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Abstract: This review focuses on the utility of echocardiographic studies in the diagnosis of tricuspid
atresia (TA) and in its management. Tricuspid atresia is a cyanotic congenital heart defect (CHD)
accounting for nearly 1.5% of all CHDs. It is generally classified according to the morphology of
the atretic tricuspid valve and associated heart defects. Following the description of the anatomic
features of TA, echocardiographic features characteristic for TA were illustrated. Subsequent to a
review of palliative and corrective procedures to treat TA, echocardiographic evaluation at each stage
of Fontan was detailed. The role of echocardiography in the assessment of cardiac defects responsible
for interstage mortality was also addressed. It was concluded that echo-Doppler studies are useful in
the diagnosis and management of TA.

Keywords: echocardiography; Doppler; tricuspid atresia; patent foramen ovale; ventricular septal de-
fect; pulmonary stenosis; transposition of the great arteries; coarctation of the aorta; Blalock-Taussig
shunt; pulmonary artery banding; bidirectional Glenn; Fontan; interstage mortality

1. Introduction

Tricuspid atresia (TA) is a cyanotic, congenital heart defect (CHD) and is defined as
congenital absence or agenesis of the morphologic tricuspid valve [1-3]. It is the third most
common cyanotic CHD, and is the most common cause of cyanosis with left ventricular
hypertrophy. The prevalence of TA is estimated to be 2.9% of autopsy cases [4] and 1.4% to
1.5% of the clinical cases of CHD [4,5]. The main focus of this review is to present the role
of echocardiography in the diagnosis and management of tricuspid atresia. Initially, the
anatomic features of TA will be summarized, followed by a description of the historical
aspects of the evolution of the echo of TA. Then, echo features, on the basis of current
technology, both with respect to the diagnosis and management, will be reviewed.

2. Anatomic Features of TA

TA has been classified on the basis of valve morphology (Figure 1) [1,5,6], pul-
monary vascular markings on chest roentgenogram [7], and associated cardiac defects
(Figure 2) [1,8-11]. On the basis of the morphologic appearance of the atretic tricuspid
valve, it has been characterized as muscular, membranous, valvular, Ebstein’s, unguarded
with muscular shelf, and atrioventricular canal types (Figure 1) [1,6,12]. The muscular type
is the most common variety and constitutes 89% of all TA cases [1,12,13]; other types occur
with much lower frequency, as shown in Figure 1. The classification based on associated
cardiac defects largely centers on the interrelationship of the great arteries (Figure 2, top):
Type I, normally related great arteries; Type II, d-transposition of the great arteries; Type III,
malpositions of the great arteries other than d-transposition; and Type IV, truncus arteriosus.
Each type is again divided into subgroups on the basis of the pulmonary artery anatomy
(Figure 2, bottom): subgroups—a. pulmonary atresia, b. pulmonary stenosis or hypoplasia,
and c. normal pulmonary arteries (no pulmonary stenosis). It is generally thought that
classification based on associated cardiac defects is more useful clinically [1,13].
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A, Muscular=89% B. Membranous - 6.6% C. Valvular - 1%

TeY

D. Ebstein's - 2.6% E. AV canal -0.2% F. Unguarded with
muscular shelf-0.6%

Figure 1. Diagrammatic portrayal of anatomic types of tricuspid atresia based on the morphology of
the atretic tricuspid valve. (A) muscular type, (B) membranous type, (C) valvular type, (D) Ebstein’s
type, (E) atrioventricular canal type, and (F) unguarded valve with muscular shelf. The prevalence of
each type is shown under each diagram. For the sake of simplicity, the great vessels are not shown.
Also note that no ventricular septal defects are shown. LA, left atrium; LV, left ventricle; RA, right
atrium; RV right ventricle. Modified from Rao PS, Alapati S. Neonatology Today 2012;7(5):1-12 [11].

UNIFIED CLASSIFICATION OF TRICUSPID ATRESIA

Type I Normally related great arteries

Type Il D-transposition of the great arteries

Type 11l Malpositions of the great arteries other than D-transposition
Subtype 1: L-transposition of the great arteries
Subtype 2: Double-outlet right ventricle
Subtype 3: Double-outlet left ventricle

Subtype 4: D-malposition of the great arteries (anatomically corrected)
Subtype 5: L-malposition of the great arteries (anatomically corrected)
Type IV Persistent truncus arteriosus

Each type and subtype are divided:

Subgroup a: Pulmonary atresia

Subgroup b: Pulmonary stenosis or hypoplasia

Subgroup ¢: Normal pulmonary arteries (no pulmonary stenosis)

Figure 2. Classification of Tricuspid Atresia. Reproduced from [12].

The right atrium (RA) is enlarged and the atretic tricuspid valve is seen as a dimple or
a localized fibrous thickening in the floor of the right atrium at the anticipated site of the
tricuspid valve [10]. An inter-atrial defect is necessary for survival and is typically a stretched
patent foramen ovale (PFO). However, occasionally, an ostium secundum atrial septal defect
(ASD) or an ostium primum ASD may be present, facilitating right to left shunt. The left
atrium (LA) is enlarged, especially when the pulmonary blood flow is increased. The mitral
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valve is usually bicuspid and, morphologically, a mitral valve. However, its orifice is large
and occasionally incompetent. The left ventricle (LV) is evidently a morphological LV, but it is
enlarged and hypertrophied. The right ventricle (RV) is hypoplastic and is not sufficiently
large in size to support pulmonary circulation in most patients.

The ventricular septum is intact in a rare patient, but, usually, a ventricular septal
defect (VSD) is present; this may be large or small, or multiple VSDs may be seen. The VSD
may be: conoventricular or perimembranous, located inferior to the septal band; a conal
septal malalignment type, located in between the anterosuperior and posteroinferior limbs
of the septal band; muscular, located inferiorly in the muscular septum; or, rarely, of an
atrioventricular canal type. In the author’s personal experience, VSDs are most commonly
seen in the muscular septum, are restrictive [14-16] and cause subpulmonary obstruction
in Type I patients and potential subaortic stenosis in Type II patients [14-21].

