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Since the introduction of percutaneous transluminal coron-
ary angioplasty by Andreas Grüntzig in 1977, interventional 
cardiology has offered a variety of less invasive approaches 
for the treatment of cardiovascular disease compared with 
surgery with less morbidity, but more competitive regarding 
long-term clinical outcome.

Modalities like percutaneous coronary interventions, percu-
taneous closure techniques for the treatment of atrial septal 
defects, and peripheral vascular interventions are widely used 
as alternatives to the respective surgical pro cedures. More 
recently, percutaneous techniques for aortic valve replace-
ment and mitral valve reconstruction have been introduced. 
By this expansion of indications for catheter-based inter-
ventions a traditional domain of cardiovascular surgery is 
touched.

In the face of the enthusiasm for less invasive treatment 
modalities by the interventionalists and the skepticism of 
many surgeons, we believe that interventional and surgical 
procedures do represent complementary rather than competi-
tive approaches and that the currently available armament-
arium has the potential to offer well-tailored management 
options for the individual patient.

The idea of this textbook is to discuss the potential clinical 
benefi t of interventional versus surgical modalities for adult 
patients with cardiovascular disease requiring either an inter-
ventional or a surgical procedure and in particular for those 
patients who might be candidates for both strategies. This 
discussion is based on the detailed description of the individual 
pathology, pathophysiology, imaging, and clinical outcome 
which may be required or helpful when comparing the vari-
ous treatment options.

Thus, Cardiovascular Interventions in Clinical Practice repre-
sents a new comprehensive concept designed to aid students, 
residents, general practitioners, cardiologists, neurologists, 
and surgeons in understanding the potential clinical benefi t 
of both interventional and surgical management on the 
grounds of the individual pathology and prognosis.

Jürgen Haase
Hans-Joachim Schäfers

Horst Sievert
Ron Waksman

November 2009
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 3

 PART A Atrial and Ventricular Septal Defects

Introduction

Congenital defi ciencies of the atrial and ventricular septa 
are among the most common of congenital cardiac lesions. 
Ventricular septal defects occur in 24 –35% while atrial septal 
defects occur in 4 –11% of liveborn babies with congenital 
heart disease [1]. These defects can occur in isolation, in 
combination, or in association with many other defects. A 
ventricular septal defect is an integral part of tetralogy of 
Fallot, double-outlet ventricles, and common arterial trunk. 
It is also frequently encountered in association with complete 
and congenitally corrected transposition, pulmonary atresia, 
univentricular atrioventricular connections and coarctation, 
or interruption, of the aortic arch. When occurring in isola-
tion, diagnosis may be delayed, sometimes well into adult life 
or later decades. In this chapter, we focus on these septal 
defects occurring as isolated lesions and discuss some of the 
complicating anomalies. For a better understanding of the 
anatomy of atrial and ventricular septal defects, it is pertinent 
to begin with a review of the normal cardiac septum.

Normal septal structures

Atrial septum
A cursory look from the right atrium gives the impression of 
an extensive septal structure. In particular, anterosuperior to 
the oval fossa, the seemingly vast expanse of “atrial septum” 
is the right atrial wall overlying the aortic root (Fig. 1.1a). 
Sectional cuts demonstrate the septum limited to the fl oor 
of the foramen ovale and the muscular rim immediately 
around it (Fig. 1.1b). The peripheral structures are the infolded 
right atrial wall anterosuperiorly, superiorly, posteriorly, 
and inferiorly, and the fi brofatty sandwich of the atrial and 
ventricular musculature anteroinferiorly [2]. The superior 
and posterior parts of the rim, often called the “septum 

secundum,” are mainly the infolded right atrial wall between 
the base of the superior caval vein and the insertion of the 
right pulmonary veins to the left atrium. This infolding from 
the epicardial aspect is known to surgeons as “Waterston’s 
groove,” through which the left atrium can be accessed 
without entering the right atrium. Posteroinferiorly, the rim 
is continuous with the wall of the inferior caval vein. The 
true septal component is formed by the fl oor of the foramen 
ovale (“septum primum”), which functions like a fl ap valve 
by closing against the muscular rim in postnatal life when 
pressure in the left atrium exceeds that in the right atrium 
(Fig. 1.1c). In the normal heart, the valve is adequate to over-
lap the muscular rim so that there is no potential for inter-
atrial shunts. The valve is completely adherent to the rim but 
there is an adhesion gap, or probe patency, in approximately 
one-fourth of the population, and this provides the potential 
for right-to-left shunting through the foramen ovale [3 – 5]. 
The rim is an infolding of the muscular wall of the right 
atrium, and the fl ap valve is a thin sheet of fi bromuscular 
tissue that is usually 0.5 –1.5 mm thick. Fatty tissues of the 
interatrial groove fi ll the epicardial side of the fold of the 
muscular rim. The extent of fatty tissue varies, and when it 
appears excessive in the normal heart it can give the errone-
ous impression of lipomatous septal hypertrophy. In young 
adults, the upper limit of normal fat deposit is defi ned as 
1.5 cm in the transverse dimension on echocardiography [6].

Ventricular septum
In the majority of hearts, the right ventricle is in its anti-
cipated location relative to the left ventricle. When the heart 
is seen from the front, there is considerable overlapping 
of the ventricular chambers. The anteriorly situated right 
ventricle curves over the left ventricle such that the right 
ventricular outfl ow tract passes cephalad and a little leftward, 
crossing over the rightward-directed left ventricular outfl ow 
tract (Fig. 1.2a and b). The ventricular septum looks very 
different when viewed from the right and left ventricular 
aspects. Signifi cantly, the inlet part on the right side is 
covered over by the septal leafl et of the tricuspid valve, 
whereas the corresponding part on the left side borders the 
aortic outfl ow tract and is devoid of septal attachments to the 
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mitral valve (Fig. 1.2c and d). This is because the acute angula-
tion between infl ow and outfl ow tracts in the left ventricle 
places the outfl ow tract between the septum and the “anterior” 
leafl et of the mitral valve. The septal attachment of the mitral 
valve is confi ned to the hinge line (also known as the annulus) 
of its leafl ets, and this is seen only in the posteroinferior parts 
of the left ventricle close to the cardiac crux. The simulated 
echocardiographic four-chamber section displays the differ-
ence in levels of attachments of the hinge lines of the mitral 
and tricuspid valves at the septum (Fig. 1.1b). This offset 
arrangement between the two valves results in a part of the 
muscular ventricular septum being situated between the 
right atrium and the left ventricle. Although previously 
termed the muscular atrioventricular septum, its composi-
tion is a sandwich of right atrial wall on one side, crest of the 
muscular ventricular septum on the other, with intervening 
fi brofatty tissue from the inferior atrioventricular groove, 

which ingresses from the epicardium at the crux of the heart. 
Adjoining the “sandwich” anterosuperiorly is the central 
fi brous body together with the membranous component of 
the cardiac septum. The central fi brous body contains the 
penetrating bundle of His. Its continuation, the atrioven-
tricular conduction bundle, is sandwiched between the crest 
of the muscular septum and the membranous septum 
(Fig. 1.3a). This feature is particularly relevant when con-
sidering holes in the vicinity of the membranous septum 
(Fig. 1.3b). The hinge line of the tricuspid valve crosses the 
membranous septum, effectively dividing it into atrioven-
tricular and interventricular components (Fig. 1.3a). Viewed 
from the left ventricular aspect, the membranous septum is 
adjacent to the aortic valve. It adjoins the interleafl et fi brous 
triangle that lies in between the right and the noncoronary 
leafl ets. Thus, the landmark for the course of the atrioven-
tricular conduction bundle is the septal area between the 

SCV RS

LS

LI

*

*

*

Ocs
Mitral
valve

Tricuspid
valve

O

RI

ICV

F
AM

csICV

Septum secundum
(infolding)

Septum
primum

Right pulmonary vein

Superior caval vein

(a)

(c)

(b)

Ostium
secundum

Ostium
primum

Endocardial cushion

Confines of
atrial septum

Right Left

Figure 1.1 (a) The right atrium opened and 

displayed in right anterior oblique orientation 

to show the septal aspect en face. The oval 

fossa (F) is surrounded by a muscular rim. The 

anterior component of the rim extends to the 

anterior wall lying just behind the aorta (aortic 

mound; AM). In this heart, the eustachian 

valve guarding the entrance of the inferior 

caval vein (ICV) is like a fi shnet (Chiari network). 

(b) A four-chamber cut of a heart shows the 

atrial septum in profi le. The fl ap valve (open 

arrow) is thin. The infolding of the right atrial 

wall enclosing epicardial fat (asterisk) is well 

seen in this section. The circles mark the offset 

attachments of the mitral and tricuspid valves.  

(c) These diagrams represent the change from 

embryonic to defi nitive pattern at the atrial 

septum. The infolded septum secundum with 

epicardial fat (blue shape) is shown on the 

right-hand panel. cs, Coronary sinus; LI, LS, 

RI, and RS, orifi ces of the pulmonary veins 

(left inferior, left superior, right inferior, 

right superior); SCV, superior caval vein.
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 CHAPTER 1 Pathology of Atrial and Ventricular Septal Defects 

right and noncoronary aortic sinuses. From there, the atrio-
ventricular bundle branches into the right and left bundle 
branches (Fig. 1.3a). The cord-like right bundle branch passes 
through the muscular part of the septum to emerge subendo-
cardially close to the insertion of the medial papillary muscle 
of the tricuspid valve. On the left side of the septum, the left 
bundle branch descends in the subendocardium to branch 
into three main radiating and interconnecting fascicles. The 
branching bundle and the proximal portion of the left bundle 
branch are, therefore, closely related to the septal aspect of the 
outfl ow tract immediately beneath the aortic valve (Fig. 1.3b).

