-5]. Other options include sending the
local team to established centers, for example, India for hands-on training for a period
not less than 2 years. Furthermore, members of the local team individually went for
training abroad on their personal arrangement at different times and in different
established centers.

The cardiac mission model would not even have been possible without the aids
from some agencies of the Federal Government of Nigeria, Nigerians in Diaspora,
public spirited individuals, and foreign organizations as shown in Table 1. Most of
the countries in West African subregion are very poor, and a study by Edwin F et al.
showed that no existing cardiac center in the subregion came into being without huge
governmental support [6].

Good things that go for foreign mission team include high technical skill and team
work in contrast to what is obtainable on the ground. Treating patients locally in this
method is cheaper and serves as workshop and training session for different catego-
ries of workers at minimal cost to the institution. However, model of cardiac missions
is not a sustainable one because a lot of effort and expenditure are allocated toward
surgery on a few patients [7].

The adoption of cardiac mission model by developing countries such as Nigeria as
away of helping indigent patients with both congenital and acquired heart diseases
is good. However, that method is like giving someone a fish anytime he demands it.
The best way is to incorporate teaching the person how to fish, that is, developing and
equipping local team. It is only in this way will establishing pediatric cardiac center
across the low- and middle-income countries become sustainable.

Pediatric cardiology and pediatric cardiac surgery practices in Nigeria are
taxing [8, 9]. Getting all the requirements to cater for the surgical needs of a very
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S/N Name of Local or Aid provided
organization foreign
1 Federal Ministry of Local Payment of salaries and allowances of local team members.
Health (FMOH) Provided infrastructure
2 UNTH Local When UNTH moved to new site, a ward was restructured
for cardiac surgery and ICU. Sponsorship for both foreign
and local training of local team. Also, provided air tickets,
local transportation, feeding and security for foreign
cardiac teams as well as sourcing for disposables.
3 TET fund (University Local Equipment (Cath Lab, six ventilators, two theater tables,
of Nigeria) two theater lights, eight ICU beds, six monitors, etc.)
4 Kanu Heart Local Sponsorship of International Children Heart Foundation
foundation (KHF) (ICHF) visit in 2003. Brought equipment and disposables
5 Enugu State Local Logistics for foreign team and fees for some patients
Government
6 Innova Hospital, Foreign UNTH sent two cardiac anesthetists, two cardiothoracic
Hyderabad, India in surgeons, two medical laboratory scientists for
2009 perfusion, two pediatric cardiologists, three nurses, two
physiotherapists, and a technician for training as staff
build up to her restart of open-heart surgery in 2013. It was
tuition-free
7 VOOM Foundation Diaspora Foreign team, equipment, and disposables severally
from 2013 (USA)
8 Save-a-Heart Nigeria Diaspora Foreign team, equipment, and disposables severally
started with VOOM (UK)
but separated later.
9 Rotary Club of Local Payment of surgical fees for some patients
Nigeria
10 Opubic of Italy Foreign Free pediatric cardiac surgery with disposables severally
1 Novic Cardiac Foreign Foreign team, equipment, and disposables
Alliance of USA with
VOOM Foundation
12 Cardiostat of Foreign Foreign team, equipment, and disposables
USA with VOOM
Foundation
13 Public spirited Local Payment of surgical fees and blood donation
individuals,
businesses
14 Bigard Seminary, Local Free blood donation severally
Enugu (Seminarians
were donors)
15 Santarina of India Foreign
16 UNEC medical Free blood donations
students
Table1.

Some collaborations took place both locally or outside your country in helping capacity building but help will also
be needed in some aspect.

237



Congenital Heart Defects - Recent Advances

large number of children with congenital heart defects with its attendant financial
constraints, poor funding from the government is really a huge task.

Pediatric cardiology and pediatric cardiac surgery training in Nigeria involve
the management of different cardiac diseases in children. This covers children with
both congenital and acquired heart disease [10]. This also includes arrhythmias and
coronary heart diseases. Besides, interventional cardiology practice is really at the
primordial phase with less than three teaching hospitals providing the skills and
competences all over the country [10].

