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Mitral Valve
• Three-dimensional echocardiography (3DE) provides real-time, 

detailed, nonplanar images of the complex mitral valve (MV) 
apparatus, including the annulus, leaflets, chordae, and papillary 
muscles.

• Quantitative analysis of MV anatomy, function, and motion  
using 3DE is significantly more accurate and reproducible than 
two-dimensional echocardiographic (2DE) planar imaging.

• Assessment of degenerative MV disease with 3DE helps guide 
the optimal surgical strategy and improve postoperative  
outcome.

• 3DE provides mechanistic insight into the pathophysiology of 
ischemic mitral regurgitation (MR) and potential roles for surgical 
and transcatheter repair.

• Multiplanar imaging provides significantly more accurate  
measurements of the severity of MR compared with 2DE.

• 3DE plays an important role before, during, and after multiple 
catheter-based interventions, including valvuloplasty for mitral 
stenosis, edge-to-edge repair for MR, and closure of perivalvular 
leaks.
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Aortic Valve
• The 3DE en face view improves the assessment of aortic 

root structures such as aortic valve leaflet number, aortic  
annular shape, and left ventricular outflow tract (LVOT)  
dimensions.

• Assessment of aortic stenosis severity is improved by substituting 
the 3DE planimetered area of the LVOT area into the continuity 
equation, by replacing the numerator of the continuity equa-
tion by 3DE-derived stroke volume, or by direct aortic valve area 
planimetry.

• Assessment of aortic regurgitation severity is improved with the 
use of 3DE planimetered vena contracta area.

• With 3DE, good visualization of prosthetic aortic valve rings 
from the LVOT perspective and the aorta is possible; however, 
reliable visualization of prosthetic aortic valve leaflets remains 
challenging.

• 3DE improves characterization of valve masses.
• 3DE plays an important role before, during, and after percutane-

ous procedures such as transcatheter aortic valve replacement  
and closure of paravalvular regurgitation.
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Advances in 3DE technology have ushered its use into mainstream 
clinical practice. It provides realistic images of the mitral and aortic 
valves and their spatial relationships with adjacent structures. It offers 
unique anatomic and functional insights that have furthered our un-
derstanding of the pathophysiology of valvular heart disease. In this 
chapter, we discuss the value of 3DE for the mitral and aortic valves in 
evaluating valve anatomy, volumetric quantification, presurgical plan-
ning, intraprocedural guidance, and postprocedural assessment.

MITRAL VALVE

Mitral Valve Anatomy
The MV is a complicated 3D structure involving multiple, distinct 
anatomic components. Optimal interaction of the elements compris-
ing the annulus, commissures, leaflets, chordae tendineae, papillary 
muscles, and left ventricle (LV) is crucial for its functional integrity.

Mitral Valve Annulus
The mitral annulus is a fibromuscular ring to which the anterior and 
posterior MV leaflets attach. The normal MV annulus has a 3D saddle 
shape with its lowest points at the level of the anterolateral and pos-
teromedial commissures. This enables proper leaflet apposition during 
systole and minimizes leaflet stress.1 The annulus can be divided 
into the anterior and posterior annulus based on the insertion of the 
corresponding leaflets.

Mitral Valve Leaflets
The MV has an anterior and posterior leaflet. The atrial, or smooth, 
surface is free of attachments, whereas the LV, or rough, surface connects 
to the papillary muscles by the chordae tendineae. The posterior leaflet, 
which has a quadrangular shape, is attached to approximately three-
fifths of the annular circumference. The semicircular anterior leaflet  
is attached to approximately two-fifths of the annular circumference.2 

Although the posterior leaflet attaches to a larger portion of the annular 
circumference, the leaflet is shorter than the anterior one.

The leaflet segmentation proposed by Carpentier is the most widely 
classification used.3 This schema takes advantage that the posterior 
leaflet has two well-defined indentations dividing it into three separate 
sections or scallops. The anterolateral scallop is defined as P1, the 
middle scallop is defined as P2, and the posteromedial scallop is de-
fined as P3. The anterior leaflet typically has a smoother surface and is 
devoid of indentations. The segment of the anterior leaflet opposing 
P1 is designated A1 (anterior segment), the segment opposite to P2 is 
A2 (middle segment), and the segment opposite to P3 is A3 (posterior 
segment) (Fig. 2.1).