The great vessel relationship is variable, as discussed above (Figure 2, top). The ascending
aorta is either normal or slightly larger than normal. The RV outflow tract is atretic, narrowed, or
normal, depending upon the subgroup (a, b, or ). In patients with normally related great arteries
(Figure 2), the obstruction to pulmonary blood flow is frequently at the VSD level although
subvalvar or valvar (very rare) pulmonary stenosis or the narrow tract of the hypoplastic RV
may occasionally be responsible for such obstruction. In cases with the transposition of the great
arteries (Type II), the pulmonary obstruction is usually subvalvar. In cases with pulmonary
atresia, either a patent ductus arteriosus (PDA) or aortopulmonary collateral vessels are present.
Other abnormalities may be present in nearly 30% of tricuspid atresia cases [22]; significant of
these are the coarctation of the aorta (in Type II - transposition cases) and persistent left superior
vena cava, which have therapeutic implications.

3. Historical Aspects of the Evolution of the Echo of TA

At the time of the preparation of the manuscript for the author’s first edition of the
book on tricuspid atresia [23], two dimension (2D) echocardiography was being introduced
into clinical practice and the 2D pictures were crude, requiring us to juxtapose line draw-
ings [24] to facilitate interpretation of the figures (Figure 3). The published 2D pictures of
TA [25,26], prior to ours, were equally crude. These pictures [24-26] represented the state
of the art echocardiography machines of that time.

Figure 3. Selected video frames from apical four chamber view of a two dimensional (2D) echocardio-
graphic study, demonstrating a dense band of echoes between the right atrium (RA) and hypoplastic
right ventricle (RV). Line drawings are shown beneath the 2D frames. Note that the mitral valve is
closed in the left image, while it is open in the right image. The atretic tricuspid valve echoes remain
unchanged. LA, left atrium; LV, left ventricle. Reproduced from Reference [24].
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Subsequently, improved echocardiography equipment resulted in producing progres-
sively better images [27-29] (Figures 4-0).

Figure 4. Selected video frames from subcostal four chamber view of a two dimensional echocar-
diographic study demonstrating an atretic tricuspid valve (ATV) (thick arrow), represented by a
dense band of echoes between the right atrium (RA) and hypoplastic right ventricle (RV). In (A), the
mitral valve (MV) is closed while in (B), it is open. Note the improvement from the pictures shown
in Figure 2. LA, left atrium; LV, left ventricle. Reproduced from Reference [27].

Figure 5. Apical four chamber view pictures of an infant with tricuspid atresia with ostium primum
atrial septal defect (large arrow in the middle of (B)). Note the small right ventricle (RV) and a
ventricular septal defect (small arrow in (A,B)). LA, left atrium; LV, left ventricle; RA, right atrium.
Reproduced from Reference [28].



Appl. Sci. 2021, 11,9472

5 of 36

Figure 6. Selected video frames from apical four chamber, two dimensional echocardiographic views
of a patient with tricuspid atresia showing an enlarged left ventricle (LV), a small right ventricle (RV)
and a dense band of echoes at the site where the tricuspid valve echo should be (ATV) (thick arrow)
with a closed (A) and open (B) mitral valve. A moderate sized ventricular septal defect (VSD) (thin
arrow) is shown. LA, left atrium; RA, right atrium. Reproduced from Reference [29].

4. Echo-Doppler Features of TA on the Basis of Current Technology

On 2D echocardiography, the atretic tricuspid valve is visualized directly as a dense
band of echoes at the site where the tricuspid valve should be, as shown in Figures 4-6;
this echo appearance is that of the most frequent muscular type of TA. This anatomy is
better demonstrated in apical and subcostal four chamber views than in other views. The
other anatomic types (Figure 1), namely, membranous, valvular, Ebstein’s, atrioventricular
septal defect, and unguarded tricuspid valve with muscular shelf, are rare and may also
be recognized on 2D echocardiography. An example of an atrioventricular septal defect
type of TA [30] is demonstrated in Figure 7; in this example, a 2D echocardiogram demon-
strated an ostium primum ASD with a common atrioventricular valve and a small RV
(Figure 7a,b); the entry into the RV appeared to be occluded by a leaflet of the common
atrioventricular valve. Left ventricular and right atrial cineangiograms confirmed these
findings [30]. Evaluation of the crux cordis (Figure 8) on a 2D echocardiogram (subcostal
four chamber view) may help to distinguish the various anatomic types (Figure 1) from
each other. In the muscular type of tricuspid atresia, a dense band of echoes is seen where
the normal tricuspid valve should be (Figure 8A). In membranous types of tricuspid atresia,
a thin membrane is seen instead (Figure 8B). In both these types, the anterior leaflet of
the detectable atrioventricular valve is attached to the left side of the interatrial septum
(Figure 8A,B). In the atrioventricular septal defect type of tricuspid atresia, the crux cordis
is abnormal and cannot be identified; the anterior leaflet of the detectable atrioventricular
defect is attached to the anterior wall of the heart, and a large atrioventricular valve leaflet
occludes the entry of the RA into the RV (Figure 8C). Based on these observations, it was
concluded that 2D echocardiographic (and angiographic) features help to differentiate
the atrioventricular canal type of tricuspid atresia from the classic muscular tricuspid
atresia cases [30].

Following the demonstration of the atretic tricuspid valve, the sizes of the cardiac
chambers are evaluated both by M-mode (Z scores) and 2D echocardiography; an enlarged
RA, LA and LV and a small RV are seen (Figures 4-6). Pulsed (not shown) and color
Doppler (Figure 9) studies are helpful in illustrating right to left shunt across a PFO or
an ASD.
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Figure 7. Selected two dimensional, subcostal, four chamber echocardiographic frames with an open
(a) and closed (b) atrioventricular valve. Line drawings on the right of (a,b) are made for greater
clarity and for labeling. A large ostium primum atrial septal defect (1° ASD) is shown in (a). When
the large atrioventricular valve leaflet is open (a), it completely closes the right ventricle (RV) from
the right atrium (RA) and the ventricular septal defect (VSD) and allows the emptying of blood from
both atria into the left ventricle (LV). When the atrioventricular valve leaflet is closed, (b), it continues
to occlude the RV from the RA while allowing the VSD to freely communicate between the RV and
LV. Ap, Apex; AtTV, atretic tricuspid valve; Ba, base; L, left; LA, left atrium; R, right. Reproduced
from Rao PS. Brit Heart ] 1987,58:409-412 [30].

