Manual of Postoperative Care in
Pediatric Cardiac Surgery-Section II
Postoperative Management of
Congenital Cardiac Defects

Srikrishna Sirivella

ISBN: 978-1-941926-35-2

© 2019 Srikrishna Sirivella. Licensee Open Science Publishers.

This work is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

Published in 2019 by Open Science Publishers
228 Park Ave., S#45956, New York, NY 10003, U.S.A.
http://www.openscienceonline.com

Dedication
To my teachers and students.
In memory of my parents and Sheema Happy.
Srikrishna Sirivella

Preface
The optimal postoperative management of any individual congenital cardiac
defect requires concise knowledge of the morphology, pathophysiology of the
lesion, and its impact on physiology of the body as a whole. The nature of a
surgical correction performed to alter the preexisting pathophysiology of a lesion
influences the postoperative management of the patient. In return, the
management should adhere to the principles of general pediatric cardiac surgical
care (see Section I). The surgical course such as operative technique,
cardiopulmonary bypass time, and the choice of myocardial protection also
influences the postoperative management and patient outcomes. The detailed
postoperative management of any congenital cardiac defect should therefore be
taken into cognizance of several issues prevailed at an operation. In this section,
the issues pertaining to the postoperative care of an individual congenital cardiac
lesion are addressed with a brief discussion of the morphology, pathophysiology,
and surgical management.
The work and contribution of several authors published in various journals,
texts, and manuscripts on pediatric cardiovascular medicine and pediatric cardiac
surgery including my personal work and experience gained in caring for pediatric
cardiovascular surgery patients is the basis for preparation of this manual. I thank
all the authors and their publishers for providing several references in preparation
of this text, but I regret to omit the vast list of bibliography from text as it is
beyond the scope of this manual.

Srikrishna Sirivella
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Patent Ductus Arteriosus
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1.1 Morphology
In fetus the high-resistance pulmonary circulation diverts majority of right
ventricular output through the ductus arteriosus into the descending aorta. Though
the structure of ductus appears similar to adjacent main pulmonary artery and
descending aorta, the media of the ductus is composed of layers of smooth muscle
fibers within loose and concentric layers of elastic tissue. The intima is thickened
and irregular, with abundant mucoid material, often termed as intimal cushions.
The patency of the ductus arteriosus in fetus is maintained by a low fetal
oxygen tension, prostaglandin [PGE2], and prostacyclin [PGI2]. Locally
produced and circulating PGE2 and PGI2 in the fetus cause vasodilatation of the
ductus arteriosus, through interaction with ductal prostanoid receptors.
After birth, the abrupt increase inoxygen tension inhibits ductal smooth muscle
potassium channels, which results in an influx of calcium and ductal constriction.
The circulating PGE2 and PGI2 levels decrease due to metabolism in functioning
lungs and elimination of the placental source. The medial smooth muscle fibers
contract resulting in lumen obliteration and shortening of the ductus arteriosus.
Functional complete closure usually occurs within 24 to 48 hours of birth in term
neonates. Within the next 2 to 3 weeks, subintimal disruption and proliferation
result in fibrosis, obliteration of the lumen and persists as the ligamentum
arteriosum.
The patent ductus arteriosus (PDA) connects the left pulmonary artery near
its origin to the descending aorta just distal to the left subclavian artery. It
occurs in a wide variety of configurations and sizes:
• Type A (“conical”) ductus has a well-defined aortic ampulla and
constriction near the pulmonary artery end (most common).
• Type B (“window”) is a very large ductus, with a very short length.
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• Type C (“tubular”) ductus, which is without constrictions.
• Type D (“complex”) ductus, which has multiple constrictions.
• Type E (“elongated”) ductus, with the constriction remote from the
anterior edge of the trachea.

1.2 Pathophysiology
Blood flow in the ductus is dynamic and pulsatile, and the elasticity of the
ductus wall affects the impedance to blood flow. The magnitude of shunting,
through the ductus depends on the following as mentioned below:
1) The flow resistance that is dependent on shape, size, and configuration of
the ductus arteriosus.
2) The pressure gradient between the aorta and the pulmonary artery, which is
dynamic with systolic and diastolic components. The pressure gradient
depends largely on pulmonary and systemic vascular resistances and cardiac
output. The impact of changes in pulmonary and systemic resistances is
greater in large ductus that has less flow resistance.
Left-to-right shunting through the ductus arteriosus results in pulmonary
over-circulation and left heart volume overload, increased left atrial and left
ventricular end-diastolic pressures with increased interstitial fluid in the lungs,
which causes decreased lung compliance with increased work of breathing. The
left ventricle compensates by increasing stroke volume and develops eventually
hypertrophy to normalize the wall stress. Increased sympathetic activity and
circulating catecholamines result in increased contractility and heart rate. The
aortic diastolic blood pressure decreases due to diastolic “runoff” through the
patent ductus. This, coupled with shorter diastolic time due to tachycardia,
increased myocardial wall tension from LV dilatation, and increased myocardial
oxygen demand result in subendocardial ischemia.
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1.3 Sequelae of PDA
1.3.1 Congestive Heart Failure
Children and adults with large patent ductus frequently develop symptoms of
CHF due to pulmonary overcirculation though patients with small to moderate
ductus often remain asymptomatic during infancy and childhood. In the adult,
heart failure is frequently associated with atrial flutter or fibrillation.

1.3.2 Pulmonary Vascular Disease
With long-standing left-to-right shunting, exposure of the pulmonary artery
to high-pressure and high flow, leads to progressive increase in pulmonary
vascular resistance that exceeds the systemic vascular resistance and the ductal
shunting reverses (right to left or Eisenmengers).
In rare infants and children with a large patent ductus and pulmonary
hypertension, the normal postnatal fall in pulmonary vascular resistance is not
seen even after closure of the ductus. In such patients the pulmonary vascular
disease may progress.

1.3.3 Bacterial Endocarditis
Infective endarteritis associated with ductus arteriosus remains a significant
risk, and vegetations usually occur on the pulmonary artery end of the ductus,
and embolic events are usually of the lung rather than the systemic circulation.

1.3.4 Aneurysm of the Ductus Arteriosus
Aneurysm of the ductus arteriosus (incidence of 8%) that is detected by
neonatal echocardiography resolves spontaneously with ductal closure and
thrombosis, without clinically apparent complications. Ductal aneurysm that
commonly presents in infancy may develop after infective endarteritis, surgical
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closure, or transcatheter coil occlusion, and it is associated in 25% of patients
with an underlying disorder such as trisomy 21, type IV Ehlers-Danlos
syndrome, or Marfan’s syndrome.
Rarely, an aneurysm may present with symptoms of a thoracic mass, including
hoarseness due to left vocal cord paralysis and left bronchial obstruction. Surgical
resection is indicated if there is a functional compromise of adjacent structures,
persistent patency of the ductus, thrombus that extends into adjacent vessels with
evidence of thromboembolic events, or underlying connective tissue disease.

1.3.5 Recurrent Laryngeal Nerve Paralysis
Pulmonary hypertension may lead to nerve paralysis, even without aneurysm,
due to impingement of the nerve as it courses through the triangle formed by
enlarged pulmonary artery, the aortic arch, and the ductus.

1.3.6 Spontaneous Rupture
Pulmonary hypertension may lead to dissection and/or spontaneous rupture of
an aneurysmal dilated pulmonary artery or acute aortic dissection.

1.4 Indications for Closure of PDA
1) Any symptomatic child or adult from significant left-to-right shunting.
2) Asymptomatic patients but with a significant left-to-right shunting that
results in the left heart enlargement. Surgery minimizes the risk of future
complications.
3) Patients with modest elevation in pulmonary vascular resistance as
outcomes after PDA closure have been very good.
4) Routine closure of any PDA in children and young adults is performed even
in a silent or incidentally discovered ones or the duct with a small shunt due
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to risk of endocarditis. Exception to this rule may be applied in older adults.
In children, the surgery is performed preferably before school going age.
5) Selected patients with Eisenmenger’s syndrome: Elimination of the shunt
reduces pulmonary blood flow and pulmonary artery pressure even if the
pulmonary vascular resistance remains elevated.
If PVR > 8 U/m2, lung biopsy has been recommended to determine
eligibility for closure, but the lung biopsy may not be reliable to predict
the risk and operability. The changes consistent with severe and
irreversible pulmonary vascular disease may also completely resolve after
closure of the PDA in some. Reactivity of the pulmonary vascular bed to
pulmonary vasodilating agents, significant reduction of pulmonary artery
pressure, and resistance during the test occlusion may offer reassurance
with regard to reversibility, but absence of such evidence does not
exclude the possibility of reversibility in the long term.
6) Prematurity and PDA: Management is somewhat controversial. There is an
increased incidence of PDA in premature infants, and it correlates with
postnatal age and low birth weight. Presence of this lesion produces
significant left to right shunting with increased PBF and development of
congestive failure which further worsens existing hyaline membrane
disease, and increases the need for prolonged mechanical ventilation which
in turn increases the incidence of bronchopulmonary dysplasia, retrolental
fibroplasias, and potentiate the complications such as intraventricular
hemorrhage, necrotizing enterocolitis, and intolerance to enteral feeds.
If significant shunt from PDA is confirmed on a physical examination
(bounding pulses, hyperactive precordium with a continuous murmur), chest
roentgenogram, and echocardiogram, the initial treatment is conservative with
fluid restriction, diuretics, and correction of anemia with PRBC (packed red blood
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cell) infusion. The duct closes as the infant matures. Failure of conservative
therapy is an indication for pharmacological or surgical intervention.
Indomethacin (pharmacological intervention) is as effective as surgical
ligation for duct closure and prevention of complications. The increased
incidence of bleeding complications other than intraventricular hemorrhage is
noted with indomethacin use. The incidence of retinopathy of prematurity is
higher with the primary surgical closure.
Failure of indomethacin therapy or onset of the drug related complications
(diastolic ventricular dysfunction, aggravation of pulmonary edema, renal
dysfunction, platelet dysfunction, and gastrointestinal hemorrhage) is an
indication for surgical ligation. The success of indomethacin is related to birth
weight and postnatal age with increased incidence of failure rate in low birth
weight infants, therefore, primary surgical ligation may be indicated in these
infants.
There is current trend towards earlier intervention for duct closure in
premature infants before development of a shunt. The indomethacin is given
prophylactically in < 1000 g premature infant with signs of PDA as significant
left to right shunt develops in most of these infants.
In infants with birth weight of > 1000 g, there is no benefit of initiation of
therapy before development of significant shunt. The failure of conservative
therapy after development of significant shunt and pharmacological Rx with
first or second course of indomethacin is an indication for surgical ligation.
Though percutaneous catheter occlusion of PDA in preterm infants born at a
weight of < 4kg ( median weight of 2.9 kg) is safe and may improve respiratory
status, significant adverse events including an arterial injury is reported in 1/3 of
cases. More randomized clinical trials are, therefore, needed to compare the
outcomes of surgical ligation vs catheter occlusion in low birth weight infants.
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1.5 Surgical Techniques
Surgery is performed through a left anterior or posterior thoracotomy
(see Figure 1.1).

Figure 1.1 Diagram showing patent ductus arteriosus exposed through left
thoracotomy incision. Note an incision in the mediastinal pleura and dissection of
areolar tissue overlying the arch of aorta and descending aorta exposed underlying
vascular structures, including patent ductus arteriosus and left recurrent laryngeal
nerve. PDA= patent ductus arteriosus, PA= pulmonary artery, SA= subclavian artery.

1.5.1 Ligation
Ligation: It is the choice in young infants and children.

1.5.2 Division or Multiple Suture Ligation / Transfixion
Division or multiple suture ligation / transfixion: It is appropriate in older
children.

1.5.3 Division
Division: It is a choice for the large ductus (> 10 mm) in adults and in those
associated with moderate pulmonary hypertension.
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1.5.4 Calcified Ductus and Aneurysm of Ductus
Calcified ductus and Aneurysm of the ductus: In older adults with
circumferential calcification of the duct or with aneurysm of the ductus, the
surgery is performed with either use of CPB (cardiopulmonary bypass) and
cardioplegic arrest, or without CPB using a heparin bonded shunt or without a
shunt. The aorta is clamped below and above the ductus. Division of the duct is
done; PA end of the duct is controlled by a balloon occlusion. The closure of
pulmonary arteriotomy and patch closure of aorta is performed. The aneurysm
of the duct is totally excised.

1.6 Postoperative Management
The postoperative course following the closure of isolated patent ductus
arteriosus is usually benign. The hospital stay averages 2 to 3 days, but it is
longer for premature infants or infants who are in significant congestive heart
failure preoperatively.

1.6.1 Invasive Monitors
Arterial line and central venous catheter (If infant is in congestive heart
failure preoperatively).
PA line may be optional in patients with moderate pulmonary hypertension
and elevated PVR (pulmonary vascular resistance).

1.6.2 Vasoactive Drug Infusions
Rarely are required for postoperative management.

1.6.3 Systemic Hypertension
Not encountered usually, but the diastolic pressure may rise 10 to 20 mm Hg
from the baseline after ligation, due to elevated systemic vascular resistance.
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1.6.4 Postoperative Bleeding
It is very rare. Injury may result during repair of a calcified ductus which may
be seen in the adults. Intraoperative hemorrhage may occur during dissection of
a friable duct.

1.6.5 Hoarseness
It is occasionally encountered as the recurrent laryngeal branch of vagus
nerve is in proximity to the operative site. It is usually transient and resolves
spontaneously.

1.6.6 Diaphragmatic Paralysis
Diaphragmatic paralysis: May occur due to phrenic nerve injury.

1.6.7 Chylothorax
Chylothorax: It is very rare due to injury to thoracic duct, especially if the
dissection is performed in deeper plane than required (see Section I Chapter 12).

1.6.8 Ligation of Left Pulmonary Artery or Hypoplastic Arch
Ligation of Left pulmonary artery or hypoplastic arch: May inadvertently
occur.

1.6.9 Cor-pulmonale
In some infants with pulmonary hypertension and ductus, the pulmonary
vascular resistance fails to regress after closure and progressive increase in
pulmonary vascular resistance would lead to high pulmonary artery pressure
(60 to 70 mm Hg), right ventricular failure, and right to left shunting with
severe hypoxia.

2
Secundum Atrial Septal Defect
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2.1 Morphology
The common secundum atrial septal defects are defects in the fossae ovalis
caused by deficiency of the atrial septum primum. The primum atrial septum
defect is due to failure in fusion of atrial septum primum with endocardial
cushions and is often associated with developmental anomalies of AV
(atrioventricular) junction, and is grouped under AV septal or AV canal defects.
The secundum atrial septal defects vary in size and location. The defects
measure ranging from 1 cm to a complete absence of the septum, but a common
defect averages 3 cm in size.
Locations of Defects in the Atrial Septum
Mid septum: Most are located in the mid portion of the atrial septum.
Low Defects: Occur near the IVC (inferior vena caval) opening.
High defects: Occur at the junction of the SVC (superior vena caval) opening
and atrium, called as sinus venosus defects. Majority of these are associated
with anomalous pulmonary venous drainage from the right upper lobe into the
SVC. Rarely, the anomalous vein may drain directly into the posterior atrium or
much rarely into the IVC. The latter anomaly may be associated with
hypoplasia of right lung and anomalous origin of pulmonary artery from the
aorta. The radiological shadow produced by anomalous pulmonary vein lying
parallel to the right border of heart resembles ‘scimitar’.
Secundum atrial septal defect is much rarely associated with either mitral
stenosis (Lutembacher’s syndrome) or mitral insufficiency. Both these lesions
markedly increase left to right shunting.
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2.2 Pathophysiology
The mean left atrial pressure of 10 mm Hg over mean right atrial pressure of
4 mm Hg favors left to right shunting of blood from left atrium (LA) to right
atrium (RA) through an atrial septal defect. The normal pressure gradient
between the atria is dependent on the right and left ventricular wall thickness
and distensibility (diastolic compliance). Due to equal thickness of both the
ventricles in infants and young children, the septal defect produces only a
minimal shunting of blood until child is > 2 years of age when the magnitude of
the shunt increases. The shunt may amount to 1 liter to 20 liters of blood /
minute with a large septal defect. The pulmonary blood flow (PBF) increases
2 to 3 times of systemic blood flow. The fall in systemic blood flow may result
in growth failure, but in adults the cardiac index is at lower limits of normal, only
with a slight fall in systemic oxygen saturation (95 to 96%) due to mixed shunting.
In atrial septal defect, the increased PBF with reciprocal decrease in pulmonary
vascular resistance would not lead to development of pulmonary hypertension
and pulmonary vascular disease for many years. The development of pulmonary
vascular resistance in atrial septal defects may be independent of pulmonary
blood flow and age, and is determined by an individual variation. Increased
pulmonary resistance observed in only 33% before 20 years of age. Once the
pulmonary resistance increases, it might progressively increase with a reversal of
shunt at the atrial level with decreased PBF and development of hypoxia.

2.3 Surgical Treatment
Closure is done in all asymptomatic or symptomatic children if Qp/Qs > 1 or
1.5. Ideally, the procedure is done before the school going age in children
(5 to 6 years).
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If SVR/ PVR is > 0.5 (i.e. pulmonary vascular resistance increases > 50% of
systemic vascular resistance), the risk of surgery increases with a little benefit
of operation though the surgery offers only a hope.

2.4 Surgical Technique
The procedure is performed under CPB (cardiopulmonary bypass) with
moderate hypothermia (32-34°), using the standard aortic and bicaval venous
cannulation either with antegrade cardioplegic arrest of the heart or a nonarrested heart.
All defects are closed with a pericardial or a Dacron patch, especially in older
children and adults, except that a small defect is closed primarily. Anomalous
pulmonary veins are re-directed to LA by a baffle patch.

2.5 Postoperative Management
The postoperative course is usually benign. The hospital stay averages four to
six days.

2.5.1 Invasive Monitors
Arterial and central venous catheters.

2.5.2 Vasoactive Drug Infusions
Rarely are required for hemodynamic management.

2.5.3 Arrhythmias & Conduction Abnormalities
Rare and transient atrial arrhythmias may occur and as well as transient AV
block.
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(May be related to stretching of the area of coronary sinus and is avoided by a
patch closure of the defect in older children and adults).

3
Ventricular Septal Defect
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3.1 Morphology
There are four anatomic types of ventricular septal defects (VSD) based upon
their location on the ventricular septum as described below:
The inlet portion of the septum is the area between the annulus of the
tricuspid valve and the attachments of the tricuspid valve to the right ventricular
wall and the septum. The inlet VSD is posterior and inferior to perimembranous
defects. Inlet defects are uncommon.
The trabecular area of the septum extends from the inlet area out to the apex
and includes the coarse trabeculae of the right ventricle. Muscular septal defects
occur in the trabeculated muscular septum and are often multiple and account for
5 to 20 percent of VSDs. These include marginal defects along the right
ventricular free wall-septal junction, central defects, and apical defects. Multiple
muscular defects have resulted in the pseudonym "Swiss cheese" septum. Apical
defects are frequently difficult to visualize on the right ventricular side because
they can be multiple and covered over by trabeculations.
The outlet area of the septum or infundibular septum extends up to the
pulmonary valve from the trabecular area. The conal or sub-arterial septal
defect, also referred to as a supracristal, infundibular, sub-pulmonary or doubly
committed defect, occurs in this area of the septum and accounts for
5 to 7 percent of all defects, but the incidence of this defect is approximately
30 percent in Far Eastern countries.
The membranous septum is the area of the septum between the trabecular,
inlet, and outlet areas, and is usually partially covered over by the septal leaflet
of the tricuspid valve. Perimembranous VSD or infracristal defects occur in this
area of the septum and account for approximately 80 percent of VSDs. These
defects are also termed as conoventricular or malaligned type of VSDs due to
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mal-alignment of the conal septum with the trabeculated septum during
development of the interventricular septum and bi- partition of the ventricle.
These defects account for approximately 80 percent of VSDs. The papillary
muscle of the conus is within the perimembranous area. (see Figure 3.1.)

Figure 3.1 Diagram depicting four anatomic types of ventricular septal defects in the
inter-ventricular septum as viewed from the right ventricular side. AO= ascending
aorta, AV node= atrioventricular node, IVC= inferior vena cava, PA= pulmonary
artery, RA= right atrium, SVC= superior vena cava, TA= septal margin of the tricuspid
annulus after removal of the septal leaflet and other leaflets of the tricuspid valve.
VSD= ventricular septal defect.

VSD and conduction bundle: The bundle of His lies in the subendocardial
position on the left ventricular side of the ventricular septum as it courses along
the posterior-inferior margin of perimembranous defect. It is the only defect in
which heart block is a potential surgical complication. The His bundle passes
anterior and superiorly to the inlet defects, and is usually remote from the
margins of outlet and muscular defects.
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3.2 Pathophysiology
The physiology of this lesion is determined by the variables such as
resistance to flow across the VSD, and is related to 1) the size of the defect
and 2) the relative resistance of systemic and pulmonary circulations. A small
VSD with high resistance to flow (as in restrictive VSD) permits only a small
left-to-right shunt. In contrast, with a large defect that is equal in diameter to the
aortic annulus, there is equalization of the left and right ventricular peak systolic
pressures, and both the ventricles function as a single pumping chamber with
two outlets. The degree and direction of shunting is determined by relative
resistance of systemic and pulmonary circulations. The magnitude and direction
of shunting varies also during various phases of cardiac cycle and mainly
dependent on pressure gradients in the ventricular cavity.

3.2.1 Left to Right Shunting
a) It occurs in early phase of systole as the left ventricular pressure rises
faster than the right ventricular pressure and the left ventricle contraction occurs
before the right ventricle.
b) It occurs normally in mid and late systole as the pressure in the ventricles
in the mid and late systole is determined by resistance for the right (pulmonary
vascular resistance) and left ventricular ejection (systemic vascular resistance).
c) It occurs during mid to late diastole due to a slightly higher left ventricular
diastolic pressure.

3.2.2 Right to Left Shunting
It occurs in early diastole as the LV (left ventricle) relaxes more quickly than
the RV (right ventricle). The high pressure in the RV cavity results in a transient
pressure gradient favoring the right to left shunt. The blood that is shunted
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flows back into the right ventricle during mid to late diastole. As a result, there
is no net right to left shunt.
In the presence of left to right shunt, pulmonary blood flow is increased well
above the systemic blood flow with increased flow in the PA, left atrium, with
elevations of pulmonary artery, left atrial, and pulmonary venous pressures and
consequent increase in interstitial fluid of the lungs.
The work load of both the right and left ventricles is increased, and as the
interstitial fluid in the lungs increases in the presence of non-complaint lungs
(seen often in young infants), the work of breathing is increased. In the presence
of reduced systemic blood flow, increased work of breathing, and increased
work load of both the ventricles, the energy expenditure is greatly increased
resulting in severe growth failure in infants.
Pulmonary artery hypertension leads to the development of pulmonary
vascular disease with elevated pulmonary vascular resistance resulting in
reversal of shunt (i.e., right-to-left shunt), decreased pulmonary blood flow,
ejection of unoxygenated blood out of the aorta, and variable degrees of
cyanosis (Eisenmenger syndrome).

3.3 Surgical Treatment
A large VSD with severe or intractable congestive cardiac failure should be
closed in all young infants of < 3 months of age. The rare exception is a
minimally symptomatic and a large VSD may be anticipated to close
spontaneously or would decrease in size.
Even in the presence of moderate elevations of PVR (pulmonary vascular
resistance) (8 Wood units), any large VSD in infants 6 months of age or less
should be promptly closed. A large VSD in infants and children > 6 months of
age with normal or low PVR < 5 should be closed. If the PVR is moderately
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elevated (5 to 10 units & Qp/Qs 1.5 - 1.8 at rest) closure may be advised though
some of the patients would not benefit from the operation due to progressive
pulmonary vascular disease. The latter patient subsets are identified
preoperatively (Qp/Qs falls 1.0 or < 1.0 with a fall in O2 saturation on moderate
exercise) and the operation is denied. Operation is contraindicated if PVR is
> 10 units (Qp/Qs < 1.5 at rest), as closure prevents obligatory R to L shunting
during exercise, and the life expectancy is same whether the defect is closed or
left open.
A moderate sized VSD with minimal symptoms and only with pulmonary
plethora (Qp/Qs 3.0, moderate PAH (40 to 50 mm Hg), PVR < 5), operation is
indicated if not spontaneously closed or reduced after an observation period of
5 years.
In asymptomatic or minimally symptomatic children with restrictive and
small VSD, the surgery is not indicated as spontaneous closure is very likely.
The operative closure is done for infundibular VSD, even small, which persists
in children beyond 5 years of age or associated with diastolic murmur in the
aortic area.