Anterosuperior to the membranous septum is the pulmonary 
outfl ow tract exiting from the right ventricle. The musculature 
anterior to the membranous septum is the supraventricular 
crest, comprising the ventriculoinfundibular fold and its 

insertion into the septomarginal trabeculation at the septum 
(Fig. 1.2c). The septomarginal trabeculation is a charac-
teristic muscle band looking like a tree trunk fl attened 
against the ventricular septum in the right ventricle. It branches 
into two limbs that cradle the ventriculoinfundibular fold. 
One limb points anterosuperiorly to blend into the muscula-
ture of the subpulmonary infundibulum. The other limb 
points posteroinferiorly, and it is from this limb that the 
medial papillary muscle (also known as the conal muscle or 
muscle of Lancisi) arises to support the anteroseptal commis-
sure of the tricuspid valve. The distal part of the septomar-
ginal trabeculation extends into the moderator band that 
crosses the right ventricular cavity. The apical portion of the 
right ventricle bears coarse trabeculations that can obscure 
the presence of muscular septal defects.

*

Inlet

Apical Apical

PT
PT

LA

LV

PT

(a) (b)

(c) (d)

Ao

VIF

SMT *

Ao

Ao

RV

OutletOutlet

OutletOutlet

Inlet
InletInlet

Apical Apical

*

Figure 1.2 (a) This endocast of a normal 

heart viewed from the front shows the right 

ventricular outfl ow tract (solid arrow) crossing 

over the left ventricular outfl ow tract (broken 

arrow). (Note that the pulmonary valve is at 

a higher level than the aortic valve.) (b) The 

endocast viewed from the left side shows the 

relationship of the left ventricular outfl ow tract 

(broken arrow) to that of the right. The right 

ventricle is opened to show the septum and 

the three portions of the ventricle. (c) The limbs 

(arrows) of the septomarginal trabeculation 

(SMT) cradle the ventriculoinfundibular fold 

(VIF). (d) Dissection into the left ventricular 

outfl ow tract shows the proximity of the inlet 

and outlet portions. The asterisk marks 

the membranous septum. Ao, aorta; LA, left 

atrium; LV, left ventricle; PT, pulmonary trunk; 

RV, right ventricle.
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In the outfl ow portion of the right ventricle, the conical 
sleeve of subpulmonary infundibulum is continuous with 
the ventriculoinfundibular fold. The infundibulum elevates 
the pulmonary valve away from the septum. Thus, in the 
normal heart, it is not possible to defi ne a discrete muscular 
structure equivalent to an outlet septum separating aortic 
and pulmonary outfl ow tracts. The outlet septum is expressed 
in malformations of the outfl ow tract such as in hearts with 
Fallot’s tetralogy, in which it is an exclusively right ventricu-
lar structure.

For convenience in describing the location of holes in the 
ventricular septum, the right ventricle can be considered as 
having three portions, although there are no anatomic lines 
that would allow division of the muscular septum into three 
parts (Fig. 1.2c). Thus, the inlet portion of the right ventricle 
is taken to be the portion receiving the tricuspid valve while 
the outlet portion is the part leading to the semilunar valves, 
and is mainly musculature proximal to the subpulmonary 
infundibulum. The remaining portion, the trabecular portion, 
is the most extensive. Owing to the confi guration of the left 
ventricular infl ow and outfl ow tracts, with the aortic outlet 
wedged between the septum and the mitral valve, much of 
the inlet portion of the right ventricle overlaps the outlet 
portion of the left ventricle (Fig. 1.2d).

Atrial septal defects

Although generally categorized as atrial septal defects (ASDs), 
some of the defects commonly referred to as ASDs are inter-
atrial communications rather than defi ciencies of the atrial 
septum. This is because the extent of the atrial septum is 
rather limited when a septum is defi ned as a partition that 
separates two adjacent chambers, and passage through the 
septum will not exit the heart (see Atrial septum). Strictly 
speaking, the septum that separates the two atrial chambers 
is the valve that is circumscribed by the muscular rim of the 
foramen ovale (Fig. 1.1a). Defects within this area, usually 
termed “secundum defects,” are true atrial septal defects 
(Fig. 1.4a). By contrast, sinus venosus defects, coronary sinus 
defects, and “ostium primum” defects are outside the con-
fi nes of the true atrial septum although, unequivocally, they 
permit interatrial shunting (Fig. 1.4a) [3].

Patent foramen ovale
As discussed above, the patent foramen ovale (PFO) is very 
common. It exists because of an incomplete circumferential 
adhesion of the septum primum (the fl ap valve of the foramen) 
to the septum secundum (the rim of the fossa). The gap, the last 

Ao

LV

RA

CS RV

RV
LV

Ao

Figure 1.3 (a) Location of the atrioventricular conduction system (orange) 

in a normal heart. The atrioventricular conduction bundle penetrates 

through the central fi brous body to pass between the membranous septum 

and the crest of the ventricular septum, and continues as the branching 

bundle. The membranous septum (arrow) is crossed by the hinge line of 

the tricuspid valve. (b) Longitudinal cut through a heart with 

a perimembranous ventricular septal defect has the atrioventricular 

conduction bundle (orange shape) superimposed to show the bundle 

emerging from the area of tricuspid–aortic–mitral valvar fi brous continuity 

and the close relationship between the bundle and the margin of the 

septal defect. Ao, aorta; cs, coronary sinus; LV, left ventricle; RA, right 

atrium; RV, right ventricle.

(a) (b)
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part of the valve to become adherent, is located at the antero-
cephalad margin of the rim (if viewing the right atrium in a 
simulated right anterior oblique projection; Fig. 1.4b). The 
adhesion gap leaves a slit-like tunnel that allows a probe to 
be passed obliquely from the right atrium into the left atrium 
in approximately 25% of cadaver hearts. The length of the 
tunnel depends on the extent of overlap between the fl ap 
valve and the rim [7,8]. In the left atrium the exit site of the 
probe is at the crescentic margin of the fl ap valve, and this 
is closely related to the anterior wall of the left atrium 

(Fig. 1.4c). This part of the wall can be exceedingly thin, and 
perforations can lead to the transverse pericardial sinus and 
the aortic root (Fig. 1.4c and d).

Morphologically, there are two forms of PFO [7]. The fi rst 
is the valve-competent form in which, under normal circum-
stances, the valve is large enough to overlap the muscular 
rim, much like a door closing against a door frame. Although 
forming a perfect seal, some of these valves are aneurysmal 
in appearance and bow into the right and left atrial cham-
bers with the respiratory phases. The second form is the 
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Figure 1.4 Locations of various interatrial 

communications in the right atrium. (a) The 

oval fossa defect (1) is the true atrial septal 

defect. The superior (2) and inferior (3) sinus 

venosus defects are related to the entrances of 

the corresponding caval veins. The coronary 

sinus defect (4) is at the site of the coronary 

sinus orifi ce. The atrial component of the 

atrioventricular septal defect (broken line) is 

indicated by the number 5. The orange shapes 

represent the sinus and atrioventricular nodes. 

(b) The patent foramen ovale (arrow) lies at 

the anterocephalad margin of the oval fossa. 

(c) Cut through the atria viewed from behind 

shows the infolded right atrial wall (asterisk) 

forming the right margin of the tunnel-like 

patent foramen ovale (arrow). (Note the aortic 

root emerging immediately anteriorly.) 

(d) Long-axis cut through the left heart shows 

the proximity of the exit (arrow) of the patent 

foramen ovale to the anterior wall of the left 

atrium. This part of the atrial wall can be 

exceedingly thin and it borders the transverse 

pericardial sinus (triangle) and the noncoronary 

aortic sinus (N). (e) Right atrial view shows 

an oval-shaped defect in the atrial septum 

owing to defi ciency of the fl ap valve. (f ) The 

valve of the oval fossa is lacking and only a few 

strands remain in the fossa. Ao, aorta; cs, 

coronary sinus; ICV, inferior caval vein; LV, left 

ventricle; MV, mitral valve; PT, pulmonary trunk; 

R, right coronary aortic sinus; SCV, superior 

caval vein; TV, tricuspid valve.
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valve-incompetent form, which probably results from stretch-
ing of the muscular rim in atrial dilation and/or retraction of 
the aneurysmal valve, allowing the fl ap valve to herniate 
markedly leftward or rightward, reducing the extent of overlap. 
It is arguable whether this form is due to defi ciency of valvar 
tissues and is a true defect of the oval fossa (“secundum defect”).