The relationship of the great arteries is examined next in order to classify them into
various types, as mentioned above. The relationship of the great arteries (Figure 2, top) is
established by following the vessels arising from the ventricles until the pulmonary artery
(PA) bifurcation or aortic arch. In Type I patients with normally related great arteries, the
aorta arises from the LV (Figure 10) and in Type II patients with transposition of the great
arteries, the PA arises from the LV (Figure 11; Figure 12). In Type II patients, the blood
vessel arising from the LV should be traced to demonstrate its branching into the right and
left PAs (Figure 11; Figure 12). In Type III patients, it may be a little more difficult to assign
the great artery relationship and, sometimes, other imaging studies, including angiography,
may be needed to define the great artery relationship. In Type IV with truncus arteriosus,
the limited data suggest that this can be performed by echocardiography (Figure 13; Figure
15). In the example shown [31], the atretic tricuspid valve (Figures 13a and 14a), VSD
(Figures 13b and 14b), hypoplastic RV (Figure 14a), single vessel (truncus) arising from
the heart (Figures 13c,d, and 14¢,d), and origin of the PA and its division into branch PAs
(Figures 13d, and 14c,d) were demonstrated.
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A. Muscular B. Membranous C. AV canal

Figure 8. Line drawings demonstrating two dimensional echocardiographic appearances in a sub-
costal four chamber view of the muscular (A), membranous (B), and atrioventricular canal (C)
variants of tricuspid atresia. (A) The atretic tricuspid valve is represented by a thick band of echoes
between the right atrium (RA) and the small right ventricle (RV) in the muscular type. (B) The
tricuspid valve is represented by a thin line in the membranous type. Note that crux of the heart
(arrows in (A,B)) is clearly seen in both these types (A,B). The attachment of the anterior leaflet of
the detectable atrioventricular valve to the left side of the interatrial septum is evident. (C) In the
atrioventricular canal type of tricuspid atresia, the anterior leaflet of the detectable atrioventricular
canal is attached to the anterior wall of the heart, occluding the right ventricle from the right atrium,
and allows the exit of blood from both atria into the left ventricle (LV). The crux cordis and the
atrioventricular portion of the interventricular septum are not seen. Reproduced from Rao PS. Brit
Heart ] 1987;58:409—412 [30] and from Reference [12].

Figure 9. Selected video frame from subcostal view of a patient with tricuspid atresia demonstrating
right to left (R to L) shunt (arrow) across the interatrial communication. LA, left atrium; RA, right
atrium. Reproduced from Reference [29].
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Figure 10. Selected video frames from parasternal long axis views of a patient with tricuspid atresia
with normally related great arteries demonstrating an enlarged left atrium (LA) and left ventricle
(LV), a small right ventricle (RV) and a moderate sized defect (VSD) (thick arrow) on 2D (A) and color
flow (B) imaging. The turbulent flow (B), with a Doppler flow velocity of 2.91 m/s by continuous
wave Doppler (C) across the VSD, suggests some restriction of the VSD. Ao, Aorta; PA, pulmonary
artery. Reproduced from Reference [29].

Figure 11. (A) A selected video frame from parasternal long axis views of a patient with tricuspid
atresia and transposition of the great arteries demonstrating the left atrium (LA), left ventricle (LV),
a very small right ventricle (RV) and a moderate sized ventricular septal defect (not marked). The
vessel coming off the LV is traced in (B) and shown to bifurcate into the left (LPA) and right (RPA)
pulmonary arteries, confirming that this vessel is the main pulmonary artery (MPA), consistent with
transposition of the great arteries. Ao, Aorta. Reproduced from Reference [29].



Appl. Sci. 2021, 11, 9472 9 of 36

Figure 12. A selected video frame from a parasternal long axis view with color flow mapping of
another patient with tricuspid atresia and transposition of the great arteries demonstrating the left
atrium (LA), left ventricle (LV), a small right ventricle (RV) and a moderate sized ventricular septal
defect (VSD). The vessel coming off the LV bifurcates into right (RPA) and left (LPA) pulmonary
arteries. Reproduced from Reference [29]. PA, pulmonary artery.

Figure 13. Two dimensional echocardiographic video frames demonstrating (a) an atretic tricuspid
valve (ATV) between the right atrium (RA) and right ventricle (RV), (b) a large subtruncal ventricular
septal defect (VSD), (c) thickened and somewhat domed truncal valve (TV) leaflets, and (d) the origin
of the pulmonary artery (PA) from the posterior aspect of the truncus arteriosus (TA). LA, left atrium;
LV, left ventricle. Reproduced from Rao PS, et al. Am Heart ] 1991;122:829-835 [31].
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Figure 14. Video frames from a two dimensional echocardiographic and color Doppler study
demonstrating (a) an atretic tricuspid valve (ATV) between the right atrium (RA) and right ventricle
(RV), and blood flow from the left atrium (LA) into the left ventricle (LV) across the mitral valve. The
RV (arrow) is very small and hypoplastic. (b) LV and RV with a large ventricular septal defect (VSD)
below the truncus arteriosus (TA). Turbulent flow across the truncal valve suggests truncal valve
stenosis. (c¢) The origin of the pulmonary artery (PA) from the TA by color flow (arrow), and (d) the
division into right (RPA) and left (LPA) pulmonary arteries from the PA in a short-axis view. TV,
truncal valve leaflets. Reproduced from Rao PS, et al. Am Heart | 1991;122:829-835 [31].

Further subdivision (Figure 2, bottom) into subtypes a (pulmonary atresia), b (pul-
monary stenosis or hypoplasia), and ¢ (normal valve and pulmonary arteries) is undertaken
by echo-Doppler examination of the pulmonary valve and PAs, irrespective of the types, I,
IT, ITT or IV.

Then, the ventricular septum is evaluated; the ventricular septum is intact in most
Type Ia cases. In children with Type I (normally related great arteries), the VSD supplies the
pulmonary blood flow (Figure 10) while in patients with Type II (transposition of the great
arteries) the VSD allows the blood to flow into the systemic circuit (Figure 11; Figure 12).
In Type I patients, the VSD is demonstrated by 2D (Figure 10A), and the left to right
shunt across it by color (Figure 10B), pulsed and CW (Figure 10C) Doppler signals. The
interrogation of the RV outflow tract and PA region should be performed; recording the
peak Doppler flow velocity across the RV outflow tract and the pulmonary valve is helpful
in identifying obstruction across these sites. The Doppler data from the VSD and RV
outflow tract are also helpful in the estimating of PA pressures. In Type I babies, the 2D
size of the VSD and the peak Doppler flow velocity across it are useful in quantifying the
size of the VSD (Figure 10). The higher the VSD Doppler flow velocity, the smaller the
defect. However, in patients with pulmonary hypertension or severe infundibular or valvar
pulmonary stenosis, the VSD Doppler velocities are not reflective of the size of the VSD.
Barring these exceptions, RV and PA systolic pressure may be estimated using a modified
Bernoulli equation (RV/PA systolic pressure = systolic blood pressure — 4V?).
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In Type Il patients, the VSD may be small, causing obstruction to blood flow to the systemic
circuit, and, therefore, the size of the VSD should be ascertained by 2D (Figures 11 and 12), color
Doppler (Figure 12), pulsed (Figure 15) and CW Doppler, as necessary. In these Type II patients,
a high VSD velocity is indicative of subaortic obstruction. Interrogation of the LV outflow and
PA region may reveal pulmonary or subpulmonary stenosis; the higher the velocity, the more
severe is the obstruction. Studies from the suprasternal notch may show aortic coarctation
(Figure 16), which is common in patients with Type II anatomy.