3.4 Operative Technique
The procedure is performed under CPB with moderate hypothermia (28-34°C)
using the standard aortic and bicaval venous cannulation and antegrade
cardioplegic arrest. The left ventricle is decompressed by venting through the
right superior pulmonary vein. Alternately, the procedure may be performed
under deep hypothermia and circulatory arrest or a low flow CPB.
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3.4.1 Right Atrial Approach (Transatrial Approach)
Most cono-ventricular or perimembranous VSDs may be closed working
through a vertical right atriotomy. The surgeon inspects and repairs the VSD
looking across the tricuspid valve and into the right ventricle. To aid in
visualization of the defect, detachment of the septal leaflet of the tricuspid valve
may be required. The defect is closed with adequately sized PTFE (Impra) or
Dacron patch using a running polypropylene suture or horizontal pledgeted
mattress sutures. While suturing, careful attention is necessary to not to injure
the conduction bundle which lies on the left ventricular side of the
interventricular septum, from the level of the insertion of the papillary muscle
of the conus to the AV node in the vicinity of tricuspid annulus, traversing at
the posteroinferior margin of the ventricular septal defect. Care is also advised
to avoid injury to the aortic valve and it’s annulus with sutures.

3.4.2 Transpulmonary Approach
The conal or supracristal infundibular VSDs may be approached through an
incision in the main pulmonary artery, working across the pulmonary valve.

3.4.3 Transaortic Approach
If significant aortic valvular incompetence accompanies the conal or
perimembranous defects due to aortic valve leaflet prolapse, the aortic valve
repair (valvuloplasty) is performed. The elongated free edge of the distorted
leaflet is shortened, and the leaflet is re-suspended against the aortic wall with
sutures.

3.4.4 Transventricular Approach
Most of the muscular VSDs may be approached through an incision in the
ventricular apex. The defects are closed using a synthetic patch, such as Dacron or
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polytetrafluoroethylene, sewn to the rightward aspect of the VSD with a running,
nonabsorbable, and monofilament suture. Care should be taken to avoid placing
deep sutures in the area of conduction tissue.

3.5 Postoperative Management
The postoperative course following an isolated VSD closure is usually
uneventful. The hospital stay averages 5 to 8 days.

3.5.1 Hemodynamic Management
If surgical intervention is delayed, pulmonary artery hypertension co-exists
and requires management.
Closely monitor right and left atrial pressures and PA (pulmonary artery)
pressures.
Elevated left atrial pressure as compared to the right atrial pressure in the
presence of a low cardiac output may suggest a persistent left to right shunt due to
a residual VSD.
Persistent of low cardiac output state requires evaluation by doppler
echocardiogram or repeat cardiac catheterization and surgical re-intervention.

3.5.2 Management of Pulmonary Artery Hypertension
The pulmonary artery hypertensive episodes are either prevented from
occurring or treated during the postoperative period by institution of either one
or more of the following measures:
1. Sedation with infusions of a fentanyl.
2. Paralysis with a neuromuscular blocking agent.
3. Oxygenation and hyperventilation.
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4. Inhaled nitric oxide: For reduction of pulmonary vascular resistance and
PA pressure.

3.5.3 Invasive Pressure Monitors
Arterial, central venous, and LA (left atrial) line.
PA catheter if preoperative pulmonary artery hypertension exists.

3.5.4 Vasoactive Drug Infusions
Dopamine or dobutamine, nitroprusside, and milrinone (see Section I
Chapters 4 & 16).

3.5.5 Postoperative Bleeding
Excessive bleeding is rare.

3.5.6 AV Conduction Abnormalities
Edema around the VSD suture lines* may result in transient AV block.
Temporary pacing (atrioventricular pacing) should be readily available at the
bed side (see Section I Chapter 4).
* Conduction bundle lies in the subendocarium of the left ventricular surface of
the septum and courses on the infero-posterior margin of the perimembranous
VSD.

4
Atrioventricular Septal Defects
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4.1 Morphology
Failure in development and fusion of the embryonic endocardial cushions
gives rise to the spectrum of lesions ranging from a partial to complete
atrioventricular septal defect (AVSD) or AV (atrioventricular) canal defect. The
cardiac anatomy of the partial and the complete AV canal defects is the same
but distinct from normal.
The atrioventricular valve annulus and valves are displaced apically, so the
distance from mitral valve annulus to ventricular apex is shorter, and the left
ventricular outflow tract is displaced anteriorly producing a characteristic
"gooseneck" deformity” seen on the angiogram.
Though the inlet ventricular septum is deficient (scooped out septum) in both
the partial and complete AV canal, there is no interventricular communication
in the partial AVSD.

4.1.1 AV Conduction Tissue
The AV node and His bundle are displaced inferiorly and posteriorly to lie
between the inferior margin of the primum atrial septal defect and the tricuspid
valve annulus, medial to coronary sinus within the crest of the ventricular septum.
The AV valve has four or five leaflets (superior, inferior, right lateral, and left
lateral) at two ventricular orifices with varying degrees of bridging across the
ventricular septum by the superior and the inferior leaflets. The extent of
malformation of the AV valve distinguishes the partial AVSD from the
complete AVSD. The partial AVSD is characterized by a crescent shaped
primum atrial septal defect and two AV valves. The central fusion of the
superior and the inferior bridging leaflets of the AV valves with underlying
crest of the ventricular septum prevents interventricular communication.
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4.1.2 The AV Valve
The right superior, right inferior, and right lateral leaflets form the right AV
valve. The left superior, left inferior, and left lateral leaflets form the left AV
valve. The cleft, which is a slit or a triangular, divides the left superior and the
left inferior leaflet and correspond to a cleft in the septal leaflet of the mitral
valve, producing various degrees of mitral insufficiency. In most, a cleft may
also be seen in the septal leaflet of tricuspid valve. (see Figure 4.1)

Figure 4.1 Diagram depicting components of atrioventricular valve in the partial
atrioventricular canal septal defect. Note the central fusion of the right and left superior
and the inferior leaflets, to distinct the AV valve into the tricuspid and mitral
components. The dashed lines show fusion of the bridging leaflet tissue to the
underlying crest of the ventricular septum to prevent inter-ventricular communication.
RSL= right superior leaflet, RIL=right inferior leaflet, RLL= right lateral leaflet,
LSL=left superior leaflet, LIL= left inferior leaflet, LLL= left lateral leaflet.

4.1.3 The Complete Atrioventricular Septal Defect (AVSD)
In this lesion, in addition to the presence of crescent shaped primum atrial
septal defect, the AV valve orifice is not partitioned into tricuspid and mitral
orifice (producing so called common atrioventricular valve and a common AV
valve annulus) due to failure in fusion of superior and inferior common leaflets
centrally. The superior and inferior leaflets also do not fuse with the underlying
crest of the ventricular septum producing interventricular communication (see
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Figures 4.2, 4.3 & 4.4). The complete AVSD is further classified by
morphology of the superior bridging leaflet.

(I) Rastelli Type A
The anterior or superior leaflet has a division into the mitral and tricuspid
components. The chordae attach the margins of this medial portion of this
divided leaflet to the crest of the ventricular septum. The lateral chordae
tendineae from the lateral portions of the leaflet attach to the anterior papillary
muscles in each ventricle (see Figure 4.2).

Figure 4.2 Diagram depicting components of common atrioventricular valve in the
complete atrioventricular canal septal defect. Note the failure of fusion of superior and
inferior leaflet tissue to producet the common AV valve. Note also the complete division
of the superior and inferior bridging leaflets into the right and left components with
attachment of medial margins of the leaflets to the underlying crest of the ventricular
septum (Rastelli type A valve). RSL= right superior leaflet, RIL=right inferior leaflet,
RLL= right lateral leaflet, LSL=left superior leaflet, LIL= left inferior leaflet,
LLL= left lateral leaflet. Arrow head showing the crest of the ventricular septum.

(II) Rastelli Type B
The anterior or superior bridging leaflet has incomplete division into the
mitral and tricuspid components. The chordae from the margins of the division
have no direct insertion to the ventricular septum but rather insert on to an
anomalous papillary muscle positioned in the right ventricle (see Figure 4.3).
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Figure 4.3 Diagram depicting components of common atrioventricular valve in the
complete atrioventricular canal septal defect. Note the failure of fusion of superior and
inferior leaflet tissue to produce the common AV valve. Note the incomplete division of
both the superior and inferior bridging leaflets into the right and left components with
chordal attachment of medial margins of the leaflets to an anomalous papillary muscle
in RV (Rastelli type B valve). RSL= right superior leaflet, RIL=right inferior leaflet,
RLL= right lateral leaflet, LSL=left superior leaflet, LIL= left inferior leaflet,
LLL= left lateral leaflet. Arrow head showing the crest of the ventricular septum.

(III) Rastelli Type C
The anterior or superior bridging leaflet is not divided, larger, looks like a
single leaflet and overhangs the septum. It is not attached to the ventricular
septum and is referred to as being “free floating”. The chordae attach the lateral
margins of the leaflet to the papillary muscles of the right and left ventricular
wall (see Figure 4.4).
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Figure 4.4 Diagram depicting components of common atrioventricular valve in the
complete atrioventricular canal septal defect. Note the failure of fusion of superior and
inferior leaflet tissue to produce the common AV valve. Note the superior bridging
leaflet is not divided (into the mitral or tricuspid components) and overhangs the
septum. It is not attached to the ventricular septum. The chordae attach the lateral
margins of the leaflet to the papillary muscles of the right and left ventricular wall
(Rastelli type C valve). RSL= right superior leaflet, RIL=right inferior leaflet,
RLL= right lateral leaflet, LSL=left superior leaflet, LIL= left inferior leaflet,
LLL= left lateral leaflet. Arrow head showing the crest
of the ventricular septum.

4.1.4 The Intermediate AVSD
The morphology of this lesion refers to the combination of a partial AVSD
with a small interventricular communication. The superior and inferior bridging
leaflets fuse overlying the ventricular septum, so two distinct valvular
components are observed.

4.2 Pathophysiology
The left to right shunt through the primum septal defect and severity of mitral
insufficiency (MR) determine the physiologic consequences of partial AVSD. If
MR is severe, cardiac failure and pulmonary hypertension develops early by
1 to 3 years of age. In the absence of mitral insufficiency, the physiology is
similar to the secundum ASD.
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The magnitude of blood flow through the AVSD and the amount of
atrioventricular valve regurgitation determines the physiology in complete AV
canal. As pulmonary vascular resistance decreases normally over first 4 to
6 weeks after birth, most infants have significant left-to-right shunt through both
the atrial and ventricular septal defects with increased PBF, development of CHF,
pulmonary artery hypertension, and early onset of pulmonary vascular disease.
Infants with clinically significant atrioventricular valve regurgitation may also
have signs of CHF and growth failure.
Some infants with minimal AV valve regurgitation and elevated PVR may
remain asymptomatic until second or third decade when they develop increasing
cyanosis from advanced pulmonary vascular disease.

4.3 Treatment
4.3.1 Medical Treatment
The main stay of this therapy is combination of diuretics, digoxin, and ACE
(angiotensin converting-enzyme) inhibitors. Medical treatment for children with
CHF in complete AV canal defect is given in preparation for surgical RX though
its effectiveness has been questioned. Medical treatment, however, should not be
pursued for more than a few weeks before a definitive repair, as results of surgical
repair in young infants (2-3 months age) have been generally fair.

4.3.2 Surgical Treatment
(I) Partial AVSD
Operation is performed usually between 1 to 4 years. If the patients present
with severe CHF or pulmonary hypertension, the surgery is undertaken
< 2 years. A defect without MR (mitral regurgitation) is managed like the
secundum ASD and is electively repaired before school going age (i.e., 5 years).
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(II) Complete AVSD
Operation should be performed by 1 year or usually by 6 months of age.
Earlier operation is indicated in patients with severe CHF. PA banding would
not prevent the hemodynamic consequences of mitral regurgitation and CHF, so
a complete and definitive repair of common AV canal is currently preferred
even at an early age.

(III) Probable Indications for Pulmonary Artery Banding
1. A rare case of refractory CHF in a low-birth-weight infant may be
palliated with the placement of PA band.
2. In complete AVSD with additional muscular ventricular septal defects
(VSDs), the PA band may alleviate CHF for 6-12 months during which
time the VSDs may spontaneously close and thus simplify the eventual
complete repair.

4.4 Operative Technique
4.4.1 Principles of Repair of Partial AVSD
1. Repair the cleft of mitral valve to correct mitral insufficiency and avoid
overcorrection.
2. Closure of the primum atrial septal defect with a patch.
3. Prevention of heart block and it is accomplished by
• Placing series of interrupted sutures superficially and to the left of the
postero-inferior rim of the primum septal defect in the mitral annulus in
the area of the coronary sinus or
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• Placing sutures to the right of the conduction bundle and the coronary
sinus, thus avoiding the bundle in the sutures but recruiting the
coronary sinus in the left atrium.

4.4.2 Principles of Repair of Complete AVSD
1. Construction of a competent mitral valve by approximation of left superior
and the left inferior leaflets.
2. A prosthetic patch is attached to the crest of the ventricular septum, placing
the sutures to the right side of the septum in the region of coronary sinus, to
avoid heart block.
3. Attachment of both the superior and inferior leaflets of the mitral and
tricuspid valve to a patch at the level where they would normally attach to the
intact ventricular septum.
4. Closure of the primum atrial septal defect with a patch.

4.5 Postoperative Management
The postoperative course following the repair of AV septal defect is variable
and the hospital stay averages 1 week to 12 days.

4.5.1 Hemodynamic Management
Delayed surgical intervention is associated with moderate pulmonary
hypertension which requires management.
Closely monitor the right, the left atrial, and the pulmonary artery (PA)
pressures.
Elevated left atrial pressure or right atrial pressures may suggest the AV
valve regurgitation.

36 ◘◘◘

Decrease in cardiac output as a consequence of moderate or severe pulmonary
hypertension, and/ or supraventricular arrhythmias requires prompt management.
A loud systolic murmur at the apex with decrease in cardiac output suggests
significant valve regurgitation of the left AV valve and mandates evaluation by
doppler echocardiogram.

4.5.2 Management of Pulmonary Artery Hypertension
The pulmonary artery hypertensive episodes are either prevented from
occurring or treated during the postoperative period by institution of either one
or more of the following measures:
1. Sedation with infusions of a fentanyl.
2. Paralysis with a neuromuscular blocking agent.
3. Oxygenation and hyperventilation.
4. Inhaled nitric oxide: For reduction of pulmonary vascular resistance and
PA pressure.

4.5.3 Invasive Pressure Monitors
Arterial, central venous, and LA (left atrial) line.
PA catheter if preoperative pulmonary artery hypertension exists.

4.5.4 Vasoactive Drug Infusions
Dopamine or dobutamine, nitroprusside, and milrinone (see Section I
Chapters 4 & 16).

4.5.5 Postoperative Bleeding
Excessive bleeding is rare.
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4.5.6 AV Conduction Abnormalities
Complete heart block may be due to a faulty technique. The suture line at the
ventricular septal crest near the coronary sinus and tricuspid annulus may injure
the conduction tissue and may result in transient or permanent AV block.
Temporary pacing (atrioventricular pacing) should be readily available at the
bed side. The permanent pacemaker is indicated at discharge if the AV block
persists (see Section I Chapter 4).

5
Coarctation of Aorta
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5.1 Morphology & Pathophysiology
Aortic coarctation is a congenital narrowing of the aorta, distal to the origin of
the left subclavian artery, at the aortic isthmus opposite the area of the ductus
arteriosus. Varying degrees of aortic arch hypoplasia may also coexist. In the
newborn, the presence of a patent ductus arteriosus provides lower body perfusion.
In infants, acute decompensation ensues at the time of duct closure with hypo
perfusion of the lower body and acidosis. Older children and adults often present
only with upper extremity hypertension. Repair of aortic coarctation is often
performed via a left thoracotomy without cardiopulmonary bypass.

5.2 Surgical Technique
The choice of operative technique depends on the morphology of the lesion,
age of the patient, and expertise of the surgeon. The techniques commonly
employed are:
1. Left subclavian patch angioplasty.
2. Resection with end-to-end anastomosis.
3. Subclavian translocation.
4. Synthetic (Gore-Tex) patch angioplasty.

5.3 Postoperative Management
The postoperative course following repair of coarctation of the aorta is
usually uncomplicated.
The hospital stay averages 4 to 7 days.
Systemic hypertension is controlled by intravenous anti-hypertensive
medications.
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Later in the hospital course, intravenous medications are switched to oral beta
blockers and/or captopril or enalapril (see Section I Chapter 16).
Uncontrolled rebound hypertension may occur resulting in bowel ileus or
rarely necrosis.

5.3.1 Hoarseness
It is rarely encountered as the recurrent laryngeal branch of the vagus nerve is
adjacent to the operative site. It is usually transient and resolves spontaneously.

5.3.2 Paraplegia
It is very rare and is related to spinal cord ischemia during repair.

5.3.3 Invasive Monitors
Arterial and central venous pressure catheters.

5.3.4 Vasoactive Drug Infusions
Nitroprusside / esmolol (intravenous beta blockers) (see Section I
Chapters 4 & 16).

5.3.5 Postoperative Bleeding
It is very rare.

6
Interrupted Aortic Arch
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6.1 Morphology & Pathophysiology
The interruption of the aortic arch is classified by the site of an interruption in
the ascending aorta.
Type A: Interruption distal to the left subclavian artery.
Type B: Interruption proximal to the left subclavian artery.
Type C: Interruption is between the innominate artery and the left common
carotid artery (see Figure 6.1).

Figure 6.1 Diagram showing types of interrupted aortic arch. Type A: interruption of
aortic arch beyond origin of the left subclavian artery. Type B: interruption of aortic
arch between origin of the left common carotid artery and left subclavian artery. Type
C: interruption of aortic arch between origin of the innominate artery and left common
carotid artery. Patent ductus arteriosus provides perfusion to the arch of aorta distal to
interruption. DA = descending aorta, LCA= left common carotid artery,
LSA= left subclavian artery. MPA= main pulmonary artery, PDA= patent ductus
arteriosus, RCA= right carotid artery. RSA= right subclavian artery.
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Ventricular septal defect is frequently associated in the interrupted aortic arch,
especially with Types B and C.

6.1.1 Blood Supply to the Arterial Branches in the Aortic
Interruption
Proximal to the interruption is provided by the ascending aorta.
Distal to the interruption is provided by the patent ductus arteriosus.

6.1.2 Arterial Oxygen Saturation in Aortic Interruption
Proximal to the interruption is normal (matches left atrial oxygen saturation).
Distal to the interruption is lower (matches mixed venous oxygen saturation).
Spontaneous closure of the patent ductus arteriosus in interrupted aortic arch
results in hypoperfusion of the lower body and metabolic acidosis. Maintenance
of ductal patency (by infusion of prostaglandin E1) is extremely important for
preoperative resuscitation and preoperative stabilization.

6.2 Operative Techniques
Type A interrupted aortic arch without a VSD or with a small restrictive VSD is
usually, repaired much like coarctation of the aorta with end-to-end anastomosis.
Types B and C interruptions are frequently associated with a VSD, and the
surgical correction is performed during the neonatal period.
The repair requires CPB (cardiopulmonary bypass), deep hypothermia, and
circulatory arrest.
The arterial limb of the CPB circuit is divided into two arms:
1. Perfusion of the proximal aorta is done through one arm.
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2. Perfusion of the distal aorta is accomplished through the other arm via
cannulation of the patent ductus arteriosus.
On circulatory arrest the arterial cannulas are removed. Direct anastomosis of
the upper aortic and lower aortic segments is performed.
Cardiopulmonary bypass is resumed with recannulation of the aorta in the
usual way. Associated ventricular septal defect and atrial septal defect are
repaired either on a circulatory arrest or after resuming CPB and with a
cardioplegic arrest.

6.3 Postoperative Management
Hemodynamic instability may occur in the postoperative period due to
preoperative pulmonary overcirculation or preoperative resuscitation from the
duct closure in type B & type C.
Pulmonary artery hypertensive episodes may occur and need management.
Postoperative arterial oxygen saturation and intracardiac pressures should be
normal.

6.3.1 Management of Pulmonary Artery Hypertensive Episodes
The pulmonary artery hypertensive episodes are either prevented from
occurring or treated during the postoperative period by institution of either one
or more of the following measures:
1. Sedation with IV infusions of a fentanyl and a neuromuscular blocking
agent.
2. Inhaled nitric oxide.
3. Oxygenation and hyperventilation.
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6.3.2 Invasive Monitors
Arterial line, central venous catheter, and LA (left atrial) catheters.
An oximetry catheter may be placed in placed in the pulmonary artery (PA)
to monitor PA pressure and cardiac output.

6.3.3 Vasoactive Drug Infusions
Dopamine or dobutamine, epinephrine, milrinone, nitroprusside, and
phenoxybenzamine (see Section I Chapters 4 & 16).

6.3.4 Postoperative Bleeding
Rare, but may occur as the suture lines are exposed to systemic arterial
pressure.

6.3.5 Atrioventricular Conduction Abnormalities
These may occur due to edema around the conduction tissue from the suture
lines during closure of the ventricular septal defect. Temporary pacing
(AV sequential pacing) should be available at the bed side (see Section I
Chapter 4).

7
Subaortic Stenosis
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7.1 Morphology
The presence of an abnormal tissue beneath the aortic valve or abnormal
morphology of the left ventricular outflow tract leads to the left ventricular
outflow tract (LVOT) obstruction. The obstruction of subaortic stenosis (SAS)
is of four types:
Type 1: Membranous: A discrete membrane consisting of endocardial fold
and fibrous tissue. (see Figure 7.1)
Type 2: Muscular: A fibromuscular ridge consisting of a thickened membrane
with a muscular base at the crest of the interventricular septum.
The types 1 & 2 account for 70-80% of LVOT obstruction due to the
presence of abnormal tissue 0.5 cm to 1.5 cm beneath the aortic valve and
involves a variable extent of the LVOT.
Type 3: Tunnel: Diffuse, fibromuscular, and tunnel-like narrowing of the
LVOT.
Type 4: Anomalous mitral valve: Obstructing accessory or anomalous mitral
valve tissue with an anomalous chordal attachment obstructing the LVOT.
The types 3 and 4 are rare causes of LVOT obstruction.
Certain anatomic features of LVOT, genetically determined abnormal
myocardial cell proliferation, and morphologic changes due to abnormal flow
patterns predispose the children to develop SAS. Anatomic characteristics that
may promote chronic flow alterations in the LVOT include:
a) Long, narrow LVOT.
b) Steep (> 130°) aorto-ventricular septal angle.
c) Increased mitral-aortic separation.
d) Exaggerated aortic override.
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A focal myocardial abnormality similar to that found in hypertrophic
cardiomyopathy may also play a role.

Figure 7.1 Left ventricular angiogram in left anterior oblique projection demonstrates
membranous subaortic obstruction (arrow head) beneath the aortic valve. Reproduced
from: Younis G A,, Awdeh M, Benrey J, Price C E, Cooley A D. Discrete Membranous
Subaortic Stenosis: Postoperative reversion of Aortic valve Echocardiogram to Normal.
Cardiovasc Dis. 1976; 3(4): 424-429. Request for reproduction: Contact:
http://www.ncbi.nlm.nih.gov/pmc/about/copyright/.

7.2 Pathophysiology
During the natural course of SAS, abnormalities of aortic and mitral valve
leaflets occur due to tethering effect by encroaching fibroblastic tissue of the
membranous and fibromuscular obstruction. Significant obstruction to ejection
results in concentric LV (left ventricular) hypertrophy, producing excessive
thickness of the ventricular septum. This effect leads to a cycle of further
obstruction and localized fibro muscular growth. SAS has variable but
unpredictable rates of progression in children whereas the rate of progression in
adults is slow.
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Heart failure: If it presents early in the course of SAS, it is usually from
associated congenital heart defects. The isolated SAS in children produces heart
failure, only occasionally, with well-preserved systolic function and maintenance
of cardiac output until severe obstruction develops.
Aortic regurgitation: It develops in the majority of patients during the course
of SAS due to thickening of valve cusps, asymmetrical post-stenotic dilatation
of the ascending aorta, and repetitive trauma from the high-velocity jet of blood
flow through the site of stenosis.
The severity of regurgitation increases with an increasing LVOT pressure
gradient, reflecting progressive aortic valve damage by the high-velocity jet of
blood. Aortic regurgitation persists even after the SAS is corrected. Therefore,
significant and progressive aortic regurgitation requires aortic valve repair or
replacement at the time of SAS repair. SAS may also recur even after an
adequate surgical resection.
Myocardial Ischemia: Aortic regurgitation adds volume overload to an already
pressure-overloaded LV (left ventricle). The decrease in aortic diastolic pressure
leads to diminished coronary perfusion and in combination with increased
myocardial oxygen demand from pressure and volume overloaded ventricle, it
predisposes the left ventricular myocardium to severe ischemic injury.