Defects within the oval fossa
Usually these so-called “secundum” defects are located at 
the site of the embryonic “ostium secundum” rather than 
a defi ciency of the “septum secundum” since the septum 
secundum is largely the infolded right atrial wall. Defi ciencies, 
perforations, or complete absence of the valve guarding the 
foramen ovale (the embryonic “septum primum”) are the 
most common types of interatrial communications with a 
spectrum of sizes. The simplest form is one resulting from the 
valve being too small to overlap the muscular rim and so 
leaving an oval-shaped aperture between the rim and the 
edge of the valve (Fig. 1.4e). This form is most amenable to 
transcatheter repair providing there are adequate muscular 
borders without impinging upon the orifi ces of the pulmon-
ary veins, the atrioventricular valves, the caval veins, or 
the coronary sinus [9 –11]. Even so, the location of the valve 
is variable [9]. In some cases, it may be more anteriorly 
situated or more posteriorly situated. The valve itself may be 
perforated with single or multiple fenestrations. Sometimes, 
it appears like a net or is represented by a fi ligreed remnant 
(Fig. 1.4f ).

When the valve is completely absent, or nearly completely 
absent, the defect is the hole surrounded by the muscular 
rim of the fossa. If the anterior rim is defi cient, it is worth 
bearing in mind the proximity of the anterior margin to the 
transverse sinus and the aortic root. The right coronary and 
noncoronary aortic sinuses are in the immediate neighbor-
hood. A defi cient posterior rim reduces the distance to the 
orifi ces of the right pulmonary veins and also increases the 
proximity to the epicardium due to effacement of the infold-
ing. Occasionally, the defect may extend toward the inferior 
caval vein or toward the atrioventricular junction. In the 
case of the latter situation, the distance of the defect from 
the annular attachment of the mitral valve may become 
reduced, increasing the risk of damaging the mitral valve 
during device closure. Although defects in the oval fossa do 
not alter the basic disposition of the sinus and atrioven-
tricular nodes of the conduction system, these very large 
defects will reduce the distances between the margin of the 
defects and the atrioventricular node or the orifi ce of the 
coronary sinus.

In cases associated with persistent left superior caval vein 
draining into the coronary sinus, the coronary sinus is usually 
enlarged. In these cases, the muscular margin between the 
coronary sinus orifi ce and the defect needs to be evaluated 
carefully. Cases of successful device closure without obstruct-
ing coronary venous return have been reported [11].

Sinus venosus defects
These defects are usually located in the mouth of the superior 
caval vein and described as superior sinus venosus defects. 
The inferior sinus venosus defects are related to the inferior 
caval vein and are far less common. The key feature of sinus 
venosus defects is that they exist outside the confi nes of the 
true atrial septum (see Atrial septum). This is not to say that 
they cannot become confl uent, or coexist, with defi ciency of 
the oval fossa.

In the case of a superior sinus venosus defect, the mouth of 
the superior caval vein typically overrides the atrial septum 
above the superior rim of the oval fossa (Fig. 1.4a) [12]. 
Anomalous insertion of the right pulmonary veins into the 
wall of the superior caval vein is usual in this situation. 
The defect, therefore, has a well-defi ned inferior border, the 
superior rim of the oval fossa, which encloses epicardial fat. 
Roofi ng the defect is the overriding caval vein. Owing to the 
lack of a superior rim for anchorage, currently available 
devices for closing atrial septal defects are unsuitable. Surgical 
repair of this defect should take account of potential obstruc-
tion to the superior caval pathway following restoration of 
pulmonary venous return to the left atrium. Also at risk is the 
sinus node and its arterial supply should there be the need to 
widen the cavoatrial junction [13].

Sinus venosus defects related to the mouth of the inferior 
caval vein have similar features to those of superior sinus 
venosus defects. In the inferior position, the defect’s roof is 
delineated by the posteroinferior rim of the oval fossa and 
the orifi ce of the inferior caval vein opens to both left and 
right atria (Fig. 1.4a). The lower right pulmonary vein can 
attach anomalously to the wall of the inferior caval vein. This 
type of defect is remote from the anticipated locations of the 
sinus and atrioventricular nodes but it lacks an inferior rim 
for device anchorage.

Coronary sinus defects
Defects termed “coronary sinus defects” cover a spectrum 
ranging from a hole at the site of the orifi ce of the coronary 
sinus and absence of the coronary sinus itself, to a single or 
multiple fenestrations along the course of the coronary sinus, 
allowing it to communicate directly with the left atrium. 
Absence of the wall of the coronary sinus together with the 
adjoining portion of the left atrial wall results in the defi ciency 
described as unroofi ng of the coronary sinus [14]. The defect 
usually leaves the persistent left superior caval vein connecting 
directly to the left atrium. When existing as a hole at the orifi ce 
of the coronary sinus, it may be amenable to device closure 
[15]. However, closing a large defect at the site of the orifi ce 
of the coronary sinus may jeopardize the atrioventricular 
node because the triangle of Koch becomes foreshortened.

“Ostium primum” defects
This type of defect, although producing an interatrial 
shunt, is not a true atrial septal defect (Fig. 1.4a). Hearts with 
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this type of defect belong to the spectrum of hearts with 
atrioventricular septal defect since they have the same char-
acteristic anatomic feature of a common atrioventricular 
junction [16]. In many cases, the oval fossa is intact and the 
so-called atrial septal defect exists between the free margin 
of the atrial septum and the atrial aspect of the conjoined 
leafl ets of the atrioventricular valves. The septal component 
of the left and right atrioventricular junctions are at the same 
level (lack of offset between the atrioventricular valves). 
Owing to the valvar leafl ets forming a signifi cant part of the 
margin of the defect and the displaced atrioventricular node 
and atrioventricular conduction bundle being in the immedi-
ate vicinity, it will be exceedingly diffi cult to close this type of 
defect using current transcatheter devices without incurring 
complications.

Ventricular septal defects

This is one of the most common congenital heart malforma-
tions. The incidence is much higher when the defect exists 

in isolation as most require little if any attention. A major 
determinant of outcome is the size of the defect. The majority 
become proportionally smaller with time. Spontaneous clo-
sure of the defect occurs in up to half of cases recognized in 
childhood [17,18], and it has been suggested may also 
occur in adult life. Generally, those who are asymptomatic 
are likely to have small defects.

This review of the morphology is restricted to isolated 
ventricular septal defects. For reasons already discussed, the 
ventricular component of atrioventricular septal defects will 
not be included. Also excluded are septal defects following 
myocardial infarction.

Description of ventricular septal defects
Over the decades, there have been many classifi cations of 
ventricular septal defects. In more recent decades, however, 
three main categories of ventricular septal defects are recog-
nized: perimembranous (or membranous/infracristal), muscular 
(or trabecular), and doubly committed and juxtraarterial (or 
infundibular/supracristal/subpulmonary) (Fig. 1.5). These 
descriptions are applicable to defects existing in isolation as 
well as in association with other malformations. The distinc-
tion between perimembranous and muscular septal defects 
highlights the relationship of the defect’s margins to the 
atrioventricular conduction system [19].

The location of any hole in the septum between ventricles 
can be described relative to the three portions of the normal 
right ventricle, i.e., inlet, apical trabecular, and outlet, with 
the approach by the surgeon usually from the right side of 
the heart. Furthermore, the size of the defect and any associ-
ated misalignment of septal structures need to be considered 
in any treatment strategy.

Muscular defects
The muscular defect is characterized by having completely 
muscular borders. Reportedly, it accounts for 5% of all 
ventricular septal defects, but its true incidence may be con-
siderably higher as small muscular defects tend to close 
spontaneously. They can be described as being located in 
the inlet, outlet, or apical trabecular portions of the right 
ventricle. Muscular defects, especially those in the apical 
portion, may be multiple, giving the septum a Swiss cheese 
appearance, but these are rare. The thick right ventricular 
trabeculations overlying the septum may make it diffi cult to 
visualize or approach these defects from the right side. Some 
defects appear very small on the right ventricular side but 
actually form a large confl uent defect when examined from 
the left side (Fig. 1.6a and b).

Muscular defects located in the inlet portion may be par-
tially hidden by the septal leafl et of the tricuspid valve. A rim 
of muscle separates the border of the defect from the hinge of 
the tricuspid valve, distinguishing it from a perimembranous 
defect located in the inlet portion (Fig. 1.5). By virtue of its 
location, the atrioventricular conduction bundle is related to 

3

1

2

Figure 1.5 Three types of ventricular septal defect as seen from the right 

ventricle. The atrioventricular conduction bundle (red line) is shown skirting 

close to the posteroinferior margin of the perimembranous defect (1). 

By contrast, the bundle is related to the superior margin of a muscular 

inlet defect (2). Muscular defects can be located anywhere in the muscular 

septum and are represented by the yellow ovals. The doubly committed 

and juxtaarterial defect (3) are intimately related to the arterial valves.

9781405182775_4_001.indd   99781405182775_4_001.indd   9 2/24/10   8:55:19 AM2/24/10   8:55:19 AM



10

SECTION 1 Septal Defects and Valvular Heart Disease 

the superior margin of the muscular defect. This is in distinct 
contrast to perimembranous defects (see below). When a 
muscular inlet defect co-exists with a perimembranous 
defect, the atrioventricular conduction bundle runs in the 
muscle bar separating the two defects (Fig. 1.5).

Muscular defects high in the outlet portion are very rare. 
Seemingly safe from the pulmonary valve, they may be sited 
close to the aortic valve on the left ventricular side. When the 

muscular rim in the superior border is narrow, such defects 
may be diffi cult to distinguish from doubly committed and 
juxtaarterial defects (see below).

