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Abstract

We describe the role of three-dimensional echocardiography in the assessment of the aortic valve and the aorta. The manuscript

is heavily illustrated with figures and movie clips.

Introduction

Echocardiography is the primary diagnostic imaging modality for the diagnosis and management of patients
with aortic valve disease. In most cases, two-dimensional (2D) transthoracic echocardiogram can provide
accurate information on the morphology and function of the aortic valve. However, given the complexity
of the aortic valve and aortic root anatomy, other advanced imaging modalities such as multislice computer
tomography (MSCT), magnetic resonance imaging (MRI) and three-dimensional (3D) echocardiography
have been introduced to improve the diagnostic accuracy and guide interventional procedures. Overall, 3D
echocardiography has several advantages over two-dimensional (2D) echocardiography, MSCT and MRI and
provides accurate assessment of aortic valve and aorta. In this article we discuss the clinical applications of
3D echocardiography in the evaluation of the aortic valve and the thoracic aorta.

Aortic Valve Anatomy

The recent revolution in the field of interventional cardiology, particularly percutaneous transcatheter aortic
valve interventions (TAVR) has led to better understanding of the complex anatomy of aortic valve apparatus.
The aortic valve is composed of three semilunar cusps attached to the aortic root. It is important to
understand that the function of the aortic valve depends on the integrity of the aortic root, which refers
to the region between the aortic valve junction at the left ventricular outflow tract (LVOT), known as the
ventriculo-arterial junction, to the sinotubular junction at the origin of the proximal ascending thoracic
aorta. Any anatomical changes of the aortic root can adversely affect the function of the aortic valve. For
instance, dilatation of the aortic root and ascending aorta can lead to aortic regurgitation despite intact
aortic valve leaflets.

The main advantage of 3D echocardiography over conventional 2D modality, its ability to acquire the entire
aortic valve and surrounding structures in 3D dataset, which allows visualization of the aortic valve in en
face view from different perspectives and facilitates cropping in multiplanar reconstruction mode. The use
of 3D echocardiography can provide accurate assessment of the aortic valve morphology and eliminates any
geometric assumptions of the LVOT, aortic annulus and root measurements. In general, transthoracic 3D
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imaging of the aortic valve remains challenging in many cases, yet is feasible and the image quality has
improved dramatically with newer 3D echocardiography machines. Using transthoracic 3D matrix-array
transducer, the aortic valve can be imaged from both parasternal and apical views. For anatomic assessment
of the aortic valve, live 3D or 3D zoom acquisition modes are the preferred imaging modes. Adding 3D
color Doppler is used to assess for aortic regurgitation and cusp integrity. Suboptimal 3D transthoracic
echocardiography (TTE) images usually occur in patients with poor acoustic windows or heavily calcified
aortic valve. In these cases, the use of 3D transesophageal echocardiography (TEE) can provide better
image quality with superior spatial resolution and the first report describing its utility in planimetry of the
aortic valve orifice area in a patient with aortic stenosis was published as early as 1994 (Figure 1).6 Clinical
live/real time 3DTEE was first introduced several years later in 2007.7 Transthoracic and transesophageal
3D dataset of the aortic valve can be processed and displayed from both aortic and ventricular perspectives,
which improves the diagnostic accuracy and helps guide interventional procedures. The use of multiplanar
reconstruction mode is very useful in obtaining accurate measurements of the aortic valve area, aortic annulus
dimensions, and aortic root size when planning for TAVI or other interventional procedures.

Congenital Aortic Valve Abnormalities

There are several congenital malformations of the aortic valve which include unicuspid, bicuspid and quadri-
cuspid valves. Bicuspid aortic valve is the most common congenital abnormality of the aortic valve affecting
2% of the general population. Although standard 2D echocardiography can accurately delineate the aortic
valve morphology in most cases as tricuspid versus bicuspid, the diagnosis can be difficult in calcified aortic
valves and in cases of bicuspid aortic valve when a raphe that mimics a commissure. The ability of 3D
echocardiography to visualize the aortic valve in en face view from the aorta provides direct visualization of
the aortic valve cusp margins and commissures (Figure 2, Movie 1).The diagnostic accuracy of 3D TEE for
bicuspid aortic valve has been validated against anatomic examination of autopsy specimens.