7.3 Treatment
7.3.1 Medical
It has no role as most of the patients are asymptomatic. Surgical intervention
is often required, at some point, in the clinical course of the disease to relieve
LVOT obstruction, preferably, before heart failure develops. If the disease
progresses to the point that heart failure or clinically significant LV dysfunction
develops, anti-congestive therapy is indicated until surgery can be performed.
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The systemic vasodilators and angiotensin-converting enzyme [ACE] inhibitors
are, however, contraindicated.

7.3.2 Surgical Treatment
(I) Surgical Intervention & Indications for Surgery
1. LVOT catheter peak-to-peak gradient /or doppler mean gradients of
< 30 mm Hg and without LV hypertrophy:
Treatment is by medical follow-up only. (The rationale for early surgery
in this subset, based on rapid disease progression and eventual aortic valve
injury, is outweighed by the problem of high postoperative incidence of
recurrence, late reoperation, and development of aortic regurgitation even
after successful early relief of the obstruction).
2. LVOT catheter peak-to-peak gradient /or doppler mean gradients of
50 mm Hg or more: Treatment: Surgical intervention.
3. Catheter LVOT catheter peak-to-peak /or doppler mean gradients of
30-50 mm Hg: Treatment: Surgical intervention if:
• Symptomatic with angina, syncope, or dyspnea on exertion (class I).
• Asymptomatic but develop ST/T-wave changes on EKG over left
precordium at rest or with exercise (class I), or have a case for
progressive course, such as an older age at diagnosis and tunnel-like
SAS (it should have an early surgical intervention). Prevention of aortic
regurgitation is usually not an indication for surgical intervention in
those with mild LVOT obstruction.
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(II) Catheter Intervention
Percutaneous balloon dilation of a discrete lesion can substantially reduce the
LVOT pressure gradient that is relatively brief. Therefore, balloon dilation is
not indicated.

7.4 Operative Techniques
7.4.1 Discrete Membranous and Fibromuscular SAS
Complete resection with myotomy, with or without myomectomy is
performed through an aortotomy. Significant aortic regurgitation may require
aortic valve repair or replacement.

7.4.2 Tunnel-type SAS with Narrow LV-aortic Junction
Aortoventriculoplasty (Konno procedure) may be required. It involves excision
and replacement of the aortic valve with a prosthesis, patch augmentation of
ventricular septum to enlarge the LVOT, and pericardial patch closure of the right
ventriculotomy.

7.4.3 Tunnel-type SAS with Normal LV-aortic Junction and Aortic
Valve or Recurrent SAS
Modified Konno procedure without aortic valve replacement may be
performed.

7.4.4 Complex SAS or Tunnel Stenosis
Modified Konno with aortic root replacement by using a prosthetic aortic
valve, an aortic valve allograft, or a pulmonary valve auto graft (Ross-Konno) is
a prescribed procedure (see Chapter 8).
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7.5 Postoperative Management
The postoperative course following resection of subaortic stenosis is usually
uneventful. The hospital stay averages 5 to 7 days.

7.5.1 Hemodynamic Management
Systemic hypertension may be encountered postoperatively requiring
management.

7.5.2 Invasive Monitors
Arterial, CVP (central venous pressure), and LA (left atrial) catheters.

7.5.3 Vasoactive Drug Infusions
Nitroprusside and/or esmolol are often used in the early postoperative period
(see Section I Chapters 4 & 16).
Switch to captopril or enalapril to treat hypertension later in the postoperative
course.

7.5.4 AV Conduction Abnormalities
AV (atrioventricular) dissociation or complete heart block can occur.
Atrioventricular pacing should be available at the bed side.

7.5.5 Postoperative Bleeding
It is uncommon.

8
Ross Procedure
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8.1 Indications & Scope of the Aortic Valve Procedures
Aortic valve repair or a replacement is required in infants and children for the
following conditions:
1. Aortic valve annular hypoplasia.
2. Progressive stenosis of the aortic valve in infants and children.
3. Aortic valve stenosis associated with multilevel left ventricular outflow
tract obstruction, not amenable to simple aortic valve repair and requiring
enlargement of the outflow tract.
4. Rheumatic aortic valve disease.
5. Aortic valve endocarditis.
6. Aortic insufficiency.

8.1.1 Aortic Valve Repair
Several aortic valve repair techniques have been used in children, including
autologous pericardial leaflet extension, leaflet replacement, annuloplasty etc.
These valve repair techniques eliminates the need for anticoagulation, but the
long term results were less satisfactory, and residual aortic valve lesions
(e.g., regurgitation, stenosis) are not uncommon, eventually, requiring
reoperation and a possible valve replacement. The aortic valve repair may delay
the need for ultimate valve replacement options, which can be offered to the
patients after completion of somatic growth, pregnancy, and an increased
compliance with anticoagulation regimen.
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8.1.2 Mechanical Valve Replacements
Though the incidence of structural valve deterioration is negligible,
mechanical valve prostheses are not the ideal valve substitutes in young infants
and children due to the lack of appropriate sized prostheses and absence of
potential for growth as the child grows. The mechanical valves require a
lifetime anticoagulation with a lifetime risk of thromboembolic and bleeding
complications, difficulties with future pregnancy, and potential poor compliance
with anticoagulation regimen.

8.1.3 Tissue Valves and Homografts
Though homografts and bio prosthetic valves do not require anticoagulation,
the lack of appropriate sized prostheses for infants and children at implantation,
limited durability due to structural valve degeneration and early calcification,
and lack of growth limit their usage.
The Ross procedure, using the pulmonary autograft, provides excellent
hemodynamics flow characteristic, and is capable of growth, and does not
require anticoagulation. The procedure of replacing the aortic valve with the
patient's own pulmonary valve and then using a pulmonary allograft to replace
the pulmonary valve is commonly referred to as the Ross procedure.

8.2 Contraindications for Ross Operation
Ross procedure is contraindicated in the presence of pulmonary valve
pathology, significant mitral valve pathology that requires mechanical valve
replacement, significant dilatation of the aortic root associated with aortic
regurgitation, and in several connective tissue disorders (Marfan syndrome) or
autoimmune diseases (Reiter disease) associated with aortic valve pathology.
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8.3 Principles of Ross Operation
The pulmonary valve and aortic valves are assessed preoperatively by
echocardiography for clinically significant regurgitation or any other pathology.
It is also useful for assessing the sizes of the aorta and pulmonary annulus. A
disparity in a size of more than 2-3 mm is likely to require augmentation or
reduction in the diameter of the aortic annulus.

Figure 8.1 The diagram represents pulmonary valve autograft procurement for the
Ross procedure. Note the course of the LMCA and first septal branch of LAD and their
close relationship to the subpulmonary conus. LMCA = left main coronary artery,
LAD = left anterior descending coronary artery, LA = left atrium.

Subpulmonary conus is a thin muscular tube beneath the pulmonary valve and
the dissection for procuring the autograft should extend to this level. In harvesting
the autograft, the knowledge of the course of the left coronary artery, the first
septal branch of the left anterior descending artery and their relationship to the
right ventricular outflow tract is very important (see Figure 8.1). Knowledge of
the configuration of the left ventricular outflow tract and the relationship to the
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conduction system is also important when enlargement of the left ventricular
outflow tract (Ross-Konno procedure) is required (see Figure 8.2).

Figure 8.2 The diagram depicts the anatomical relationships of aortic valve and
tricuspid valve to the AV node, bundle of His, central fibrous body, and membranous
inter-ventricular septum. The arrow heads with X mark shows the safe area to make
incision in the aortic valve annulus to enlarge the aortic root during the Ross-Konno
procedure, to avoid damage to the conduction bundle. ALT = anterior leaflet of the
tricuspid valve, AML = anterior leaflet of the mitral valve, AV node = atrioventricular
node, CS = coronary sinus, LCS = left coronary sinus, MS = membranous interventricular septum, NCS = non coronary sinus, RCS = right coronary sinus,
SLT = septal leaflet of the tricuspid valve.

8.4 Operative Technique
The procedure is performed under CPB (cardiopulmonary bypass), with
moderate hypothermia (32-34°C) using the standard aortic and bicaval venous
cannulation. The heart is arrested by a combination of antegrade and retrograde
cardioplegia. The left ventricle is decompressed by venting through the right
superior pulmonary vein.
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The aorta is transected 1.5 cm above the right coronary artery. If the aortic
valve is not repairable, the leaflets are then completely excised and calcium is
debrided. The main pulmonary artery is partially opened just proximal to the
bifurcation, and the valve is inspected to ensure normal anatomy and function.
If the decision is made to proceed with the Ross procedure, the coronary buttons
are prepared with a generous rim of aorta around each ostium to allow for
suturing to the pulmonary autograft.
The pulmonary artery is dissected free from the aorta up to the bifurcation, and
is completely divided at the bifurcation. An incision is made on the RV
infundibulum approximately 1 cm below the base of the pulmonary valve cusps.
This infundibular incision is facilitated by placing a right-angled clamp through
the valve and by bringing the tip through the infundibulum. The right ventricular
outflow tract is incised circumferentially using the scissors. Once the dissection
proceeds laterally and posteriorly, the left anterior descending artery and its first
septal branch are at risk, and care is taken to not injure them. After harvesting of
the autograft, retrograde cardioplegia is administered to ensure hemostasis in the
bed of the harvested autograft by ligating several venous tributaries.
The autograft and the right ventricular outflow tract are sized with the valve
sizers to select an appropriate-sized pulmonary homograft. The aortic root
annulus is also sized to determine if there is any discrepancy that needs to be
addressed. An annular size difference of 2-3 mm is well tolerated. If the aortic
annulus is too large, reduction is best achieved with an imbricating suture
passed circumferentially at the level of the annulus and tied over a dilator that
sized the pulmonary autograft. Alternatively, a series of mattress sutures can be
used with a care to avoid the region of the conduction system. If the aortic root
annulus is too small, then an aorto-ventriculoplasty combined with the Ross
procedure (commonly known as Ross-Konno procedure) is done.
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The autograft should be orientated, so that the commissures of the autograft
line up with the commissures of the excised aortic valve, and is sutured to the
aortic valve annulus using either a running or an interrupted 4-0 polypropylene
suture. The sutures are tied around a circumferential strip of Teflon felt
(3 mm wide) if further growth of the aortic annulus is not desired. Small
openings are made in both the left and right coronary sinuses of the autograft,
and both the left and right coronary arteries are anastomosed using a running
6-0 polypropylene suture. The distal aortic anastomosis is then constructed with
a continuous 4-0 polypropylene suture.
The aortic root is deaired and distended with a cold saline solution to test the
suture lines. At this point, the right coronary artery if not already is implanted,
may be implanted into the autograft once it is distended. The anastomosis is the
constructed in a similar fashion as the left coronary button. Antegrade
cardioplegia can now be administered, and bleeding in the bed of the harvested
auto graft is further controlled.
A cryopreserved pulmonary homograft is then appropriately trimmed, and the
distal anastomosis is performed using a continuous 4-0 polypropylene suture. The
proximal anastomosis is then constructed with a continuous 5-0 polypropylene.

8.5 Postoperative Management
The postoperative course following the Ross aortic valve replacement is
variable. The usual hospital stay averages one week to ten days.

8.5.1 Hemodynamic Management
This is an extensive operation, and inotropic support is frequently required.
Postoperative intracardiac pressures should be normal.
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Slightly elevated left atrial pressure may occur secondary to left ventricular
hypertrophy and poor left ventricular compliance.
Arterial oxygen saturation should be normal.

8.5.2 Invasive Monitors
Arterial, CVP (central venous pressure), and left atrial catheters. An
oximetric catheter is utilized to assess the cardiac output.

8.5.3 Vasoactive Drug Infusions
Dopamine

or

dobutamine,

epinephrine,

milrinone,

nitroprusside

or

phenoxybenzamine, and nitroglycerin (see Section I Chapters 4 & 16).

8.5.4 Postoperative Bleeding
As numerous external cardiac suture lines are exposed to systemic pressure,
bleeding is a potential complication.

8.5.5 Cardiac Arrhythmias
Occasionally, these occur following the repair. Temporary atrioventricular
pacing should be available at the bedside (see Section I Chapter 4).

9
Tetralogy of Fallot
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9.1 Morphology
The important features of this lesion are:
1. Right ventricular (RV) outflow tract obstruction (RVOTO) which is
infundibular and/or valvular stenosis.
2. Unrestricted and malaligned VSD (ventricular septal defect) associated
with anterior misalignment of the conal septum.
3. Dextroposition of aorta which overrides VSD, i.e., an aorta that to varying
degrees originates from the RV.
4. The anterior displacement and rotation of the infundibular septum also
causes RV obstruction of variable degree and location.
5. The RVOTO leads to secondary right ventricular hypertrophy (see
Figure 9.1).

Figure 9.1 Chest X-ray showing boot shaped heart (Coeur en sabot) characteristic of
tetralogy of Fallot in a 3 month old infant. Note the decreased pulmonary vascularity
and absent PA (pulmonary artery) shadow in the superior mediastinum with leftward
shift of ventricular apex due to RV hypertrophy.

◘◘◘ 67

The pulmonary arteries vary in size and distribution, and they may be atretic
or hypoplastic. In some, a varying degree of peripheral pulmonary arteries
stenosis occurs. The coronary anatomy may also be abnormal, i.e., the left
anterior descending (LAD) coronary artery arises from the proximal right
coronary artery which crosses the RV outflow at variable distances from the
pulmonary valve annulus. This abnormality makes placement of a patch across
the pulmonary annulus risky, possibly, requiring an external conduit. During the
VSD repair, the anomalous LAD coronary artery is also prone to injury.

9.2 Pathophysiology
The VSD is usually large (nonrestrictive), therefore, RV and left ventricular
(LV) pressures are equalized. The relative resistance of the RVOT and systemic
vascular bed determines the direction of a shunt. If the RVOT obstruction is
severe, the intracardiac shunt is from right to left, and pulmonary blood flow
may be markedly diminished resulting in cyanosis and hypoxemia.
Some infants at birth with tetralogy may not show signs of cyanosis, but they
may later develop episodes of bluish pale skin during crying or feeding, called
“tet spells”. These episodes occur even in non-cyanotic patients, and the
mechanism is thought due to spasm of the infundibular septum, which acutely
worsens the right ventricular (RV) outflow tract obstruction (RVOTO). The
older child by squatting increases systemic vascular resistance, thus decreases
the magnitude of the right-to-left shunt with increase in pulmonary blood flow.
In tetralogy, the predominant shunt can also be from the left to right if the
infundibular stenosis is minimal. These infants are not cyanotic (pink tetralogy),
but they often have systemic oxygen desaturation. Signs and symptoms of
tetralogy progress due to increased RVOTO and hypertrophy of the infundibular
septum that leads to secondary RV hypertrophy, increased right-to-left shunting,

68 ◘◘◘

and systemic hypoxemia. Dehydration, acidosis, stress, infection, beta-adrenergic
agonists, and closure of the ductus arteriosus can all worsen the cyanosis.

9.3 Management of Hypercyanotic Tet Spells
“Tet spells”: Paroxysms of hyperpnoea, prolonged crying, intense cyanosis,
and ↓ intensity of the murmur of pulmonic stenosis.

9.3.1 Mechanism
It is secondary to infundibular spasm which acutely worsens RVOTO, and/or
↓ systemic vascular resistance (SVR) with ↑right-to-left shunting at VSD. This
results in diminished pulmonary blood flow. If left untreated, it may result in
syncope, seizure, stroke, or a death.

9.3.2 Treatment
IV beta-blockers such as propranolol may be needed in a severe infundibular
spasm. Acute episodes usually require rapid intervention as mentioned below:
1. 100% Oxygen: It is a potent pulmonary vasodilator and a systemic
vasoconstrictor. This increases pulmonary blood flow to the lungs.
2. Morphine sulfate: Give 0.1-0.2 mg/kg IM or subcutaneously (SC). May
reduce the ventilatory drive and ↓ systemic venous return.
3. Phenylephrine: Give 0.02 mg/kg IV, the dose may be repeated. It is used
to increase SVR.
4. Dexmedetomidine: Give a low dose of 0.1-0.125 mcg/kg/hour infusion
without a bolus. In some hypercyanotic neonates, this infusion has
ameliorated the symptoms.
5. Metabolic acidosis: Corrected by NaHCO3. It reduces the respiratory drive
of acidosis.
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6. If feasible, hold the infant in a knee chest position.

9.4 Surgical Treatment
Most infants with adequate oxygen saturation should undergo an elective
repair, but progressive hypoxemia and the occurrence of hypercyanotic spells
are the indications for an early surgery.
The infusion of prostaglandins to maintain the patency of ductus in critically
ill cyanotic-hypoxic infants has decreased the need to perform urgent surgery
such as the systemic-to-pulmonary artery shunt.
The current trend is to perform a total surgical correction at presentation
though studies have shown that the surgery is preferably done at or about
12 months of age.
Primary repair avoids prolonged right ventricular (RV) outflow obstruction
and the subsequent right ventricular hypertrophy (RVH), prolonged cyanosis,
distortion of pulmonary artery (i.e., PA) secondary to the palliative shunt, and
postnatal angiogenesis.
Multiple VSDs, severe annular hypoplasia, pulmonary artery atresia, small
pulmonary arteries, and a low birth weight are some of the factors, which
increase the risk for early repair.
The infants with tetralogy of Fallot and pulmonary atresia or an anomalous
left anterior descending coronary artery that crosses the RV outflow tract may
not be surgical candidates for establishing transannular patch but may require
placement of a conduit.
Infants with extremely small pulmonary arteries may not tolerate total
correction with a conduit placement in infancy. These infants may require
palliation with the Blalock-Taussig shunt instead of primary corrective surgery.
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9.5 Operative Procedure
Principle: Perform correction to provide unobstructed pulmonary blood flow,
close VSD and ASD, preserve the pulmonary valve if feasible, and adequately
resect all the obstructing and hypertrophied infundibular muscle bands.
The procedure is performed on CPB (cardiopulmonary bypass) with
moderate hypothermia and cardioplegic arrest. In small infants and neonates
deep hypothermia and circulatory arrest is often used.
RV approach: Through a small infundibular incision the hypertrophied and
obstructing muscle bands are resected. The VSD is closed with a Dacron patch.
The pulmonary valve and/or annulus are evaluated, and if it is small (by Z value),
it is enlarged by transannular incision and closed with a patch covering both the
annulus and infundibulum. The patent foramen ovale (i.e., PFO) should be left
open in neonates to assist systemic output in the early postoperative period.
Right atrial approach: Through the right atrium, the VSD and ASD are closed.
Pulmonary arteriotomy incision is made to evaluate the pulmonary valve and/or
annulus. If the valve is stenotic or the annulus is small (may be assessed by Z
values), either valvotomy and/or or transannular incision is performed. The
hypertrophied and obstructing muscle bands of the infundibulum are resected
through the atrium or through the infundibular incision. Transannular and
infundibular patch is placed as necessary.
Some of the risk factors for an early death are severity of annular hypoplasia,
small size of pulmonary arteries, need for transannular patch (debatable), and a
high peak RV to LV pressure ratio.

9.6 Postoperative Management
The postoperative course can be variable and depends upon the morphology
of the lesion (i.e., RV outflow tract, Z value of pulmonary valve, size of PAs
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etc.) and the surgical course (i.e., technique and choice of surgical treatment).
The hospital stay is variable but may average 1 to 2 weeks.

9.6.1 Hemodynamic Management
Adequate right ventricular (RV) function is a determinant of postoperative
hemodynamic stability.
RV function determines transpulmonary blood flow, left ventricular filling,
and LV output.
Significant resection of the right ventricular muscle, coupled with pulmonary
insufficiency subsequent to the transannular patch repair can lead to an early
postoperative hemodynamic instability.
RV diastolic pressure might be higher than normal secondary to pulmonary
insufficiency (as in cases of liberal annular patch re-construction).
CVP may be elevated, the indicating right ventricular failure, secondary to
pulmonary insufficiency and / or liberal right ventriculotomy incision.
Some degree of right ventricular failure, however, is common.
RV pressures usually return to normal as the right ventricular performance
improves.

9.6.2 To Maintain Adequate Right Ventricular Function Do
the Following
1. Maintain atrioventricular synchrony.
2. Infuse adequate volume to maintain RV preload.
3. Maintenance of low pulmonary vascular resistance.
4. Maintain systemic mean arterial pressure either normal or slightly elevated.
5. Avoid excessive reduction of afterload.

72 ◘◘◘

Arterial oxygen saturation (SaO2) following the repair should be normal.
In neonates after corrective surgery (by transannular patch and VSD closure),
SaO2 may fall subsequent to elevations in pulmonary vascular resistance and /
or right ventricular dysfunction as a result of right to left shunt through a patent
foramen ovale.

9.6.3 Invasive Pressure Monitors
Arterial, central venous catheter, and LA (left atrial) line.
An oximetric catheter may be placed in the PA to assess cardiac output.

9.6.4 Vasoactive Drug Infusions
Dopamine or dobutamine, milrinone, epinephrine, and nitroprusside (see
Section I Chapters 4 & 16).

9.6.5 Postoperative Bleeding
It is a potential in patients who have undergone extensive pulmonary artery
patch angioplasty.

9.6.6 AV Conduction Abnormalities
They may occur occasionally due to edema around the margins of the VSD,
resulting in transient AV (atrioventricular) block. Temporary pacing
(atrioventricular pacing) should be available.

9.6.7 Pleural Effusion
It is a common, especially in patients with the presence of aortopulmonary
collaterals. Prolonged chest tube drainage may be required.

10
Truncus Arteriosus
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10.1 Morphology & Pathophysiology
During embryological differentiation of cono-truncus, arrest in septation fails
to separate truncal artery into the aorta and pulmonary arteries. A single truncal
vessel straddles over a large outlet ventricular septal defect. This single great
vessel gives rise both the ascending aorta and pulmonary artery. Truncus is
classified based on the origin of pulmonary arteries from the truncal artery:
Type I: The main pulmonary artery arises from the truncal artery.
Type II: The right and left branch pulmonary arteries arise separately but in
close proximity.
Type III: The right and left branch pulmonary arteries may arise widely
separately from the lateral aspects of the truncal artery.
Truncal valve: It may be abnormal. The valve has usually three cusps and
severe valve incompetence is rare. It is important to evaluate the truncal valve
function preoperatively since significant stenosis or insufficiency of the truncal
valve will require intervention at the time of surgery.
The VSD in truncus arteriosus is large and non-restrictive and results in left
to right shunting of blood with pulmonary overcirculation.
Congestive heart failure and pulmonary artery hypertension are common in
truncus. Pulmonary vascular obstructive disease will occur early if no
intervention is undertaken.

10.2 Surgical Treatment
Surgery for total repair is performed on cardiopulmonary bypass, aortic
cross-clamping, and cardioplegic arrest. The pulmonary artery is separated from
the truncal root, and the truncal vessel is closed directly or with a patch of
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synthetic material or a cryopreserved homograft. Truncal valve repair,
replacement, or valvotomy is performed as needed. An incision is made in the
right ventricular outflow tract, and the ventricular septal defect is closed. A
valved homograft conduit is implanted, connecting the right ventricle to the
pulmonary arteries. Transesophageal echocardiography is often utilized to
evaluate the adequacy of valve repair following weaning from cardiopulmonary
bypass. The sternotomy is left open for a delayed closure. Pulmonary artery
banding to prevent pulmonary overcirculation in infants with trnucus is
associated with a prohibitive mortality.

10.3 Postoperative Management
The postoperative course may be complex as the repair requires elaborate
operative procedure. The hospital stay averages 8 to 12 days.

10.3.1 Hemodynamic Management
Hemodynamic instability can occur, especially in patients who have truncal
valve dysfunction. Pulmonary artery hypertensive crises usually occur and
require management. Systemic arterial oxygen saturation (SaO2) should be
normal. All intracardiac pressures should be normal.

