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Abstract

Purpose of Review This paper serves as a review of the anatomic lesions in congenital
heart disease that would benefit from pre-surgical evaluation using three-dimensional
echocardiography (3DE) and future research needed in 3DE.

Recent Findings Three-dimensional echocardiography provides a noninvasive evaluation
of congenital heart disease in three dimensions to allow for better understanding of ana-
tomic relationships. Specific views of 3DE views are discussed to best access these complex
lesions prior to surgery.

Summary Mechanisms of atrioventricular valve regurgitation are discussed using 3DE.
Location of straddling valve, location of ventricular septal defect in double outlet right
ventricles, complex anatomy of left ventricular outflow tract obstruction, and complex
muscular ventricular septal defect locations are described in detail using 3DE and the
best imaging modality from live 3D, 3D zoom, full volume acquisitions, and multiplane
reconstruction to aid surgical planning.
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Introduction

Three-dimensional echocardiography (3DE) is rapidly
recognized as an important modality in pre-surgical
planning in congenital heart disease (CHD) [1, 2¢, 3].
The display of the 3DE images is often from the surgi-
cal view to facilitate communication between echocar-
diographers and surgeons. Two-dimensional echocar-
diographic (2DE) imaging requires the reconstruction
of 3D images which can result in miscommunication,

as the display of the 2DE images is usually from the
ventricle perspectives that is completely different from
the enface surgical views of the anatomy. The bene-
fits of 3DE datasets allow the user to manipulate the
images in 3D space and allow for better understanding
of the specific congenital heart lesions. The purpose of
this review is to highlight lesions where 3DE has the
most impact on pre-surgical planning.

Normal atrioventricular valve

An understanding of what constitutes the normal atrioventricular (AV) valve
is imperative to understanding the abnormalities of AV valves associated
with CHD. The annulus, leaflets, commissures, chordal support, and papil-
lary muscles work as a functional unit of the AV valve. Disruption in any
of these functional units will result in AV valve incompetence. The goals of
transthoracic 3DE AV valve evaluation prior to surgery focus on the 4 major
components of the valve: (1) the valve annulus size and shape, (2) leaflet
morphology, (3) chordal apparatus, and (4) papillary muscles [4¢, 5, 6]. The
tricuspid and mitral valves are saddle-shaped with two high points and two
low points [7]. This morphology reduces leaflet stress. The mitral annulus
is not as elliptical as the tricuspid annulus [7]. When the elliptical annulus
of the tricuspid valve is disrupted, there is inability of the tricuspid valve
leaflets to coapt resulting in regurgitation [8]. Both the mitral and tricuspid
valve leaflets are supported by the attachments of the chords, and when this
relationship is disrupted, regurgitation occurs [9°]. The papillary muscles of
the mitral and tricuspid valves maintain a relatively constant angle to the
leaflets throughout the cardiac cycle. When these angles are changed, there is
tethering leading to poor leaflet coaptation that results in valve regurgitation
[9¢]. Table 1 lists the acquisition of 3DE in different positions for specific
congenital heart lesions.

Tricuspid valve abnormalities

The tricuspid valve is the largest of the four valves in the heart and has three
leaflets [10~12]. The three leaflets cannot be displayed simultaneously using
2DE. With 3DE, the enface view of the tricuspid valve from the right atrium
allows accurate identification of the anterior, septal, and posterior leaflets
[13]. This can be achieved using 3D zoom or cropping from 3D full volume
datasets. The anterior leaflet is the largest of the three leaflets and is sup-
ported by a large papillary muscle that attaches to the moderator band and a
small papillary muscle of the conus. There are instances where there can be
two anterior leaflets or cleft within the anterior leaflet. The septal leaflet of
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Table 1 Suggested transthoracic acoustic windows and utility of 3DE for CHD

Atrial septum
ASD
SV ASD
AV junction
AVSD
Ebstein’s/TV dysplasia
MV chordal structure
Double orifice MV
MVP
Parachute MV
Supra mitral membrane
Ventricular septum
mVSD (except anterior defects)
Membrane VSD