Mitral Valve Commissures
The commissures define a distinct area where the anterior and poste-
rior leaflets appose each other during systole. Carpentier divides them 
into anterolateral and posteromedial commissures.3 The amount of 
tissue in the commissures varies from several millimeters of leaflet  
tissue to distinct leaflet segments.

Mitral Valve Chordae
The chordae tendineae are responsible for determining the position and 
tension on the anterior and posterior leaflets at LV end-systole. The 
chordae are fibrous extensions originating from the heads of the papil-
lary muscles and infrequently from the inferolateral LV wall. They are 
named according to their insertion site on the mitral leaflets. Marginal 
or primary chordae insert on the free margin of the mitral leaflets and 
help prevent marginal prolapse. Intermediate or secondary strut chordae 
insert on the LV surface of the leaflets, preventing billowing while reduc-
ing tension on the leaflet tissues.4,5 These chords may also play a role in 
determining dynamic LV shape and function due to their contribution 
to LV-valve continuity.6,7 Basal or tertiary chordae insert on the posterior 
leaflet base and mitral annulus. Their specific function is unclear.
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Fig. 2.1  Schematic diagram (A) and en face 3DE zoom mode image (B) of the mitral valve from the LA or 
surgeon’s perspective depicts typical anatomic relationships. In this view, the aortic valve occupies the 
12-o’clock position. The aortic-mitral curtain separates the anterior leaflet from the aortic valve. The Carpentier 
system divides the posterior leaflet into three scallops (P1, P2, P3) based on leaflet indentation. The anterior 
leaflet is then divided and classified as three segments based on their relationship to the posterior leaflet  
(A1, A2, A3). AMVL, Anterior mitral valve leaflet; ATVL, anterior tricuspid valve leaflet; LCC, left coronary 
cusp; NCC, noncoronary cusp; PMVL, posterior mitral valve leaflet; PTVL, posterior tricuspid valve leaflet; 
PV, pulmonary valve; RCC, right coronary cusp; STVL, septal tricuspid valve leaflet.
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Papillary Muscles
There are two papillary muscles—the anterolateral and the posterome-
dial—that originate from the area between the apical and middle thirds 
of the LV free wall. The anterolateral papillary muscle is composed of 
an anterior and posterior head, and the posteromedial papillary muscle 
is usually composed of anterior, intermediate, and posterior heads.8 
Because the papillary muscles connect directly to the LV, any geometric 
change in LV shape can change the axial relationship of the chordae and 
leaflets, resulting in poor leaflet coaptation.

3DE and Mitral Valve Apparatus
With the advent of 3DE imaging, new parameters quantifying annular, 
coaptation, leaflet, and subvalvular geometry were easily obtained.2,9 
These measurements provided insights into MV mechanics and have 
been instrumental in guiding MV repair because 3DE allowed classifi-
cation of MV dysfunction (Table 2.1). One study found a strong 
correlation (r 5 0.93, P , 0.0001) between chordal length assessed 
preoperatively by 3DE and intraoperative measurements, emphasizing 
its important role in preprocedural surgical planning (Fig. 2.2).10 
Fig. 2.3 shows the most commonly used parameters.2

3DE Imaging
Image Acquisition
The main views used to acquire 3D transthoracic echocardiographic 
(TTE) images of the MV are the parasternal long-axis and apical four-
chamber views (Table 2.2). Although the 2D TTE parasternal short-axis 

view provides an en face view of the MV, it displays only the MV leaflets 
en face from the LV perspective.

When using 3D transesophageal echocardiography (TEE) for im-
aging, the 60-degree MV bi-commissural and 120-degree long-axis 
mid-esophageal views are best for visualizing the entire MV structure 
and its associated components.11 The transgastric long-axis view of the 
MV is best used with multiplanar mode to assess subvalvular and val-
vular structures. 3D TEE provides significantly better anatomic  
detail compared with TTE due to its higher spatial resolution.