10.3.2 Management of Pulmonary Artery Hypertensive Episodes
It is usually required to minimize pulmonary artery hypertensive episodes:
1. Sedation with infusions of a fentanyl.
2. Paralysis with neuromuscular blocking agent.
3. Oxygenation and a hyperventilation.
4. Inhaled nitric oxide: For reduction of pulmonary vascular resistance and
pulmonary artery (PA) pressure.
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10.3.3 Invasive Pressure Monitors
Arterial, central venous, and LA line. An oximetric catheter placed in the PA
assesses cardiac output and pulmonary artery pressure.

10.3.4 Vasoactive Drug Infusions
Dopamine or dobutamine, milrinone, epinephrine, nitroprusside, and/or
phenoxybenzamine (see Section I Chapters 4 & 16).

10.3.5 Postoperative Bleeding
Suture lines exposed to systemic arterial pressure and homograft suture lines
under elevated pressure may predispose to early postoperative bleeding.

10.3.6 AV Conduction Abnormalities
They may be encountered due to manipulation in the area of the
atrioventricular conduction tissue. Temporary pacing (atrioventricular pacing)
should be available (see Section I Chapter 4).

11

Pulmonary Atresia with Ventricular
Septal Defect
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11.1 Morphology
In this anomaly, the right ventricular outflow tract is underdeveloped with
atresia of the pulmonary valve and presence of a large VSD (ventricular septal
defect) with overriding of the aorta.
If a large patent ductus arteriosus is associated with this anomaly, the
pulmonary arteries are usually normal in size and distribute blood to all
segments of the lungs. This subtype of pulmonary atresia with VSD is managed
as a severe form of tetralogy of Fallot.
If there is no patent ductus arteriosus or only a small ductus is associated with
this anomaly, pulmonary artery blood supply is provided partially or entirely by
major aorto-pulmonary collateral arteries (MAPCAs).

11.2 Operative Principles
The operative approach to the patient with pulmonary atresia and VSD
should be tailored to the morphology of the defect, and total repair of the lesion
is an ultimate goal. A singe stage total repair may be performed in early infancy
if the pulmonary artery anatomy would allow, or correction of the defect is
performed in stages.
Total repair is accomplished by:
1) Constructing central pulmonary arteries from the MAPCAs.
2) Establishing continuity between the RV and reconstructed pulmonary
artery confluence.
3) VSD closure.
The total repair should proceed as early as the patient's pulmonary anatomy
will allow.
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11.3 Postoperative Management
The postoperative course following repair of pulmonary atresia with VSD
and major aorto-pulmonary collateral arteries (MAPCA) may vary and depends
upon individual anatomy and surgical course. The hospital stay may average
one to two weeks.

11.3.1 Hemodynamic Management
Maintain adequate prograde pulmonary artery blood flow and prevent
RV (right ventricular) dysfunction by preventing rises in pulmonary vascular
resistance (PVR) postoperatively, especially after a single stage total repair in
early infancy.
Arterial oxygen saturation and intracardiac pressures should be normal
following surgery.

11.3.2 Prevention of Pulmonary Artery Hypertension or Rises
in PVR
The pulmonary artery hypertensive episodes are either prevented from
occurring or treated during the postoperative period by institution of either one
or more of the following measures:
1. Sedation, with infusions of a fentanyl.
2. Paralysis with a neuromuscular blocking agent.
3. Oxygenation and hyperventilation.
4. Inhaled nitric oxide: For reduction of pulmonary vascular resistance and
pulmonary artery (PA) pressure.

11.3.3 Invasive Monitors
Arterial, CVP (central venous pressure), and LA (left atrial) catheters.
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An oximetric catheter is utilized to monitor cardiac output.

11.3.4 Vasoactive Drug Infusions
Dopamine or dobutamine, epinephrine, nitroprusside, and milrinone (see
Section I Chapters 4 & 16).

11.3.5 Postoperative Bleeding
Excessive bleeding can occur if pulmonary artery angioplasty is performed
extensively.

11.3.6 Atrioventricular Conduction Abnormalities
Occasionally, occur as VSD closure requires manipulation near the
atrioventricular conduction tissue. Temporary atrioventricular pacing should be
available at the bed side.

12
Transposition of Great Arteries &
Arterial Switch
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12.1 Morphology
The hallmark of transposition of the great arteries (TGA) is ventriculo-arterial
discordance in which the aorta arises from the morphologic right ventricle (RV)
and the pulmonary artery arises from the morphologic left ventricle (LV).
The anatomic subtypes of TGA are:
1. TGA with intact ventricular septum.
2. TGA with ventricular septal defect (VSD).
3. TGA with VSD and left ventricular outflow tract (LVOT) obstruction.
4. TGA with VSD and pulmonary vascular obstructive disease.
In two third of patients with TGA, the coronary artery anatomy is normal, but
in 1/3 the coronary artery anatomy is abnormal, with a left circumflex coronary
artery arising from the right coronary artery (22%), a single right coronary artery
(9.5%), a single left coronary artery (3%), or inverted origin of the coronary
arteries (3%).

12.2 Pathophysiology
The pulmonary and systemic circulations run in parallel rather than in series.
Oxygenated pulmonary venous blood from the left atrium and left ventricle is
recirculated to the pulmonary vascular bed via the pulmonary artery.
Deoxygenated systemic venous blood from the right atrium and right ventricle
is pumped into the systemic circulation, bypassing the lungs. This parallel
circulation results in a deficient oxygen supply to the tissues and an excessive
right and left ventricular workload. It is incompatible with survival unless
mixing of oxygenated and deoxygenated blood occurs. The mixing of
oxygenated and deoxygenated blood occurs at 3 anatomic sites, i.e., patent

◘◘◘ 83

ductus arteriosus, atrial septal defect, and ventricular septal defect. One or all of
these lesions can be present, and the degree of arterial hypoxemia depends on
the degree of anatomic mixing.
The majority of neonates with TGA manifest marked cyanosis within the first
day of life. Metabolic acidosis also evolves secondary to poor tissue
oxygenation. A bidirectional shunt is always present in TGA to prevent total
volume depletion of the circulating volume. A major determining factor of
systemic arterial oxygen saturation is the amount of blood exchange between
the circulations.
Left to right shunt is from pulmonary to systemic circulation.
Right to left shunt is from systemic to pulmonary circulation.
Systemic arterial oxygen saturation is more influenced by left to right shunt.
Infants with complete TGA are susceptible to the development of pulmonary
vascular obstructive disease. Systemic arterial hypoxemia, increased pulmonary
flows, and pulmonary hypertension, all contribute to the development of
pulmonary vasoconstriction.

12.3 Perioperative Management
PGE1 Infusion: Maintain ductal patency with continuous intravenous infusion
to increase pulmonary blood flow, increase left atrial pressure, and promote leftto-right mixing at the atrial level.
Note:
a) PGE1 infusion is critical in patients with severe left ventricular outflow
tract stenosis or atresia.
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b) Prostaglandin therapy, however, may or may not benefit the patient with
simple transposition of the great arteries (TGA) with an intact ventricular
septum.
Balloon atrial septostomy: Depending on the degree of restriction at the atrial
septum and the timing of operative repair, it is indicated in severely hypoxemic
patients with inadequate atrial level communication and insufficient mixing.
Metabolic acidosis: It should be corrected with fluid replacement and
bicarbonate administration.
Mechanical ventilation: May be necessary if pulmonary edema develops with
severe hypoxemia.
Surgical procedure: The patient may require corrective surgery or palliation
early in life.

12.4 Operative Procedures
The procedures vary with the age of the patient at presentation, associated
cardiac anomalies, and technical expertise of a surgeon. Most full-term neonates
with uncomplicated transposition of the great arteries can undergo the arterial
switch procedure in one operation, with a minimal mortality.

12.4.1 TGA with IVS (Intact Ventricular Septum)
The arterial switch procedure is an ideal operation. It should be performed
when the infant is younger than 4 weeks, as the left ventricle may not be able to
handle the systemic pressure postoperatively, if it is left too long in the
low-pressure and low-resistance pulmonary circuit.
If the infant is older than 4 weeks, the left ventricle may be prepared to
handle the systemic pressure by banding the pulmonary artery and placing an
aorto-pulmonary shunt.
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If coronary artery anatomy (e.g., intramural coronary artery) is not suitable
for arterial switch, and coronary artery translocation may not be feasible, the
atrial level switch (Senning or Mustard procedure) is favored.

12.4.2 TGA with VSD
The arterial switch procedure with VSD closure is the preferred operation. If
coronary artery anatomy is such that arterial switch operation is inadvisable, and
the VSD is large and nonrestrictive, Rastelli-type intracardiac repair may be
feasible (see below).
If the infant has excessive congestive heart failure (with growth failure), it
may be advisable to either follow with reparative surgery, or if it is not feasible,
band the main pulmonary artery and place an aorto-pulmonary shunt during the
newborn period to restrict pulmonary blood flow.

12.4.3 TGA with VSD and LVOT Obstruction (Pulmonary Stenosis
or Atresia)
The arterial switch operation may not be feasible due to LVOT obstruction. If
the VSD is nonrestrictive and not too remote from the aorta, the Rastelli
intracardiac repair can be done. As Rastelli procedure necessitates a conduit
from the right ventricle to the pulmonary artery, delaying the repair until the
infant is older and larger may be preferable. In these patients, an aortopulmonary shunt may be done during the newborn period to establish adequate
pulmonary blood flow while waiting.

12.4.4 TGA with VSD and Pulmonary Vascular Obstructive Disease
These patients are not appropriate surgical candidates because of progressive
increase in pulmonary vascular resistance.
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12.5 Postoperative Management
The postoperative course following arterial the switch surgery can be variable.
The hospital stay averages one to two weeks.

12.5.1 Hemodynamic Management
Myocardial dysfunction is, at times, encountered and may be related to
myocardial protection strategy and / or technical flaws in the insertion of
coronary artery buttons in the neo-aorta.

12.5.2 Left Ventricular Dysfunction
It occurs if operative procedure is performed late, following regression of
neonatal pulmonary vascular resistance.

12.5.3 Systemic Right Ventricular Dysfunction
It may occur after Mustard or Senning or for the congenitally corrected
transposition and manifests in the later postoperative period. Intracardiac
pressures following surgery should be normal. Arterial oxygen saturation
should be normal.

12.5.4 Invasive Pressure Monitors
Arterial, central venous catheter, and LA (left atrial) catheters.
An oximetric catheter may be placed in PA pulmonary artery) to monitor
cardiac output.

12.5.5 Vasoactive Drug Infusions
Dopamine

or

dobutamine,

epinephrine,

milrinone,

nitroprusside,

phenoxybenzamine, and nitroglycerin (see Section I Chapters 4 & 16).
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12.5.6 Postoperative Bleeding
Lengthy great vessel suture lines may predispose to postoperative bleeding.

12.5.7 Cardiac Arrhythmias
Cardiac arrhythmias: Rarely are encountered.

13
Rastelli Procedure
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13.1 Objective
The main objective of this procedure is to place a baffle within the ventricle
to redirect systemic venous blood into the pulmonary artery and lung and
systemic arterial blood into the ascending aorta. Cyanosis is the prevailing
preoperative pathophysiology in congenital heart defects which require the
Rastelli procedure.
Indications for Rastelli operation:
1. D-transposition of the great arteries with a ventricular septal defect and
pulmonary stenosis.
2. Any other congenital defect that has two ventricles with overriding of the
aorta and severe pulmonary stenosis or pulmonary atresia.
3. Double outlet right ventricle with pulmonary stenosis or atresia.
4. Pulmonary atresia with a ventricular septal defect.

13.2 Operative Technique
1. A right ventriculotomy incision is made, obstructive right ventricular
muscle bands are excised, and the ventricular septal defect is visualized.
2. A large intraventricular Gore-Tex or Dacron baffle is sutured into a place,
closing the ventricular septal defect that is more anteriorly placed and
redirecting left ventricular outflow to the more anteriorly placed aortic
valve.
3. A homograft valved conduit (or homograft patch) is utilized to achieve the
right ventricular to pulmonary artery continuity.
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13.3 Postoperative Management
The hospital stay averages one to two weeks after an uncomplicated
operation.
Hemodynamic Management: Early hemodynamic instability may ensue as the
operation is extensive. Postoperative hemodynamics are dependent upon free
egress of blood from the left ventricle into the aorta and from the right ventricle
into the pulmonary artery. Obstruction to either outflow tract will contribute to
ventricular failure.
Intracardiac pressures should be normal postoperatively.
Arterial oxygen saturation should be normal.
Invasive monitors: Arterial, CVP (central venous pressure), and LA (left
atrial) catheters.
An oximetric catheter may be used to monitor the cardiac output.
Vasoactive Drug infusions: Dopamine or dobutamine, epinephrine, milrinone,
nitroprusside, and phenoxybenzamine (see Section I Chapters 4 & 16).
Postoperative Bleeding:
It is occasionally encountered from the suture lines.
AV conduction abnormalities: Cardiac arrhythmia and conduction defects are
potential postoperative complications. Temporary atrioventricular pacing should
be readily available at the bed side (see Section I Chapter 4).

14
Hypoplastic Left Heart Syndrome &
Norwood Procedure
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14.1 Morphology & Pathophysiology
The most severe form of hypoplastic left heart syndrome (HLHS) is
characterized by atresia of the aortic and mitral valves and hypoplasia of the left
ventricle with diminutive ascending aorta. The left ventricle is usually a thickwalled, slit like cavity with endocardial fibroelastosis, and the ascending aorta is
often severely hypoplastic, measuring only 2-3 mm in diameter. The left atrium is
usually smaller than normal. The right heart (i.e., right atrium, right ventricle, and
pulmonary arteries) is markedly enlarged. A patent foramen ovale is common
with herniation of the valve of the septum into the right atrium (see Figure 14.1).
Ventricular septal defect, though not considered as an integral part of the
hypoplastic left heart syndrome, may be present in the syndrome of mitral atresia
with a normal aortic root. The most common presentation is a visceroatrial situs
solitus with D-ventricular loop and atrioventricular and ventriculoarterial
concordance, as well as levocardia.

Figure 14.1 Diagram showing hypolplastic left heart syndrome. LV is hypoplastic with
diminutive ascending aorta. The right atrium, the right ventricle, and pulmonary artery
are enlarged. The patent foramen ovale allows the blood flow from the LA to RA. The
patent ductus arteriosus provides perfusion to the descending aorta and via retrograde
to the arch vessels and ascending aorta. The mitral valve is atretic or severely stenotic.
AO=ascending aorta, LA=left atrium, LV=left ventricle, PA=pulmonary artery,
PDA=patent ductus arteriosus, PFO=patent foramen ovale, RA=right atrium,
RV=right ventricle.
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In a newborn, the pulmonary venous blood returning to the left atrium crosses
the atrial septum through a patent foramen ovale (partially obstructive in most
cases). This blood mixes with desaturated systemic venous blood in the right
atrium. The right ventricle pumps this mixed blood to both the pulmonary
arteries and the descending aorta, which are connected in parallel by the ductus
arteriosus. Coronary artery and cerebral blood flow occurs via retrograde
through the aortic arch and ascending aorta. The amount of blood that flows into
pulmonary and systemic circulation is based on the resistance of each circuit.
Blood flow is inversely proportional to the resistance.
Decreased pulmonary vascular resistance after birth allows a higher
percentage of the right ventricular output to go to the lungs instead of the body.
The increased pulmonary blood flow results in higher oxygen saturation, but
systemic blood flow is decreased with decreased perfusion of the body and
development of metabolic acidosis and oliguria. Coronary artery and cerebral
perfusion also decrease due to decrease in retrograde flow via the aortic arch
and ascending aorta with a risk of myocardial or cerebral ischemia.
If pulmonary vascular resistance is significantly higher than systemic vascular
resistance, systemic blood flow is increased at the expense of pulmonary blood
flow. This may result in hypoxemia. The circulation in hypoplastic left heart
syndrome in a new born infant depends on adequacy of interatrial communication,
patency of the ductus arteriosus, and the level of pulmonary vascular resistance.
A delicate balance between pulmonary and systemic vascular resistances should
be maintained to ensure adequate oxygenation and tissue perfusion.
The infant with HLHS often exhibits signs of cardiogenic shock, including
hypothermia, tachycardia, respiratory distress, central cyanosis, pallor, poor
peripheral perfusion with weak pulses in all extremities and in the neck, and
hepatosplenomegaly.
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14.2. Preoperative Management
14.2.1 Open the Ductus Arteriosus
By keeping the patency of the ductus arteriosus with prostaglandin E1
infusion, immediately establishes ductal patency and ensures adequate systemic
perfusion. A larger dose of prostaglandin E1 is required to reopen the ductus
arteriosus in an infant with cardiovascular collapse and shock due to ductal
closure. In a relatively asymptomatic infant, a smaller dose of prostaglandin E1
may be sufficient to keep the ductus arteriosus patent.
(PGE1 is administered centrally via an umbilical venous catheter).

14.2.2 Correction of Metabolic Acidosis
The infusion of sodium bicarbonate is essential in the early management. This
therapy is futile if the ductus arteriosus remains constricted. Metabolic acidosis
indicates inadequate cardiac output and adversely affects the myocardium.

14.2.3 Manipulate Pulmonary Vascular Resistance
Note that pulmonary vascular resistance (PVR) of a newborn is slightly less
than systemic vascular resistance (SVR) and begins to fall soon after birth. In
HLHS, decreased PVR causes increased pulmonary blood flow and an
obligatory decrease in systemic blood flow. Increased alveolar oxygen
decreases pulmonary vascular resistance.
1. Oxygen should not be administered unless pulmonary parenchymal disease
or pulmonary edema exists. Most infants should remain in the room air with
an acceptable oxygen saturation (pulse oximetry in the low 70’s).
(initially, an umbilical arterial catheter is inserted to obtain frequent blood
samples for a serial blood gas analysis).

◘◘◘ 97

2. Achieve PaCO2, in the range of 45-50 mm Hg, to increase PVR. This is
accomplished by intubation, sedation, mechanical hypoventilation, or the
addition of nitrogen or carbon dioxide (with FIO2 of 15-19%) to the
infant's inspired gas via an endotracheal tube or a hood.
Note:
1. Administration of sub-ambient FIO2 to balance systemic and pulmonary
blood flows should be applied only during stabilization of a neonate but should
not be pursued for long periods as severe pulmonary hypertension may
complicate the postoperative course.
2. Intubation and ventilation along with other measures to balance pulmonary
and systemic flows may also improve tricuspid regurgitation.

14.2.4 Inotropic Support
The administration of inotropes may adversely affect the balance between
pulmonary and systemic vascular resistances. Therefore, it is indicated only in
severely ill neonates with concurrent sepsis or a profound cardiogenic shock
and acidosis. The inotropic support should be weaned as soon as the infant is
clinically stable.

14.2.5 Diuretics
Diuretics may be used to manage pulmonary overcirculation before surgery.
Agents: Furosemide and spironolactone.

14.2.6 Antibiotics
Antibiotics are indicated if the infant is at a risk of infection. Antibiotics are
discontinued after obtaining negative blood cultures.
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14.3 Surgical Management of HLHS
The goal of surgery is to separate the pulmonary and systemic circulations.
The right ventricle remains as the systemic ventricle while the systemic venous
blood passively flows to the lungs through Fontan circulation. The surgical
reconstruction is accomplished in three stages:

14.3.1 Norwood Procedure (Stage I)
The goal of Norwood procedure or the stage I procedure is to establish
adequate systemic circulation without the ductus arteriosus and provide enough
pulmonary blood flow for adequate oxygenation while simultaneously protecting
the pulmonary vascular bed in preparation for stages II and III.

14.3.2 Surgical Technique
Operation is usually performed during the first weeks of life after the infant has
been stabilized in a neonatal intensive care unit. Surgery is performed on CPB
with deep hypothermia and circulatory arrest. The principle surgical steps are:
Creating an anastomosis between the main pulmonary artery and the aorta to
provide systemic blood flow by performing the surgical procedures listed below:
1. Ligate the ductus arteriosus. Transect the main pulmonary artery at the
level of takeoff of branch pulmonary arteries and close the distal segment
of transected main PA with a patch.
2. Perform an anastomosis between the proximal segment of divided main
pulmonary artery and the ascending aorta, eliminate coarctation of the
aorta, and augment the ascending aorta and arch with a homograft patch to
provide adequate sized conduit for systemic blood flow.
3. Perform an atrial septectomy to provide unrestricted blood flow across the
atrial septum.
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4. Perform the modified Blalock-Taussig shunt to provide pulmonary
circulation, using a 5 mm Gore-Tex graft, between RPA (right pulmonary
artery) and the innominate artery. Recently, connecting a Gore-Tex graft
from the right ventricular outflow tract to the pulmonary artery (Sano
operation) has been advocated instead of the conventional modified
Blalock-Taussig shunt by some surgeons.

14.4 Postoperative Management
The postoperative course can be variable. The hospital stay may be prolonged
as these neonates often require careful monitoring of oral and/or nasogastric
feedings. The average stay is two to four weeks.

14.4.1 Hemodynamic Management
Optimal balancing between systemic vascular resistance and pulmonary
vascular resistance is mandatory to insure a smooth postoperative course.
Alterations in ventilation, vasoactive infusions, and external stimuli can
affect the relative resistances of systemic and pulmonary circulations.
A fall in pulmonary vascular resistance or a rise in systemic vascular
resistance will result in overcirculation in the pulmonary circulatory bed (due to
increased flow through a shunt), systemic hypoperfusion, and acidosis.
A rise in pulmonary vascular resistance or a fall in systemic vascular
resistance results in decreased pulmonary perfusion, hypoxia, and cyanosis.
Postoperative management is directed at achieving the balanced circulation
with matched pulmonary and systemic flow. Adequacy of systemic oxygen
delivery must be carefully monitored.
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Above is accomplished by intubation, sedation, and mechanical ventilation in
the immediate postoperative period. The inspired FIO2 is rapidly weaned to
ambient air.
Infusions of a fentanyl and a neuromuscular blocking agent are commonly
utilized for sedation.
Arterial oxygen saturation is usually seventy to seventy-five percent on the
room air.
Mixed venous oxygen saturation is usually forty-five to fifty-five percent and
PaO2 is between 35 to 40 mm Hg.

14.4.2 Invasive Monitors
Arterial, central venous, and LA (left atrial) catheters.
An oximetry catheter may be used to assess the cardiac output.

14.4.3 Vasoactive Drug Infusions
Dopamine, epinephrine, milrinone, nitroprusside, phenoxybenzamine, and
norepinephrine (see Section I Chapters 4 & 16).

14.4.4 Postoperative Bleeding
It is not uncommon complication. Numerous suture lines exposed to systemic
level pressure predispose to this complication.

14.4.5 Discharge Medications
Digoxin: To augment the cardiac function.
Diuretics: To manage the right ventricular volume overload.
Aspirin: To prevent thrombosis of the shunt.
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Captopril: For the afterload reduction if tricuspid regurgitation is present.
Oxygen saturation is typically 70-80% on the room air.

15
Pulmonary Atresia with
Intact Ventricular Septum
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15.1 Morphology & Pathophysiology
The spectrum of this anomaly ranges from, a normal-sized tripartite right
ventricle (infundibular, trabecular, and inlet portions) and an imperforate
pulmonary valve with a simple commissural fusion, to a severely hypoplastic or
diminutive right ventricle with atretic infundibulum, atresia of the pulmonary
valve, and coronary artery - myocardial sinusoid connections (see Figure 15.1).
The prevalence of coronary artery-myocardial sinusoid connections are
inversely related to size of the tricuspid valve, RV (right ventricular) cavity size,
and the degree of tricuspid incompetence.