Doubly committed subarterial
VSD

Outlets
Aortic valve
Pulmonary valve
Double outlet right ventricle

Subcostal Apical PLAX PSAX 3D-
TEE
+++ +(modified) + (modified) +(modified) +++
+++ - +++
+++ +++ + + (LAWV) + (LAVV) +++
+++ + + (anterior angulation) + ++ +
= + (smaller patients) +++ ++ +++
++ ++ + ++ ++
- ++ +++ ++ +++
++ ++ ++ ++ ++
- ++ +++ + +++
+++ ++ + + ++
+++ + + + ++
++ - ++(angled to PA) + ++
- + ++ ++ +++
- + - + ++
+++ + - + +

ASD, atrial septal defect; AVSD, atrioventricular septal defect; LAVV, left atrioventricular valve; MV, mitral valve; MVP, mitral valve pro-
lapse; mVSD, muscular VSD; PA, pulmonary artery; PLAX, parasternal long axis; PSAX, parasternal short axis; SV, sinus venosus; TV, tricus-

pid valve; VSD, ventricular septal defect

Adapted from Simpson et al. [2®]

the tricuspid valve has chordae that insert directly into the septum with no
papillary muscles. The posterior leaflet is probably the smallest leaflet and is
supported by the smaller, more posteriorly situated papillary muscle.

Congenital anomalies of the tricuspid valve include tricuspid valve dys-
plasia, Ebstein anomalies, tricuspid valve prolapse, and tricuspid stenosis
from congenital tricuspid stenosis. 3DE allows for several enface views of the
tricuspid valve from the transthoracic approach including parasternal short
axis, apical four chamber, and subcostal views. Axial plane has the greatest
spatial resolution; thus, when evaluating the tricuspid valve leaflets, the api-
cal four chamber view will provide the most resolution of the valve leaflets.
3DE can readily define the morphologic features of the valve and the associ-
ated mechanism(s) for regurgitation, which are key pieces of information the
surgeon needs in planning the valve repair.

Tricuspid valve dysplasia occurs when the leaflets are thickened and defi-
cient, and have short chordae that tether the valve resulting in inability of
the anterior and posterior leaflets to come together with the septal leaflet
(Fig. 1; Video 1). A hypoplastic papillary muscle may be seen in conjunction
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Fig. 1 Atria down view from the surgeon’s perspective of tricuspid valve dysplasia. There are two anterior (A) leaflets or
a large anterior tricuspid valve leaflet with a cleft. The septal (S) and posterior (P) leaflets are tethered and not coapting
with the anterior leaflets resulting in a large requrgitation site in this tricuspid valve dysplasia. LEAF, leaflet; POST, poste-
rior; SEP, septal.

with this lesion [14]. Tricuspid valve dysplasia can occur in isolation or can
be associated with other congenital heart diseases, such as pulmonary atresia
with intact ventricular septum. Tricuspid valve dysplasia may be repaired
with leaflet extension. 3DE will define the thickened valve with short chords.

Ebstein anomaly of the tricuspid valve involves the apical (downward) dis-
placement of insertion of the septal leaflet of the tricuspid valve (>8 mm/m?),
redundant elongated anterior tricuspid valve leaflet, failure of delamination
in the septal and posterior leaflets, dilation of the AV junction, and right ven-
tricular thinning, enlargement, and dysfunction [14-17]. The anterior leaflet
may have distal linear attachments to the anterior wall of the right ventricle
and in some cases can result in right ventricular outflow tract obstruction.
There can be significant tricuspid valve regurgitation with progressive right
heart failure that can affect these patients early in life and many need surgery
to correct this anomaly. With 3DE, the anterior leaflet of the Ebstein valve
may be seen attaching to the anterior wall of the right ventricle and right
ventricular outflow tract. The relation of the leaflets to the chordal support
and papillary muscles can be defined using multiplane reconstruction (MPR).

Congenital tricuspid valve prolapse is seen in patients with elastin abnor-
malities or corrected transposition of the great arteries, whereas acquired
tricuspid valve prolapse occurs in the setting of anterior chest wall trauma,
or secondary to closure of ventricular septal defect (VSD), subendocardial
ischemia, or papillary muscle dysfunction. Rarely, it presents as cleft of the
anterior leaflet of the tricuspid valve with prolapse, resulting in severe tri-
cuspid regurgitation. Isolated congenital cleft of the anterior tricuspid valve
leaflet is very rare with a reported incidence of 0.018% [18].