L+ VSIj Vmax
‘ Vmax

Figure 15. Selected video frame of continuous wave Doppler across the ventricular septal defect of
the same patient, as is shown in Figure 11. The low velocity flow across the ventricular septal defect
suggests that the defect is nonobstructive. Reproduced from Reference [29].

Figure 16. Selected video frames from suprasternal notch views of the aortic (Ao) arch in 2D
(A) and color flow (B) images of a neonate with tricuspid atresia and transposition of the great
arteries, demonstrating coarctation of the aorta (CoA) and a hypoplastic transverse aortic arch (TAA)
and isthmus. The association of CoA with tricuspid atresia, plus transposition of the great arteries, is
well known. DAo, descending aorta. Reproduced from Reference [29].

A large number of other cardiac defects are known to be associated with tricuspid atre-
sia (Table III—Reference [22]). Consequently, echo-Doppler studies should be scrutinized
for these defects during echo evaluation.

Contrast study following the venous injection of agitated saline during 2D imaging
clearly demonstrates the successive opacification of the RA, LA, LV and then the RV, in that
order, but such a study is not necessary for diagnosis and is not routinely performed.
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In summary, the delineation of the majority of anatomic and physiologic issues related
to TA is feasible by M-mode, 2D, and Doppler (pulsed, continuous wave, and color) echocar-
diography, and, consequently, magnetic resonance imaging (MRI), computed tomography
(CT), and cardiac catheterization with selective cineangiography are not necessary for
the confirming of the diagnosis. In addition, the echo-Doppler studies can help define
pathophysiologic features relevant in the management of TA patients.

5. Echo-Doppler Studies Following Palliative/Corrective Interventions

Prior to reviewing the echo-Doppler findings seen following palliative/corrective inter-
ventions, the presentation of a summary of palliative and corrective transcatheter /surgical
procedures for TA is in order.

5.1. Summary of Palliative/Corrective Interventions

Total surgical correction is not feasible for patients with TA. However, physiologic cor-
rection is feasible, which was described in the early 1970s by Fontan [32] and Kreutzer [33]
and their associates, concurrently. Since its early description in the 1970s, the Fontan
procedure has undergone a number of modifications, as reviewed elsewhere [34-38]. Cur-
rently, total cavopulmonary connection, advocated by de Leval and his colleagues [39], is
routinely performed. Due to high PA pressure/resistance in the neonates, the procedure
cannot be performed in neonates and young infants. Therefore, it is undertaken in three
stages: Stage 1. Palliation at the time of initial presentation, usually in the neonatal period
(see below); Stage II. Bidirectional Glenn [40] between 3 and 12 months of age (along with
the ligation of prior aorto—pulmonary shunt); and Stage III. Fontan completion one to two
years later by redirecting the IVC blood flow into the PAs, either via a lateral tunnel [41] or
via an extracardiac nonvalved conduit [41,42]. Most of the Fontan procedures performed
today include a fenestration [43,44]. The fenestration may be closed at a later date by a
transcatheter methodology [36-38,43]. Staged, total cavopulmonary connection with an
extracardiac nonvalved conduit and fenestration has become standard of care for all single
ventricle lesions, including TA [36-38].

Most of the patients with TA require symptomatic relief at initial presentation [22].
Babies with pulmonary oligemia are addressed with initial Prostaglandin E; infusion,
followed by a modified Blalock-Taussig shunt operation [45] or other types of aorto—
pulmonary Gore-Tex graft shunts. Infants with pulmonary plethora are treated with
anticongestive measures (if they are in congestive heart failure (CHF)) followed by the
banding of the PA [46]. In some Type II (transposition of the great arteries) patients, the
VSD may be small and obstructive, and is usually treated with Damus—Kaye-Stansel (DKS)
procedure. Some patients may develop inter-atrial obstruction requiring balloon atrial
septostomy [47-49], and others may need the relief of aortic coarctation. A few patients
may have adequate pulmonary blood flow and need no intervention in the neonatal period.

5.2. Echocardiographic Evaluation Following Neonatal Palliative Procedures

Following palliation, the LV size and function should be monitored, adequacy of the
atrial defect to maintain unrestricted right to left shunt should be scrutinized (to ensure no
development of restriction), and effectiveness of palliative procedures should be evaluated.

5.2.1. LV Size and Function

In most patients, LV size and function (Figure 17) remain within normal range, although
large surgical shunts and inadequate PA banding may result in the deterioration of LV function.
Consequently, periodic echo studies to monitor LV systolic function are recommended.
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Figure 17. Selected video frame showing left ventricle in end diastole (LVED) and in end systole (LVES)
demonstrating normal function. IVS, interventricular septum; LVPW, left ventricular posterior wall.

5.2.2. Adequacy of the ASD/PFO

Echo-Doppler studies should examine the adequacy of PFO/ASD to decompress the
RA and allow unrestricted flow across it. In the majority of TA patients, the PFO/ASD re-
mains wide open with unrestricted right to left shunt across it with laminar flow (Figure 18).
This appears to be secondary to the persistence of fetal circulatory pathways. Only rarely
does significant obstruction requiring intervention develop.

Figure 18. Selected video frames from a subcostal echocardiographic study demonstrating patent
foramen ovale (PFO) (arrow in (A)) with right to left shunt (R-L Shunt) across the PFO (arrow in (B)).
Note laminar flow across the PFO in B. LA, left atrium, RA, right atrium.