Aortic Stenosis

Standard 2D and Doppler transthoracic echocardiography remains the primary diagnostic tool for the di-
agnosis of aortic stenosis using pressure gradients and the continuity equation method. It is important to
understand that both methods are flow dependent and indirect estimate of the aortic valve area. There are
several limitations to the use of continuity equation to calculate the aortic valve area because it assumes that
the LVOT is circular in geometry, which is not true in many cases. In fact, the coronal measurement of the
LVOT is the smaller of the LVOT diameters compared to the sagittal. A narrow LVOT also overestimates
the severity of aortic stenosis when using the continuity equation. In addition, obtaining the peak Doppler
velocity across the aortic valve can be challenging, which may lead to underestimation of the aortic steno-
sis, whereas overestimation can occur in cases of significant pressure recovery phenomenon. The use of 3D
echocardiography either from a transthoracic or transesophageal approach can overcome these limitations
and has several advantages over 2D imaging. For instance, the ability of 3D echocardiography to visualize
the aortic valve and annulus from different angles allows for accurate planimetry of both the aortic valve
and LVOT. Using multiplanar reconstruction mode, 3D datasets of the aortic valve allows cropping to the
tips of the aortic valve leaflets for precise planimetry and calculate the aortic valve area (Movie 2).11 It also
can assess individualized leaflets motion and localize the site of obstruction in patients with subvalvular or
supravalvular obstruction.

In addition, 3D echocardiography can be very valuable in the assessment of aortic valve stenosis in certain
clinical scenarios when Doppler measurements are inaccurate due to overestimated or underestimated Doppler
velocities across the aortic valve. For example, in patients with hypertrophic obstructive cardiomyopathy
and high LVOT gradient and in patients with suspected severe low-flow low-gradient aortic stenosis (stage
D disease) undergoing low dose Dobutamine challenge, 3D TEE can supplement 2D echocardiography by
accurate planimetry of the aortic valve area and precise sizing of the LVOT regardless of the Doppler
velocities. Accurate sizing of the LVOT is not only important for quantifying the severity of aortic stenosis,
but also for proper annulus sizing for patients undergoing TAVI. However, it is important to understand that
3D aortic valve planimetry can be limited by three main factors, very low stroke volume which may fail to open
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the aortic valve fully leading to overestimation of the degree of stenosis, lower temporal resolution that may
miss the maximal systolic opening of the aortic leaflets, and reverberations artifact of heavily calcified aortic
valve leaflets making accurate planimetry of the orifice area difficult to trace. 3DTTE is also useful to assess
patients with aortic stenosis who also have another lesion in tandem such as subvalvularor supravalvular
stenosis by separate planimetry of the two lesions and determining stenosis at each level. In fact, subvalvular
membranes are particularly well imaged by 3D echocardiography. Standard continuous wave Doppler using
2D echocardiography will give the maximum velocity across both lesions with no differentiation of severity
at individual levels (Figure 3A-C).13

Aortic Regurgitation

Aortic regurgitation can arise from either pathological abnormality of the aortic valve leaflets (congenital,
degenerative, or infectious) or primary dilatation of the aortic root and ascending thoracic aorta. Identifying
the etiology and severity of aortic regurgitation is crucial for decision making regarding the choice and the
timing of aortic valve intervention. Therefore, it is important to assess the aortic valve apparatus, ascending
aorta, and left ventricle to decide on the type of intervention needed. Similar to aortic stenosis, transthoracic
echocardiography is usually sufficient to diagnosis and assess the severity of aortic regurgitation. Once a
significant aortic regurgitation is identified by Doppler echocardiography assessing the aortic regurgitation
severity, etiology, aortic root dimensions, and left ventricular size and function is essential for comprehensive
evaluation. However, both qualitative and quantitative Doppler assessment of aortic regurgitation including
pressure half time, vena contracta width, proximal isovelocity surface area, regurgitant volume and fraction
suffer several limitations due hemodynamic changes, eccentric jets and inherited geometric assumption that
the regurgitant orifice is circular, which is not the case in most cases. Adding TEE and 3D echocardiography
can provide more detailed assessment of the aortic regurgitation and aortic valve morphology and function.
3D echocardiography can reliably identify the mechanism of aortic regurgitation and with the complementary
use of 3D color mode provides important diagnostic information about the regurgitant jets size, location,
and severity. In addition, full-volume 3D mode can be very useful for accurate quantification of the left
ventricular size and function, an important echocardiographic criterion for surgical referral in patients with
severe chronic aortic regurgitation.

The recent advances in 3D technology allows for volumetric assessment of the regurgitant volume by mea-
suring the left and right ventricular stroke volumes with strong correlation with other cardiac imaging
modalities.In the setting of good 2D image quality, the use of 3D stroke volume measurements eliminate the
interobserver variation, geometric assumption of the LVOT size and ventricular foreshortening.