Even the foreign missions that come occasionally could not provide the necessary
skills of all the surgical intervention as they spend few days and may not inculcate
such skills to the local surgeons within few days of stay.

Infrastructure problems, non-availability of high technology: The equipment
used for heart surgery in Nigeria is imported from other countries. Virtually all
the drugs are also imported. Prostheses and other consumables are imported, and
their cost is quoted in US Dollars or Naira equivalent. With the heavy devaluation of
Nigerian currency, many of these items are lacking or beyond reach. Therefore, the
team has to improvise, but this state of affairs leads to poor outcome.

Human resources, team members: The practice is a team work, and the team
members include pediatric cardiac surgeons, pediatric cardiologists, pediatric
cardiac anesthetists, cardiac interventional radiologists, clinical perfusionists,
medical laboratory scientists, and pharmacists. Other members are physiothera-
pists, perioperative nurses, cardiothoracic nurses, intensive care unit nurses, and
equipment technicians. Human resources are not adequate locally trained and
pediatric cardiac surgeons are not sufficiently skilled to handle complex congenital
cardiac defects.

Training/skill acquisition: Every member in this team requires some skill to fit
into the team, but our local training program leaves room for vital overseas exposure.
Currently, there is neither perfusion school nor equipment training center in Nigeria
that will produce manpower that will operate high-tech equipment or trouble shoot
malfunction, respectively. Surgical management of heart disease is not a trial-and-
error program. Every member of the team is expected to be proficient in his/her area.
If mistake is made, the patient suffers. Only correct actions at every stage of the man-
agement will produce good outcome. There is need for further training or continuing
education, research, workshop, seminar, and recertification. In the absence of these,
the workers will become outdated. No member of the team should grow weary of this
exercise, and this is where a leader with vision is needed.

Pediatric cardiac surgery program requires enormous resources and commitment
to establish. Training of cardiac anesthetist like every other personnel in the team
requires enormous funds. This is because the training is done abroad [11].

Training and retraining are also necessary in order to prevent attrition. Attrition
therefore constitutes a big problem as the volume of cardiac surgery carried out in
Nigeria is very small compared with the burden of pediatric cardiac disease in the
country. Training or upgrading the education of the pediatric cardiac team, massive
training of core personnel for pediatric cardiac surgery and pediatric cardiologist will
enable the work to be self-sustaining as their services will be patronized by both locals
and foreigners. Funds will be generated as is done in other heart centers in India,
America, etc.

There are three main methods of acquiring training. It could be by an institution
sending a team to undergo training in another institution. The second option involves
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inviting experts to come and train the local personnel on the job while the third
option is for individuals to scout for training positions anywhere by themselves.

Another good alternative is to engage a cardiac team from a good cardiac center
to work with the locals on continuous basis until skill transfer is achieved. This will
be cost-effective, and more patients will receive care while skill acquisition will take
place smoothly [11].

Financing of equipment/supply of equipment. Equipment is usually procured
through tenders by government, but one noticeable problem is the dumping of
unserviceable and outdated equipment at the hospital, by fraudulent contractors and
their collaborators. The end user more often than not is not in the picture although the
pediatric cardiac surgery is equipment-driven. Many of the equipment in use now are
computer-based, but computer illiteracy is pervasive, resulting in poor handling and
subsequent breakdown of these sophisticated and expensive machines.

Monitoring in cardiac anesthesia is pivotal to the success of cardiac surgery [12].
Monitoring equipment is expensive, and for a country such as Nigeria, acquisition
of these equipment is difficult to come by. This equipment ranges from anesthesia
work station, ultrasound, transesophageal echocardiography, multiparameter
monitor, cardiac output monitor, I-Stat machine for point of care test in the
operation theater, and intensive care unit. Other equipment include syringe pump,
infusion pumps, blood warmer, etc.