5.2.3. Effectiveness of Palliative Procedures

In patients who had an aorto—pulmonary shunt (most commonly modified Blalock-
Taussig), the shunt may be visualized by color flow imaging (Figure 19), although it is
difficult to image it only by 2D. High Doppler flow velocities across the shunt are normally
recorded (Figure 20), and they reflect the systolic pressure difference between the aorta
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and PAs. Low Doppler flow velocities across the shunt, however, may indicate high PA
pressures. The flow into branch PAs can easily be demonstrated by color flow Doppler
imaging (Figure 19B). Flow acceleration in the branch PAs is usually seen (Figure 21) and is
of no concern. However, high flow velocities may indicate branch PA stenosis.

Figure 19. Selected video frames from suprasternal notch view demonstrating proximal shunt (PS)
by color flow imaging (A). In a slightly different view, (B), the flow from the distal shunt (DS) into
right (RPA) and left (LPA) pulmonary arteries is shown.

M4 M4
+77.0

+ Vel 374cmls I.

PG 56 mmHg

4 “i ‘ ! } I \ I

i 1 i .
100mm/s ' " 155bpm

Figure 20. Selected video frames from suprasternal notch view demonstrating high Doppler flow
velocity across Blalock-Taussig shunt.
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Figure 21. Selected video frames demonstrating flow acceleration across the right (RPA) (A) and left
(LPA) (B) pulmonary arteries in a patient with a Blalock-Taussig shunt. These slightly higher than
normal velocities do not indicate stenosis of the branch pulmonary arteries.

In patients who had banding of the PA, echo-Doppler studies should be scrutinized to
demonstrate the banded PA diameter (Figure 22A,B and Figure 23A) and peak Doppler
flow velocity across the banded PA (Figures 22C and 23B); high Doppler velocity across
the band (Figures 22C and 23B) would suggest effective palliation. Low gradients and
ineffective control of CHF may require tightening of the band; echo-Doppler evaluation is
useful in making such an assessment.
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Figure 22. Selected echocardiographic video frames demonstrating pulmonary artery band (PAB)
with narrow diameter of 2.9 mm by 2D (A) and by color flow (B) and a high gradient (81 mmHg) by
continuous wave Doppler (C) are shown.
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Figure 23. Selected echocardiographic video frames demonstrating pulmonary artery band (PAB)
with narrow diameter by color flow (A) and a high gradient (88 mmHg) by continuous wave Doppler
(B) are shown.

Angiographic counter parts of both the palliative procedures are shown in Figure 24,
to have better comprehension of the anatomy of these procedures.

Figure 24. Selected cine frames in postero—anterior (a) and lateral (b) views, demonstrating a Blalock—
Taussig (BT) shunt (arrow in a) to care for infants with decreased pulmonary blood flow (a) and
pulmonary artery banding (PB) (arrow in (b)) in babies with increased pulmonary blood flow (b),
respectively, during Stage I of Fontan procedure. C, catheter; LPA, left pulmonary artery; RPA, right
pulmonary artery. Neonates with adequate pulmonary blood flow do not need any intervention and
can go directly to Stage II at about the age of 3 months. Reproduced from Rao PS, Indian | Pediatr
2015;82:1147-1156 [36].

5.2.4. Echo Evaluation of Patients Who Did Not Have Any Intervention

Patients who have not had an intervention because of adequate pulmonary blood
flow should also be monitored periodically with echo-Doppler studies until they have a
bidirectional Glenn, to ensure that they maintain adequate pulmonary blood flow and that
they do not develop other complications (see Section 5.4).

5.3. Echocardiographic Evaluation Following Bidirectional Glenn

Following bidirectional Glenn, the LV size is likely to decrease (normalize) and LV
should maintain normal systolic function. This is because of decreased LV volume over-
load following bidirectional Glenn and the removal of aorto-pulmonary shunt. The 2D
imaging of the bidirectional Glenn is difficult to accomplish, but color flow imaging
(Figures 25A, 26B, and 27B) from a suprasternal notch or high parasternal views will help
image the bidirectional Glenn. Low pulsed Doppler velocity across the superior vena
cava (SVC)-PA junction (Figures 25B and 26C) would indicate no obstruction. Turbulent
and high velocity Doppler flow suggests the obstruction of the bidirectional Glenn shunt.
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The size of the branch PAs may be assessed with a combination of 2D and color flow
imaging (Figures 26-28).
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Figure 25. Selected video frames from suprasternal notch view demonstrating bidirectional Glenn
shunt; the superior vena cava (SVC) is shown emptying into the right (RPA) and left (LPA) pul-
monary arteries by color flow imaging (A). Low Doppler flow velocity across the shunt (B) indicates
unobstructed Glenn.
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Figure 26. (A,B) Selected video frames from suprasternal notch view demonstrating bidirectional
Glenn shunt. In (A), the right (RPA) and left (LPA) pulmonary arteries are shown by 2D. The
superior vena cava (SVC) was not clearly seen. In (B), the SVC is shown emptying into the RPA by
color Doppler (B). The LPA did not show color flow because it was in a different plane of imaging
than RPA, but is seen by 2D (B). (C) Low Doppler flow velocity across the Glenn shunt indicates
unobstructed flow.
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Figure 27. Selected video frames from suprasternal notch view demonstrating bidirectional Glenn
shunt; the superior vena cava (SVC) is shown emptying into the right (RPA) and left (LPA) pulmonary
arteries by two dimensional (A) and color flow imaging (B). Both RPA and LPA are seen with color
in contrast to that seen in Figure 26, probably related to both pulmonary arteries are in a similar
echo plane.

Figure 28. Selected video frames from suprasternal notch view demonstrating right (RPA) and left
(LPA) pulmonary arteries without (A) and with (B) color flow imaging.

Angiographic counter parts of the bidirectional Glenn are shown, in Figure 29, to have
better comprehension of the anatomy of the bidirectional Glenn.

In patients who have a persistent left SVC entering the heart via the coronary sinus,
bilateral bidirectional Glenn procedures are performed, especially if the inter-connecting
left innominate vein is small or absent. An example of left sided bidirectional Glenn is
shown in Figure 30. In subjects who have infrahepatic interruption of the inferior vena cava
(IVC) with azygos or hemiazygos continuation (into the right or left SVC, respectively), a
Kawashima procedure is performed. In these patients, echocardiographic imaging of the
Glenn/Kawashima is similar to that of regular bidirectional Glenn (Figures 25-27).
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Figure 29. Selected cine frames in postero—anterior (a) and sitting up (b) views, demonstrating
bidirectional Glenn procedure (the superior vena cava [SVC] is anastomosed with the right pulmonary
artery [RPA]) in two different patients during Stage II of Fontan procedure. Unobstructed flow from
the SVC to the right (RPA) and left (LPA) pulmonary arteries is shown. Reproduced from Rao PS,
Indian | Pediatr 2015; 82:1147-1156 [36].