Figure 15.1 Antero-posterior angiocardiogram of a hyponastic right ventricle (RV) in
pulmonary atresia with intact ventricular septum: A. Note the presence of coronary
artery - RV cavity connections (black arrowheads) originating from the inlet and
infundibular portions of the RV. The right and left coronary artery trunks are
beginning to be visualized. Note also the absence of a trabecular portion of the RV.
B. After opacification of the coronary trunks, the right coronary artery (black dots) and
the left anterior descending and circumflex branches (white dots) of the left coronary
artery are filled with a contrast. Ascending aorta is also visualized. The annulus of the
tricuspid valve is small showing mild valve regurgitation. Reproduced from: Santos MA,
Azevedo VMP. Angiographic morphologic characteristics in pulmonary atresia with
intact ventricular septum. Arquivos Brasilerios de Cardiologia.
São Paulo. 2004; Vol 82.
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The tricuspid valve is often abnormal with severe annular hypoplasia and
stenosis or severe regurgitation. A patent foramen ovale or secundum atrial
septal defect allows an obligatory right-to-left shunt. The patent ductus
arteriosus provides pulmonary blood flow.
Majority of the infants with PAIVS (pulmonary atresia with intact ventricular
septum) become cyanotic a few hours after birth with a closure of the ductus
arteriosus. Some of the patients with PAIVS (with tricuspid regurgitation) may
manifest congestive cardiac failure early in life after right ventricular outflowtract reconstruction and a systemic-pulmonary artery shunt or left-to-right
ductal-dependent pulmonary blood flow.
If the coronary artery - right ventricular myocardial sinusoid connections are
present, patient is a risk for myocardial ischemia due to coronary steal in the
diastole or admixture of coronary arterial and right ventricular venous blood. If
coronary artery stenoses also do exist, the myocardial perfusion is dependent on
the right ventricular systolic events (RV pressure dependent), and patients are at a
higher risk for myocardial ischemia, ventricular arrhythmias, and sudden death.

15.2 Principles of Surgical Management
15.2.1 Prostaglandin E1 Infusion
Initial treatment consists of maintaining the ductal patency with a continuous
intravenous infusion.

15.2.2 Metabolic Acidosis
Judicious administration of fluids and sodium bicarbonate are needed for
correction.
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15.2.3 Mechanical Ventilation
Persistent acidosis requires respiratory support.

15.2.4 Surgical or Catheter Intervention
Treatment algorithms for PAIVS depend on the size and morphology of both
the right ventricle and the tricuspid valve as well as the presence of coronary
artery - right ventricular myocardial sinusoid connections, as discussed below.
1. Absent ventriculocoronary connections and mild right ventricular
hypoplasia and TV (tricuspid valve) hypoplasia (Z values 0 to 2):
Transannular patch or surgical valvotomy or / transcatheter valvotomy
with or without stenting of the patent ductus arteriosus.
Growth of the right ventricle and tricuspid valve allows biventricular
correction in the future.
2. Absent ventriculocoronary connections and moderate to severe right
ventricular and tricuspid valve hypoplasia (Z= -2 to -3).
Transannular patch or surgical valvotomy with a systemic-to-pulmonary
artery shunt or a tanscatheter valvotomy with stenting of the patent ductus
arteriosus is a procedure of choice.
If the growth of the RV and tricuspid valve is not likely or optimal, Fontan
repair is indicated in the future.
3. Presence of significant ventriculocoronary connections and proximal
coronary artery stenoses (right ventricular dependent coronary circulation)
and moderate to severe right ventricular and tricuspid valve hypoplasia
(Z= -3 to less):
The systemic-to-pulmonary artery shunt alone or stenting of the patent
ductus arteriosus is performed. This is followed by a bidirectional
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cavopulmoanry anastomosis at 6 months of age and Fontan repair at 2 to
3 years of age.
At Fontan operation, a modification of a technique to perfuse the RV with
oxygenated blood and recruitment of coronary sinus in the atrium (in
Fontan circuit), would improve myocardial oxygen supply.
4. Presence of mild forms of right ventricular dependent ventriculocoronary
connections (i.e., coronary-myocardial sinusoid connections without
significant or absent coronary stenoses).
The initial palliative procedure in this category depends on the z value of the
tricuspid valve:
Tricuspid Z value= 0 to -2: RVOT procedure.
Tricuspid Z value= -2 to -3: RVOT procedure + shunt.
Tricuspid Z value= -3 to less: Shunt alone.

15.3 Postoperative Management
Systemic pulmonary artery shunt: (see Blalock-Taussig shunt, Chapter 21).
Bidirectional cavopulmonary anastomosis: (see bidirectional Glenn or hemiFontan in univentricular heart, Chapter 17).
Fontan operation: (see Fontan circulation in univentricular heart, chapter 17,
tricuspid atresia, chapter 16).

16
Tricuspid Atresia
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16.1 Morphology
Tricuspid atresia (TA) is characterized by the absence or agenesis of the
tricuspid valve. A dimple or a localized fibrous thickening in the floor of the
right atrium at the expected site of the tricuspid valve occurs in 90% of cases
(muscular type). Other types of TA (membranous, valvular, Ebstein, and
AV (atrioventricular) canal) account for the rest 10%.
RA (right atrium) is enlarged and hypertrophied. An interatrial communication
(most commonly PFO (patent foramen ovale) or some times the secundum or
primum ASD (atrial septal defect)) allows obligatory shunting of the blood to
the left atrium. The left ventricle is morphologically normal but enlarged and
hypertrophied. VSD (ventricular septal defect) is present commonly
(perimembranous or malaligned type between the limbs of the septal band), and
it can be large. RV (right ventricle) is composed of only an infundibulum and a
trabecular portion, which communicates with the left ventricle (through VSD).
The inflow region of RV is absent. RV is hypoplastic and small, but the RV size
varies with anatomic type of TA. It is large with a large VSD or transposition of
the great arteries, and is very small with pulmonary atresia and normally related
great arteries.
TA is classified into four main types by the relationship of great arteries and
each type is further subgrouped into three, by the degree of pulmonary outflow
tract obstruction that is present in most cases.
Type I: Normally related great arteries.
Type II: D-Transposition of the great arteries.
Type III: Great artery positional abnormalities other than D-transposition
(e.g., L-transposition and anatomically corrected transposition (SLL).
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Type IV - Persistent truncus arteriosus.
The subgroups in all types are:
Subgroup a: Pulmonary atresia.
Subgroup b: Pulmonary stenosis or hypoplasia.
Subgroup c: Normal pulmonary arteries without stenosis (see Figure 16.1).

Figure 16.1 Diagrammatic representation of types of tricuspid atresia. Note the
absence of tricuspid valve. The presence of ASD allows obligatory right to left shunting
of systemic venous blood. VSD which is usually of a large size allows shunting of blood
from left to the right ventricle. Type I a: tricuspid atresia with pulmonary atresia and
normally related great arteries. Type Ic: tricuspid atresia without pulmonary stenosis
and normally related great arteries. Type IIc: tricuspid atresia without pulmonary
stenosis and transposed (D) great arteries. AO= aorta, PA=pulmonary artery,
RA=right atrium, LA=left atrium, RV=right ventricle, LV=left ventricle,
ASD=atrial septal defect, VSD=ventricular septal defect.

16.2 Pathophysiology
The obligatory shunting of systemic venous blood across PFO or ASD into
the left atrium causes admixture of systemic venous and pulmonary venous
returns. This blood then passes onto the left ventricle across the mitral valve.
This flow pattern occurs in all types but type III (with L transposition or
anatomically corrected transposition (SLL).
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In type I, shunting through a VSD permits pulmonary blood flow. In the
absence of a VSD, the pulmonary blood flow is derived through patent ductus
arteriosus or aortopulmonary collateral vessels. The systemic blood flow is
derived directly from the left ventricle. In type II, the pulmonary blood flow is
directly from the left ventricle. The systemic blood flow is from the left
ventricle through VSD and the right ventricle.

16.2.1 Pulmonary Outflow Tract
The degree of pulmonary outflow tract obstruction and patency of the ductus
arteriosus determine the quantity of pulmonary blood flow.
In type Ia, the pulmonary flow is markedly decreased and presents with signs
of severe cyanosis, hypoxemia, and acidosis.
In type Ic (with a large and nonrestrictive VSD without pulmonary stenosis)
and type II, the pulmonary blood flow is increased and present with signs of
heart failure later in infancy. The LV (left ventricle) ejects the entire systemic
and pulmonary outputs so volume overloading is present, and pulmonary flow
is inversely proportional to the pulmonary-to-systemic vascular resistance ratio.

16.2.2 Obstruction of Interatrial Communication
As the entire systemic venous blood must egress through an interatrial
communication, it is not unlikely that an interatrial obstruction may develop.
Obstruction is probable if > 5 mm Hg pressure gradient develops between atria
with prominent “a waves” in the jugular venous pulse, presystolic hepatic
pulsations, and hepatomegaly. If a restrictive interatrial communication
develops, causing systemic venous congestion, tanscatheter or surgical atrial
septostomy may be needed as an immediate palliation.
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16.2.3 Ventricular Septal Defect
Patency of a VSD is essential to maintain intracardiac shunting and for patient
survival. VSD closure in type I results in progressive cyanosis, increasing
polycythemia, and diminution or disappearance of the murmur of VSD.
Intermittent functional closure of the VSD results in cyanotic spells in TA.
Closure of the VSD in type II (transposition) produces subaortic (i.e., systemic
outflow) obstruction. Partial or complete spontaneous closures have been reported.

16.2.4 Systemic Arterial Oxygen Saturation
It is decreased in all TA’s because of an obligatory admixture of systemic and
pulmonary venous blood in the left atrium. The degree of arterial desaturation
depends on the amount of pulmonary blood flow. A Qp: Qs ratio of 1.5 to 2.5
may result in adequate in oxygen saturation, but the higher pulmonary flow
(high Qp: Qs ratios) produces left ventricular volume overloading without an
increase in oxygen saturation.

16.3 Clinical Presentation
Cyanosis: It occurs in the first few days of life in infants with severe decrease
in pulmonary blood flow (PBF). Tachypnea and acidosis are present if the PBF
is markedly decreased. Most patients have a type Ib defect. In type Ic, cyanosis
appears early as the ductus begins to close.
Dyspnea & fatigue: These symptoms, suggestive of congestive heart failure,
difficulty in feeding, perspiration, failure to thrive, and recurrent respiratory tract
infection develop within a few to several weeks in infants with increased PBF.
Most patients have type IIc with a VSD, some have type Ic. Aortic coarctation
may be present in some of the type II defects with early onset of
CHF (congestive heart failure).
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16.4 Medical Management
16.4.1 Prostaglandin E1 Infusion
It should be initiated to treat severe hypoxemia due to decreased pulmonary
blood flow.

16.4.2 Mechanical Ventilation
It may be needed if severe hypoxemia and acidosis complicates cyanosis.

16.4.3 Digitalis and Diuretics
These drugs are used to treat severe congestive heart failure due to increased
PBF until an operative intervention can be undertaken to restrict the pulmonary
blood flow.

16.5 Surgical Management
16.5.1 Palliative Correction
Cyanosis & hypoxemia with decreased pulmonary blood flow:
a) Systemic-pulmonary artery shunt (Blalock-Taussig shunt)/or
b) Cavopulmonary anastomosis (Glenn shunt).
The bidirectional Glenn is often indicated for recurrent symptoms of cyanosis
or increased volume load after a prior palliation if the patient is < 18 months old.
If subaortic obstruction develops due to closure of the VSD in type II
(transposition), aortopulmonary anastomosis (Damus-Kay Stansel procedure)
and bidirectional cavopulmonary anastomosis are indicated.
Left ventricular volume load& CHF with increased pulmonary blood flow:
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Pulmonary artery banding may supplement medical treatment of congestive
heart failure. It is often required in type II c and rarely, in type Ic.
Note: About 50% of the patients survive to teen years by performing above
palliative procedures to control PBF, but the risk for developing complications of
the disease (i.e., paradoxical emboli, stroke, brain abscess, polycythemia,
progressive cardiac dilatation, ventricular dysfunction, mitral valve insufficiency,
and arrhythmias) is much increased.

16.5.2 Definitive Surgical Correction
Fontan procedure & Indications:
The shunt failure (recurrent cyanosis, progressive polycythemia, decreasing
exercise tolerance) or increasing pulmonary obstruction is an indication for
reevaluation and consideration for a second palliative procedure or the Fontan
procedure.
Fontan Operation:
1. The direct right atrial-to-pulmonary artery connection with or without a
conduit excluding the right ventricle.
2. Lateral tunnel Fontan if the patient had a previous bidirectional
cavo-pulmonary anastomosis or
3. The extracardiac cavopulmonary anastomosis by a synthetic graft
excluding the RV.
Fontan is done if criteria are met and the following parameters may generally
ensure a good outcome:
a) Patient should be > 18 months or 4 years older and in sinus rhythm,
without pulmonary artery distortions from previous palliative procedures.
b) The pulmonary artery-to-aorta diameter ratio should be greater than 0.75.
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c) Mean pulmonary artery pressure should be low (i.e., < 15 mm Hg).

16.6 Postoperative Management
16.6.1 Palliative Procedures
Adequate pulmonary blood flow is of paramount importance and monitor for
signs of hypoxemia (i.e., discrease PBF) or pulmonary plethora (i.e., increase
PBF).
Pulmonary vascular resistance/ systemic vascular resistance (PVR / SVR):
Balance the ratio of PVR/SVR to 1:1 to maintain adequate systemic perfusion
and pulmonary blood flow. May perform echocardiographic assessments to
determine the patency and adequacy of the shunt if the ratio of PVR/SVR is < 1.
Signs of hypoxemia in the form of rising hemoglobin levels must be
monitored on the long term for early detection of a shunt failure.
Early detection of CHF by clinical evaluation may suggest increased
pulmonary blood flow with increased ratio of PVR/SVR.

16.6.2 Fontan Operation: (See Also Univentricular Heart,
Chapter 17)
Maintain adequate blood flow through the Fontan circuit to ensure the
adequate LV output.
During the immediate postoperative period (first 12 to 24 hours), maintain
adequate preload (CVP of 15 mm HG) until the adequate perfusion is
established with warm extremities and hemodynamic stability. During the later
postoperative period, fluid volume load is restricted and diuresis is encouraged.

◘◘◘ 117

Pulmonary vascular resistance: All efforts are made to maintain pulmonary
vascular resistance as low as possible using supplemental oxygen and
pulmonary vasodilators.
Promptly address the causes that elevate PVR during the immediate
postoperative period such as, hypoxia, hypercapnia, pain, agitation, etc.
LV Contractility:
Maintain adequate LV function by inotropic support.
Cardiac out is assessed by indirect means (base deficit, temperature of toes
and extremities, urine output) or directly.
Heart rhythm: Maintain sinus rhythm to optimize the cardiac output (see
Section I Chapter 4).
Volume load: Monitor for signs of hepatic congestion which can occur
secondary to the operative procedure per se and the subsequent volume overload.
If the signs of volume load appear or CVP > 15 mm Hg is noted, initiate
infusions of NTG (nitroglycerin) and/or pulmonary vasodilators such as PGE1
or nitric oxide. Early and aggressive treatment with diuretics is indicated.
Digitalis and Diuretics:
These drugs control the congestive heart failure that is often present.
Digitalis maintains sinus rhythm and improves cardiac contractility.
Diuretics are often administered to treat and prevent pulmonary edema.
Invasive monitors:
Arterial, central venous, and LA (left atrial) catheters.
Vasoactive Drug infusions:
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Dopamine or dobutamine, epinephrine, milrinone, and nitroprusside (see
Section I Chapters 4 & 16).
Cardiac Rhythm Abnormalities:
Sinus node dysfunction:
Extensive atrial suture lines and alteration of the normal intra-atrial pressures
can lead to a loss of sinus rhythm and results in sinus node dysfunction. It is
common following Fontan completion. Sinus node dysfunction commonly
presents as sinus arrhythmia, severe tachycardia, and loss of a normal
atrioventricular synchrony (see Section I Chapter 4).
Temporary overdrive pacing:
It is needed as hemodynamic compromise is common in the Fontan patient
subsequent to loss of normal atrioventricular synchrony or in severe tachycardia.
Permanent pacemaker: It is occasionally required.
Postoperative Bleeding:
Excessive bleeding is very rare.
Anticoagulation:
Slow venous blood flow through long segments of prosthetic material make
the Fontan patients susceptible to thrombus formation in the early postoperative
period.
Coumadin is started in Fontan patients once intracardiac lines have been
removed.
Following a cavopulmonary shunt, the anticoagulation is less rigorous and
might include only aspirin or dipyridamole.
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Pleural effusion: Patients often develop effusion which should be monitored
carefully, and is removed in order to maximize oxygenation and decrease
pulmonary vascular resistance.
Persistent pleural drainage following a bidirectional cavopulmonary shunt is
rare, but is common following a Fontan completion so bilateral chest tubes may
be routinely placed in both pleural spaces during the Fontan completion.
Chemical Pleurodesis:
If pleural drainage continues more than 10 days or even a week, the chemical
pleurodesis may be required to control protracted pleural drainage (see Section I
Chapter 12).
Discharge:
In uncomplicated Fontan patient or a bidirectional cavopulmonary shunt, the
discharge medications should include coumadin or antiplatelet agent, digoxin,
lasix, and captopril.

17
Univentrcular Heart & Fontan
Circulation
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Any congenital cardiac anomaly in which one ventricle is hypoplastic or
absent is considered as a single ventricle or univentricular heart. Fontan
operation remains a palliative procedure for single ventricle patients with a low
mortality and morbidity. Outcomes are more favorable than for those patients
who have had systemic to pulmonary artery shunts alone. Associated defects
such as bulboventricular foramen obstruction and atrioventricular valve
regurgitation should be treated concomitantly at the time of Fontan operation.

17.1 Morphology & Pathophysiology
Single ventricle correction is required for significant hypoplasia of either of
the atrioventricular valves or hypoplasia of the apical portion of either ventricle.
Biventricular repair is feasible for hypoplasia of either of a semilunar valve or
a ventricular outflow tract.
Initial operation for the single ventricular correction is focused towards:
1. Relief of systemic outflow tract obstruction to provide adequate perfusion
of the body.
2. Provision of adequate pulmonary blood flow to provide adequate
oxygenation, but the flow should be limited to prevent development of
elevated pulmonary vascular resistance.
The final operative correction is creation of Fontan circulation in which
systemic venous return is directed to the pulmonary arteries without a pumping
chamber. This requires low pulmonary vascular resistance so that blood will
flow to PA (pulmonary artery) passively, at an acceptable venous pressure.

17.2 Operative Procedures
Fontan circulation is usually accomplished in two stages.
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17.2.1 Stage I
A cavopulmonary shunt (bidirectional cavopulmonary shunt or hemi-Fontan)
is constructed, at 3 to 6 months of age. (see Figure 17.1). The shunt directs the
superior vena caval blood flow to the confluent pulmonary arteries.

Figure 17.1 Bidirectional superior cavopulmonary anastomosis (bidirectional Glenn).
The superior vena cava is divided and the divided upper end is anastomosed to side of
the right branch pulmonary artery. The divided lower end of SVC is closed. One third of
systemic venous blood flows into pulmonary circulation. Two thirds of systemic venous
blood from the inferior vena cava flows into systemic circulation through the aorta. The
proximal end of the main pulmonary artery is closed. SVC=superior vena cava,
RPA=right branch pulmonary artery, IVC=inferior vena cava,
MPA=main pulmonary artery.

Only a third of systemic venous return (through SVC) traverses through
pulmonary vascular bed. The shunt, therefore, decreases the volume load of the
ventricle, prevents the development of pulmonary hypertension, and elevated
pulmonary vascular resistance.

124 ◘◘◘

17.2.2 Stage II
Fontan completion is undertaken at approximately at 2 years of age. It is done
by redirecting the inferior vena caval blood flow to the PA with an intracardiac
baffle (lateral tunnel) (see Figure 17.2) or by an extracardiac conduit.

Figure 17.2 Lateral tunnel Fontan. The goertex baffle is sutured in the posterior and
lateral right atrium to tunnel the blood from the inferior vena cava to the right branch
pulmonary artery. The Fontan circulation is thus completed on a previously performed
bidirectional Glenn anastomosis. The blood from the left atrium flows freely through an
enlarged atrial septal defect into the systemic ventricle and through aorta to systemic
circulation. Arrows indicate the direction of blood flow from SVC and IVC to
pulmonary circulation. AO=ascending aorta, ASD=atrial septal defect, IVC=inferior
vena cava LPA=left branch pulmonary artery, RPA=right branch pulmonary artery,
SVC=superior vena cava.

17.3 Postoperative Management
The postoperative course following a bidirectional cavopulmonary shunt or
hemi-Fontan is usually uncomplicated. The hospital stay averages five to seven
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days. The postoperative course following a completion Fontan can be more
complex. The hospital stay averages ten days to three weeks.

17.3.1 Hemodynamic Management
Monitor hemodynamic changes very carefully, by noting the principles of
management outlined below:
Patients with univentricular physiology do not have as much hemodynamic
reserve as patients with biventricular physiology, especially, during the first few
days following surgery.
If there is restriction of free flow of blood from systemic venous return
through pulmonary vascular capillary bed into the left atrium:
i) It results in cyanosis following a cavopulmonary shunt.
ii) It results in reduction of cardiac output after the Fontan, and any small
increases in pulmonary vascular resistance can result in decreased cardiac
output.

17.3.2 Transpulmonary Gradient
It is very important to monitor transpulmonary gradient during the
postoperative period. The transpulmonary gradient determines the prograde
blood flow across the pulmonary capillary bed, and is estimated by subtracting
the left atrial pressure from central venous pressure (i.e., CVP-LAP).
Central venous pressure above fifteen to eighteen mm of Hg or a
transpulmonary gradient above ten mm of Hg indicates difficulty with passive
flow of blood across the pulmonary capillary bed.
Use the following formulae:
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Transpulmonary gradient or Delta (d) / Flow = R (resistance), higher gradients
(d) are required to maintain pulmonary flow in the presence of an elevated PVR.
(PBF= d/R, If R is elevated, d should be increased to maintain flow).

17.3.3 Restricted Transpulmonary Blood Flow in the
Postoperative Period
The following are the other causes of restricted transpulmonary blood flow
that may occur during the postoperative period:
1. High peak airway pressures.
2. Increased I: E ratio.
3. Excessive PEEP in a patient on a ventilator.
4. Rises in intrathoracic pressure caused by events such as in hemothorax or
pleural effusion.
5. Poor diastolic compliance of the systemic ventricle. Probable agents that
are useful to improve diastolic compliance are:
Nitric oxide, beta blockers, and Ace-inhibitors.
(Note: Endogenous NO (nitric oxide) released from the coronary endothelium
may hasten LV (left ventricular) relaxation and may increase LV distensibility.
Variations in the release of NO in accordance with prevailing cardiac workload,
signaled via preload, coronary flow, mechanical forces, and heart rate may
provide an acute auto-hyphon regulatory feedback that optimizes diastolic LV
performance. Deficient production of NO in conditions such as pressureoverloaded heart (increased LV hypertrophy) and heart failure contributes to
diastolic dysfunction. NO may be beneficial in these conditions, especially, for
patients with heart failure and reduced inotropic reserve, who are dependent on
the LV Frank - Starling response to maintain cardiac output).
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All the five above, interfere with transpulmonary blood flow from systemic
veins to the left atrium, leading to high transpulmonary gradients and should be
corrected.
It is very important to monitor carefully, CVP and look for any physical
evidence of systemic venous congestion.
If CVP is elevated with restricted flow through the pulmonary vascular
capillary bed, the following physical findings will be apparent: Hepatomegaly,
ascites or anasarca, or edema of the head and neck (in a cavopulmonary shunt).

17.3.4 Arterial Oxygen Saturation
Systemic arterial blood oxygen saturation (SaO2) after a bi-directional
cavopulmonary shunt should be 75% to 80 %.
Systemic arterial blood oxygen saturation (SaO2) following a Fontan
completion may be lower than normal (88% to 95%) since the coronary sinus is
not included in the Fontan circuit.This coronary sinus blood return is allowed to
mix with pulmonary venous return.

17.3.5 Invasive Monitors
Arterial, central venous, and LA (left atrial) catheters.

17.3.6 Vasoactive Drug Infusions
Dopamine or dobutamine, epinephrine, milrinone, and nitroprusside
(see Section I Chapters 4 & 16).

17.3.7 Cardiac Rhythm Abnormalities
Sinus node dysfunction:
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Extensive atrial suture lines and alteration of normal intra-atrial pressures can
lead to a loss of sinus rhythm and cause sinus node dysfunction. It is common
following a Fontan completion.
Sinus node dysfunction commonly presents as sinus arrhythmia, severe
tachycardia, and loss of normal atrioventricular synchrony.
Temporary overdrive pacing:
It is needed as hemodynamic compromise is common in the Fontan patient
subsequent to a loss of normal atrioventricular synchrony or in severe tachycardia.
Permanent pacemaker: It is occasionally required.