The valve annulus of tricuspid valve stenosis appears relatively large with
leaflets that are thickened with commissural fusion and shortened chordae
[19, 20]. This lesion is usually associated with other anomalies such as right
ventricular outflow tract obstruction or atresia secondary to hypoplasia of the
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right ventricle. Isolated congenital tricuspid valve stenosis is extremely rare.
Patients who have had porcine bioprosthetic valves in the tricuspid position
for treatment of Ebstein anomaly may develop tricuspid stenosis over time
[21].

Quantification of AV valve regurgitation

Pre-surgical evaluation of AV valve anatomy using 3DE provides insights into
the mechanism of valve regurgitation. This includes detailed evaluation of
valve annulus, leaflets, sub-valve apparatus, and papillary muscle position
that can contribute to valve incompetence for which surgical techniques may
correct the dysfunctional component [22-24]. Although the features of the
valve components can be evaluated with the heart deflated on cardiopulmo-
nary bypass, 3DE demonstrates the heart in real-time motion to evaluate the
valve and delineate regions of leaflet prolapse, tethering, regurgitation jet
locations, and commissural abnormalities [4¢, 6]. The understanding of the
valve prior to surgery provides the surgical team time to reflect on surgical
options in fixing the valve.

The use of 3DE to evaluate AV valve in atrioventricular septal defect
(AVSD) and the tricuspid valve in hypoplastic heart syndrome (HLHS) has
been extensively studied. Valve failure after surgical repair has been reported
and carries significant morbidity and mortality [22, 23, 25-27]. In AVSD
repair, residual left atrioventricular valve regurgitation (LAVVR) remains up to
30% necessitating re-repair in this population [23, 28]. The mechanism and
pathophysiology of post repair LAVVR are not clearly understood with some
AV valve failing early despite usual anatomy and an uncomplicated repair.
Quantitative 3DE research provides insight on features of LAVVR. Commis-
sural abnormalities, annular dilation, and leaflet prolapse are independ-
ent risk factors for LAVVR [4¢, 29]. In addition, 3DE shows an association
between congenital abnormal sub-valve apparatus and post repair LAVVR
[4¢, 5]. Features of abnormal insertion of the anterolateral papillary muscle,
abnormal chordal insertion to the superior bridging leaflet, imbalance of
superior bridging leaflet and inferior bridging leaflet size, and the presence
of commissural abnormalities have challenged the complete closure of the
zone of apposition in the LAVV [9¢, 29]. Guidelines on the use of 3DE valve
quantitative assessment in clinical settings and normal values are lacking in
congenital heart disease.

Quantitative research using 3DE for the assessment of the tricuspid valve
in HLHS has identified the mechanism of valve failure [8, 26, 30, 31¢, 32,
33e]. Significant tricuspid valve regurgitation in HLHS results from loss of
normal saddle-shaped annulus with flattened annulus, becoming more cir-
cular in shape rather than an elliptical shape, and has more annular dilation
with lateral displacement of anterior papillary muscle [26, 30, 31°¢]. There
is leaflet tethering in younger patients and more leaflet prolapse in older
patients [8, 26, 30]. A recent study identified that septal leaflet tethering prior
to tricuspid valve repair will lead to significant postoperative regurgitation
[31¢]. 3DE accurately defines commissure abnormalities using the ventricle
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up view and MPR. The 3DE color Doppler readily identifies the regurgitation
jet and is more precise when compared to 2DE and surgical saline testing [5,
32, 34]. The current use of 3DE in the preoperative evaluation of tricuspid
regurgitation in HLHS remains qualitative. Even though current technology
allows accurate evaluation of tricuspid regurgitation jet location and valve
failure mechanism, the surgical options for addressing the tricuspid valve
remain limited [35]. This highlights the importance of more 3DE research
beyond the valve components but into novel approaches for tricuspid valve
failure in HLHS. Data from quantitative 3DE research in HLHS tricuspid valve
supports the hypothesis that tricuspid valve components appear to adapt to
valve stressors from rapid and chronic changes in preload and afterload con-
ditions during staged palliations [26]. Recent software to evaluate tricuspid
valve from 3DE from machine learning provides insight into more refined
details of the valve [36]. Further understanding of valve development, adapta-
tion, and mechanisms of valve failure in HLHS may facilitate innovation in
medical therapy and surgical strategies.