95 bpm

Figure 30. (A,B) Selected video frames from suprasternal notch view demonstrating left sided
bidirectional Glenn shunt. In (A), the right (RPA) and left (LPA) pulmonary arteries are faintly seen
by 2D. On color Doppler study, the visualization is slightly better (B). LSVC, left superior vena cava.

5.4. Echocardiographic Evaluation of Interstage Issues

Interstage mortality has been reported to occur in 5 to 15% of patients [50,51]. While
the focus of these studies was on hypoplastic left heart syndrome, these principles are
equally applicable to TA [36-38,52]. Interstage mortality occurs more often between Stages I
and II than between Stages II and III. The causes of interstage mortality are restrictive atrial
communication, obstruction of the aortic arch, distortion/stenosis of the pulmonary arter-
ies, atrio—ventricular valve insufficiency, shunt blockage, and intercurrent illnesses [50-52].
Echo-Doppler studies are useful in detecting these abnormalities and should be routinely
used to identify these issues so that they can be effectively addressed with medical, tran-
scatheter and/or surgical methods, as deemed appropriate for a given clinical scenario
and, thus, avoid or reduce interstage mortality.
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5.4.1. Restrictive Inter-Atrial Communication

The adequacy of ASD/PFO in decompressing the RA should be evaluated; the pres-
ence of a wide open atrial defect with nonturbulent (laminar) flow across the atrial septum
(Figure 18) should be demonstrated. It should be noted, however, that inter-atrial ob-
struction is more common in patients with hypoplastic syndrome, and its variants, than in
subjects with TA. If 2D narrowing along with turbulent and /or high Doppler velocity across
the PFO is seen, appropriate transcatheter or surgical relief [38,47] should be provided.

5.4.2. Obstruction of the Aortic Arch

Coarctation of the aorta is particularly common in Type II (transposition of the great
arteries) patients; if present, it is usually dealt with at the time of initial palliation in the
neonatal period. It is possible that coarctation was missed at the time of initial presentation
or it may have developed subsequently. Alternatively, recoarctation may have developed
following prior surgery or balloon angioplasty. Echo studies should be scrutinized to
demonstrate the patency of the descending aorta (Figure 31) and, if coarctation is demon-
strated (Figure 32; Figure 33), it should be treated either by balloon angioplasty or surgery,
as deemed appropriate [38].

Figure 31. (A) Suprasternal notch view of a normal aortic arch (Arch) demonstrating the ascending
aorta (AAo), aortic arch (Arch) and descending aorta (DAo). Note the origin of the right innominate
(RInn), left common carotid (LCC) and left subclavian (LSA) arteries, arising from the aortic arch.
(B) The same view with color Doppler imaging, showing red flow in the AAo and blue flow in the
DAo. Reproduced from Reference [53].

5.4.3. Branch Pulmonary Artery Abnormalities

Distortion or stenosis of the branch PAs may be secondary to palliative procedures
performed at the time of initial presentation or may have developed spontaneously in the
innate branch PAs. The careful 2D and Doppler interrogation of PAs should be undertaken
to detect significant stenosis (Figure 34) or hypoplasia (Figure 35) and, if present, balloon an-
gioplasty, stent implantation or surgery as deemed appropriate should be undertaken [38].



Appl. Sci. 2021, 11, 9472 21 0f36

Figure 32. (A) Suprasternal notch view of the aortic arch (Arch) in a patient with aortic coarctation
(arrow) in 2D (A) and color flow mapping (B), demonstrating turbulence at the site of coarctation
(arrow). AAo, ascending aorta; BCV, brachiocephalic vessels; DAo, descending aorta. Reproduced
from Reference [53].
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Figure 33. A Doppler interrogation of the aortic arch reveals a jump in the peak flow velocity from
the proximal segment (A) to the segment distal to the coarctation (B). Continuous wave Doppler
interrogation across the stenotic segment (B) shows high velocity (~4 m/s) with diastolic extension of
the Doppler flow signal, suggesting that the coarctation is severe. Reproduced from Reference [53].
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Figure 34. Selected video frames from parasternal short axis view demonstrating stenosis of the
right pulmonary artery (RPA) by two dimensional (A) and color (B) and pulsed (C) Doppler imaging.
Doppler calculated gradient was 18 mmHg (C). Ao, aorta.
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Figure 35. Selected video frames from parasternal short axis view demonstrating hypoplsia of
the right pulmonary artery (RPA) in two dimensional (A,B) and color flow (C) images. The mea-
surements of the RPA (A) and left pulmonary artery (LPA) (B) are shown. Ao, aorta; MPA, main
pulmonary artery.

5.4.4. Mitral Valve Insufficiency

Mitral valve insufficiency (Figure 36) may develop during follow up and is routinely
screened for during echo-Doppler studies. It may be either due to marked dilatation
of the LV or secondary to a defect in the valve mechanism. If present, treatment with
afterload reducing agents or surgical therapy (valvuloplasty/valve replacement) should be
undertaken, as appropriate.
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Figure 36. Selected video frames from apical four chamber view demonstrating dilated left atrium
(LA) and left ventricle (LV) (A,B). Note the mitral insufficiency jet (MR Jet) in (B).

5.4.5. Shunt Blockage

Blockage of the aorto—pulmonary shunts may develop during follow up, which may
either be complete or partial. Patients with complete blockage, usually due to thrombus
formation, typically present with severe cyanosis and respiratory distress. Inability to
demonstrate the shunt by color Doppler interrogation in a patient in whom a shunt was
demonstrated in prior studies suggests complete shunt blockage. In patients who develop
partial blockage, the obstruction may be either at the proximal anastomosis with the
subclavian (or innominate) artery or aortic arch, at the distal anastomosis at the entry
into the PA, or, rarely, somewhere in between (due to kinking). While these obstructive
lesions are easily demonstrable on angiography (Figure 37), these narrowings are somewhat
difficult to image by 2D. However, color flow disturbance along with high Doppler flow
velocities at the site of obstruction suggest obstruction. Thrombolytic recanalization,
transcatheter stent implantation, the surgical revision of the shunt, or bidirectional Glenn
may be performed, depending upon the clinical scenario and institutional preference [38].