17.3.8 Postoperative Beeding
Excessive bleeding is very rare.

17.3.9 Anticoagulation
Slow venous blood flow through the long segments of prosthetic material
make Fontana patients susceptible to thrombus formation in the early
postoperative period.
Coumadin is started in Fontan patients once intracardiac lines have been
removed.
Following the cavopulmonary shunt, anticoagulation is less rigorous and
might include only aspirin or dipyridamole.

17.3.10 Pleural Effusion
Persistent pleural drainage following the bidirectional cavopulmonary shunt
is rare. Persistent pleural effusion is common following the Fontan completion,
so bilateral chest tubes may be routinely placed in both pleural spaces during
Fontan completion.

◘◘◘ 129

Chemical Pleurodesis:
If pleural drainage continues more than 10 days or even a week, the chemical
pleurodesis may be required to control protracted pleural drainage (see Section I,
Chapter 12).

17.3.11 Discharge Medications
In

uncomplicated

Fontan

patient

or

a

patient

with

bidirectional

cavopulmonary shunt, the discharge medications should include coumadin or
antiplatelet agent, digoxin, lasix, and captopril.

18
Later Fontan Patient
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Though most postoperative patients after Fontan are asymptomatic, but late
symptoms occurring in an adult or during adolescent age are not uncommon.

18.1 Symptoms & Signs
Diminished exercise tolerance, fatigue, and palpitations are most probably
related to:
i. Obstructed Fontan circulation.
ii. Ventricular dysfunction.
iii. Increased A-V (atrioventricular) valve insufficiency and or
iv. Arrhythmia.
Lower extremity edema or ascites with or without above symptoms are
related to protein losing enteropathy (PLE).
In an asymptomatic patient, the physical examination is unremarkable with
no significant murmurs but with presence of a single S2 only on auscultation.
In symptomatic patients who present with significant hemodynamic
abnormalities, the physical findings are salient as well as in patients with A-V
valve insufficiency, in patients with significant pulmonary collateral blood flow,
subaortic stenosis, and an obstructed Fontan.
Obstructed Fontan circulation: The jugular venous pressure is elevated.
BVF (bulbo-ventricular foramen) obstruction: A loud systolic ejection murmur
is heard at the base.
A-V valve insufficiency: Apical pansystolic murmur or murmur at the left
lower sternal border is heard.
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18.2 Diagnosis & Management
The investigations commonly used to evaluate the symptomatic Fontan
patient during the late postoperative period which varies by weeks and or
several months include the following:
Chest x-ray, ECG, 2D echo, cardiac catheterization, Holter studies, and O2
saturation.
The usual uneventful postoperative Fontan patient should have a normal or
near normal oxygen saturation.
If the patient had significant cyanosis → persistent right-to-left shunt
(if the patient had an atrial fenestration).
With the use of extracardiac conduits for the Fontan, only a few centers are
performing fenestrations.
Fenestrations may be closed by a device in the cardiac catheterization
laboratory.
Closure of a fenestration corrects cyanosis, improves oxygenation, reduces
the need for anti-congestive medications, and prevents paradoxical embolization.
(Balloon occlusion of a fenestration, temporarily, may be useful in order to
determine the effect of the closure on hemodynamics. If aortic pressure is stable
and RA pressure does not increase significantly, it is considered appropriate to
close the fenestration).
1. Leak of the IVC into right pulmonary artery baffle:
These baffle leaks are often small and do not cause significant cyanosis,
and these can be closed by a transcatheter device.
2. Persistent left SVC:
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It causes significant right-to-left shunting by draining venous blood into
the coronary sinus or directly into the left atrium.
3. Intrapulmonary shunts through AV fistulae:
These are often encountered in patients with the bi-directional or classic
Glenn anastomosis.

18.3 Arrhythmia
Atrial tachyarrhythmias are frequent in Fontan, especially in classic atrial-PA
anastomosis. Usually, these are associated with atrial enlargement and right
atrial thrombus.
Result in a high incidence of significant AV valve regurgitation and
ventricular dysfunction.
(The incidence of arrhythmia may be decreased in extracardiac Fontan which
requires less direct manipulation or suturing of the atrial tissue).
Cardioversion:
Sustained atrial arrhythmia usually requires cardioversion followed by
anticoagulation for 4-6 weeks.
Antiarrhyrhmic Drugs:
Since recurrent arrhythmia is common, prolonged drug therapy is often
required to maintain the sinus rhythm.
Before prescribing the drug for chronic use, take into consideration the
following three limitations:
1. Drug induced sinus node and AV conduction system abnormalities.
2. Limited drug efficacy for chronic use.
3. Presence of ventricular dysfunction.
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Amiodarone may be used in patients with poor ventricular function and
refractory arrhythmias.
Radiofrequency ablation:
Electrophysiology studies have demonstrated that after the Fontan operation,
reentrant atrial tachycardia occurs in the areas of non-conductive atriotomy
scars surrounding the prosthetic material, adjacent anatomic landmarks such as
the SVC or IVC, and the atrioventricular annulus. These zones may be
amenable to interruption with a line of block between the surgical and
anatomical barriers by radiofrequency energy. The results are variable in terms
of maintaining the long-term sinus rhythm.
Surgical ablation & Revision:
In severe cases or in cases of failure of above treatment options, a surgical
MAZE procedure with epicardial DDD pacing should be done. It is carried out
in conjunction with revising the classic RA-PA Fontan to a lateral tunnel or
extracardiac conduit Fontan. Results are favorable.
Pacemaker implantation:
Epicardial pacing is an option for patients with sinus node dysfunction or
heart block and results are similar to patients with biventricular physiology.

18.4 Protein-Losing Enteropathy
It is a serious and late complication, and the incidence ranges from 1.5 to 11%.
Stigmata:

Fatigue,

malaise,

ascites,

hypoalbuminemia, and lymphocytopenia.

pleural

effusions,

diarrhea,
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18.4.1 Etiology
It is not known though it is assumed to be due to an elevated systemic venous
pressure in the Fontan circuit.
In one study, the postoperative systemic venous pressure was not
significantly correlated with this complication, but perioperative cardiac injury,
longer CPB time, and the single right ventricular anatomy were the only perioperative risk factors that were associated with development of PLE.
Other potential risk factors, such as postoperative systemic venous pressure,
pre-Fontan measurements of systemic venous pressure, cardiopulmonary bypass
time, single right ventricle anatomy, gender and age at the Fontan operation,
anomalous venous drainage, atrioventricular valve regurgitation, pulmonary
artery distortion, and pulmonary artery resistance were not significantly
correlated with this complication.

18.4.2 Management
Cardiac catheterization: Perform at the onset of PLE to study any evidence of
abnormal hemodynamics or an obstruction in the Fontan circuit.
Symptomatic treatment:
i. Diet: High protein and high medium-chain triglyceride dietary intake.
ii. Albumin infusion.
iii. Diuretics.
iv. Intestinal cell membrane stabilizers, such as oral steroids and heparin,
showed improvement in some sporadic cases.
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Surgical procedures:
i. Fenestration: In some refractory cases, fenestration of the systemic venous
baffle improved hemodynamics and lower the pressure in the systemic
venous system.
ii. Cardiac transplantation: In unresponsive patients and in dire circumstances,
it is an ultimate indication.

18.5 Ventricular Dysfunction
Diastolic ventricular dysfunction: Poor diastolic compliance with abnormal
ventricular relaxation in pediatric patients, if becomes progressive, would lead
to later systolic dysfunction with ↓ systolic performance over a time.
Incidence of heart failure of systemic right or single ventricle is high in
Fontan as compared to congenitally corrected TGA or post Mustard or Senning
repair of TGA.
Medical: Diuretics, digoxin, and afterload reduction with ACE-inhibitors.
(At present little data are available regarding optimal medical treatment for
this condition).
Surgical:
i. Lateral tunnel or external conduit:
In severe ventricular dysfunction despite maximal medical therapy, if
patient had classic RA-PA Fontan, it is converted into a lateral tunnel or
extracardiac (external conduit) Fontan. It has been effective in increasing
cardiac output and alleviating symptoms, and the procedure is done in
conjunction with a MAZE procedure since chronic atrial arrhythmias are
frequently associated with a Fontan failure.
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ii. Cardiac transplantation:
It is the treatment of choice if other treatments were ineffective, and the
results have been fair.

18.6 Thromboembolism
Thromboembolic events are not infrequent (33%.) after the Fontan operation.

18.6.1 Predisposing Factors
Atrial

arrhythmias,

sluggish

blood

flow,

right-to-left

shunts,

and

hypercoagulable states are commonly implicated. Though the role of
anticoagulant treatment is not clear, following recommendations may be
addressed.

18.6.2 Warfarin
May be used for prevention, in patients with a dense spontaneous echo-contrast
in the right atrium.

18.6.3 Antiplatelet Therapy
Therapy was generally considered not effective.

18.6.4 Aspirin
Patients treated with 81 mg of aspirin found no evidence of either
thromboembolic

events

or

asymptomatic

thrombus

on

transthoracic

echocardiography on a long term.
(Transthoracic echocardiography is a less sensitive test as compared to
transesophageal echocardiography in the detection of an intracardiac thrombus).
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18.7 Pregnancy
In normal pregnancy the cardiac output ↑ by 30-40%, intravascular volume ↑
by 50%, stroke volume ↑, heart rate ↑, systemic vascular resistance ↓, and
pulmonary vascular resistance ↓.
Pregnant patients with Fontan have a limited hemodynamic reserve to adapt
to the above changes, and the venous pressures are elevated. There is an
increased risk of atrial arrhythmia, heart failure, and an increased incidence of
spontaneous abortion and pre-term labor.

19
Total Anomalous Pulmonary
Venous Connection
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19.1 Morphology & Pathophysiology
Total anomalous pulmonary drainage or connection (TAPVC) is a congenital
disorder in which all pulmonary venous blood drains into the right side of the
heart through anomalous venous connections.
Supracardiac (Type I):
Pulmonary veins drain into common pulmonary vein which is connected to
the innominate vein or rarely to SVC by ascending vertical vein (incidence of
50%) (see Figure 19.1).

Figure 19.1 Chest roentgenogram showing supracardiac type of anomalous pulmonary
venous connection in a 7 month old infant. The heart has a "snowman shape." The
pulmonary veins drain into an enlarged vertical vein (grey arrow), which in turn drains
into the brachiocephalic vein and then to the superior vena cava (white arrow).
The vasculature is of a shunt vasculature.
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Paracardiac (Type II):
Pulmonary veins drain directly into right atrium or into the coronary sinus
either directly or through the common pulmonary vein (incidence of 25%).
Infracardiac (Type III):
Common pulmonary vein is connected to the hepatic veins or portal vein by
descending vertical vein (incidence of 15-20%).
Mixed type:
Combination of above types of connection occurs in 3-5%.
Oxygenated pulmonary venous blood mixes with systemic venous blood in
the right atrium, and an atrial septal defect (or the patent foramen ovale) is
essential to maintain systemic arterial output. The patent ductus arteriosus is
present in most patients. The mixing of systemic venous and pulmonary venous
blood results in cyanosis of a varying degree, determined by the quantity of
pulmonary blood flow and size of the atrial septal defect. Obligatory mixing of
pulmonary venous blood and systemic venous blood in the right atrium also
results in a similar oxygen saturation in all cardiac chambers, pulmonary artery,
and systemic (femoral) artery.
Constriction of the anomalous pulmonary venous connections to systemic
veins results in pulmonary venous hypertension, elevated pulmonary vascular
resistance with predictable decrease in pulmonary blood flow, and increase in
cyanosis. The balloon atrial septostomy (done for a restrictive atrial septal
defect) will not alter oxygenation of the blood in the presence of pulmonary
venous hypertension, but it would provide additional systemic cardiac output.
In the absence of obstruction of anomalous pulmonary venous connections to
systemic veins and in the presence of a large atrial septal defect, pulmonary
blood flow is increased with development of congestive failure, pulmonary
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artery hypertension like in a large atrial septal defect, but with early rise in
pulmonary vascular resistance.

19.1.1 Obstructed TAPVC
It presents immediately after birth with severe cyanosis and poor systemic
perfusion, with varying degrees of increase in pulmonary arterial and venous
resistances. The newborn or infant frequently has pulmonary edema. The
patient's condition should be stabilized immediately by cardiovascular and
metabolic standpoint, and provide the best possible preoperative status prior to a
surgical repair.
Management:
1. Sedation, mechanical ventilation, or hyperventilation with 100% oxygen.
2. Keep the arterial PCO2 < 30 mm Hg to improve the effective pulmonary
blood flow.
3. Prostaglandin E1 (alprostadil) infusion:
It may allow some right-to-left shunting at the level of the ductus arteriosus.
This may increase the systemic cardiac output although it may do so, at the
expense of pulmonary blood flow. It may also allow patency of the ductus
venous in TAPVC type III and may improve arterial oxygenation.
4. Aggressive correction of metabolic acidosis with sodium bicarbonate.
5. Transfusion: Packed cells or a whole blood is administered to improve the
oxygen-delivery capacity.
6. Inotropes: To improve the cardiac contractility.
7. Other resuscitative measures:
a) Balloon atrial septostomy.
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Used to decompress the venous circuit and improve cardiac output in
cases of a restrictive inter-atrial communication.
b) Stenting of obstructed vein.
Recently, used as a valid aid to provide an immediate relief of
pulmonary hypertension and cardiogenic shock, allowing more
effective hemodynamic stabilization prior to a surgical intervention.
c) Extracorporeal membrane oxygenation (ECMO).
Some centers have advocated its use during resuscitation, and in some
cases it has been adopted after the repair, to support the neonates with a
residual pulmonary hypertension.

19.1.2 Unobstructed TAPVC
Medical therapy is directed at managing right ventricular failure, hypoxia,
and congestive heart failure.
1. Hypoxia: Assisted ventilation or a normal ventilation with low levels of
FIO2.
2. Inotropic support: Improves ventricular function and contractility.
3. Diuretics.
4. Phenoxybenzamine: α-blockade rarely is used to reduce the pulmonary
hypertension.

19.2 Operative Procedures
The principle of surgery is to redirect the pulmonary vein flow entirely to the
left atrium, by creation of a large and unobstructed anastomosis between the
pulmonary venous confluence and the left atrium (LA) using fine sutures

146 ◘◘◘

(running versus interrupted stitches, use of absorbable versus non-absorbable
suture material is controversial).
Usually, an incision is created in the pulmonary venous confluence to match
a corresponding incision in the posterior wall of LA and extending into the LA
appendage.
The operation is performed on CPB with moderate hypothermia and
cardioplegic arrest. Deep hypothermia and a short period of low-flow
cardiopulmonary bypass or circulatory arrest may be desirable, for a meticulous
anastomosis.
The pulmonary venous confluence is exposed in the posterior pericardium by
retracting the heart rightward and anteriorly or by a superior access between the
ascending aorta and the SVC. Alternatively, it can be accessed in the right
pericardial fossa by a vertical incision through the right atrium, the inter-atrial
septum, and the left atrium (LA).

19.2.1 Supracardiac TAPVC
The common pulmonary vein is opened wide and connected side to side to
the left atrium. The foramen ovale is closed. Though routine ligation of the
vertical vein is controversial at the time of TAPVC repair, it is ligated next to its
connection to the systemic vein.

19.2.2 Infracardiac TAPVC
Technique is similar to that of the supracardiac. As the pulmonary venous
confluence tends to be oriented vertically, typically in a Y - shape, the incision
into the LA is relatively vertical or Y - shaped. The vertical vein may be left
open to provide an access to a low pressure system, in cases of a particularly
small and restrictive LA. The high resistance of the liver parenchyma eventually
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leads to complete cessation of flow through this low-pressure venous channel.
Some ligate the vein immediately above the diaphragm, and use the intrapericardial portion of this vein to produce a larger anastomosis.

19.2.3 Cardiac TAPVC to Coronary Sinus
Unroof the coronary sinus through an incision between the coronary sinus
and the fossa ovalis, thus creating a large ASD (atrial septal defect). Then, a
patch is used to reconstruct the atrial septum, leaving the pulmonary venous
drainage to flow through the unroofed coronary sinus into the LA.

19.2.4 Cardiac TAPVC to Right Atrium
If the anomalous veins drain directly into the right atrium, the atrial septum is
detached posteriorly, and is reattached to the right of the right sided pulmonary
vein ostia.

19.3 Postoperative Management
The postoperative course is variable and depends on the preexisting
pulmonary venous obstruction. The hospital stay averages 8 to 12 days.

19.3.1 Hemodynamic Management
Pulmonary artery hypertensive crisis is a major cause of mortality in the
postoperative period after repair of the TAPVC in early infancy.

19.3.2 Pulmonary Edema
During the postoperative period, patients with obstructed TAPVC, even after
surgical relief of the pulmonary venous obstruction, frequently have pulmonary
edema with varying degrees of an increase in pulmonary arterial and venous
resistance.
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Manage pulmonary edema by diuretics, assisted ventilation with a high
fraction of FIO2, and PEEP (positive end-expiratory pressure).

19.3.3 Episodic Pulmonary Hypertension
Episodic pulmonary hypertension occurs due to reactive pulmonary vascular
bed in the postoperative period, resulting in a low cardiac output.
Manage with pulmonary vasodilators such as nitric oxide, magnesium sulfate,
or prostaglandin.

19.3.4 Hypercyanotic Episodes
Severe cyanosis or severe hypercyanotic episodes may also occur
postoperatively in the obstructed TAPVC.
Manage these episodes with one or more pulmonary vasodilators as above to
decrease pulmonary vascular resistance and pulmonary vascular reactivity.

19.3.5 Poor Lung Compliance
Obstructed TAPVC patients often have a difficult postoperative course
secondary to high pulmonary vascular resistance with a poor lung compliance.
ECMO is used routinely in some centers after the surgical correction for these
patients.

19.3.6 Hemodynamic Instability
Hemodynamic instability can occur with elevations in pulmonary vascular
resistance, especially in patients with uncorrected pre-existing pulmonary
venous obstruction. ECMO may be lifesaving in these patients.
Poor hemodynamic performance following a repair of TAPVC should raise
concern of a potential obstruction at the site of the repair.
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To rule out an obstruction at the site of the repair perform:
a) Chest radiography: It often reveals pulmonary edema.
(Note this finding is nonspecific because it is seen in many patients with
preoperative pulmonary venous obstruction despite normal hemodynamics
and adequate correction of the obstruction).
b) Echocardiogram: Rules out any residual postoperative pulmonary venous
obstruction, and examines the pulmonary venous anastomosis. If it is
possible, cardiac MRI is indicated to refine the diagnosis.

19.3.7 Ancillary Measures
(I) Ultrafiltration
Both the conventional and modified ultrafiltration may be used during
surgery of infants and newborns with an obstructed TAPVC.

(II) Peritoneal Dialysis
It is occasionally used postoperatively to remove the excess of extracellular
fluid.

(III) Left to Right Shunting
If the vertical vein is not ligated at the time a repair of TAPVC, persistent
patency of the vertical vein (ascending or descending) may lead to a significant
left to right shunting, requiring a reoperation or a catheter intervention for closure.
Systemic arterial oxygen saturation (SaO2) should be normal after an
uneventful operation.
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19.3.8 Pulmonary Vasodilators in TAPVC
(I) Prostaglandin E1 (PGE1)
It dilates the vascular smooth muscle in the ductus arteriosus, ductus venosus,
pulmonary arteries and viens, and systemic arteries.
In obstructed TAPVC, PGE1 is usually used as a pulmonary vascular dilator,
but one should exercise caution to observe its effects in the complex circulation
of TAPVC.
In sub-diaphragmatic TAPVC, PGE1 dilates the ductus venosus and improves
pulmonary venous flow.
In other types of TAPVC with obstruction, PGE1 dilates pulmonary arteries
and increase pulmonary flow, dilates ductus arteriosus and systemic arteries,
and increases right-to-left shunting and worsens cyanosis.

(II) Magnesium Sulfate
MgSO4 has both systemic and pulmonary vascular dilating effects.
Mechanism of action: Direct action on the vascular muscle cells, but may
also increase the formation or release of nitric oxide.
Lower-dose MgSO4 with a slow infusion is advised to avoid systemic
hypotension.

(III) Nitric Oxide
Mechanism of action:
Stimulates guanylate cyclase to form cyclic GMP that causes relaxation of
the vascular smooth muscle.
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Delivery:
It is delivered by inhalation directly to the alveolar units, and is rapidly
inactivated by the hemoglobin. It is the most selective of currently available
pulmonary vascular dilators.

(IV) Sildenafil
Nasogastric (oral) administration of sildenafil may be used as an alternative
to nitric oxide, or sildenafil may be used during the weaning from nitric oxide.

19.3.9 Management of Pulmonary Artery Hypertensive Episodes
It is usually required to minimize pulmonary artery hypertensive episodes by
institution of the following measures:
1. Sedation with infusions of a fentanyl.
2. Paralysis with a neuromuscular blocking agent.
3. Oxygenation and hyperventilation.
4. Inhaled nitric oxide, magnesium sulphate, PGE1, and sildenafil.
The above drugs are used for reduction of both pulmonary vascular resistance
and PA pressure.

19.3.10 Invasive Pressure Monitors
Arterial, central venous, and PA (pulmonary artery) line.
An oximetric catheter placed in the PA assesses the cardiac output and
pulmonary artery pressure.
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19.3.11 Vasoactive Drug Infusions
Dopamine or dobutamine, milrinone, epinephrine, isoproterenol, nitroprusside
and/or phenoxybenzamine, magnesium sulphate, and inhaled nitric oxide (see
Section I Chapters 4 & 16).

19.3.12 Postoperative Bleeding
It is occasionally encountered from the anastomotic suture lines.

19.3.13 AV Conduction Abnormalities
AV (atrioventricular) conduction defects are potential, especially in coronary
sinus type TAPVC as the AV node in the AV septum may be injured during an
atrial septal incision between the coronary sinus and fossa ovalis.
Temporary atrioventricular pacing should be readily available.

19.4 Surgical Reinterventions During the Postoperative
Period
Though the pulmonary vasodilators reduce pulmonary artery hypertensive
crises, the long term outcome depends on the preexisting pulmonary venous
stenosis and/or a recurrent venous obstruction.
The preexisting pulmonary venous obstruction was more common in the
coronary sinus type of TAPVC, and early postoperative restenosis may occur. It
occurs in 5-10% of patients, and is usually evident in the first 6 months following
surgery.
The recurrent venous obstruction should be managed, only by an early
aggressive approach of reoperation and repeated balloon dilatation. The
obstruction is more easily treated surgically if it involves only the pulmonary
venous confluence and anastomosis area.
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If the pulmonary venous obstruction is due to intimal fibrotic hyperplasia of
individual pulmonary branch veins extending deeper back into the veins, then
surgery may not be successful.
In mixed form of TAPVC, with more complex patterns of pulmonary venous
connection, individual pulmonary veins are small or thickened, and the
mortality remains higher after repair.
In a smaller number of patients, a diffuse stenotic process involves the whole
length of the pulmonary veins including their intrapulmonary course. This
process may progress to an almost complete vein occlusion. If this lesion is
bilateral, either sutureless techniques and/or lung transplantation would only
improve the outcome.
If the vertical vein is not ligated at the time of repair of TAPVC, persistent
patency of the vertical vein (ascending or descending) may lead to a significant
left to right shunting. It requires a reoperation, or a catheter intervention for
closure.

20
Ebstein’s Malformation

156 ◘◘◘

20.1 Morphology & Pathophysiology
It is characterized by a downward displacement of the septal and posterior
leaflets of the tricuspid valve that are often hypoplastic, with an enlarged
anterior leaflet. The tricuspid annulus is dilated. The normally functioning right
ventricular cavity is reduced as the ventricle between the true atrioventricular
junction and the attachments of the displaced leaflets functions like atrium, i.e.,
dilates during ventricular systole and contracts in diastole, resulting in wasted
right ventricular stroke work. The right ventricular myocardium may show
impaired contractility and histological dysplasia in severe cases.
The consequences of this lesion are related to severity of the leaflet
displacement and valvular regurgitation. In severe cases, the pulmonary blood
flow is decreased, the right atrium becomes dilated, blood is shunted right to left
across an ASD or PFO, and the patient may become cyanotic. Congestive heart
failure may also develop secondary to a small functional right ventricle,
ventricular dysfunction, and decreased right ventricular compliance. In addition,
paroxysmal supraventricular tachycardia (PSVT) occurs in 25-50%, and
Wolff-Parkinson-White (WPW) syndrome is noted in 5-10% of these patients.