The majority of muscular defects are not round [20]. They 
range from being slit-like to the more usual oval shape or D 
shape (Fig. 1.6a–c). Furthermore, the defects tend to “bur-
row” through the septum such that their opening on the right 
side of the septum is offset from that on the left side. In some 

cs

(a)

(d) (e)

(b) (c)

cs

*
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Figure 1.6 (a) Right and (b) left ventricular views of the same heart. The 

locations of the atrioventricular conduction bundles are superimposed (red) 

and the membranous septum is marked by an asterisk. The defect (arrow) 

is small on the right ventricular side but considerably larger on the left 

side where it is crossed by several muscle bundles. (c) Long-axis cut 

profi les a muscular defect (arrow) and shows its muscular borders 

suitable for device closure. (d) Right and (e) left views of the same heart 

with a perimembranous ventricular septal defect. The defect excavates 

toward the inlet portion of the right ventricle and is partially covered 

by the septal leafl et of the tricuspid valve. A remnant of the 

membranous septum (asterisk) is seen at the posteroinferior border. 

The atrioventricular node and bundle (red line) pass in this margin. 

The bundle emerges on the left side and is seen as a white streak 

(arrows).
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cases the opening on one side is larger than on the other side 
and in others the hole is crossed by muscle bars on one side 
(Fig. 1.6a and b).

Perimembranous defects
This is the most common type of ventricular septal defect. 
Being in the environs of the membranous septum, it is related 
to several important structures. As these defects usually involve 
a more extensive area than that occupied by the normal 
membranous septum, they are best described as perimem-
branous. The key feature of perimembranous defects in all 
hearts with concordant atrioventricular connections is either 
a remnant of the membranous septum or fi brous continuity 
between the atrioventricular valves at the posteroinferior 
border (Fig. 1.6d and e). It is at this part of the border that the 
atrioventricular conduction bundle emerges from the central 
fi brous body to become subendocardial and, in most cases, 
the branching portion of the bundle appears on the left side 
of the septal crest.

Perimembranous defects vary in shapes and sizes and can 
extend toward the inlet, outlet, or apical trabecular portions. 
Large defects have been described as confl uent. In our patho-
logical series [20], the majority of perimembranous defects 
were oval or round in shape when the septum was viewed 
en face from the right side. When located in the inlet, they are 
partially, or even entirely, covered over by the septal leafl et 
of the tricuspid valve (Fig. 1.6d and e). Cords tethering the 
leafl et usually cross the defect on the right ventricular aspect 
but in some cases are inserted to the septal crest or to the left 
side of the septum. In this location, the defect tends to be oval 
shaped with its long axis parallel to the valvar hinge line. The 
tricuspid and mitral valves lose their “offset” relationships 
and their hinge lines form the “roof” of the defect in long-axis 
echocardiographic sections. Owing to there being a defect, 
the atrioventricular conduction bundle is displaced more 
posteroinferiorly than normal, but it is still related to the area 
of fi brous valvar continuity in the posteroinferior margin of 
the defect. The medial papillary muscle is located in its antero-
superior border. Perimembranous inlet defects have been 
described as atrioventricular canal type defects [21] but differ in 
not having the hallmark of a common atrioventricular junc-
tion that characterizes atrioventricular septal defects [16].

Perimembranous defects that excavate toward the outlet 
portion are close to the semilunar valves. Although variable 
in shape, they tend to be more circular than the other forms 
of perimembranous defects. In hearts with normal arterial 
relationships, the aortic valve minimally overrides the septal 
crest. Aortic, mitral, and tricuspid valvar continuity forms 
the fi brous posteroinferior border (Fig. 1.3b). Again, it is this 
fi brous border that harbors the atrioventricular conduction 
bundle. The medial papillary muscle supporting the tricuspid 
valve is close to this quadrant of the hole. The distance of the 
rim of the defect from the conduction bundle depends on the 
size of the remnant of the membranous septum.

Some perimembranous defects excavate toward the trabecu-
lar portion. These tend to be oval or triangular with their long 
axis directed toward the cardiac apex. In these, the medial 
papillary muscle is located at the apical quadrant of the 
defect. Again, the atrioventricular conduction bundle runs in 
the posteroinferior border. On the left ventricular side of the 
septum there may be a rim of muscle between the defect and 
the aortic valve.

Tissue tags adjacent to perimembranous defects can be 
accessory tissues from the tricuspid valve or the membranous 
septum. Also described as ventricular septal aneurysms, these 
are involved in spontaneous closure or diminution in size of 
the defects [22]. True membranous septal defects are very 
rare and they are small. Even rarer are defects (described as 
Gerbode defects) that arise owing to the absence of the atrio-
ventricular component of the membranous septum, result-
ing in shunting from the left ventricle to the right atrium. 
Shunts at this level are more often a result of perimembran-
ous defects that are associated with a defi ciency in the 
septal leafl et of the tricuspid valve.

Doubly committed and juxtaarterial defects
These defects account for 5 –10% of ventricular septal defects 
and are more commonly found in the Orient and in Latin 
America. The feature that characterizes doubly committed 
and juxtaarterial defects is the lack of muscular separation 
between the arterial valves in the superior borders. These 
defects are roofed by the pulmonary and aortic valves. Only 
a fi brous raphe runs between the adjoining valvar leafl ets. 
In some cases, the right coronary leafl et of the aortic valve 
prolapses into the defect. In many, the posteroinferior 
margin of doubly committed and juxtaarterial defects is 
muscular, owing to the fusion between the inferior limb of 
the septomarginal trabeculation and the ventriculoinfun-
dibular fold. In others, the posteroinferior margin extends to 
the remnant of the membranous septum and becomes 
perimembranous. By the nature of their immediate proximity 
to the semilunar valves, these types of defects are unsuitable 
for closure using currently available devices. There is hardly 
any superior margin for safe anchorage without interfering 
with mobility of the semilunar valves or creating outfl ow 
obstruction.

Atrioventricular septal defect
As discussed above, the so-called primum ASD form is 
unlikely to be suitable for device closure. The form with a 
common valvar orifi ce (so-called complete form or atrioven-
tricular canal defect) with both atrial and ventricular defects 
is also unsuitable. The bridging leafl ets of the atrioventricular 
valve can be compromised. The rarest form that has only a 
ventricular component of the defect, when carefully selected, 
may be amenable to device closure. A 4-year-old patient 
underwent successful implantation of a device with good 
outcome (Dr. Michael Rigby, personal communication, 2007). 
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In this child, there was accessory valvar tissue at the margin 
of the defect.

Malalignment of septal structures
Descriptions of ventricular septal defects are not complete 
without considering whether the septal components are 
aligned. Malalignment between atrial and ventricular septa 
or between components of the muscular ventricular septum 
have important consequences on the structures in the vicinity 
of the septal defect. Perhaps the best-known situation of 
septal malalignment is anterocephalad deviation of the outlet 
septum in hearts with Fallot’s tetralogy. In Fallot, the outlet 
septum is entirely in the right ventricle and its malalignment 
produces overriding of the aortic valve as well as subpulmon-
ary stenosis. In contrast, malalignment of the outlet septum 
into the left ventricular outfl ow is associated with obstructive 
lesions of the aortic arch.

Malalignment between atrial and ventricular septa is 
exemplifi ed by cases with straddling and overriding of the 
tricuspid valve. Whether existing with isolated ventricular 
septal defects or with other intracardiac defects, the cardinal 
feature is that the muscular septum does not extend to the 
crux of the heart but inserts to the right of the crux. The 
malalignment results in an abnormally located atrioventricular 
conduction axis with the atrioventricular node situated 
in the posterolateral margin of the tricuspid orifi ce and the 
bundle penetrating at the point at which the ventricular 
septum meets the right atrioventricular junction.

Conclusions

A good understanding of the morphological substrates and 
variations of atrial and ventricular septal defects is particu-
larly relevant in the era of interventional cardiology [10]. An 
appreciation of the limited extent of the atrial septum helps 
in distinguishing true atrial septal defects from all other forms 
of interatrial communications, and also in identifying the 
ideal site for trans-septal puncture. Interatrial communica-
tions that are suitable for transcatheter device closure must 
be suffi ciently remote from the atrioventricular valves, coron-
ary sinus, pulmonary and caval veins, and the aortic root. 
To minimize the risk of complications, some of these defects, 
either because of their very large size,or because of their close 
relationship to these vital structures, require very careful 
evaluation before considering transcatheter device closure.

Description of ventricular septal defects need not rely on 
developmental concepts. The categorization described above 
draws attention to the location of the defect and the proxim-
ity of the defect margins to crucial cardiac structures. When 
considering transcatheter device closure of perimembranous 
ventricular septal defects, the size of the defect relative to the 
heart size is important on account of the locations of the 
aortic valve and the atrioventricular conduction bundle in 

the immediate vicinity. Ventricular septal defects roofed by 
the arterial valves and those associated with malalignment 
of the septal components are unlikely to be suitable for per-
cutaneous device closure without risking damage to adjacent 
valvar structures.
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Introduction

Atrial septal defects (ASDs) and ventricular septal defects 
(VSDs) represent 10% and 25 – 40%, respectively, of all con-
genital heart diseases diagnosed at birth. ASDs, in particular, 
constitute around 30% of the congenital heart defects diag-
nosed in adults [1]. Although the primary method of therapy 
for closure of the ASD and VSD has been surgical repair 
for many decades, approaches that employ catheter-based 
devices have emerged as the method of choice for many 
lesions in recent decades [2]. The development and spread 
of those new interventional techniques have generated the 
need for appropriate selection of patients for this therapeutic 
approach [3]. The purposes of the diagnostic examination in 
patients with these lesions include detection and delineation 
of the site, size, and geometry of the defect, recognition of 
the spatial relationship of the lesion to adjacent structures, 
assessment of the hemodynamic impact of the lesion, and 
unmasking of associated lesions. This chapter will review 
the anatomy, pathophysiology, echocardiographic diagnosis, 
and treatment of atrial and ventricular septal defects, with 
emphasis on features that have a bearing on percutaneous 
interventions for both disorders.