Disposables/consumables are equally as important as non-availability of
central venous catheters, arterial cannula, transducers; pressure tubing, etc., can
prevent successful surgery. These consumables can be secured by the hospital man-
agement if she is committed to the sustainability of the program. Non-availability
of drugs is also an impediment to cardiac surgery in Nigeria as some of the required
drugs are not approved by the National Food and Drug Administration agency
(NAFDAC). Some opioids and inotropes are not readily available, and this makes
patient management difficult.

Procurements through competitive bidding: The prices are usually overinflated
owing to the fact that contractors are owed for a period between 1 and 2 years. This
adds to the high cost of pediatric cardiac surgery in Nigeria. Some cardiac missions
such as Cardiostart International, William Novick cardiac Alliance, VOOMF, Save-
a-heart Nigeria, ICHF/Kanu Heart foundation brought consumables during visits.
These are, however, not usually enough.

3. Challenges accruing from establishing pediatric cardiac surgery

NCTCE has some challenges emanating from poor funding, incomplete treatment
of patients, and late presentation by patients as well as poor equipment maintenance.
It is thought that successful creation of Nigeria Cardiac Foundation where every
Nigerian contributes 0.20-0.25% monthly salary will impact significantly in fund-
ing cardiac surgery. Another alternative is to incorporate pediatric cardiac surgery
into National Health Insurance (NHIS). This will also address the challenges of late
presentation. As can be seen, the Cardiac Surgery Intersociety Alliance (CSIA) or any
other body can assist our center in providing appropriate training for pediatric cardiac
surgeons, anesthetists, perfusionists, nurses, etc., among other helps that are needed.
Donation of consumables and equipment will be of immense benefit to the program.
CSIA model is what NCTCE needs at this time in addition to what others may offer.
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4. Why the initial efforts were unsustainable?

These initial efforts were not sustained owing to the following factors: poor
funding and total neglect of health sector, brain drain syndrome, reliance on medical
tourism, and competing double burden of diseases as well as corruption, nepotism.
Other issues were poor social infrastructures such as public power and water supply,
poor remuneration of health workers with incessant strike actions, and insecurity in
the land and inter-professional conflicts [1].

4.1 Poor funding and neglect of health sector

Low government health spending over the last two decades has limited the
expansion of highly cost-effective interventions, stunted health outcomes and
exposing large shares of the population to catastrophic health expenditures.
Nigeria spends less on health than nearly every country in the world. In 2016,
government health spending was 0.6% as a share of GDP or just $US11 per capita.
As a result, Nigeria significantly underperforms on key health outcomes. Maternal
mortality at 576 deaths per 100,000 live births is one of the highest in the world
(2.6 times the global average); one in eight children dies before reaching their fifth
birthday; and 25% of households spend more than 10% of their household con-
sumption on health [13].

4.2 Brain drain syndrome

The migration of health professionals from Nigeria to high-income countries—
medical brain drain, deserves critical attention due to its adverse effects on the
healthcare system (HCS) for developing nations, which indirectly impacts population
health outcomes and creates greater inequity among vulnerable populations. This
international migration of medical doctors (MDs) has created a great challenge for
public health systems; it worsens already weak healthcare systems, which widens the
health inequalities gap worldwide. Globally, Nigeria ranks among the worst coun-
tries in regard to maternal health outcomes. Although it represents 2% of the global
population, it disproportionately contributes to nearly 10% of global maternal deaths
[14]. With the current new world order, where the world is a global village, it is very
easy and fashionable for members of the team to migrate and work in other parts of
the world. With the skill, training, exposure, vigor, endurance, and other qualities,
the tested professional can easily leave the service and country and comfortably settle
and earn hard currency. The attraction to brain drain is always there for members of
this team, and this has adversely affected the growth of pediatric cardiac surgery and
other programs in UNTH, in particular, and Nigeria in general. Unless something
urgent is done, this trend will continue, and Nigeria will be the loser.

