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Abstract

Septal defects together account for the majority of the congenital heart defects (CHD); these can occur in isolation
or associated with other CHDs. Hemodynamic manifestations are dependent upon the size, location, and the
number of the defects, along with the associated lesions. For example, atrial septal defects result in the right
ventricular volume overload, whereas the ventricular septal defect (VSD) results in the left heart volume overload.
Knowledge of septal anatomy is crucial to understanding these lesions, their hemodynamic significance, and thus
better plan management, including interventions. Noninvasive imaging of simple septal defects by various
modalities will be reviewed; atrioventricular septal defects, anomalous pulmonary venous connections, patent
ductus arteriosus, and complex cardiac conditions with VSD will not be discussed in this chapter.

Keywords: Atrial septal defect, ventricular septal defect, echocardiography, cardiac MRI, cardiac CT, congenital
heart defects

INTRODUCTION

Atrial and ventricular septal defects constitute the majority of the congenital heart defects (CHDs); these
can occur in isolation or associated with other CHDs. A recent systematic review has reported the
prevalence of atrial and ventricular septal defects as 0.144 and 0.307 per 100 live births, respectively,
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accounting for about 15% and 35% of all congenital heart defects". In the absence of elevated pulmonary
vascular resistance (PVR), they result in left to right shunting, thus are part of acyanotic CHDs.
Hemodynamic manifestations are dependent upon the size, location, and number of defects. Relative
ventricular compliance drives the degree of shunting across an atrial septal defects (ASD), whereas the PVR
is crucial for shunting across the VSD"”7. The pathophysiology of VSD is discussed elsewhere in this book,
and its general principles are applicable to ASD as well. In summary, hemodynamically significant ASDs
with pulmonary to systemic blood flow ratio (Qp/Qs) > 1.5 result in the right ventricular volume
overload”, whereas the hemodynamically significant VSDs result in left heart volume overload”. Patients
with smaller shunt lesions are usually asymptomatic and may incidentally be diagnosed later in life"”. Small
ASD and VSDs may spontaneously close in early life. Knowledge of the septal anatomy, identifying
associated lesions are crucial while planning their management®"". This chapter will focus on noninvasive
imaging before, during, and post intervention.

ANATOMY OF ATRIAL SEPTAL DEFECTS

Atrial septum forms around the 4th week with septum primum growing towards the atrioventricular (AV)
canal from the roof of the common atrium; the resultant communication is ostium primum. As the
endocardial cushions fuse and join the septum primum, apoptosis at the superior margin of the septum
primum results in the formation of an ostium secundum atrial communication. A new septal infolding
appears on the right atrial aspect of the ostium secundum that ultimately becomes septum secundum. As
the septum secundum elongates, it becomes a stiff limbus of fossa ovalis. The septum primum remains thin
and has a flap valve mechanism that redirects oxygen-rich inferior vena caval blood towards the left atrium
across the patent foramen ovale. Postnatally increasing left atrial pressure closes the atrial septum!">*.
During the 5th week, the left vitelline veins regress along with the left horn of sinus venosus as the right
vitelline veins become dominant. By 10 weeks, the left cardinal vein regresses, and the left sinus horn is
represented postnatally by the coronary sinus and oblique vein of the left atrium that empty into the right
atrium!>'**%,

Atrial septal defects are classified into:

Ostium secundum atrial septal defect

Ostium secundum ASD (OS ASD) are the most common ASDs that result from a defect within the fossa
ovale or septum primum. As a result, they are centrally located within the atrial septum and are thus away
from vena cavae, right pulmonary veins, coronary sinus or the AV valves [Figures 1 and 2].

OS ASD can be single or multiple with fenestrations in the septum primum. Large OS ASDs can rarely
result in deficiency of limbus of the fossa ovalis, thus resulting in the superior location of the ASD closer to
the superior vena caval (SVC) entrance and are called high OS ASD. Inferior vena cava (IVC) confluent OS
ASD results in the deficiency of the septum primum all the way to the IVC entrance®”'” [Figure 3].

Ostium primum atrial septal defect

Ostium primum ASD results from a defect within the endocardial cushion portion of the atrial septum at
the cardiac crux between the fossa ovale and the AV valve [Figure 4]. These defects account for about 10%
of the ASDs. It is a form of endocardial cushion defect and is often associated with AV valve
abnormalities'®*.

Sinus venosus defect
Sinus venosus defects (SVD) are not true ASDs, and they account for 5%-10% of atrial septal
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Figure 1. Image showing ostium secundum atrial septal defect as a defect within the fossa ovalis.