Atrial septal defects

Embryology and anatomy of the atrial septum
At the fourth and fi fth weeks of gestation, the division of the 
atria begins with the formation of the septum primum, creat-
ing a temporary communication between the two atria—the 
ostium primum. Before complete closure of the ostium primum, 
numerous perforations appear in the superior part of the 
septum primum. The coalescence of these perforations results 
in the formation of the ostium secundum. At this point of 

embryologic development, the superior rim of the atrial 
septum evolves, formed by extensive infolding of the atrial wall 
between the venous component of the right atrium and the 
right pulmonary veins. This, called the septum secundum, over-
laps the ostium primum, creating the foramen ovale.

The atrial septum from the right atrial septal surface is formed 
by the fossa ovalis and its surrounding rim. The rim often 
appears as thicker or raised muscle that surrounds an oval-
shaped depression (the fossa) that is covered over by a thin 
valve that lies on the left atrial aspect. The fossa ovalis is com-
pletely overlapped by its valve, a fl ap of tissue that is continuous 
with the left atrial wall. During fetal life, the valve opens left-
ward, allowing blood to fl ow from the right atrium into the left 
atrium through its aperture (foramen ovale). After birth, higher 
pressure in the left atrium pushes the valve rightward onto its 
rim, closing the foramen ovale. The fossa ovalis is anatomically 
closed in about two-thirds of adults as a result of complete 
adhesion of the valve to its rim. In the remaining one-third it 
remains patent at the site of the previous foramen ovale. A 
patent foramen ovale remains a potential source for right-
to-left shunt. A redundant valve tissue may form an aneurysm 
of the fossa ovalis. It is the valve of the fossa ovalis that is 
the target for trans-septal crossing when interventions are 
performed. Although the right aspect of the septum is often 
characterized by the crater-like structure of the fossa ovalis, 
the atrial septum is relatively featureless when viewed from 
the left atrium [4].

Pathophysiology and management
Clinical effects of isolated ASDs are usually related to left-to-
right shunting. The magnitude of the shunt is related to the 
size of the defect and to the relative compliance of the left- and 
right-sided cardiac chambers, and indirectly related to the 
resistance of the pulmonary and systemic circulation [5]. Approxi-
mately 15% of ostium secundum ASDs spontaneously close by 
4 years of age. If left untreated, patients with hemodynami-
cally signifi cant ASDs will develop symptoms of right-sided 
heart failure secondary to pulmonary hypertension (due to the 
pulmonary vascular obstructive disease caused by increased 
right-sided fl ow). Certain types of ASDs (sinus venosus and 
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primum varieties) do not close spontaneously. Their location 
and the presence of concomitant lesions preclude transcatheter 
closure. Surgery is recommended for patients with these types 
of ASDs [6]. In patients with patent foramen ovale (PFO) after 
a cryptogenic stroke, closure of the interatrial communication 
with surgery or a catheter-delivered device should be con-
sidered if the cerebral events are prolonged or recurrent, or if 
they are followed by residual neurologic defi cit [7].

As a general rule, adults with a signifi cant ASD with evidence 
of right heart dilation should be offered elective closure soon 
after the diagnosis is established, irrespective of age, whereas 
in children, device closure is often performed at 5 years of age. 
Current indications for ASD closure are [8] right atrial and 
right ventricular dilation, ASD minimum diameter > 10 mm, 
and/or pulmonary to systemic fl ow ratio (Qp/Qs) of > 1.5:1.0. 
Transcatheter device closure of secundum atrial septal defects 
now represents the standard of care for this abnormality. 
Indications for catheter closure are the same as for surgical 
closure, but patient selection criteria are more narrowly defi ned 
[9]. Patients in whom the stretched secundum ASD is > 36 mm, 
the atrial septal rims are inadequate (< 4 – 5 mm) to permit 
stable device deployment, the defect is in close proximity to 

the atrioventricular valves, the coronary sinus, or the venae 
cavae, or in whom other cardiac conditions requiring surgical 
repair are present are usually referred for surgical repair [10].

Echocardiographic anatomy and diagnosis of 
atrial septal defects
There are four major types of ASDs: ostium secundum, ostium 
primum, sinus venosus and coronary sinus septal defect 
(Figs. 2.1 and 2.2). Two- and three-dimensional echocardio-
graphy (2-DE and 3-DE) provide direct noninvasive visualiza-
tion of all types of ASD (Fig. 2.3). Doppler techniques aid in 
the detection and quantitation of the shunt fl ow (Fig. 2.3). 
Although the lesions are identifi ed as interruptions in the 
linear image of the atrial septum on a 2-D echocardiographic 
image, 3-DE can display the hole in the septum in en face 
views and allow for the measurement of the geometry of 
the defect and its rim. The presence of an ASD is generally 
suspected by indirect echocardiographic fi ndings: enlarge-
ment of the right ventricle, septal fl attening, and paradoxical 
motion of the interventricular septum (Fig. 2.3). These fi ndings 
suggest right ventricular volume overload and represent 
grounds for suspicion of a defect.

RA

LA

(a) (b) (c)

(d) (e) (f)

SVC

Ao

RA

LA

Figure 2.1 2-D and 3-D echocardiographic images of secundum ASDs. 

(a) A subcostal 2-D echocardiographic image displaying a large ASD. 

(b) The shunt fl ow through the defect. (d, e) The defect and shunt fl ow in 

TEE recordings. (c, f ) 3-D echocardiographic en face images of ASDs: 

(c) the right atrium; (f ) the left atrium. The en face images are useful 

in measuring the size of the defect and that of the surrounding rims. 

RA, right atrium; LA, left atrium; SVC, superior vena cava; 

Ao, Aorta.
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The ostium secundum defect, located in the area of the fossa 
ovalis, is the most common type of ASD, accounting for about 
75% of all cases. The shape of the defect varies from circular 
to oval. Less often, strands of tissue cross the defect, creating a 
fenestrated appearance that suggests multiple defects. Rarely, 
a defect can extend posteriorly and inferiorly, approaching 
the site of inferior vena cava entry into the right atrium. 
Transthoracic 2-DE views in the parasternal short axis, as well 
as apical and subcostal four-chamber views, allow for the 
detection of ASDs. Ostium secundum ASD is visualized in the 
middle portion of the septum in the fossa ovalis area (Fig. 2.1). 
Modifi ed views that place the interatrial septum as perpen-
dicular to the imaging plane as possible are often needed 
to delineate the defect and measure the dimensions. When 
transthoracic examination is suboptimal, transesophageal 
echocardiography (TEE) provides crisp defi nition of the 
lesion (Fig. 2.1). The ostium secundum defect lies centrally 
and the sinus venosus more superiorly, with the mouth of 
the superior vena cava overriding its superior margin. It is 
important to interrogate the entire atrial septum to ensure 
that small defects at the margins of the septum are not 
missed [11].

Color Doppler displays the presence and direction of the 
shunt fl ow across the ASD. From transthoracic 2-DE and 3-DE 

images, the following measurements can be made: dimensions, 
area and circumference, and the extent of the rim surround-
ing the defect. 3-DE, particularly by TEE approach, provides 
excellent images of all four rims of the atrial septum sur-
rounding the ASD. The tissue surrounding the defect is meas-
ured as follows: the superior–anterior rim is the distance from 
the anterior border of the defect to the outer aortic wall 
closest to the defect; the inferior–anterior rim is from the 
inferior border of the defect to the tricuspid valve annulus; 
the superior–posterior rim is between the superior border of 
the defect to the midpoint of the inlet orifi ce diameter of the 
superior vena cava; and the inferior–posterior rim is from the 

inferior border of the defect to the midpoint of the inlet 
orifi ce diameter of the inferior vena cava [12]. These measure-
ments greatly aid in the selection of patients for transcatheter 
device closure.

Ostium primum defect
The ostium primum defect accounts for about 15% of ASDs, 
and is located in the lower part (or septum primum) of the 
interatrial septum (Fig. 2.2). This ASD presumably results 
from failure of the endocardial cushion to close the ostium 
primum. This is sometimes termed a partial atrioventricular 
septal defect. Ostium primum defects involve the common 

RA

LA
RA LA

LA

(a) (b)

(c) (d)

RA

LA

RA
Figure 2.2 Various types of ASDs are shown 

in these 2-D echocardiographic images. 