5. Political issues with changing governments
Political instability in the country and frequent widespread violence combine
to limit the number of foreign agencies that participate in the surgical management

of heart disease in Nigeria. Some of these charities have personnel and equipment.
Some foreign physicians want experience in treating types of heart disease that are
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no longer common in their countries. However, even charitable organizations cannot
take their safety for granted. Furthermore, political decisions that affect the treat-
ment of heart disease vary with each political leader, and these leaders change very
often. Their successors do not maintain continuity. Some emphasize primary health
care to the detriment of the treatment of heart disease.

Intensive labor: The practice is labor-intensive at no incentive. Safety of patients
guides the staff activity rather than welfare of the worker. More often than not,
the treatment of patient usually exceeds expected period of time. This can easily
lead to frustration if the involved personnel have not prepared for any extra time
on duty post. Majority of the staff are based in the intensive care unit with the
attendant stress.

High cost of treatment/low sponsorship: As a result of heavy outlay in the provi-
sion of surgical treatment, patients are made to pay higher than an average patient
in the hospital. Many of these patients are indigent and therefore cannot afford the
bill. Moreover, there is no universal health insurance coverage for the citizens, which
would have sponsored patients for this kind of treatment. We have a situation where
the government has succeeded in providing infrastructure, but the patient cannot
benefit from the available services. When compared with the cost of treatment
abroad, it is still far cheaper to provide this locally.

Inter-professional conflict: It is an established fact that our healthcare field
has been experiencing inter-professional conflicts. The surgical team managing the
heart disease is inclusive. These conflicts rob the patients the united attention that
would have helped in overcoming their predicament. Some members of the team
keep to the legality of the duty but are morally bankrupt, and this causes problem.
Other causes of problem are pride, envy, jealousy, inferiority/superiority complex,
and cheating.

Others: Public utilities such as water and electric power are not readily available,
and they are very essential in this business. Hospital resorts to alternative source of
power outside the national grid, and this is more expensive, thereby increasing the
cost of treatment. Non-payment of salary as and when due and stagnation in service
add to the challenges in the management of their patients.

6. Burden

It is important to note that lack of facilities for sustainable pediatric cardiac
services and pediatric cardiology practice in Nigeria results in preventable deaths and
suffering. Regrettably, about 15 million children are noted to have died and had some
morbidities from potentially treatable cardiac diseases [15].

The practice of pediatric cardiac surgery had been ignored for long, as this has
now evoked major concern to governmental and nongovernmental organizations
and cardiovascular specialists [1]. In some areas in West African province, it is noted
that only 20% of the parents of children who are less than 15 years and who needed
pediatric surgical intervention are able to finance the operation within 12 months of
diagnosis [1, 16].

Early diagnosis and treatment are very necessary to enhance the survival of
children with cardiac disease [1]. This can be achieved by the provision of affordable
human resources, diagnostic and surgical as well as other interventional facilities at
each level of care in the country.
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7. Challenges incurred in establishing pediatric cardiology practice

The practice of pediatric cardiology and pediatric cardiac services in Nigeria is
faced with several challenges. The cost of pediatric cardiac services is very exorbitant
and unaffordable for most developing nations. Nigeria gives priority to other disease
burdens other than cardiac disease during budget allocations. The current COVID-19
pandemic, HIV/AIDS pandemic, poor health infrastructure and referral systems,
malaria, pneumonias, and malnutrition have made the situation worse and dampen
the importance of pediatric cardiac service.

The population of children with uncorrected congenital heart disease in Nigeria
in particular and Africa in general is considerable. This is due to the fact that most
pediatric services are centered on diagnosis and management of infectious diseases,
shortage of trained personnel who diagnose congenital heart defects, resulting in late
diagnosis and referral. Besides, the number of facilities for pediatric cardiac surgery is
meager with attendant paucity of pediatric cardiac surgeons [16].