Figure 37. (A) Selected cine frame in a postero—anterior view demonstrating narrowing (arrow) of a
modified Blalock-Taussig (MBT) shunt at its junction with the right innominate artery. (B) Similar
angiographic frame from a different patient showing narrowing of the MBT (arrow) at its entry into
the right pulmonary artery (RPA). C, catheter; DAo, descending aorta; LPA, left pulmonary artery.
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5.4.6. Interventricular Obstruction

In Type II (transposition of the great arteries) patients, the VSD may be small and
obstructive at the time of initial presentation in the neonatal period, which is usually
addressed by performing a DKS procedure along with the other palliative measures. An
initially adequate sized VSD may become spontaneously smaller with time or following
a PA banding procedure [15,16,21]. Keeping this in mind, echo-Doppler studies should
image the VSD with regard to its 2D size and Doppler flow velocity across this region
(Figures 11, 12 and 15). Small 2D size and/or increased Doppler flow velocity across this
region are indicative of obstruction.

5.5. Echocardiographic Evaluation Following Completion of Fontan

Subsequent to completion of Fontan procedure, periodic clinical follow up along with
echo-Doppler studies is generally recommended at 1, 6, and 12 months after the procedure
and yearly thereafter [36-38]. The LV is usually normal in size with normal LV systolic
function (Figure 38) because the pulmonary and systemic circulations are completely sep-
arated during the final phase of Fontan. However, some patients may have dilatation of
the LV with or without diminished LV systolic function, secondary to prolonged exposure
to volume overloading, significant mitral insufficiency, previously undetected myocar-
dial damage due to multiple surgical procedures under cardio—pulmonary bypass, or a
combination thereof.

[} 7]
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Figure 38. Selected video frames showing left ventricle (LV) in diastole (LVD) (A) and in systole
(LVS) (B) demonstrating normal ejection fraction (EF) of 63.4%. C, conduit; LA, left atrium.

Post-Fontan echocardiographic anatomy is best displayed in apical four chamber
views, as demonstrated in Figures 38—40. The remnants of the RA and the LA are seen
(Figures 38—40). The remnants of atrial septum are not usually seen since the atrial septum
is completely removed either during bidirectional Glenn or Fontan surgery. Unobstructed
pathway allowing emptying of blood flow from the coronary sinus and thebesian veins is
usually seen in an apical four chamber view (Figure 40).

The LA is usually normal in size (Figures 38-40) and empties into the LV; laminar flow
across the mitral valve (Figure 41A) can be seen. Drainage of all four pulmonary veins into
the LA may be demonstrated by color flow mapping in multiple echocardiographic views.
The LV is either normal in size or slightly dilated. In type I patients with normally related
great arteries, the LV outflow into the aorta is demonstrable on echo-Doppler with laminar,
unobstructed flow with near normal (~1.0 m/s) Doppler flow velocity (Figures 41B and 42).
The RV is small and hypoplastic (Figures 39 and 40). If the VSD has already spontaneously
closed (Figure 40), the RV has no communication with any other structures since the
connection with the PAs has been severed during bidirectional Glenn or Fontan procedures.
If the VSD did not undergo spontaneous closure, the RV forms a cul-de-sac connection with
the LV (Figures 39 and 43). In Type I patients with atresia of both tricuspid and pulmonary
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valves (Type la), the hypertrophied RV may protrude into the LV outflow region (Figure 44).
However, there is usually no evidence for obstruction across this region (Figure 45).

Figure 39. Selected video frame from an apical four-chamber view demonstrating the left ventricle
(LV), hypoplastic right ventricle (HRV) with an atretic tricuspid valve (ATV) in a patient who had
Fontan procedure. Cross-sectional view of the conduit (COND) is also shown. Note small ventricular
septal defect (VSD) (long arrow).

Figure 40. Selected video frames from apical four-chamber views demonstrating unobstructed
pathway (UOP) (long arrow) between the right and left (LA) atria; the mitral valve is closed in
(A) while it is open in (B). ATV, atretic tricuspid valve; C, conduit; HRV, hypoplastic right ventricle;
LV, left ventricle.
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Figure 41. Selected video frames from an apical views demonstrating laminar flow from the left
atrium (LA) to the left ventricle (LV) (A) and from the LV to aorta (Ao) (B). Note laminar flow in the
LV outflow tract (LVOT) (B). Medial portion of the conduit (C) is seen in (A).

+ AV Max PG
Vmax 0.805 m/s
Max PG 3 mmHg .-
W Max PG (full) 2mmHg

M4 M4

. 1 . ] .
100mni/s 995hAP

Figure 42. Selected video frames from an apical view demonstrating laminar flow from the left
ventricle into the aorta (Ao). Note laminar flow in the LV outflow tract (LVOT) and low Doppler flow
velocity (~0.8 m/s).
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Figure 43. Selected video frames from apical views in two dimensional (A) and color flow imaging
(B) modes demonstrating the right ventricle (RV) forming a cul-de-sac connection via a ventricular
septal defect (VSD) with the left ventricle (LV). ATV, atretic tricuspid tricuspid valve, C, conduit, LA,
left atrium.
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Figure 44. Selected video frame from an apical four-chamber view demonstrating the left ventricle
(LV) and hypoplastic right ventricle (RV) in a patient who had a Fontan procedure. Note that the RV
protrudes into the left ventricular (LV) outflow tract. Cross-sectional view of the conduit (C) is also
shown. LA, left atrium.
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Figure 45. Selected video frame from an apical four-chamber view demonstrating that there is no
evidence for left ventricular outflow tract (LVOT) obstruction in the patient shown in Figure 43. Note
laminar flow across the LVOT in (A) and low Doppler flow velocities across the LVOT (B) and aorta
(Ao) (C). LV, left ventricle.

In Type II patients with transposition of the great arteries, the LV outflow into
the aorta is via the VSD and RV. If the VSD is large, the LV outflow is unobstructed
(Figures 12 and 15). If the VSD is small and obstructive, the patient is likely to have had a
DKS procedure earlier, bypassing the obstruction. Initially unobstructed VSD may become
smaller with time [15,16] and, therefore, the echo studies should attempt to demonstrate
obstruction across the VSD or the lack of it.