Figure 2. Still image from a trans-thoracic echocardiogram in parasternal short-axis view in a teenager showing a large ostium
secundum atrial septal defect with deficient retroaortic rim (yellow arrow). RA: Right atrium; LA: left atrium.

communication defects. SVDs result from incomplete incorporation of the right horn of sinus venosus into
the right atrium (RA) along with abnormal septum secundum formation. As a result, commonly, there is
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Figure 3. Still image from a trans-thoracic echocardiogram in subcostal short-axis view in a teenager showing a large IVC confluent
ostium secundum atrial septal defect (long yellow arrow), notice the prominent Eustachian valve (short yellow arrow). SVC: Superior

vena cava; IVC: inferior vena cava; ASD: atrial septal defect.

Figure 4. Image showing the location of the ostium primum atrial septal defect at the crux of the heart along with inlet ventricular septal

defect.

communication between the right-sided pulmonary veins and the cardiac end of the SVC or the superior
portion of the RA in SVC type SVD. Rarely there is a deficiency of wall separating the right middle/lower
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pulmonary veins and lower portion of the RA in IVC type SVD [Figure 5]. The pulmonary venous orifice to
the left atrium (LA) is commonly preserved, the pulmonary venous flow destined to LA empties into the
right atrium, there is an additional left to right shunting across the pulmonary venous orifice into the RA
across the SVC, as such there is significant right heart dilatation that is out of proportion to the size of the

defect. SVC type SVD is often associated with partial anomalous pulmonary venous connections™*”'”.,

Coronary sinus defect

Coronary sinus defect (CSD) is rare and results from incomplete fusion of the left horn of sinus venosus
with the septum primum. CSDs are almost always associated with Left SVC draining into the LA results
from the partial or complete unroofing of the coronary sinus (CS) where the wall separating the CS from
the left atrium may be partially or completely deficient, there is a coronary sinus opening in the right atrium
that functions as an atrial septal communication (Raghib syndrome)"*"*"”! [Figure 6]. This results in
desaturated blood entering the systemic circulation and cyanosis. If the degree of cyanosis is not clinically
obvious, these patients can present with polycythemia, paradoxical emboli, stroke, or brain abscess™'.

IMAGING ATRIAL SEPTAL DEFECT

Knowledge of atrial septal anatomy is crucial to understanding and visualizing the ASDs. Given the complex
three-dimensional (3D) structure of the atrial septum, one has to image it from multiple views to have a
global perspective. Two-dimensional (2D) transthoracic echocardiography (TTE) is still the diagnostic
modality of choice and often helps with the diagnosis. In subjects with good acoustic windows, the atrial
septum can be better evaluated from the subcostal and high right parasternal windows, where the atrial
septum is profiled perpendicular to the ultrasound beam. Thus false dropouts seen from traditional apical
views can be avoided. Slow, long sweeps help with better visualization of the entire septum. Identifying the
location, size, rims, the number of defects, surrounding structures, and evaluation for possible associated

[7,21]

lesions help tailor the management plan'.

Three-dimensional echocardiography is being utilized more frequently given the immediate access to the
technology along with fast post-processing capability of the 3D datasets that helps with better visualization
of the defect in relation to its surroundings and check rims and device placement”*! [Figure 7]. However,
3D TTE technology has the same setbacks as traditional 2D echocardiography as they both require good
acoustic windows.

In patients with poor acoustic windows, one can consider transesophageal echocardiography (TEE)
[Figure 8] or alternative imaging such as cardiac magnetic resonance imaging (CMR)®".

Patients with OS ASD who are deemed to be potential candidates for device closure need proper
measurement of the defects from all the imaging views™". In addition, it is also important to measure the
rims, total septal length, which helps to choose the device. This can be achieved pre-procedure or at the
time of the intervention using TEE®"*",

OS ASDs are better visualized from the parasternal short axis, subcostal short and long axis, and high right
parasternal windows. Therefore, it is important to notify the operator of a prominent Eustachian valve in
patients undergoing surgical closure, especially in those with IVC confluent OS ASD, so that it is not

mistaken for the inferior rim of the ASD",

Cross-sectional imaging with CMR and cardiac computed tomography (CT) can be considered in a select
group of patients where echocardiography is suboptimal or vascular/venous anomalies are suspected as they
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Figure 6. Image showing the location of the coronary sinus defect (yellow asterisk) in relation to ostium secundum ASD (green
asterisk). ASD: Atrial septal defect.

provide superior 3D datasets"*"****.. Furthermore, CMR provides additional data by quantifying ventricular
volumes and obtaining Qp/Qs using phase contrast techniques. In addition, datasets from 3D echo, CMR,
and CT can be fused with fluoroscopy to reduce radiation exposure and the time for intervention.