20.2 Perioperative Management
20.2.1 Neonatal Ebstein’s Disease
Neonates with Ebstein’s are often present with cyanosis, severe ventricular
dysfunction, congestive heart failure, and metabolic acidosis.
1. Patient should be sedated, intubated, paralyzed, and mechanically ventilated.
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2. Prostaglandin E1: Start the infusion to maintain patency of the ductus
arteriosus and to improve pulmonary blood flow. If cyanosis improves,
then PGE1 infusion can be weaned.
3. Following weaning from PGE1 therapy, close observation is required to
assess whether the neonate oxygenates adequately after closure of the
ductus arteriosus.
4. Inhaled nitric oxide: Therapy may be required in severe disease to lower
pulmonary vascular resistance and improve pulmonary blood flow.
5. Metabolic acidosis: Corrected by sodium bicarbonate infusion and for
improving the ventricular function.
6. Inotropic support: It is often is required to improve biventricular function.
7. Optimize: Serum electrolyte balance, oxygen carrying capacity, and blood
volume status prior to surgery.

20.2.2 Older Children and Adults with Ebstein’s Disease
The mainstay of initial treatment is medical to address symptomatic relief of
congestive heart failure and management of arrhythmias. Surgical therapy is
warranted in any patient with progressive symptoms, exercise intolerance, or
frequent arrhythmia. Most patients with Ebstein’s disease require surgical
correction, at some time, though patients who are mildly symptomatic may
never require surgery.

20.3 Surgical Treatment
The aim of surgical treatment is to minimize tricuspid insufficiency, increase
pulmonary blood flow, reduce or eliminate right-to-left shunting, optimize right
ventricular function, and reduce or eliminate arrhythmia. Ideally, if the tricuspid
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valve can be repaired, it avoids the need for future valve replacement. If valve
repair is not feasible, valve replacement with a bioprosthetic valve is needed.
Most operations are performed using CPB (cardiopulmonary bypass), bicaval
cannulation, moderate systemic hypothermia, and cardioplegic arrest. In
neonates, a single venous cannulation and a period of circulatory arrest may
also be used to complete the repair.

20.3.1 Single Ventricular Palliation
In a sick neonate with severe Ebstein’s disease, create functional tricuspid
atresia as palliation (Starnes procedure) to a subsequent single ventricle repair
with a Fontan procedure. The atrial septal defect is enlarged by excising the
remaining septum. The tricuspid valve orifice is closed with a Gore-Tex patch.
A Gore-Tex shunt is placed to connect the innominate artery to the right
pulmonary artery.

20.3.2 Valve Repair Techniques
Most of these techniques aim to achieve tricuspid valve competence by
creating a monocusp valve based on the anterior leaflet. The atrialized ventricle
is plicated (i.e., horizontal plication described by Danielson, vertical plication
described by Carpentier). Tricuspid valve annuloplasty is performed (posterior
annuloplasty or a ring tricuspid annuloplasty), the atrial septal defect is closed,
and the right atrial reduction may be performed. The Hetzer repair consists of
the reduction in the size of the tricuspid orifice to achieve adequate coaptation
of the most mobile leaflet tissue, closure of the atrial septal defect, and the right
atrial reduction. Newer repair techniques involve either septal leaflet
augmentation or detachment of both the abnormal septal and posterior leaflets
and their respective chordae and papillary muscles, and reimplantation to allow
complete relocation of the leaflet tissue to the level of the true annulus.
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Alternatively, the anterior and posterior tricuspid valve leaflets are mobilized
from their anomalous attachments in the right ventricle, and the free edge of this
complex is rotated clockwise to be sutured to the septal border of the anterior
leaflet, thus creating a cone the vertex of which remains fixed at the right
ventricular apex and the base of which is sutured to the true tricuspid valve
annulus level. Additionally, the septal leaflet is incorporated into the cone wall
if possible.
The bidirectional superior vena cava to pulmonary artery shunt (bidirectional
Glenn shunt) may be added to intracardiac repair to reduce volume load of the
ventricle and tricuspid regurgitation, and improve pulmonary blood flow in
patients with severe Ebstein’s disease and ventricular dysfunction.

20.3.3 Tricuspid Valve Replacement
If a valve repair is not feasible or successful, valve replacement with porcine
bioprosthesis is required. Mechanical valve replacement in the tricuspid position
is associated with a high frequency of valve malfunction and thrombotic
complications. The atrialized right ventricle is plicated in a horizontal plane,
then valve sutures are placed on the atrial side of the coronary sinus and
atrioventricular node to avoid injury to the conduction system. Sutures are tied
with the heart beating and perfused to ensure the conduction system is intact.
Some replacement techniques oversize the bioprosthesis and attach the sewing
annulus to the atrial wall proximal to the coronary sinus. This supra-annular
implantation avoids suturing in the area of conduction tissue, but it places the
coronary sinus in the right ventricle.
In Laks modification of the technique, the valve insertion is begun anterior to
the coronary sinus using a continuous running suture. A glutaraldehyde-treated
pericardial patch is sutured to the septal portion of the prosthetic valve sewing
annulus. The free margin of the patch is then sutured to the atrial tissue beyond
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the area of the conduction tissue. This technique allows placement of the valve
at the true annulus, avoids suturing in the area of conduction tissue, and leaves
the coronary sinus draining into the right atrium.

20.3.4 Electrophysiologic Mapping and Maze Procedure
In addition to the above, the right atrial Maze procedure or the modified
Maze procedure is done to eliminate or reduce atrial arrhythmias. The accessory
conduction pathways can also be ablated with a catheter-based radiofrequency
ablation before or after a surgical repair.

20.3.5 Mechanical Circulatory Support & Heart Transplantation
In patients with a failed repair or with severe biventricular dysfunction and in
severely symptomatic neonates with associated pulmonary artesia or other
major cardiac defects, heart transplantation and mechanical support as a bridge
to heart transplantation is indicated.

20.4 Postoperative Management
Postoperative course is variable due to the variety of surgical procedures
performed for correction. The hospital stay averages 10 days to 2 weeks.

20.4.1 Hemodynamic Management
In critically ill neonates, therapy in the first 24 hours is aimed to reduce
pulmonary vascular resistance and pulmonary artery hypertensive episodes to
maintain hemodynamic and respiratory stability.
Inotropic agents are often needed to support the right ventricular function.
Central venous pressure and waveform should be monitored for any evidence
of recurrent tricuspid insufficiency and right ventricular failure.
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Patients undergoing valve repair may require echocardiographic evaluation in
the early postoperative period to assess the tricuspid valve and right ventricular
function.
Some patients with mild-to-moderate residual tricuspid incompetency progress
to severe regurgitation, enough to warrant early return to an operating room for
tricuspid valve replacement.
Neonates undergoing a repair to create a single ventricle physiology have
shunt-dependent pulmonary circulation, and balancing of pulmonary and
systemic vascular resistances is essential to maintain adequate shunt flow,
oxygenation, and adequate systemic blood flow for optimal tissue perfusion.
Myocardial ischemia may occur because the right coronary artery may be
compromised by a suture plication of the atrialized right ventricle.

20.4.2 Measures to Reduce Pulmonary Vascular Resistance
The following measures are often employed during the postoperative period.
1. Sedation with infusions of a fentanyl.
2. Paralysis with a neuromuscular blocking agent.
3. Mechanical ventilation and ventilator manipulation.
4. Oxygenation and hyperventilation.
5. Inhaled nitric oxide and PGE1 infusion.

20.4.3 Invasive Pressure Monitors
Arterial, central venous, and pulmonary artery (i.e., PA) line.
An oximetric catheter placed in the PA assesses cardiac output and pulmonary
artery pressure.
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20.4.4 Vasoactive Drug Infusions
Dopamine or dobutamine, milrinone isoproterenol, nitroprusside, magnesium,
and inhaled nitric oxide (see Section I, Chapters 4 & 16).

20.4.5 Postoperative Bleeding
It is very rarely encountered.

20.4.6 Arrhythmias & AV Conduction Abnormalities
Reentrant atrial arrhythmias and ventricular arrhythmias occur and should be
treated aggressively with intravenous anti-arrhythmic drugs (see Section I
Chapter 16).
Temporary overdrive pacing:
Arrhythmias, occurring in the early postoperative period, may be difficult to
manage medically and may be associated with ventricular dysfunction.
Temporary overdrive pacing may be needed (see Section I Chapter 4).
Pacemaker:
Complete heart block may occur with either a valve repair or a valve
replacement, requiring the use of a temporary pacemaker and possibly, the
implantation of a permanent pacemaker.

21
Anomalous left Coronary Artery from
the Pulmonary Artery
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Anomalous origin of the left coronary artery arising from the pulmonary
artery (ALCAPA) is a rare and isolated anomaly. ALCAPA is rarely associated
with tetralogy of Fallot, patent ductus arteriousus, and coarctation of the aorta.

21.1 Pathophysiology
Shortly after birth, as the poulmonary vascular resistance and pulmonary
artery pressure decrease as does the oxygen content of pulmonary blood, the left
ventricular myocardium is perfused by a relatively desaturated blood under low
PA (pulmonary artery) pressure, leading to myocardial ischemia.
Though myocardial ischemia is transient initially that occurs when the infant
is feeding and crying, further increases in myocardial oxygen demand lead to
anterolateral left ventricular free wall myocardial infarction. The myocardial
infarction may result in papillary muscle dysfunction and a variable degree of
mitral insufficiency.
As myocardial ischemia progresses, the collaterals develop between the right
and left coronary systems. Both the right and left coronary artery flow reverses
and enters the pulmonary trunk due to the low pulmonary vascular resistance,
producing coronary steal phenomena. As a result, left ventricular myocardium
remains underperfused. Consequently, the entire left ventricular myocardium
remains underperfused resulting in left ventricular dysfunction and significant
mitral valve insufficiency, which leads to congestive heart failure.

21.2 Clinical Symptoms
In young infants, the following symptoms predominate: Tachypnea, poor
feeding, irritability, and diaphoresis leading to poor weight gain. Myocardial
ischemia causes significant chest pain and these symptoms may be misinterpreted
as infantile colic. Some infants may outgrow these symptoms and may gradually
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become asymptomatic. During later childhood or in adults, periods of dyspnea,
chest pain, syncope, or sudden death may occur.

21.3 Diagnosis
In a suspected patient with ALCAPA, an anterolateral infarct pattern on EKG,
a characteristic finding of basal and anterolateral subendocardial myocardial
fibrosis on cardiac magnetic resonance (MR) imaging, and reversible ischemia
on stress adenosine MR imaging is highly suggestive of ALCAPA.
Two dimensional echocardiogram may identify abnormal origin of the left
coronary artery from the main pulmonary artery. The color flow doppler
demonstrates retrograde flow from the anomalous left coronary into the
pulmonary trunk if collaterals between the left and right coronary artery systems
exist.
Oximetry may show a small left-to-right shunt into the pulmonary arteries.
Aortography or selective right coronary arteriography demonstrates an enlarged
right coronary artery system with collateralization to the left coronary artery and
reflux of contrast into the main pulmonary artery (see Figure 21.1).
Angiogram with a large bolus of contrast under high pressure or with a
balloon occlusion of the distal main pulmonary artery, retrogradely fills the
anomalous left coronary artery.
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Figure 21.1 Right coronary artery angiogram. Note the right coronary artery is
tortuous and dilated. The left coronary artery is filled through extensive collaterals and
the contrast is seen draining into the main pulmonary arery. Reproduced from Takemi
Kawara et al. Anomalous Origin of the Left Coronary Artery from the Pulmonary
Artery. Ann Thoac Cardiovasc Surg Vol 9. 2003.

21.4 Surgical Treatment
1. Ligation of the left coronary artery: Performed at its origin from the main
pulmonary artery without the use of CPB (cardiopulmonary bypass).
The technique is not optimal since myocardial perfusion remained solely
dependent on extensive collateralization from the right coronary artery, and the
risk of sudden death exists due to continuing ischemic episodes.
2. Myocardial revascularization by creating two coronary artery systems:
A: Left subclavian artery- left coronary artery anastomosis.
B: Aorto - left coronary (left anterior descending coronary artery) saphenous
vein bypass graft.
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C: Takeuchi procedure (creation of an aortopulmonary window and an
intrapulmonary tunnel by a Gore-Tex baffle extending from the anomalous
ostium to the window).
3. Direct reimplantation of left coronary artery into aorta.
Once perfusion through two coronary arteries is accomplished, most patients
demonstrate improved left ventricular systolic function, decreased mitral valve
insufficiency, and resolution of CHF (congestive heart failure) symptoms.
The need for a simultaneous mitral valve reconstruction, in the presence of
severe insufficiency, is controversial because spontaneous improvement of mitral
valve function occurs following surgical revascularization. Rarely, refractory
mitral regurgitation will necessitate delayed mitral valve repair or a replacement.

21.5 Perioperative Management
The usual postoperative course lasts 7 days to 14 days.
Prior to surgical correction, the management is primarily focused on treatment
of congestive heart failure, improvement of myocardial performance, systemic
perfusion, and oxygen transport to tissues and myocardium. Agents commonly
used are diuretics, afterload reducing medications, and cardiac inotropic drugs
(see Section I Chapters 4 & 16). The same medications are used postoperatively
to treat ventricular dysfunction and to ensure smooth postoperative course.
Optimal oxygen transport is achieved with adequate replenishment of
intravascular blood volume and O2 carrying capacity. The O2 saturations are
maintained at > 98% with adequate PaO2 (see Section I Chapter 5). Care is
taken to not to use 100% oxygen for any lengthy periods in order to improve
pulmonary gas exchange as it may result in deleterious effects on alveolar
capillary membranes, and may further reduce the pulmonary vascular resistance
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and increases coronary steal from the right coronary artery into the pulmonary
arteries, aggravating myocardial ischemia.
Afterload reduction is done judiciously to improve myocardial performance
(see Section I Chapter 4 & 16). A similar phenomenon occurs with aggressive
afterload reduction which reduces coronary flow through right coronary artery
collaterals leading to myocardial ischemia.
Non-judicious inotropic support may significantly increase myocardial
oxygen consumption, which in the presence of reduced myocardial blood flow
may result in worsening ischemia. In addition to inotropes, afterload reducing
drugs may worsen myocardial ischemia, decrease cardiac output, and create a
potential for onset of ventricular arrhythmias.
However, all the above medications may be used more aggressively,
subsequent to surgical correction for the continued treatment of CHF, left
ventricular dysfunction, and mitral valve insufficiency.

21.5.1 Hemodynamic Management
Aimed at maintenance of adequate systemic perfusion pressure for the age,
with maintenance of optimal tissue perfusion and maintenance of adequate
cardiac output.

21.5.2 Invasive Monitors
Arterial line, central venous catheter, and LA (left atrial) catheters (in severe
mitral insufficiency).
An oximetry catheter may be placed in the pulmonary artery (PA) to monitor
PA pressure (in presence of severe mitral insufficiency) and cardiac output.
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21.5.3 Vasoactive Drug Infusions
Dopamine or dobutamine, epinephrine, milrinone, nitroprusside, and
phenoxybenzamine (see Section I, Chapter 4 & 16).

21.5.4 Postoperative Bleeding
Rarely occur from the suture lines.

21.5.5 Atrial and Ventricular Arrhythmias
These may occur due to myocardial ischemia or reperfusion injury
subsequent to myocardial revascularization. Treat with antiarrhythmic drugs
(see Section I Chapter 16).

22
Systemic-Pulmonary Artery Shunt
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The systemic-pulmonary artery shunt is an anastomosis or a connection
between a branch of systemic artery and pulmonary artery (PA), which is done
in an attempt to increase pulmonary blood flow.

22.1 Types of Shunts
Waterston shunt (ascending aorta and right PA anastomosis), Potts shunt
(descending aorta and left PA anastomosis), and Blalock Taussig shunt
(subclavian artery to PA anastomosis).
Classical BTS. It is a direct anastomosis of the subclavian artery to the
pulmonary artery (PA). The end of the divided subclavian artery is anastomosed
to the side of the branch pulmonary artery. It is usually performed on the side of
the chest opposite to the aortic arch (i.e., subclavian artery branch of the
innominate artery).
Modified BT (Blalock-Taussig) shunt: It is an anastomosis between the side
of the right or left subclavian artery to the side of the branch PA, with an
interposition polytetrafluoroethylene (Gore-Tex) graft. It is usually performed
on the side ipsilateral to the aortic arch, using a 4 mm graft.
BTS remains an option for infants who have anatomical considerations that
prevent an early total correction, particularly, those that are unstable at
presentation.
Currently, an increasing number of shunts is being used in the management
of the single ventricle.

22.2 Pathophysiology
The size and length of the shunt determines the amount of blood flow to the
lungs. It is important to balance pulmonary and systemic blood flows by
creating an appropriate shunt. It is critical to balance the perfusion of the
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systemic and pulmonary bed due to cardiovascular and hemodynamic changes
occurring in the postoperative period.

22.2.1 Too Large a Shunt
If the shunt created is too large, it may lead to a relatively excessive
pulmonary blood flow (pulmonary overcirculation) and high O2 saturations. It
manifests with heart failure, pulmonary edema, and poor systemic perfusion.
This may also lead to difficulties when ventilation is weaned.
The systemic hypoperfusion manifests with a low blood pressure, low mixed
venous saturations, and rising base excess and lactate. The low diastolic
pressure may compromise the coronary circulation, and the shunt may be
emergently clipped or taken-down.

22.2.2 Too Small a Shunt
If the shunt created is too small, the systemic O2 saturations fall due to
inadequate pulmonary perfusion, which will lead to systemic arterial hypoxia
and poor oxygen delivery to the tissues and later development of metabolic
acidosis.

22.3 Blocked BT Shunt / Shunt Failure
The shunt may be blocked, requiring expeditious management of the problem.

22.3.1 Clinical Diagnosis
Significant and sustained desaturation of blood occurs and a shunt murmur is
no longer audible. It will be followed by hypotension. If not resolved, this will
lead to death.
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Its incidence is high in the immediate postoperative period and presents
acutely with a precipitious drop in oxygen saturations. It is usually secondary to
a shunt clotting or kinking. This is an emergency. Most likely to occur if the
shunt is new or the patient is dehydrated, or if the shunt flow is competing with
an open ductus arteriosus.

22.3.2 Management of Shunt Failure
Implement the following ABCD-s expeditiously.
1. Rule out the following causes of arterial desaturation:
• Displaced ET (endotracheal tube) position.
• Obstructed ET tube.
• Pneumothorax or hemothorax.
• Ventilator equipment failure.
2. Auscultate for the shunt murmur that has disappeared.
3. Re-check blood gas for a low PaO2, rising lactate, and correct metabolic
acidosis.
4. Review most recent APTT.

22.3.3 Treatment
If one is assertive that the shunt could have blocked, implement following
ABCDs:
A. Initiate A, B, C of cardiopulmonary resuscitation.
B. Perform an urgent echocardiogram.
C. Call a surgeon and / or cardiologist immediately.
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D. If highly suspicious that shunt may have been blocked, do not wait for the
results of echocardiogram. Immediately act and do the following:
1. Hand ventilate and give a bolus of sedation.
2. Increase SVR (systemic vascular resistance) in a stepwise fashion by:
a) 5 mL/kg aliquots of 4% to 5% of human albumin as a volume.
b) Phenylephrine:
Dose 3-10 micrograms/kg.
(Dilute 10 mg in 50 mL 5% DW and give 0.02-0.05 mL/kg as a slow
IV injection).
c) Start dopamine infusion or increase the rate of infusion (if already is
on).
d) Start levophed infusion.
3. Reduce PVR (pulmonary vascular resistance) by :
a) Sedation and paralysis.
b) Hand ventilate: - Oxygenate with 1.0 FIO2. Decrease PaCO2 - Aim
alkalosis.
4. May institute the following additional measures:
a) Bolus of magnesium sulphate - (0.4 mmol/kg of 50% magnesium
sulphate).
b) Bolus of heparin 50 units/kg followed by heparin infusion at
20 units/kg/hr, or increase the rate of heparin infusion if already is on.
c) Restart prostaglandin in the neonate.
d) Consider a second bolus of heparin (50 units/kg).
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e) Implement the following actions decided by a surgeon or a
cardiologist:
• Administer tissue plasminogen activator (alteplase).
• Surgical or catheter intervention.

22.3.4 Thrombolytic Therapy
Recombinant tissue plasminogen activator (alteplase) (TPA):
It may be successful in unblocking shunts. It is contra-indicated if operated
< 10 days or in the presence of active bleeding.
Mechanism of Action:
Binds selectively to the fibrin clot-bound protein, plasminogen, and activates
to form plasmin which has fibrinolytic action. It has a plasma half-life of
4-5 mins. Only < 10% remains for 20 minutes after it is stopped, but the
bleeding tendency can persist for much longer.
Method of administration:
It is given both systemically and directly into the shunt.
The dosage is controversial.
Local administration has been reported with 0.1 mg/kg and 0.2 mg/kg boluses,
followed by a systemic infusion of 1 mg/kg for 24 hours.
The dose in children is reduced to < 0.1 mg/kg/hr for 12 hours.
The other recommended dose is: 100-500 micrograms/kg/hour for 3 to
6 hours with a follow up imaging. Maximum of 100 mg/day.
In view of the dose controversies, TPA (alteplase) should only be given for a
shunt blockage with agreement of a consultant cardiologist, surgeon and a
hematologist.
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Following TPA protocol is commonly adopted:
1. Stop heparin infusion.
2. Give 10 mL/kg of FFP (fresh frozen plasma) prior to commencing TPA in a
neonate.
3. Dose: 0.1 - 0.6 mg/kg/hr. Start at a low dose and titrate up if no
complications. Can be given for > 6 hrs and
4. Closely monitor: 3 to 4 hourly, fibrinogen, clotting tests (screen) including
d-dimers (d-dimers should rise as thrombolysis occurs).
5. Make sure platelet the count is > 100,000 and serum fibrinogen is
> 200 mg%.
6. Review of the clot with * an echocardiogram or angiography every 6 to
8 hours.
Standard thrombolytic therapy should be followed with a heparin infusion
aiming for an APTT of 60-90.
* Echocardiogram does not always demonstrate the clot. Catheter
angiocardiogram may be useful, both from a diagnostic and an interventional
stand point. Clot destruction via a catheter may be an option in some specific
circumstances.
If there is a concern regarding surgical technique, like kinking of the shunt or
deterioration of an infant despite above interventions - return to an operation
theatre.

22.4 Anticoagulation of Modified BT Shunt
Prevention of clot formation within BT shunt postoperatively with use of
anticoagulants is controversial. Studies have showed that 1/5 of the shunts
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electively taken down had 50% stenosis at a median age of 8 months. Many
centers now anticoagulate BT shunts postoperatively. Aspirin may reduce the
rate of shunt thrombosis while others have failed to prove this. The
postoperative heparin usage may be linked to causation of seromas.
Patients are usually given heparin in an operation theatre or commence
heparin when bleeding is not an issue:
(i.e., chest drains are bleeding < 3 ml/kg/hr and APTT < 60 postoperatively).
Heparin dose is usually not titrated to APTT unless there is a specific reason
to do so. It is given in two methods.

22.4.1 Routine Heparin Prophylaxis
One should ensure APTT does not rise too high (> 80).
1000 units (10 mg) of heparin per kg body weight of an infant. It is diluted to
50 mL with 0.9% sodium chloride or 5% dextrose in water (D5W). The solution
has 20 units/per kg BW/mL..
Infusion is commenced at 10 units/kg/hr (0.5 mL/hr).
Monitor: APTT, PT and serum fibrinogen. Monitoring is done as below to
ensure APTT does not rise too high > 80.
1. Prior to commencement of heparin.
2. 4-6 hours after commencement of the infusion.
3. One hour after a syringe is changed.
4. Daily while on heparin infusion.

22.4.2 Therapeutic Heparin Regimen
It is not routine -only administered by a surgeon’s decision.
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Heparin is titrated to achieve an APTT of 60-90.
Prepare infusion using 1000 units of heparin sodium/kg BW of an infant. It is
diluted to 50 mL with 0.9% sodium chloride or D5W.
Loading dose is not required if recently returned from an operation theatre.
If APTT is < 50s: Give a loading dose of 50 units/kg (2.5 mL) over ten
minutes.
If APTT is 50-90s: Run infusion at 20 units/kg/hr (1 mL/hr) and check APTT
in 4 hours (see Table 21.1).
Table 21.1 * Therapeutic Heparin Protocol.
APTT

Bolus dose

<50

50 (u/Kg)

Stop infusion

Rate change

Recheck APTT

+10%

4 hrs

50-59

4 hrs

60-90

Next Day

91-99

- 10%

4 hrs

100-120

for 30 minutes

-10%

4 hrs

>120

for 60 minutes

-15%

4 hrs

*Adapted from J. Richardson, Immediate Postoperative Management of BlalockTaussig shunt (BTS). Royal hospital for sick children. July 2010.