Cross-sectional views of the Fontan conduit were shown in Figures 38-40. Imaging
of the conduit longitudinally is also possible (Figure 46) and laminar flow in the conduit
(Figure 46B) is indicative of a nonobstructive conduit. The connection between the IVC
and the conduit (Figures 47 and 48) can also be demonstrated by echo studies. Doppler
interrogation demonstrating low flow velocities across this region (Figure 49) is indicative
of nonobstructive IVC—conduit junction. Turbulent flow and high Doppler velocity across
this region suggest obstruction; however, this is rarely seen.
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Figure 46. Selected video frame demonstrating wide open conduit (COND) by 2D (A) and color flow
imaging (B). Note laminar flow in (B) indicating no obstruction.

Figure 47. Selected video frames demonstrating connection between the inferior vena cava (IVC)
and the conduit (C) by 2D (A) and color flow imaging (B); note that the IVC-C junction is wide open.
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Figure 48. Selected video frames from subcostal view demonstrating connection between the inferior
vena cava (IVC) and the conduit by 2D (A) and color flow imaging (B); note that the IVC to conduit
(C) connection is wide open.
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Figure 49. Selected video frame demonstrating low velocity flow between the inferior vena cava
(IVC) and the conduit (C) shown in Figure 47, suggesting no evidence for obstruction.

Surgically created fenestrations (Figures 50-53) can also be demonstrated by color Doppler
studies and the mean gradient across the fenestration (Figures 52 and 53) is helpful in determin-
ing the physiologic state; a mean gradient of 4 to 8 mmHg is considered adequate.

Figure 50. Selected video frames (A,B) from an apical four chamber view, similar to Figures 39 and 40,
focusing on the conduit (C) (A) (left) and with color flow imaging (B) demonstrating fenestration
(FEN). ATV, atretic tricuspid valve; LV, left ventricle.
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Figure 52. Selected video frame with Doppler sampling across the fenestration (Fen) demonstrating
a mean gradient of 4 mmHg.
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Figure 53. Selected video frame with Doppler sampling across the fenestration (Fen) demonstrating
a mean gradient of 8 mmHg.

Angiographic counter part of the Fontan conduit with fenestration is shown, in
Figure 54, to have better comprehension of the anatomy of the Fontan.
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Figure 54. Selected cine frames in postero—anterior (a) and lateral (b) views, demonstrating Stage
IIIA Fontan procedure diverting the inferior vena caval (IVC) flow into the pulmonary arteries via a
nonvalve conduit (Cond). Flow across the fenestration (Fen) is shown by arrows in (a,b). HV, hepatic
veins; LPA, left pulmonary artery; PG, pigtail catheter in the descending aorta; RPA, right pulmonary
artery. Modified from Rao PS, Indian | Pediatr, 2015; 82:1147-56 [36].

The demonstration of the patency of a bidirectional Glenn component (Figures 25-27 and 30)
of the Fontan is similar to that described in the section on “Echocardiographic Evaluation Fol-
lowing Bidirectional Glenn”. Color and CW Doppler interrogation across the SVC/PA /Conduit
(Figure 55) is performed to ensure that there is no obstruction across this region.
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Figure 55. Selected video frames from suprasternal notch view, demonstrating low Doppler flow
velocity across superior vena cava (SVC), bidirectional Glenn shunt and the conduit. Low Doppler
flow velocity across the SVC, Glenn and the conduit indicates unobstructed Glenn component of
the Fontan.

Following the device closure of the fenestration, the position of the device and lack of
residual shunting (Figure 56) can usually be demonstrated on echo-Doppler studies. This is
the counterpart of the appearance of device closure, seen during angiography (Figure 57).
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Figure 56. Selected video frames from apical four chamber view, demonstrating the position of the
Amplatzer device (D) (arrows in (A,B)). No residual shunt is seen (B). C, conduit. See Figure 57 for
the angiographic counterpart.

Figure 57. Selected cineangiographic frames in antero—posterior view, demonstrating Stage IIIA of
the Fontan procedure: diverting the inferior vena caval (IVC) flow into the pulmonary arteries via a
nonvalve conduit (Cond). Note the fenestration (Fen) shown by the arrow in (a) The Fen is closed
with an Amplatzer device (D), shown by the arrow in (b) (Stage IIIB). HV, hepatic veins; LPA, left
pulmonary artery; RPA, right pulmonary artery. Reproduced from Reference [36].

In addition to the complications listed in the section on “Echocardiographic Evalu-
ation of Interstage Issues”, a number of other complications, namely, obstructed Fontan
pathways, persistent shunts, thrombus formation (Figures 58 and 59), mitral insufficiency
(Figure 36), systemic venous to pulmonary venous collateral vessels, and others [36-38],
may occur during follow up after Fontan. The echocardiographer should be mindful of
these complications and search for them, although not all of them can be detected by
echocardiographic studies.
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Figure 58. Selected video frames of 2D echocardiograms demonstrating a thrombus (TH) within the
conduit (C) in a four chamber apical view (A) which was magnified in (B). 3D image is shown in (C).
LV, left ventricle.

113 bpm

Figure 59. Selected video frames demonstrating wide open conduit (C) by 2D (A) and color flow
imaging (B) despite the thrombus (TH). Laminar flow (LF) and pulsed and continuous wave Doppler
interrogation (not shown) do not indicate obstruction.

While the echo-Doppler studies are helpful in ensuring adequacy of the Fontan proce-
dure in most patients, poor echo windows may sometimes prevent adequate evaluation
and in such situations, other imaging studies (MRI, CT), including angiography, may
be required.

6. Summary and Conclusions

The major purpose of this review was to illustrate usefulness of echocardiography
in the diagnosis and management of TA. TA is the third most common cyanotic CHD
and accounts for almost 1.5% of all CHDs. TA is classified on the basis of the atretic
tricuspid valve morphology and associated heart defects, such as great artery relationship
and pulmonary outflow tract status. Initially, the anatomic features of TA were reviewed.
The atretic tricuspid valve can easily be demonstrated on 2D echocardiography. Ventricular
sizes and LV systolic function are first evaluated, followed by the delineation of great artery
anatomy, the status of the pulmonary outflow tract, the demonstration of adequacy of
ASD/PFO, the size of VSD, and other associated cardiac defects. Echo-Doppler studies are
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also useful in evaluating the results of palliative procedures performed early in life, such
as aorto—pulmonary shunts and the banding of the PA. Evaluation following bidirectional
Glenn and Fontan completion, the assessment of potential causes of interstage mortality,
and the identification of complications associated with all surgical procedures are also
feasible by the echocardiographic studies. Examples of typical echocardiographic findings
of most of the above scenarios were presented. It is concluded that echo-Doppler studies
are valuable in the diagnosis and management of TA.
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