SVDs are better visualized from the subcostal and high right parasternal windows [Figures 9 and 10].

Given the high association of partial anomalous pulmonary venous connections, one has to consider a CMR
or CT prior to planned surgical intervention [Figures 11-13]. Transcatheter correction of the SVC type SVD
using a covered stent is feasible in a select group of patients. Cross-sectional imaging, either with CMR or
CT, along with simulation using virtual 3D models, is essential for careful patient selection'*”.
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Figure 7. Still three-dimensional images from a trans-esophageal echocardiogram performed during device placement in a teenager,
panel A shows an ostium secundum atrial septal defect with deficient retroaortic rim (red arrow). Panel B shows a successfully deployed
GORE® CARDIOFORM ASD occluder in the satisfactory position seen in its entirety (red arrow). ASD: Atrial septal defect.
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Figure 8. Still image from a trans-esophageal echocardiogram in a young adult showing an ostium secundum atrial septal defect with
deficient retroaortic rim (yellow arrow), color flow mapping shows left to right shunting across the defect. RA: Right atrium; LA: left
atrium; ASD: atrial septal defect.

CSDs are difficult to visualize by traditional views. It is important to perform echo sweeps to image the
atrial septum carefully around the location of the CS ostium, and TEE may help in those with difficult
windows [Figure 14]. Contrast injection in the left arm in patients with suspected CSD with partially or
completely unroofed CS can help with identification".

ANATOMY OF VENTRICULAR SEPTAL DEFECTS

The ventricular septal formation is a complex process that begins at the end of the 4th week. Therefore, a
detailed description of the ventricular septal formation, including genetic basis, is beyond the scope of this
chapter[s,;,m,m,.zs]'
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Figure 9. Still color compare image from a trans-thoracic echocardiogram in a young child in subcostal short-axis view showing a
superior vena caval type sinus venosus defect (long yellow arrow). Flow from the right upper pulmonary vein (RUPV) is seen emptying
into the right atrium. There is a prominent Eustachian valve (short yellow arrow) seen anterior to the inferior vena caval entrance (IVC).

Figure 10. Still color compare image from a trans-thoracic echocardiogram in a young child in high right parasternal short-axis view
showing an inferior vena caval type sinus venosus defect behind the prominent Eustachian valve (short yellow arrow). Flow from the
right lower pulmonary vein (Rt LPV) is seen emptying into the right atrium adjacent to the entrance of the inferior vena caval entrance

vo.

There is extensive controversy around the nomenclature of the VSDs. The International Society for
Nomenclature of Paediatric and Congenital Heart Disease has tried to address the issue by proposing a
classification scheme that has been incorporated in the International Classification of Diseases-11th

11,36]

iteration!**,
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Figure 11. Still axial image in a young adult from a cine cardiac magnetic resonance imaging showing absent wall between the superior
vena cava (SVC) and the right upper pulmonary venous entrance (red arrow) in a superior vena caval type sinus venosus defect. LA:

Left atrium.

Figure 12. Panel A shows a still coronal image from a cardiac computational tomography in a young adult imaging showing the partial
anomalous connection of the right upper pulmonary vein (RUPV) to the superior vena cava (SVC) (short red arrow). Panel B shows a
still axial image with the partial anomalous connection of the RUPV to the SVC. LA: Left atrium; RA: right atrium; IVC: inferior vena cava.

Ventricular septal defects are broadly classified as:

Perimembranous ventricular septal defect

Also called the central VSD, they account for the majority of the VSDs. These defects are found in the
membranous septum, found adjacent to the septal leaflet of the tricuspid valve, and sometimes extend into
the surrounding regions [Figure 15]. This defect results in fibrous continuity between the tricuspid and the
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Figure 13. Panel A shows a still sagittal image from a cardiac computational tomography in a young adult imaging showing an absent
wall (dotted red line) between the superior vena cava (SVC) and the left atrium (LA). Panel B shows a still axial image with the deficient
wall between the SVC and the right upper pulmonary vein entrance (RUPV) (dotted red line) in a superior vena caval type sinus venosus
defect. LA: Left atrium; RA: right atrium; IVC: inferior vena cava.

aortic valve (right and non-coronary) leaflets. The conduction system usually courses postero-inferior to the
defect".