(a) A subcostal transthoracic view showing 

a sinus venosus type ASD (arrow). (b) An ostium 

primum defect. (c, d) TEE images of 

a sinus venosus defect. RA, right atrium; 

LA, left atrium.
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atrioventricular septum, and are associated with deformity of 
the alignment of the atrioventricular valves and often with 
defects of the adjacent interventricular septum. One diagnostic 
hallmark of the disorder is the absence of the inferior part of 
the atrial septum (septum primum), which is adjacent to the 
atrioventricular valves. In contrast to secundum defects, 
primum defects are more easily visualized from the apical as 
well as the subcostal approach, with atrioventricular valve 
tissue forming their lower margin, and the secundum septum 
forming their upper margin. Ostium primum defects most 
commonly coexist with a cleft in the anterior leafl et of the 
mitral valve. Parasternal short-axis 2-D imaging displays a 
cleft as a gap in the anterior leafl et. The whole span of the 
cleft is better seen on a 3-D image. Color Doppler often shows 
a mitral regurgitation jet in various views.

Sinus venosus defect
The sinus venosus defect, which accounts for 10% of ASDs, usually 
involves the superior interatrial septum near the superior vena 
cava (SVC), and is almost always accompanied by partial anomal-
ous pulmonary venous connection of the right upper pulmonary 
vein. Less commonly, the defect may occur at the junction of the 
right atrium and inferior vena cava (IVC) and be associated with 
an anomalous connection of the right lower pulmonary vein to 
the IVC. Sinus venosus defects may be diffi cult to detect by trans-
thoracic 2-DE as they are located superiorly in the interatrial 
septum near its junction with the superior vena cava. Often non-
conventional views should be attempted to image the superior 
portion of the septum (Fig. 2.2). With TEE, sinus venosus defects, 

RA

LA

RV

LV

RVOF
RV

LVOF

LA

(a) (b)

(c) (d)

as well as the anomalous pulmonary vein(s), are easily identifi ed. 
From the upper esophageal window when rotating the imaging 
plane to about 90°, the distal SVC and the superior atrial septum 
are visible in their long axis. In the sinus venosus ASD, the SVC 
often overrides the atrial septum, best seen in the biatrial view.

Coronary sinus defect
Coronary sinus defects are exceedingly rare, diffi cult to detect 
with certainty, and are associated with anomalous insertion 
of a left-sided superior vena cava into the coronary sinus. 
Modifi ed four-chamber views are necessary to see the coronary 
sinus and the adjoining atrial septum. In the coronary sinus 
defect, injection of saline contrast in the left arm reveals 
transient entry of contrast bubbles into the left atrium, 
followed by rapid fi lling of the left ventricle.

All the Doppler modalities form an integral part of the 
echocardiographic examination of ASDs. Color Doppler displays 
the shunt fl ow and direction. From pulsed Doppler recordings 
of pulmonary and aortic valve fl ow recordings and 2-D echo-
cardiographic measurement of right ventricle and left ventricle 
outfl ow dimensions, the pulmonary (Qp)–systemic blood fl ow 
(Qs) ratio can be measured by multiplying the cross-sectional 
area derived from the diameter by the time velocity integral 
of the fl ow in the outfl ow tract (Fig. 2.3). Continuous-wave 
Doppler provides recordings of tricuspid regurgitation jet 
velocity from which right ventricle to right atrium systolic 
pressure gradient is derived. This gradient, added to the esti-
mated right atrium pressure, yields a measurement of right 
ventricle systolic pressure, and from this posterior–anterior 

Figure 2.3 (a) A large ASD. (b) A short-axis 

recording that shows an enlarged right 

ventricle and fl attening of the interventricular 

septum secondary to volume overload. (c) This 

image depicts the method of right ventricular 

outfl ow dimension measurement and pulsed 

Doppler recording of fl ow in that region 

necessary for quantitation of pulmonary 

blood fl ow. (d) Left ventricular outfl ow tract 

measurement and fl ow recording, necessary 

for quantitation of systemic blood fl ow. 

RA, right atrium; LA, left atrium; RV, right 

ventricle; LV, left ventricle; RVOF, right 

ventricular outfl ow tract; LVOF, left ventricular 

outfl ow tract.
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systolic pressure. From recordings of pulmonary regurgita-
tion jet, pulmonary artery diastolic pressure can be estimated 
as well. Although color Doppler images easily reveal the shunt 
fl ow of an ASD, contrast echocardiography using agitated 
saline is helpful in patients with technically suboptimal acoustic 
windows to unmask a shunt. In the setting of a shunt, micro-
bubbles are seen in the left atrium with systemic venous 
injection. However, the same fi nding may be seen in patients 
with pulmonary arteriovenous fi stulae. In the latter, the bubbles 
arrive in the left atrium after a few heart beats, rather than 
appearing almost simultaneously in the right and left atria, 
as is noted in the former condition. An echocardiographic 
examination is also used to confi rm the presence or absence 
of coexisting disorders, such as mitral valve prolapse, cleft 
mitral valve, anomalous pulmonary venous drainage, shunt 
lesions such as a VSD and patent ductus arteriosus (PDA), 
and stenotic and regurgitant valve lesions.

Patent foramen ovale
The possible role of a PFO in cryptogenic strokes has been 
well documented [13]. PFO differs from ostium secundum 
in its tunnel-like morphology. Contrast echocardiography 
is particularly useful in recognizing PFO, which is too small 
to be directly seen by conventional transthoracic imaging. 
Saline contrast examination by TEE coupled with the Valsalva 
maneuver is a sensitive method to confi rm or exclude a PFO.

Guidance during percutaneous closure of 
atrial septal and patent foramen ovale defects
While transthoracic imaging may provide suffi cient guidance 
during percutaneous closure of ASDs in children, TEE is often 
needed during such a procedure in adults (Fig. 2.4). Before 
closure, TEE is used to determine the size of the defect and to 
measure the ASD rim, as outlined earlier. For closure of ostium 
secundum ASDs, a 4- to 5-mm rim between the defect and the 
atrioventricular valves, the superior and inferior caval veins, 
and the entry of the pulmonary veins into the left atrium [14] 
is considered to be necessary for the use of closure devices. 
Additional information is provided about the stretched dimen-
sion of the ASD during balloon sizing, the position of the sheath 
and occluder during and after deployment, the outcome of 
the procedure after release, the presence of residual shunting, 
obstruction to systemic or pulmonary venous pathways, and 
interference with atrioventricular valve function. Under TEE 
guidance, the left atrial portion of the device is released, and 
drawn tight. After ensuring that the left atrium side device is well 
placed and not prolapsing through the defect, the right atrium 
portion of the device is released. With the closure device in 
an optimal position, pulling and pushing on the delivery wire or 
catheter then confi rms that the device is secure. After deploy-
ment of the device and before disengaging, color Doppler and 
saline contrast injection are used to interrogate the atrial 
septum for residual shunt or other secondary defects. 3-DE 

LA

RA

(a) (b)

(c) (d)

Figure 2.4 Transesophageal 

echocardiographic images during percutaneous 

closure of an ASD with an Amplatzer device. 

(a) A catheter is seen crossing the atrial septum 

through the ASD. (b) Balloon infl ation (arrow) 

to measure the stretched diameter of the 

defect. (c) Image after both discs have been 

deployed (arrow). (d) 3-D echocardiographic 

image (en face view from the left atrium) 

showing a deployed device. RA, right atrium; 

LA, left atrium.
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can also provide valuable information on the mechanism of 
any residual shunt after device deployment [12,15]. When 
multiple openings are present, 2-D TEE may fail to detect 
the exact number of smaller (< 2 mm) openings in 25% of 
cases, but these can be successfully detected by 3-DE. 3-D 
TEE plays a vital role in preselection of patients with multiple 
defects for double device closure [16]. Intracardiac echocardio-
graphy, imaging with a catheter-based transducer, is another 
modality helpful in guiding interventions. The advantage of 
this technique is that the interventionist can perform the 
procedure whereas TEE requires another operator to intro-
duce and manipulate the TEE probe. However, the imaging 
plans provided by intracardiac imaging are limited compared 
with TEE.

Ventricular septal defects

Embryology and anatomy of ventricular septum
The interventricular septum is a highly complex, 3-D structure 
formed from a number of morphologically distinct subunits. 
The ventricular septum is formed by contributions from the 

primitive ventricle and bulbus, the endocardial cushions, 
and the conal cushions (part of the tissue that develops into 
the pulmonary artery and aorta). Although the ventricular 
septum is being formed, the position of the ventricles and the 
atrioventricular canal region shifts to align each atria and its 
valve over the correct ventricle. The left ventricle emerges 
from the primitive left ventricle, and the right ventricle from 
the bulbus cordis. The major division of the ventricles occurs 
as a ridge of muscular tissue that folds up into the ventricle 
and the two sides of the ridge fuse into the muscular or 
trabecular septum [17]. The remaining part of the ventricular 
septum is formed by contributions from the endocardial and 
conal cushion tissue.

The ventricular septum can be divided into two morpho-
logical components, the membranous septum and the muscular 
septum (Fig. 2.5). The membranous septum is small and is 
located at the base of the heart between the inlet and outlet 
components of the muscular septum and below the right and 
noncoronary cusps of the aortic valve. The muscular septum is 
a nonplanar structure that can be divided into inlet, trabecular, 
and infundibular components. The inlet portion is inferior–
posterior to the membranous septum. It begins at the level of 

TV

RVOT

Ao

LV

RV

LV

Ao

IVS IVS

Ao

Figure 2.5 (a) Anatomic and 3-D echocardiographic images of a normal 

interventricular septum seen in an en face view from the right ventricle. 