Any change in heparin dosage should be followed by a repeat clotting profile at
4 hours. If there is a need for > 30 units/kg/hr of heparin to achieve APTT, it
should be made known to the consultant. Consider measuring anti-Xa level or
anti-thrombin III level. It is not unusual for a child < 1 year to require
28 units/kg/hr to achieve therapeutic APTT levels.

22.4.3 Thrombocytes
Check once a day while on heparin.

180 ◘◘◘

If platelets drop by > 50% from the baseline, think of heparin induced
thrombocytopenia (HIT); HIT is more likely after 5-10 days of treatment.
Evaluate for other causes for HIT such as necrotizing enterocolitis, infection,
etc.
Consider HIT antibody screen.

22.4.4 Aspirin
Must fulfill the following criteria to start aspirin:
1. Chest closed.
2. Major intracardiac lines are removed (pulmonary arterial/ left atrial lines).
3. Pacing wires are out.
4. Tolerating and absorbing oral feeds well.
Dose: 3-5 mg/kg (maximum 75 mg) once daily.
Discontinue heparin after a second dose of aspirin is given.

22.5 Pulmonary Overcirculation
If the BT shunt is too large, this may lead to relatively excessive pulmonary
blood flow and high oxygen saturations. It is more common if the ductus
arteriosus is still open and may resolve as the duct closes.
The definitive management is dependent on the anatomy and physiology of
the underlying lesion and surgeon’s decision.
The following is only a guide in diagnosis and initial management.
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22.5.1 Clues for Diagnosis
Pulmonary overcirculation may manifest in the early postoperative period or
becomes more problematic and becomes a severe issue when ventilation is
weaned.
Patient has tachycardia. Mean arterial blood pressure is relatively low.
Widening toe to core temperature gap, relatively a high arterial oxygen
saturation, low mixed venous oxygen saturations, a rising lactate, and an
increase in base deficit are noted.
Diastolic blood pressure may be low; if it is low, it may compromise
coronary flow. Therefore, identify for the signs of myocardial ischemia (by
EKG changes). Chest x-ray shows pulmonary edema or congestion. Signs of
right heart failure (large liver, ascites ) appear late.

22.5.2 Management
(I) Fluid Restriction & Diuretics
Mild form may be treated simply with restriction of fluids and use of
diuretics.

(II) Manipulation of Pulmonary and Systemic Vascular Resistances
It is required if pulmonary overcirculation becomes problematic and doesn’t
respond to diuresis.
Emergency situation may also arise if myocardial ischemia (by EKG changes)
is also present. One should repeat echocardiogram and perform 12-lead EKG.
Steps to ↑ PVR:
Reduce inspired (FIO2) oxygen, increase PEEP, and allow arterial PCO2 to
rise steadily and slowly.
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Steps to ↓ SVR:
• Consider reducing vasopressor dose slowly.
• Consider vasodilatation: I.e., use of milrinone or sodium nitroprusside.
• Consider cardiac inotrpes: Low cardiac output state may be associated with
pulmonary overcirculation; therefore, use of inotropes may be required.
Clipping of a shunt:
The shunt may occasionally need to be clipped or taken-down and should be
done quickly if low diastolic pressure is compromising the coronary circulation.

22.6 Miscellaneous Issues with Systemic - Pulmonary
Artery Shunt
22.6.1 Respiratory Insufficiency
Ventilator dependent respiratory failure in newborns or young infants after
shunt operation may be attributed to a phrenic nerve injury during surgical
dissection. If persists, it may require diaphragmatic plication.

22.6.2 Intrathoracic Bleeding
Intrathoracic bleeding: Injury to aortopulmoanry collateral vessels may
occasionally result in significant hemorrhage.

22.6.3 Vocal Cord Paralysis
Vocal cord paralysis: Very rare and may occur in a newborn due to injury to
the recurrent laryngeal nerve.
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22.6.4 Horner’s Syndrome
Horner’s syndrome: Rarely, occurs due to injury to cervico-thoracic
sympathetic fibers in the vicinity of great vessels.

22.6.5 Chylothorax
Chylothorax: It is a rare complication due to injury of the thoracic duct.
Limited lymphatic leak is more common due to the disruption of thoracic
lymphatics.

22.6.6 Gangrene
Gangrene: The arm may rarely become ischemic due to division of the
subclavian artery (in classical BT shunt). Diminished growth of the arm may be
noticed after many years. Ischemia may also rarely occur in the modified shunt
due to diminished blood flow in the subclavian artery distal to the shunt.

22.6.7 Seroma
Seroma: Leakage of serous fluid from PTFE graft may result in prolonged
chest drainage or a seroma formation.

22.6.8 Pulmonary Hemorrhage
Pulmonary hemorrhage: Hemoptysis or major pulmonary hemorrhage
occurring late after BT shunt is most probably due to pseudoaneurysm
formation at the shunt site, with rupture into the pulmonary parenchyma.

23
Pulmonary Artery Banding
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Pulmonary artery banding (PAB) is a palliative surgical technique used as an
initial surgical intervention for cardiac defects characterized by left-to-right
shunting and pulmonary overcirculation. As many centers have demonstrated
improved outcomes with primary corrective surgery in a neonate with
congenital heart disease, the use of pulmonary artery banding has significantly
decreased, but PAB continues to be an option in certain subset of patients.
Currently, the mortality of PAB is low 3-5%, and is related to improved
operative techniques, better patient selection, optimal timing of intervention,
and better patient management.

23.1 Objective of PAB & Pathophysiology
The important objective of PAB is to reduce excessive pulmonary blood flow
(PBF) and protect the pulmonary vasculature from medial hypertrophy and
irreversible (fixed) pulmonary hypertension.
PA band is also used to prepare and "training" of the left ventricle in patients
with D-transposition of the great arteries who are evaluated for a delayed
arterial switch procedure.
The important goals of PAB are improved hemodynamic performance and
clinical improvement of patient, with complete resolution of signs and
symptoms of congestive heart failure or latter should be medically manageable.
The cardiomegaly and pulmonary vascular resistance should decrease.
Pulmonary artery banding affords protection to the pulmonary vasculature
against fixed irreversible pulmonary hypertension secondary to pulmonary
overcirculation and elevated pulmonary artery (PA) pressure.
Congenital heart defects with left-to-right shunting result in pulmonary over circulation due to low pulmonary vascular resistance. In the acute setting, this
leads to pulmonary edema and CHF in a neonate. Within the first year of life in
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an infant, unrestricted pulmonary flow and elevated pulmonary pressure can
lead to hypertrophy of the medial layer of pulmonary arterioles resulting in
fixed pulmonary hypertension.
Pulmonary artery banding creates a narrowing of the main pulmonary artery,
decreases blood flow to the branch pulmonary arteries, and reduces PBF and
pulmonary artery pressure.
In cardiac defects with left-to-right shunting, the restriction of PBF decreases
the shunt volume, consequently improving both the systemic pressure and
cardiac output.
A reduction of PBF decreases the total blood volume returning to the LV or the
systemic ventricle and decreases volume load of the ventricle, thus improving
ventricular function.
Interatrial communication:
Cardiac defects in which adequate systemic oxygen saturation is maintained
by mixing of the systemic venous and pulmonary venous blood (i.e., TGA), PA
band is not tolerated if a restrictive communication exists between the two atria.
To ensure adequate mixing of blood at the atrial level, a balloon atrial
septostomy or an atrial septectomy is performed before proceeding with
pulmonary artery banding.

23.2 Indications
Both, the common and rare conditions requiring PAB are broadly grouped
into two categories as discussed below:
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23.2.1 Those with Pulmonary Overcirculation and Left-to-right
Shunting
Following patients require reduction of pulmonary blood flow (PBF) as a
staged approach to more definitive repair:
1. Multiple muscular ventricular septal defects (VSDs) with a "Swiss
cheese" septum that is technically difficult to repair in a neonate or
requires a large ventriculotomy.
2. Unbalanced atrioventricular canal defects in which the LV is hypoplastic,
but the potential exists for the biventricular repair.
3. Single or multiple VSDs with coarctation of the aorta or interrupted aortic
arch (it may be controversial for a staged procedure).
4. Cardiac defects (D-TGA) that require a homograft conduit:
• D-TGA with sub pulmonic stenosis:
It requires the Rastelli repair. PAB may allow a time for growth of the
patient and permits placement of a larger conduit, at the time of repair,
and potentially increases the longevity of the conduit and freedom from
reoperation.
• D-TGA & pulmonary stenosis (PS) requires Rastelli procedure and
placement of a right ventricle (RV)-to-pulmonary artery (PA) conduit.
If a staged repair is elected, PAB is not done because of already
decreased pulmonary blood flow. Instead, a systemic-to-pulmonary
shunt is performed.
5. Single ventricle defects in neonates that are associated with increased PBF.
The patients who have single ventricle physiology and pulmonary over circulation (i.e., tricuspid atresia with unrestrictive VSD, unbalanced AVC
defect, and double inlet LV) should undergo PAB in the first 1-2 months of life
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to avoid irreversible pulmonary hypertension that may complicate or preclude a
subsequent Fontan procedure.

23.2.2 D. TGA Patient &Training of the Left Ventricle
It is performed as a staged approach to the arterial switch procedure.
1) Initial late presentation or diagnosis of D-TGA in infants older than
1 month, often requires preparation of the LV for arterial switch.
2) D-TGA patient requiring preparation of the LV for arterial switch,
following a previous Mustard or Senning procedure, with the development
of right ventricular failure.
3) L-TGA that requires preparation of the LV prior to the arterial switch
procedure.

23.3 Issues with PAB & Specific Situations
23.3.1 D Transposition of Great Arteries (D-TGA) & PAB
Most of the patients with D-TGA should undergo an arterial switch procedure
within the first few weeks of life. However, some with D-TGA and an intact
ventricular septum may not undergo an early arterial switch procedure because
of active infections, coexistent noncardiac diseases, or a delay in diagnosis.
During the past, patients who did not undergo early an arterial switch
procedure were treated by the Mustard or Senning procedure because of rapid
involution of the left ventricular myocardium which precluded arterial switch.
Current strategy of pulmonary artery banding and concomitant systemic-to-PA
shunt resulted in preservation of the LV and reversal of any attenuation of the
myocardium, leading to successful arterial switch later in infancy.
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23.3.2 Post Mustard / Senning RV Dysfunction
PAB is also used in TGA patient who develops right ventricular dysfunction
after the Mustard or Senning procedure. The PAB is required for a longer period
(12 months are less) in this setting than the preparation of LV for arterial switch
in infants who present > one month of age. The high prevalence of significant
neo-aortic valve insufficiency is noted in these patients who successfully
undergo the arterial switch procedure.

23.3.3 Corrected Transposition (SLL) & L Transposition & PAB
Patients with L-transposition or physiologically corrected transposition of the
great arteries may present with systemic RV (right ventricular) dysfunction (the
ventricle giving rise to aorta). PAB is used to retrain the LV in preparation for a
double switch operation.

23.3.4 Reactive Pulmonary Vascular Disease & PAB
The patients with elevated but reactive pulmonary hypertension, from
long-standing left-to-right shunting may carry significant morbidity and even
mortality after an immediate surgical repair. PAB and pulmonary vasodilator
therapy may drop pulmonary vascular resistance, in some of these patients, and
subsequently respond more favorably to surgery.

23.3.5 Truncus Arteriosus
PAB is avoided. In truncus arteriosus type I, MPA (main pulmonary artery) is
very short and does not allow banding without impingement on the right
pulmonary artery (PA) or the origin of the MPA from the truncal artery. In
truncus arteriosus types II and III, bilateral pulmonary artery banding
effectively reduces PBF, but studies have shown that balancing of PBF to the
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right and left lungs is extremely difficult, and subsequent complete repair is
complicated by bilateral PA stenosis requiring extensive reconstruction.

23.3.6 Hypoplastic Left Heart Syndrome
A hybrid approach of stenting the ductus arteriosus and bilateral pulmonary
artery banding may achieve an effective short-term palliation. But balancing the
systemic and pulmonary blood flow to achieve near-equal distribution of blood
flow to the right and left lungs can be extremely difficult, and PAB is considered
only in the high-risk patients.

23.3.7 Subaortic Obstruction
In cardiac defects with a single ventricle in which the aorta arises from an
outflow chamber (e.g., double inlet left ventricle & tricuspid atresia with TGA),
there is a potential for development of significant subaortic obstruction after PAB.
The risk of subaortic obstruction further increases if these lesions are also
associated with aortic arch anomalies. PAB is contraindicated in either the
presence of subaortic obstruction or in patients who are at high risk for such an
obstruction.
The ventricular hypertrophy that develops in a response to PAB may cause
rapid progression of sub aortic obstruction, leading to progressive biventricular
hypertrophy, and both ventricles will be having outflow tract obstruction.
The subaortic obstruction also develops after PAB, from conal hypertrophy
or from hypertrophy of an abnormally positioned moderator band in patients
with the single ventricle and a subaortic outflow chamber.
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23.3.8 Damus-Kaye-Stansel Procedure
Cardiac defects with a single ventricle in which the aorta arises from an
outflow chamber, the patients for risk of developing subaortic obstruction are
identified preoperatively by:
1. A gradient > 15-20 mm Hg, at an outlet foramen with a pullback catheter,
on cardiac catheterization.
2. Doppler echocardiography: The outlet foramen area index < 2 cm2/m2.
Pulmonary artery banding is contraindicated in the above setting. Instead,
these patients should undergo the Damus-Kaye-Stansel procedure and a
systemic-to-pulmonary artery shunt to get adequate pulmonary blood flow (PBF)
with protection of the pulmonary vasculature.

23.3.9 Fontan & Bidirectional Cavopulmonary Anastomosis
The development or persistence of subaortic stenosis post-PAB, can
adversely affect the outcome of future Fontan procedures in patients with the
single ventricle physiology through the development of ventricular hypertrophy,
poor ventricular compliance, and subendocardial ischemia.
If obstruction occurs later in the course after banding, either resection of the
obstruction or Damus-Kaye-Stansel procedure with or without a concomitant
Fontan procedure is done. Bidirectional cavopulmonary connection may be
performed early if anatomy and physiology are appropriate.

23.4 Surgical Technique
The standard surgical approach for (PAB) is through an anterior left
thoracotomy in 2nd or 3rd interspace (for an isolated procedure). Through a left
lateral thoracotomy, the chest is entered through the 3rd or 4th intercostal space if
PAB is to be performed in conjunction with a coarctation or an interrupted aortic
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arch repair. The median sternotomy is used if intracardiac procedures (e.g., atrial
septectomy) requiring cardiopulmonary bypass are indicated or for TGA.
The MPA and aorta are exposed, and the band is prepared for placement.
Various banding materials are available such as Teflon, umbilical tape, etc. The
umbilical tape is broad enough to minimize the risk of eroding through the PA
wall, but it can still be passed easily through a silastic snare for use as an
adjustable band. The estimated band circumference is marked on the umbilical
tape with fine sutures according to the Trusler’s formula. Most importantly,
these estimates of band circumference are used simply as guidelines, and that
the final tightness of the band is ultimately determined by a surgeon, using
blood gas and PAP (pulmonary argratery pressure) measurements at the time of
surgery.
PAB circumference (based on Trusler’s formula):
The estimated circumference for noncyanotic non-mixing lesions (e.g.,
ventricular septal defect) is 20 mm + 1 mm/kg body weight.
Single ventricles in which the Fontan procedure is planned, an intermediate
circumference of 22 mm + 1 mm/kg body weight is acceptable.
Mixing lesions (e.g., D-transposition of the great arteries with VSD), the
formula is 24 mm + 1 mm/kg body weight.
The site of band placement is selected in the mid portion of the MPA trunk. In
most patients, the length of main pulmonary artery (MPA) is adequate to allow
placement of the band in the mid portion, without impingement on either the
coronary arteries, pulmonary valve proximally, or the branch pulmonary arteries
distally. The right pulmonary artery (PA) arises slightly more proximal on the
MPA than the left PA. The right PA also arises at more of an acute angle. Both of
these factors, increase the risk of right PA impingement by a distally placed band.
Dissection is performed in the adventitia between the aorta and the MPA, and it is
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limited to prevent proximal or distal band migration. The MPA is handled very
carefully because it often is dilated, thin-walled, and susceptible to injury.
The band is first passed through the transverse sinus to encircle both the aorta
and MPA. The aortic end of the band is then carefully delivered between the
aorta and the MPA through the previous site of dissection (see Figure 23.1). The
marked sites on the band are identified and aligned with each other on the
anterior wall of the MPA. The band is snared with a short segment of #8 or #10
polyethylene tubing and fixed with medium hemoclips. A felt or pericardial
pledget is placed beneath the band between the end of the snare and the MPA
wall to prevent injury to the artery from the snare. The pledget and band
material are then anchored to the MPA adventitia to prevent band migration.

Figure 23.1 Diagram depicting the technique of placing the pulmonary artery band.
1). One end of a tape is first passed through the transverse sinus by a clamp behind the
ascending aorta (AO) and the main pulmonary artery (PA). 2). The other end of the
tape is retrieved through a hole created by the dissection between AO and PA. 3).
Both ends of the tape encircle the main pulmonary artery.
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23.4.1 Adjustable Band
Patients may benefit from placement of an adjustable band that can be easily
and quickly tightened or loosened, both at the initial procedure and during
subsequent interventions.
a) It is useful in postoperative patients who exhibit dynamic changes in
cardiac output, pulmonary vascular resistance, and systemic vascular resistance.
b) It is particularly helpful in patients with AV valve regurgitation such as
complex AV canal defects. The acute increase in the afterload that accompanies
pulmonary artery banding, may exacerbate AV valve insufficiency. Staged
tightening of the band is usually well tolerated and allows improvement in
insufficiency by decreasing the ventricular volume overload.
c) It benefits the patients with significant lung disease (e.g., pneumonia,
pulmonary edema, and atelectasis). These patients develop severe arterial
oxygen desaturation with pulmonary artery banding, but may tolerate gradually
increasing band tightness as the pulmonary process resolves.

23.4.2 Assessment of Tightness of PAB
Measure during operation the following:
1. Proximal PA pressures (PPA) and distal PA pressure (DPA).
2. Systemic arterial blood pressure (SBP).
3. Systemic arterial oxygen saturation (SaO2) (by a blood gas and pulse
oximetry).
Appropriate tightness of PAB should produce the following:
1. DPA pressure 30-50% of SBP (0.3 to 0.5 of SBP).
2. SaO2 of 85-90% with an FIO2 of 0.5 (50%).
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3. SaO2 of 75-80% may be acceptable with a single ventricle.
4. SBP increase by 10-15 mm Hg.
Failure to achieve above levels in defects, requiring mixing of blood at atrial
level (i.e., single ventricle and TGA), suggests inadequacy of an interatrial
communication. In such patients, atrial septectomy or atrial septostomy is
indicated as an additional procedure.
Circumferential banding of a dilated pulmonary artery can acutely lead to
internal infolding of the arterial wall. Later resorption of the infoldings and
remodeling of the arterial wall restore a greater internal cross-sectional area.
These infoldings resorb with time, restoring a smooth wall and greater internal
cross-sectional area of the lumen, greater PBF, and thus a looser band. The
incisional pulmonary artery banding has produced a more stable band gradient
over a time with fewer requirements for subsequent tightening. It has also
eliminated the complication of band migration distally and impingement on the
branch pulmonary arteries.

23.5 Postoperative Management
The overall clinical assessment of a patient is critical after PAB.
Careful attention is directed to note changes in systemic blood pressure, heart
rate, oxygen saturation, and overall cardiac function.
Hypotension, bradycardia, and ischemic electrocardiographic changes, all
indicate an excessive band gradient and imminent cardiac failure or arrest.
The advantage of an adjustable PAB allows for rapid loosening of the band
with a hemoclip remover in the ICU, if necessary.
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23.5.1 Fluid Balance and Blood Volume
Require meticulous attention to ensure adequate volume to maintain optimal
cardiac output without a fluid overload. Improved left ventricular output and
hemodynamic performance following PAB allows for diuresis and gradual
resolution of CHF.

23.5.2 Inotropic Support
Inotropes are often required to maintain adequate cardiac output.

23.6 Follow-up
Patients with PAB should undergo systematic follow-up, both clinically and
by imaging studies, for earliest recognition and management of any
complications and any issues raised with PAB.

23.6.1 Imaging Studies
These are performed on follow-up or during the postoperative period to
evaluate the physiological effects of PAB.

23.6.2 Doppler Echocardiography
It makes the evaluation of PAB at the bedside. It provides an accurate
assessment of band tightness, band gradient, band position, and overall cardiac
function. Any impingement or stenosis of the branch pulmonary arteries can
also be observed with this study.

23.6.3 Cine Magnetic Resonance Imaging
It is also useful as a noninvasive method of evaluation of PAB.
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23.6.4 Cardiac Catheterization
Rarely, the direct measurement of PA pressure and band gradient is necessary.
The patients with pulmonary overcirculation usually require PAB for
3-6 months, and should then undergo more definitive repair of the cardiac defect.
However, if rapid and severe right ventricular hypertrophy develops earlier,
definitive repair should be considered to prevent long-term right ventricular
dysfunction.
Patients with D-TGA are assessed to note the “readiness" of the LV before
the arterial switch operation. Both the quantitative measurements of LV mass
index and qualitative assessment of ventricular septal geometry are monitored
by serial echocardiogram. Left-to-right septal bowing is an indication that the
LV can generate near-systemic pressure. Left ventricular preparation is usually
accomplished within 7-10 days after PAB.

23.7 Complications of PAB
23.7.1 Stenosis of the Branch Pulmonary Arteries
The impingement or stenosis of one or both of the branch pulmonary arteries
may occur though the RPA is involved in most cases. Asymmetric vascular
markings between the right and left lungs on chest x-ray suggests the diagnosis,
and is confirmed by echocardiogram and by radionuclide lung perfusion scan
which estimates fractional pulmonary blood flow (PBF) to each lung. Early
recognition of the branch PA stenosis should allow a revision of the pulmonary
artery. If significant stenosis is uncorrected, it can lead to underdevelopment of
the involved lung with alveolar hypoplasia. Limiting the dissection of tissue
between the aorta and the main pulmonary artery (MPA), and fixing the band
with sutures on adventitia of the proximal MPA reduce the risk of this
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complication. Use of incisional pulmonary artery banding technique also
prevents distal band migration.

23.7.2 Ineffective PAB
Loss of the band murmur and recurrence of CHF after pulmonary artery
banding suggests loosening or erosion of the band. Either a loose band at the
original procedure or later disruption of the band, or erosion of the PA results in
this complication. The pulmonary vascular disease with irreversible pulmonary
hypertension may potentially develop due to ineffective band.

23.7.3 Erosion of the Pulmonary Artery
Erosion of PA seems to occur with an increased frequency when narrow
banding material is used although it can occur with any material. It is heralded
by loss of the band murmur and gradient. The erosion of the band results in
scarring and fibrosis of the vessel around the band site. The scarring of the
vessel prevents the life-threatening bleeding from rupture of the vessel, but
hemolytic anemia and local thrombus formation may occur.

23.7.4 Pseudoaneurysm of PA
Localized infection and erosion of the band precedes this complication, and is
heralded by loss of the band murmur and gradient. Imaging studies and
echocardiogram demonstrate an enlarged mediastinal mass shadow consistent
with PA pseudoaneurysm. The diagnosis of PA pseudoaneurysm mandates
urgent surgical intervention. Repair is performed on cardiopulmonary bypass
with a patch repair of the MPA using glutaraldehyde-treated autologous
pericardium.
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23.7.5 Pulmonary Valve Dysplasia
If PAB is placed too proximal on the MPA, it may distort the pulmonary valve
and ultimately create dysplastic changes in the pulmonary valve leaflets. This
complication is devastating if PAB is performed in preparation for an arterial
switch procedure because the pulmonary valve becomes the neo-aortic valve.

23.7.6 Myocardial Ischemia or Infarction
Proximal placement of the band can lead to obstruction of the coronary blood
flow by direct impingement, usually of the circumflex coronary artery.
Anomalous origin of coronary artery may also increase the risk of this
complication. This complication is avoided by placement of the band > 15 mm
distal to the pulmonary valve cusps.