Chordal abnormalities in congenital heart disease

3DE provides accurate imaging of straddling chordae in complex CHD
with accurate visualization and understanding of chordal insertion [37]. An
understanding of the embryologic development of AV valve straddling [38]
coupled with an accurate assessment is critical for surgical determination of
a single ventricle versus a biventricular repair. Although 2DE with cross-sec-
tional imaging will determine the presence of tricuspid valve or mitral valve
straddle [39], 3DE can provide additional accuracy to the degree of straddle,
location of chordae relative to the VSD, and its insertion in the contralateral
ventricle, in addition to assessment of the ipsilateral ventricular size [37, 40].
This information is useful in surgical planning. Current surgical approaches
to the straddling chord are somewhat based on degree of chordal straddle,
classified as type A (the insertion is just on the wrong side of the crest of the
septum), type B (insertion on the wrong side of the septum further than 0.5
to 1 cm of the crest of the septum), and type C (where the insertion is into
the papillary muscle of the other AV valve or across the contralateral ventricle
free wall) [41]. Current surgical approaches include extension of the VSD
patch to include the minor straddling chord (type A) or by omitting sutures
of the VSD patch at the straddling chord (type B). Surgical translocation of
type C AV straddling chordae to the ipsilateral ventricle has been reported [42,
43]. Careful assessment of high-quality 3DE datasets is required. The imag-
ing window is best achieved in the subcostal view as the chordal structure is
mostly in the axial imaging plane (Table 1). An ECG gated full volume acqui-
sition from subcostal view allows a wider pyramid volume while maintaining
a high temporal resolution and provides anatomic details surrounding the
straddling valve such as location and size of the VSD and the outflow tracts.
Delineation of the chordal structure and papillary attachments with accuracy
can be achieved with MPR from the full volume datasets.
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Double outlet right ventricle—Llocation of ventricular septal defect

The understanding of the VSD location in relation to the great arteries in
double outlet right ventricle is crucial for surgical repair. 3DE has the advan-
tage of incorporating the VSD in relation to the great arteries in one volume
dataset allowing for surgical planning by enhancing the understanding of the
anatomic structures. 3DE has the additional advantage of retaining dynamic
information on the changing VSD size (especially muscular defects) and the
tricuspid valve leaflets and chordal apparatus. The apical 4-chamber view and
subcostal 3DE full volume acquisitions have the advantages of incorporat-
ing all the relevant structures needed for surgical planning [44]. A rendered
cropped view from the ventricular apex will show the relationship of the
atrioventricular valves, the VSD, and the relationship of the great arteries. This
will identify whether or not the baffle from the left ventricle to the aorta will
obstruct tricuspid valve inflow to the right ventricle or from the right ventricle
to the pulmonary artery [44]. The cropped anatomic right ventricular view
will show the inflow of the tricuspid valve with the relation of the VSD to the
aorta and the pulmonary artery. Lastly, MPR will determine the size of the
VSD in systole to assess the need for VSD enlargement.