In Africa, pediatric cardiac surgery is usually performed in adults than in younger
children, due to lack of manpower [17, 18]. The country no longer completely lacks
facility and skills in carrying out stage procedures for cyanotic congenital cardiac dis-
ease or palliative surgery such as pulmonary artery banding or systemic-pulmonary
shunt as earlier reported [19].

The challenges encountered in the establishment of pediatric surgery for car-
diovascular diseases in African could be resolved through capacity building and
inculcating expertise in the diagnosis and management of congenital heart diseases;
training and retraining of local pediatric cardiologist and pediatric cardiac surgeon in
the management of cardiac disease tailored to our sociocultural background; getting
state-of-the-art equipment and facilities that will enhance the management of cardio-
vascular diseases in children; public enlightenment and campaign on preventive mea-
sures on emerging and reemerging cardiac disease, creating endowment funds and
financial support where there will be community participation; making policies that
establish pediatric cardiac training in Nigeria that will be sustainable and achievable;
reinforcement of skills in terms of professional competences, exchange program,
knowledge, innovative surgical techniques, new technologies, equipment, and human
resources; granting financial aid to take care of the poorest of the poor by public,
governmental, or private initiatives; establishment of number of centers of excellence
dedicated to training, retraining, research, and clinical care in pediatric heart surgery
in sub-Saharan Africa; developing international cooperation through foundations and
nongovernmental organizations, and through banking firms and grants; and seeking
the support of pharmaceutical industries and medical equipment [20-22].

8. Prospects

In short, we want to outline and describe what it took to overcome some of the
obstacles we faced in developing or expanding pediatric cardiac care.

8.1 Successes achieved

After the ICHF/KHF mission in our center in 2003, pediatric cardiology and surgery
activities in our center dwindled owing to dilapidated equipment, poor workers’ remu-
neration, and brain drain as well as poor leadership, coupled with government directive
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to move UNTH to the permanent site without any building for pediatric cardiac surgery
activities. In 2007, UNTH moved to the permanent site and then came a change in the
leadership of NCTCE. Through continuous appropriate dialog and advocacy, NCTCE
benefitted from TETFUND program. With advice from Prof. Tom Pezzella of ICHF,
USA, a training center was found in India (ICHH, Hyderabad India), with institutional
collaboration. With this development, pediatric cardiac anesthetists and intensivists,
technicians, ICU and perioperative nurses including pediatric cardiologists got training
within periods ranging from 6 months to 2 years.

There was the arrangement for pediatric cardiac surgeons to do 1 year training at
the Indian center with the Indian team coming to our center to see a smooth takeoff
of sustainable pediatric cardiac surgery program. However, that arrangement did not
materialize because cardiac mission model was adopted. This cardiac mission model
started in February 2013 and ended in October 2019. During the period, William
Global Cardiac Alliance, Vincent Ohaju Memorial Foundation, Save-A-Heart-Nigeria,
Cardiostart International, O’Pobic, Santarina all visited our center and performed
operations in 113 in pediatric patients over 7 year period [23, 24].

Currently, our cardiologists can adequately handle all echocardiographic inves-
tigations. In addition, our adult cardiologists are able to handle all forms of cardiac
pacemaker insertions, coronary angiography, and some coronary artery stenting and
angioplasties. Our cardiothoracic surgeons with anesthesiologists and other theater
staff can handle all non-open heart surgical procedures and some open-heart surgical
procedures such as repair of atrial septal defects (ASD), repair of some ventricular
septal defects (VSD), excision of some types of intracardiac tumors, and replacement
of the mitral valve. We are still not able to do intracardiac repair for the blue babies in
addition to some other types of congenital cardiac anomalies as well as some types of
valve repair/replacement and coronary artery bypass procedures.

The COVID-19 pandemic has slowed the engagement of a resident foreign pediat-
ric cardiac surgeon (GhanianModerl-ref) at NCTCE by the present UNTH/NCTCE
management to equip the local surgeon with adequate skills that will make the
program very sustainable.
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