Inlet ventricular septal defect

Inlet VSDs are the defects on the inlet portion of the tricuspid valve adjacent to the tricuspid septal leaflet
and account for about 5% of VSDs. These are distinct from the atrioventricular septal defects as these have
distinct tricuspid and mitral valves, and there is an absence of a common atrioventricular junction.
Malalignment of the atrial and postero-inferior muscular ventricular septum results in straddling of the
tricuspid valve®.

Muscular ventricular septal defect

These are also called trabecular muscular VSDs and are the second most common VSDs and have muscular
borders. These are very common during fetal and neonatal life and most close spontaneously. Multiple
muscular VSDs result in “Swiss-cheese” interventricular septum that is associated with significant

[39,40] [

interventricular shunting Figure 16].

Outlet ventricular septal defect

Outlet VSDs may or may not be associated with malalignment. These are also called Doubly committed
juxta-arterial VSD [Figure 17]. Although they are rare and account for ~5% of the VSDs, their prevalence is
higher in patients of Asian heritage. Due to the underdevelopment or absence of the conal septum, this
results in direct fibrous continuity between the aortic and pulmonary valves. Lack of supporting structure
below the right coronary cusp results in prolapse and ultimate development of aortic regurgitation. Outlet
VSDs with malalignment result in crowding and stenosis of the respective semilunar valves and resultant

11,37]

hypoplasia of downstream structures""””..

ASSOCIATED LESIONS

It is not uncommon to have associated cardiac lesions along with simple septal defects. Common associated
lesions include bicuspid aortic valve, additional atrial or ventricular septal defects, patent ductus arteriosus,
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Figure 14. Still image from a trans-esophageal echocardiogram in a young child showing a coronary sinus defect (yellow arrow) in
various views. Panel A shows the length of the coronary sinus at the level of the diaphragm. Panel B shows the CSD (yellow arrow)
where the atrial septum around the CS ostium is deficient. Due to the proximity of this defect to the posterior portion of the tricuspid
and mitral valve, it is not amenable to device closure. Panel C shows en face view of the CSD with measurements. Panel D shows the
CSD (yellow arrow) in the midesophageal bicaval view when the probe is rotated leftward. There is an additional patent foramen ovale
seen superiorly (asterisk). RA: Right atrium; LA: left atrium; CS: coronary sinus; CSD: coronary sinus defect.

right aortic arch, pulmonary valve stenosis. Development of subaortic membrane or double-chambered
right ventricle due to hypertrophied muscle bundles can occur later in life and can recur post-operatively as
well [Figures 18 and 19]. Aortic regurgitation can develop in perimembranous and outlet VSDs""\. Infective
endocarditis is a potential risk and can occur even with small hemodynamically insignificant VSDs!">**),

IMAGING VENTRICULAR SEPTAL DEFECT

Given the complexity of ventricular septal development and anatomy, understanding the septal
configuration is paramount in identifying the VSDs. In patients with good acoustic windows, all the
intracardiac information can be obtained using 2D TTE. Reviewers can create a mental 3D map of the
defect by incorporating slow, long echocardiographic sweeps and visualization of the defect from multiple
views, which aids in understanding the defect, its relation to the surrounding structures and identifying
associated lesions. Associated valvar problems, as in tricuspid or aortic regurgitation, can be identified by
TTE. Thus, there is a role for 3D echocardiography in patients with good echocardiographic windows and

[5.6]

sometimes can be helpful in patients undergoing device placement

There is a role for cross-sectional imaging using CMR or CT in patients with poor acoustic windows or
complex VSDs. They are also superior in identifying vascular or non-cardiac structural problems. TEE

13,23,43]

might be used in carefully selected subjects based on the clinical question! .
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Figure 15. Image showing the perimembranous ventricular septal defect. The defect is located adjacent to the antero-septal
commissure of the tricuspid valve.

Figure 16. Image showing muscular ventricular septal defects at various possible locations in the trabecular portion of the
interventricular septum.

Echocardiography also helps with identifying the direction of shunting using Doppler color flow mapping
techniques. The Doppler left to right shunt gradient can help estimate right ventricular systolic pressure.
The degree of left to right shunting across the VSD can be assessed based on the dilatation of the left-sided
structures. The echocardiographic estimation of Qp/Qs using pulsed-wave Doppler-derived velocity time
integral and calculated surface area across the outflow of interest technique has been proposed. However, its
practical applicability in routine clinical practice is questionable due to various involved assumptions and
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Figure 17. Image showing outlet ventricular septal defect. The defect is located below the pulmonary valve.