(b) 3-D echocardiographic images of a membranous VSD (left) and muscular 

VSD (right). (c) 3-D echocardiographic image of a large VSD before and 

after closure. (d) An occluder device is seen deployed in a patient with 

post-infarct VSD; the occluder and a residual defect (arrow) are seen. 

AO, aortic valve; IVS, interventricular septum; LV, left ventricle; RV, right 

ventricle; RVOT, right ventricular outfl ow tract; TV, tricuspid valve.

(a)

(c)

(b)

(d)
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the atrioventricular valves and ends at their chordal attach-
ments apically. The outlet or infundibular septum separates 
the right and left ventricular outfl ow tracts. It is called an 
“outlet” because it forms the outfl ow part of the right ventricle, 
or “infundibular” because it forms the area below the pulmonary 
artery. Defects occur anywhere along the ventricular septum, 
and their size and location determine the different types of 
VSD. When viewed from the right ventricular aspect, VSDs can 
be described as located at the membranous, inlet, muscular, 
or outlet portions of the septum. A subarterial (supracristal) 
VSD is a unique type of VSD in the superior margin of the 
outlet septum.

Another type of VSD is the acquired VSD, such as post-
traumatic ventricular septal rupture or postinfarction VSD 
(PIVSD) (Fig. 2.5). Despite a reduction in the frequency of 
PIVSD with the regular use of thrombolysis, the incidence 
remains as high as 0.2% [18]. Two types of PIVSD exist: 
simple and complex [19]. Simple ruptures are direct through-
and-through defects. Complex ruptures are associated with 
serpiginous dissection tracts remote from the primary site 
of tear of the ventricular septum. Complex ruptures occur 
mostly in the inferior acute myocardial infarction and less in 
the anterior infarction. Ruptures that involve the inferior–
basal portion of the septum are much more likely to be 
complex than ruptures in all other locations. Septal rupture 
defects can be either very large or multiple, with the possibility 
of expanding in size over time. Ventricular septal rupture 
usually occurs within 1 week after the initial myocardial 
infarction, but can be a catastrophic complication even 
within the fi rst 24 h [20].

Pathophysiology and management
The functional disturbance caused by a VSD depends on the 
magnitude of the shunt. A small VSD with high resistance to 
fl ow permits only a small left-to-right shunt, whereas large 
interventricular communication allows a large left-to-right 
shunt, if there is no pulmonic stenosis. Quantifying the shunt 
by the ratio of pulmonary–systemic circulation (Qp/Qs) is 
useful. The severity of pulmonary vascular disease correlates 
with the size of the shunt. In time, as pulmonary vascular 
resistance increases, irreversible histologic changes may occur 
within the pulmonary vascular bed. Untreated, a reversal of the 
fl ow occurs, leading to a right-to-left shunt with the develop-
ment of cyanosis (Eisenmenger complex). The natural history 
of VSDs encompasses a wide spectrum, ranging from spon-
taneous closure to congestive cardiac failure and death in early 
infancy. Muscular VSDs can undergo spontaneous closure as 
a result of muscular occlusion. Perimembranous defects can 
close by formation of accessory tissue from the tricuspid 
valve. Subarterial (supracristal) defects can close by prolapse 
of the right aortic cusp, sometimes with deleterious effects on 
the aortic valve. A reduction in the size of the defect by any of 
these mechanisms results in changes in the hemodynamic 
signifi cance of the defect. Other defects, such as malalignment 

ventricular septal defects and the atriovenous canal type or inlet 
ventricular septal defect, are unlikely to close spontaneously.

Patients with VSD with evidence of signifi cant left ventricular 
volume overload or progressive aortic valve disease require 
closure of the defect [21]. Endocarditis is a lifelong risk in 
unoperated patients and those with residual defects [22]. Proper 
prophylaxis and periodic follow-up are indicated. Patients 
with PIVSD are generally in an unstable clinical position, 
with acute hemodynamic changes that are poorly tolerated 
because of a reduction in ventricular function. The optimal 
treatment strategy is still under discussion [23]. Percutaneous 
closure during the acute phase after the infarction is a high-
risk procedure with a high likelihood of failure, as is also the 
case with surgical repair [24]. Another additional risk involves 
the theoretical formation of a systemic or pulmonary embolism 
of fragile parts of necrotic tissue.

Location has been used as an indication for surgical closure 

regardless of the need for medical management in the case of 

infundibular defects [25]. Chamber enlargement is another 
measure of the degree of shunting and may indicate the need 
for closure. Generally, a change in Qp/Qs from 1.5:1.0 to 2:1 
[26] or evidence of increased pulmonary arteriolar resistance 
is an indication for closure. A pulmonary–systemic vascular 
resistance ratio greater than 0.9:1.0 or pulmonary arteriolar 
resistance greater than 12 Wood units is regarded as a con-
traindication to surgery. Multiple “Swiss cheese” defects 
refractory to medical management may require a palliative 
pulmonary artery banding procedure.

At the present time, suitable candidates for percutaneous 
closure are those with a muscular VSD or a residual defect at 
the patch margins following cardiac surgery, and those who 
have suffered a myocardial infarction [27] (Fig. 2.5). Because 
of their close proximity to the aortic and tricuspid valves, 
perimembranous VSDs are generally considered unsuitable 
for transcatheter device closure unless there is a contraindica-
tion to open heart surgery. Even then, only perimembranous 
defects opening to the inlet of the right ventricle may be suit-
able [28]. Other defects unsuitable for device closure include 
those that are doubly committed and those associated with 
aortic valve prolapse, a straddling atrioventricular valve, or a 
distance of less than 4 mm between the border and semilunar 
or atrioventricular valve [29].

Echocardiographic anatomy and diagnosis of 
ventricular septal defects
Two- and three-dimensional echocardiographic imaging pro-
vides direct noninvasive visualization of all types of ventricular 
septal defect. Long- and short-axis views and modifi ed apical 
views can display these defects on 2-DE (Fig. 2.6). A survey 
of the whole septum from base to apex in various views is 
necessary to detect and delineate the location, size, and shape of 
the defects. 3-DE can portray the defect in en face projections 
[30] (Fig. 2.5). Color Doppler imaging aids in the detection 
by displaying the shunt fl ow. Continuous-wave Doppler 
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allows for determination of the gradient between the ven-
tricles (Fig. 2.6).

True defects of the membranous septum are surrounded 
by fi brous tissue without extension into adjacent muscular 
septum (Fig. 2.6). Such defects are rare. Defects that involve 

the membranous septum and extend into one of the three 
muscular components are called perimembranous VSDs, and 
are more common. These defects can be associated with the 
formation of pseudoaneurysm tissue along the right ven-
tricular side of the septum, which can be seen in 2-D and 3-D 
echocardiographic images. A perimembranous inlet VSD has 
no muscular rim between the defect and the atrioventricular 
valve annulus. Defects in the inlet septum can include abnor-
malities of the tricuspid and mitral valves. Sometimes called 
common atrioventricular canal defect, they should not be 
mistaken for the VSD component in hearts with an atrioven-
tricular septal defect. The latter entity has the distinctive 
morphologic feature of a common atrioventricular junction, 
which is not seen in hearts with perimembranous inlet VSD. 

A defect in the trabecular septum is called a muscular VSD if 

the defect is completely rimmed by muscle (Fig. 2.6). Such 
defects may be singular and small, and the incidence of spon-
taneous closure tends to be high; alternatively, they can be 
multiple with signifi cant hemodynamic effects. In the most 
severe manifestation, the septum displays a “Swiss cheese” 
appearance. Color Doppler imaging displays the shunt fl ow 
when the septum is scanned in various projections.

Defects in the infundibular septum are called infundibular, 
outlet, supracristal, conal, conoventricular, subpulmonary, or 
doubly committed subarterial defects. A defi cient infundibular 
septum may be present with corresponding degrees of mis-
alignment of the infundibular septum and the remainder of 
the ventricular septum. Although this defect may exist in 
isolation, it is most frequently associated with other defects 
such as tetralogy of Fallot.

Three-dimensional echocardiography presents an accurate 
view of the anatomy of the VSD (Fig. 2.5). Planes that 
show the VSD from its right aspect reproduce the surgical 
viewpoint of a right ventriculotomy (right ventricle en face view). 
From these images it is possible to defi ne the morphologic 
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Figure 2.6 Various types of ventricular septal defects are depicted in these 

2-D echocardiographic images. (a) A perimembranous VSD in the 

parasternal short-axis view. (b) Color Doppler displaying a left-to-right shunt 

through the VSD. (c) Pulsed Doppler recording of the shunt velocity. 