Complex left ventricular outflow obstruction

Complex left ventricular outflow tract obstruction (LVOTO) includes multi-
ple levels of obstruction from sub-aortic ridge, membrane, AV valve chordae,
aneurysm of the membranous septum, accessory mitral valve tissue, abnormal
insertion of the LAVV papillary muscle, or LVOT tumor. This LVOTO can be
obtained with accuracy using 3DE and can provide safe surgical resection. If
there are chordal tissues in the mix, critical supporting apparatus of the left AV
valve must be preserved and not be injured during surgery [45-50]. This pro-
cess is often made more difficult by having to inspect the LVOT from the aorta
through a frequently associated hypoplastic aortic valve, especially in neonates
and small children. The 3DE assessment of complex LVOT is feasible with a
high inter-reader agreement and is highly accurate [48]. 3DE provides details
on the obstructive anatomy and mechanism that is difficult to achieve on 2DE.
Full volume rendered 3DE from the left ventricle view facilitates the surgeon'’s
understanding of the patient’s specific complex lesion with obstructive tissue
and other structures such as AV valve supporting apparatus and their insertion
relative to the obstructive tissue [47, 48]. The surgeon can then virtually inspect
the LVOT from the aortic valve (surgical view) to accurately locate the obstruc-
tive and supporting structures [51]. Such detailed preoperative knowledge of
the anatomy allows surgeons to plan their approach to reduce intraoperative
inspection time and erroneous injury to AV valve supporting structures.
Optimal imaging of LVOTO is achieved by imaging in the parasternal
long axis, even though the obstructing tissue (i.e., membrane, LVOT chordae,
mass, or muscle bar) may not necessarily be in the axial plane. The apical
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5-chamber view would place most obstructive lesions in the axial plane, but
any resolution gained is often negated by the lesion being in the far field.
While adequate temporal resolution can be achieved for the LVOT obstructing
structure using live 3DE mode, an ECG gated full volume multi-beat dataset
with its wider field of view is often required for accurate determination of
LVOT chordae, their role in the support of the LAVV, and the surrounding
structures. The subcostal 3DE full volume acquisition in small infants may
complement the parasternal full volume acquisitions. In our experience, MPR
will help delineate the complex LVOTO by locating the chordal structures that
may or may not be attached to the AV valve.

Complex multiple muscular ventricular septal defects

Surgical closure of complex multiple muscular VSDs from the right ventri-
cle is challenging due to the heavy ventricular trabeculations and multiple
exit points. Thus, accurate determination of size and locations of the defects
that is communicated to the surgeon is key to successful closure of complex
multiple VSDs [52]. While most VSDs can be adequately assessed by 2DE
and color Doppler flow mapping, the understanding of complex muscular
VSD size, shape, and its location on a non-geometric septal surface is diffi-
cult. This requires the interrogation of the defects from multiple views, fol-
lowed by mental integration of 2DE images to create a mental 3D image of
the VSD that may or may not be communicated clearly to the surgeon. 3DE
can overcome these difficulties by adding depth perception and enabling
presentation of unique enface views of the surface of both the right ventricle
and left ventricle [53-56]. Imaging with 3DE is feasible for VSDs and inter-
reader variability is low [55, 57, 58]. It is superior to 2DE in assessing the VSD
maximum diameter and the change in VSD area from diastole to systole, as
well as accurate determination of the shape of the defect that is important for
both catheter intervention and surgical planning [55, 57, 59]. This detailed
information becomes even more critical when the complex multiple muscular
VSDs require defect closure. The presentation of the accurate locations of mul-
tiple muscular defects on the rendered RV septal surface allows appropriate
planning of catheter device intervention or the surgical approach for direct
suture, patch closure, apical exclusion via the tricuspid valve, or left ventricu-
lar patch closure via a left ventricular ventriculotomy. In some instances, the
hybrid approach with both catheter and surgery may be necessary.

Imaging of the VSD can be achieved by live 3DE and/or full volume 3DE
acquisition. A live 3DE with a narrowed sector (60 degree x 20 degree) beam
can be steered to incorporate the entire RV septal wall from the subcostal
window [56]. This approach achieves reasonable temporal resolution for both
3DE gray-scale imaging and 3DE color Doppler flow mapping for analysis.
Although this approach will sacrifice some details of the surrounding struc-
tures, it is useful in unsedated patients where breath-holding is not possible
for multi-beat acquisition. If the patient is cooperative, a modified apical or
subcostal approach is used to perform an ECG multi-beat 3DE dataset for
offline analysis [57]. Acquired datasets will require careful cross-sectional
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interrogation with the MPR mode to locate the defects and measure their
shape and size before tissue rendered septal surface is performed to com-
municate findings to interventionists and surgeons.

Conclusion

In conclusion, 3DE is a useful and critical modality for pre-surgical plan-
ning in many of the CHD lesions. It overcomes the limitations of 2DE and
provides understanding of anatomy in 3D space. Future research will need
to focus on quantification of valve regurgitation from 3D datasets and 3D
printing from 3DE datasets so that valve morphology can be visualized, and
further miniaturization of pediatric 3D transthoracic probes to allow for scan-
ning smaller infants with better resolution.
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