Figure 18. Still trans-thoracic echocardiogram in an infant in subcostal short axis showing a discrete membrane (arrow) within the right
ventricular outflow tract resulting in a double-chambered right ventricle (DCRV). RV: Right ventricle; LV: left ventricle.
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Figure 19. Still trans-esophageal echocardiogram in a young child in long-axis view showing a discrete membrane (red arrow) within the
left ventricular outflow tract below the aortic valve. LA: Left atrium; LV: left ventricle.

Figure 20. Still color compare image in a young child from a trans-thoracic echocardiogram in parasternal short axis (panel A) and
Subcostal short axis (panel B) showing the perimembranous ventricular septal defect (VSD) with the left to right shunting by color
Doppler (arrow). RA: Right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle.

9,44-46)

tends to overestimate the degree of left to right shunting compared to catheterization derived Qp/Qs!

Perimembranous VSDs are located adjacent to the antero-septal commissure of the tricuspid valve and can
be assessed from the parasternal views, apical views, subcostal short axis and right anterior oblique views,
which can be obtained by rotating the transducer counter-clockwise 45 degrees from subcostal long-axis
view, this is a very good imaging plane as it shows the inlet and outlet portions simultaneously along with
better visualization of the conal septum and right ventricular outflow tract [Figure 20]. It is important to
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Figure 21. Still color compare image in a young child from a trans-thoracic echocardiogram in apical modified 4-chamber view showing
perimembranous ventricular septal defect with left to right shunting by color Doppler. The left to right shunt is restricted due to the
membranous aneurysm formed from the septal leaflet of the tricuspid valve (asterisk and arrow). RA: Right atrium; LA: left atrium; RV:
right ventricle.

Figure 22, Still color Doppler image in a teenager from a trans-thoracic echocardiogram in modified apical four-chamber view showing
multiple muscular ventricular septal defects with the left to right shunting. RV: Right ventricle; LV: left ventricle.

evaluate tricuspid valve function as it is immediately adjacent to the defect. The septal leaflet of the tricuspid
valve may grow into a pouch over time, resulting in a so-called “membranous aneurysm” that over time
restricts the degree of left to right shunting [Figure 21]. In addition, the aortic right and non-coronary cusps
are directly above the defect and sometimes may prolapse into the defect due to lack of support and high-
velocity VSD shunting that creates a low-pressure zone that impacts the aortic valve function and thus

resulting in new aortic regurgitation™*'.
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Figure 23. Still color compare image from a trans-thoracic echocardiogram in a young adult in the parasternal long axis (panel A) and
parasternal short axis (panel B) showing outlet ventricular septal defect (VSD) with the left to right shunting by color Doppler (arrow).
Color flow is directed towards the pulmonary valve. LA: Left atrium; RV: right ventricle; LV: left ventricle.

Figure 24. Still color image from a trans-thoracic echocardiogram in a young child in the parasternal long axis (panel A) and parasternal
short axis (panel B) showing aortic regurgitation in a patient with outlet ventricular septal defect in diastole. Regurgitation flow is
directed posteriorly towards the anterior mitral leaflet. RA: Right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle.

A

Figure 25. Still color compare image from a trans-thoracic echocardiogram in a young adult in parasternal long axis panel A shows
elongated aneurysmal right coronary cusp that is sucked into the outlet ventricular septal defect consistent with sinus of valsalva
aneurysm. Panel B shows the same image with the color flow, VSD jet is seen as red. RCC: Right coronary cusp; LV: left ventricle.
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One has to be careful when assessing muscular VSDs as there can be multiple defects, and thus imaging
from modified apical view making the interventricular septum perpendicular to the ultrasound probe and
slowly sweeping the septum can help [Figure 22].

Outlet VSDs are seen as defects between 12 and 3 o’clock when visualized in the parasternal short-axis views
with color flow directed towards the right ventricular outflow and pulmonary valve. They are at higher risk
for developing aortic valve prolapse and aortic regurgitation. As such, this has to be carefully assessed at
follow-up visits'*. Aneurysm of the sinus of Valsalva has also been described with outlet VSDs that can
progress over time [Figures 23-25].

CONCLUSION

Atrial and ventricular septal defects can occur in isolation or associated with other CHDs; together, they
account for the majority of the CHDs. Therefore, knowledge of septal embryology and anatomy is crucial to
understanding these lesions along with planning interventions. In addition, it is important to identify
associated lesions and potential complications. This chapter reviews various noninvasive imaging modalities
and how they can be utilized for these lesions.
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