(d) A VSD and aneurysm of the membranous septum. (e) A muscular type 

of VSD with shunt fl ow. (f ) Both a VSD (thick arrow) and an ASD (thin arrow) 

are seen in this patient with the atrioventricular septal defect. RA, right 

atrium; LA, left atrium; RV, right ventricle; LV, left ventricle.
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nature of the margins of the defect, its shape, and the direction 
in which the defect extends into the ventricular septum. Other 
anatomic structures such as the tricuspid valve leafl et, the 
right ventricular outfl ow tract, and the aortic valve can be 
displayed in their realistic spatial distribution [31]. Similar to a 
surgeon’s perspective, direct 3-D echocardiographic visualiza-
tion of certain membranous and muscular VSDs from the right 
ventricle en face view can be obscured by overlying tissue or 
cardiac structures. In particular, perimembranous VSDs, on the 
right ventricle side, may be obscured by either tricuspid valve 
tissue or remnants of the membranous septum; they are best 
seen from a three-chamber view, which includes the left atrium, 
left ventricle, and aorta. The perimembranous VSDs are either 
circular or oval and can consistently be seen immediately 
below the aortic valve. However, in about 15% of patients, a 
small, thin rim of tissue, 2 mm in length, is interposed between 
the aortic valve and superior rim of the defect. From the left 
ventricle cut plane, certain large peri membranous defects can 
be seen extending posteriorly to the atrioventricular septum 
or inferiorly to the muscular septum [30].

The outlet defects are best visualized on parasternal long-
axis and short-axis views. In the parasternal short-axis view, 
they can be differentiated into supracristalis and infracristalis, 
based on their position above or below the crista supraven-
tricularis. The 3-D echocardiographic en face projection from 
the left side shows doubly committed VSDs to be directly sub-
aortic, albeit slightly more anterior than the typical perimem-
branous defect. The right ventricle en face projection portrays 
the defects directly subpulmonic, away from the membranous 
septum and adjacent tricuspid valve. After the diagnosis of 
an outlet VSD, it is important to thoroughly evaluate these 
patients for any evidence of aortic valve prolapse (specifi cally 
of the right coronary cusp) and for aortic regurgitation. 3-DE 
not only allows accurate assessment of the VSD size and degree 
of valve prolapse but also provides enhanced spatial appreci-
ation of the commitment of the defect to both great arteries.

Muscular VSDs can be more diffi cult to visualize by 3-DE. 
Like the perimembranous VSDs, the cut plane should be 
initially oriented parallel to the left ventricle septal surface. 
However, the cut plane should be then rotated in various 
directions to better visualize the muscular defects, dependent 
on their location within the ventricular septum. For example, 
the cut plane should be rotated to include the aorta to best 
visualize high muscular defects. A two-chamber view, including 
only the left atrium and left ventricle, is best used to depict 
more posterior and/or inferior defects. The 3-D echocardio-
graphic left ventricle en face projections provide unobstructed 
evaluation of the defects, their borders, surrounding struc-
tures, and their complex shapes [30]. Defects of the posterior 
inlet septum are usually best seen from the apical four-chamber 
and the subcostal view, both of which image the posterior 
cardiac structures. The septal leafl et of the tricuspid valve 
may partially obscure these defects, making them appear 
smaller than they actually are.

Small ventricular septal defects could be diffi cult to be 
visualized by 2-D or 3-D imaging alone; color Doppler demon-
stration of fl ow through the ventricular septum into the right 
ventricle aids in the detection of such defects. Doppler estima-
tion of the pressure gradient between the two ventricles is 
best achieved with the Doppler interrogation beam parallel to 
the fl ow from the left to right ventricle. The spectral Doppler 
signal shows a rapid early systolic rise to a midsystolic peak 
and rapid late systolic fall; its shape is rather similar to that of 
atrioventricular valve regurgitation. The maximum velocity of 
fl ow through the defect provides a relatively accurate meas-
urement of the pressure difference between the ventricles. 
The smaller the VSD, the higher is the fl ow velocity across 
the defect. The right ventricular pressure can theoretically be 
estimated by subtracting the interventricular pressure gradient 
from systolic aortic blood pressure, which is used as a surrogate 
for left ventricular pressure. A high velocity indicates low right 
ventricular and pulmonary artery pressure (small VSDs), 
whereas a low velocity indicates a high right ventricle pres-
sure (usually in the presence of large VSDs). If the jet velocity 
progressively increases it means that the VSD is likely to 
close. In patients with Eisenmenger’s syndrome, the signal is 
of low velocity and shows bidirectional fl ow.

When limitations in image quality prevent evaluation of 
these aspects of the VSDs by transthoracic echocardiography, 
transesophageal 2-D and 3-D examinations are useful. From 
the mid-esophageal window (0°), fl exion displays the left 
ventricular outfl ow tract and the thin membranous part 
of the septum. Advancing the probe reveals the muscular/
trabecular part of the septum (see muscular VSD), but it may 
be impossible to fully interrogate the apex in this view. 
Having performed the 2-D echo sweep, this is repeated using 
color fl ow mapping. Although it may be diffi cult to align the 
Doppler beam parallel to VSD fl ow, it is important to look out 
for turbulence within the right ventricle cavity and a fl ow 
convergence zone within the left ventricle cavity. In sub-
arterial (supracristal) VSD and in rarer perimembranous VSDs, 
TEE is valuable in identifying the prolapse of the right aortic 
cusp into the defect resulting in aortic regurgitation. Such 
prolapse may potentially cause permanent damage to the 
aortic valve leafl ets.

Guidance during percutaneous closure of 
ventricular septal defects
Size and the position and relationship with contiguous cardiac 
structures are crucial parameters that need to be accurately 
evaluated for the preoperative description of VSD for planning 
and performing percutaneous device closure or surgical 
closure of VSD. Although 2-DE is helpful in the detection of 
VSD lesions, 3-DE offers a better description of the geometry 
of VSDs and thus is useful in the selection of patients for 
surgery or device closure. Because the en face projection allows 
delineation of the shape and of the entire diameters and area, 
running the images frame by frame enables the dynamic 
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change of the defect to be observed, and allows the maximum 
anterior–posterior and superior–inferior diameters and the 
largest and smallest areas of defect to be measured. This 
advantage of 3-D imaging is even more apparent when meas-
urements of crescentric and triangular muscular defects are 
required, and in the case of any VSD with an asymmetric 
shape. One can also accurately defi ne the location of the VSD 
in the septum, its relationship with other anatomic structures 
such as the tricuspid valve, the attachment of the tricuspid 
valve chordae to the right ventricular wall, the right ventricular 
outfl ow tract, and the aortic valve, and the margins of the VSD 
[32] (Fig. 2.5). Knowledge of the precise relationship to other 
anatomic landmarks helps avoid complications from device 
closure such as damage to the aortic or tricuspid valves. The 
presence of a 2 mm or more rim of tissue between the perimem-
branous defect and the aortic valve is generally required for 
device closure of perimembranous VSDs [33], or a distance of 
more than 4 mm between the border and semilunar or atrio-
ventricular valve for device closure of muscular VSDs [34].

Precise delineation of the size, shape, and position of the VSD 
helps in appropriate preselection of patients and in planning 
optimal percutaneous or surgical approaches for defect repair. 
Criteria for the transcatheter closure of the ventricular septal 
defects are thought to be single muscular ventricular septal 
defect (maximal diameter <12 mm and distance >5 mm from 
the margins of the defect to the mitral valve, aortic valve, 
and apex) [29]. Balloon sizing of the defect is useful, but the 
type of closure device selected will depend on many factors, 
including the preference and experience of the operator, the 
thickness of the ventricular septum, and the exact morphology 
of the defect. The preference in the case of solitary defects is 
to use one of the various Amplatzer occluders (Amplatzer, 
Plymouth, MN, USA).

The en face 3-D echocardiographic view of ventricular 
septum is particularly useful in patients with PIVSD in deciding 
whether to use a surgical or percutaneous approach. The 
location of the PIVSD and the size of the margins of the VSD 
from the apex or semilunar or atrioventricular valves need to 
be considered when assessing the apppropriateness of a 
surgical patch or device closure. In some selected cases, the 
use of contrast echocardiography can be useful in the detection 
of PIVSD, in particular for smaller septum rupture or PIVSD 
with serpiginous aspect. The irregular edges of the PIVSD can 
be the cause of any residual shunt. The most commonly used 
device for PIVSD closure is the Amplatzer septal occluder 
[24] (Fig. 2.5).

VSD closure cannot be performed safely without the use of 
TEE. This mode of imaging is essential to provide information 
about the position of the wire, sheath, and occluder during 
and after deployment, particularly any interference with 
atrioventricular or semilunar valve function before release. 
There is a signifi cant risk of a periprocedural hemopericar-
dium which can be recognized immediately. The procedure is 
technically much more diffi cult than closure of an ASD. After 

VSD device closure, the 3-D views can illustrate the geometric 
profi le (fl at or mushrooms profi le due to oversizing) of the 
device from both the left and right sidse and can determine if 
it protrudes in the left or right ventricular outfl ow tract. Color 
Doppler imaging is useful to estimate the presence of any 
residual shunt. Real-time 3-D TEE may reduce radiation 
exposure from fl uoroscopic guidance and also potentially 
shorten the procedure time for interventions [35].

Conclusion

Various modalities of echocardiography are necessary to 
recognize atrial and ventricular septal defects, to delineate 
precisely the size and geometry of the defects as well as the 
size of their rims, to estimate the shunt fl ow and pulmonary 
artery pressures, and to assess the hemodynamic effects on 
the cardiac chambers. 3-D echocardiography is particularly 
useful in the selection of patients for surgery and the use 
of closure devices. 2-D and 3-D TEE have become valuable 
tools both in the operating room and in the interventional 
laboratory to guide the corrective procedure, assess the 
effi cacy of closure, and facilitate the immediate detection of 
complications.
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