Another unique advantage of 3D over standard 2D echocardiography is the ability to measure the vena
contracta area (VCA). Adding 3D color Doppler to live 3D of the aortic valve allows visualization of the
regurgitant jet. In a multiplanar reconstruction model, 3D color dataset can be cropped from either the
aortic or left ventricular perspective to the level of the narrowest regurgitant jet (vena contracta) in a
perpendicular plane to measure the VCA in early diastole (Figure 4, Movie 3).24 The VCA can be multiplied
by the velocity time integral of the aortic regurgitant jet to calculate the regurgitant volume. 3D measurement
of VCA is simple and correlates very well with MRI method.25 Noteworthy, the incremental value of 3D
echocardiography is invaluable in the evaluation of patients with prosthetic aortic valve regurgitation. The
use of color 3D TEE allows for accurate assessment of paravalvular regurgitation site, size, and severity. In
addition, live 3D TEE is used to guide percutaneous paravalvular leak closure (Figure 5, Movie 4).

Aortic Masses

Compared to 2D echocardiography, 3D imaging can provide more accurate diagnostic information regarding
the site, size, shape, and number of cardiac masses.

As explained in Figure 6, 2D echo may underestimate the size of a mass lesion unlike 3D echo which will
capture the full extent of the mass enabling more accurate measurements. Also, 3D echo permits assessment
of volume of any mass involving the aortic valve or aorta which provides superior characterization as compared
to mere dimension measurements. 3D TEE also allows en face view of the aortic valve with superb image
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quality and high spatial resolution, which helps identify the presence of any abnormal masses or tumors on
the aortic valve leaflets such as thrombus, vegetation, Lambl’s excrescences, thickened nodules of Arantius,
and papillary fibroelastoma (Figure 729, Movies 5, 6A and B29 and 731). 3D TEE has also shown incremental
value over 2D TEE in the assessment of aortic atherosclerotic ulcers and thrombi (Movies 8 A-D).32

Thoracic Aorta

The aorta is a complex tubular structure divided into five segments: aortic root, tubular portion of the
ascending aorta, aortic arch, descending thoracic aorta and abdominal aorta. Various imaging modalities
such as echocardiography, MSCT and MRI have been used to evaluate the aorta. Each has it is own
advantages and disadvantages. Overall, conventional 2D echocardiography is used to evaluate the aortic root,
proximal ascending aorta, and aortic arch dimensions. 3D echocardiography can improve these measurements
by identifying real maximum diameters of each part. The best possible 3D images of the ascending aorta
can be obtained from the parasternal long-axis view. A recent 3DTTE study has shown visualization of
longer segments of the ascending aorta utilizing the right parasternal approach compared to 2DTTE. In
addition, right parasternal examination views the right pulmonary artery behind the ascending aorta unlike
the left parasternal approach which most often images the superior vena cava rather than the pulmonary
artery posterior to the aorta (Figure 8 A-C).34 The trunk/right pulmonary artery often serves not only
as a landmark to divide the ascending aorta into proximal and distal segments and but also to measure
the mid ascending aorta diameter by MSCT. Suprasternal view may identify aortic arch. The use of 3D
echocardiography has become more relevant after the introduction of TAVI. Planning for TAVI requires
precise aortic annulus measurements for appropriate valve sizing. 3D measurements of the aortic valve area,
annulus, root dimensions and annulus distance to the coronary ostia have been validated against MSCT and
MRI. Another major advantage of 3D TEE compared to 2D imaging is guidance during TAVI procedures to
assist with appropriate device positioning and assessment of procedural success and identifying any potential
complications such as paravalvular leak.

Among patients with thoracic aneurysm and dissection, 3D TEE has greater accuracy than 2D TEE in
identifying the type and location of aneurysm as well as the dissection.38 Our lab showed that in a study
of 67 patients with aortic disease, 20 with aortic aneurysm without dissection, 21 with aortic aneurysm
and dissection, and 26 with aortic dissection without aneurysm, the use of live 3D TEE increased the level
of confidence in the diagnosis and allows the localization of the rupture site (Figures 9, 10 A-D, Movies 9
A-C).39 The use of 3D TEE can easily distinguish linear artifact occasional seen within the aorta from a
true dissection flap, which will appear like a curvilinear sheet rather than a thin linear echo density (Figure
11 A and B, Movies 10 A and B).40

Conclusion

Over the last decade, the role of 3D echocardiography in the evaluation of aortic valve disease and aorta
has been growing dramatically due to the many advantages of 3D technology in both the diagnostic and
therapeutic aspects. However, 3D imaging remains complementary to 2D echocardiography and it relies on
good quality 2D images. The lower temporal resolution, reverberations artifact of a heavily calcified valve,
and dropout artifact due to thick leaflets are the main challenges to current 3D technology.
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