Image Display
After the 3D data set is acquired, plane cropping and rotation of the 
pyramidal volume can be performed to present a dynamic en face 3D 
rendering of the MV. 3DE facilitates communication between the im-
ager and the cardiovascular surgeon because it can display the MV in 
a manner similar to the way the surgeon visualizes the valve in the 
operating room when approaching the valve from the left atrium (LA). 
This surgical view is obtained by viewing the MV from the LA  
and rotating the valve such that the aorta is directly above it at the 
12-o’clock position (Fig. 2.4).

3DE Mechanisms of Mitral Valve Dysfunction
Degenerative Mitral Valve Disease
MV prolapse is the most common cause of MR in developed coun-
tries.12 3DE technology has considerably improved the ability of physi-
cians to diagnose and surgically treat MV prolapse,13 which primarily 

Characteristic Type 1 Type 2 Type IIIA Type IIIB
Motion of leaflet margin Normal Prolapse or flail Restricted leaflet opening Restricted leaflet closure

Associated disease  
processes

Chronic atrial fibrillation
Bacterial endocarditis

Degenerative disease (Barlow  
disease, fibroelastic deficiency)

Rheumatic disease Myocardial infarction
Dilated cardiomyopathy

Associated lesions Annular dilation
Leaflet perforation

Leaflet thickening
Leaflet billowing
Leaflet elongation
Chordal thickening
Chordal rupture

Commissure fusion
Leaflet thickening
Chordae thickening

Papillary displacement
Chordae tethering
Annular dilation

TABLE 2.1 Carpentier Functional Classification for Mitral Valve Dysfunction.
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Fig. 2.2  An example of the alignment of the root of the chords is shown in an extracted short-axis plane from 
the 3D data set (left). The corresponding anatomy is demonstrated intraoperatively (right).
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Annular geometry
1. AP diameter
2. Intercommissural diameter
(anterolateral to posteromedial
diameter)
3. Annular height: max vertical distance
between highest point (AP) and lowest
point (intercommissural)
4. Annular area
5. Annular non-planarity index (annular
saddle shape): ratio of annular height
to intercommissural diameter

Leaflet geometry
1. Total leaflet surface area
2. Individual leaflet surface area
(leaflet growth)
3. Ratio of total leaflet surface
area to annular area

Ao Ao

Ao

AL

AL

AL

AL
PM

PM

PM

PM

PM
Ao

Copatation geometry
1. Copatation length
2. Coaptation area: difference
between the total mitral leaflet
length and the exposed mitral
leaflet length during systole
(approximately 5–10 mm in
height)

Intervalvular
1. Aortic to mitral plane angle

Subvalvular geometry
1. Tethering length: distance from
intervalvular fibrosa to tip of papillary
muscle
2. Tethering height: distance from line
connecting annular hinge point to tip of
papillary muscle
3. Tenting volume
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Fig. 2.3  Volumetric reconstruction of the mitral valve with 3DE-based software allows measurements 
of mitral annulus, leaflet, coaptation line, intervalvular relationships, and subvalvular geometry. A, Anterior; 
Ao, aortic valve; P, posterior.

Imaging View Mitral Valve Aortic Valve
Acquisition Transthoracic Parasternal long-axis view

Apical 4-chamber view
Parasternal long-axis view
Parasternal short-axis view
Apical 3-chamber view

Transesophageal Mid-esophageal 0° 4-chamber view
Mid-esophageal 120° long-axis view

Mid-esophageal 60° aortic valve short-axis view
Mid-esophageal 120° long-axis view

Display Orient the aortic valve at the 12-o’clock position 
whether the valve is viewed from the LA or the LV

Orient the right coronary cusp at the 6-o’clock position 
whether viewed from the aorta or the LVOT

TABLE 2.2 3D Echocardiographic Acquisition and Display.

results from two distinctive types of degenerative diseases: Barlow 
disease and fibroelastic deficiency (Table 2.3). Barlow disease results 
from an excess of myxomatous tissue, which is an abnormal accumula-
tion of mucopolysaccharides in one or both of the leaflets and many or 
only a few of the chordae.14 In contrast, fibroelastic deficiency results 
from acute loss of mechanical integrity due to abnormalities of con-
nective tissue structure and/or function.14 It usually results in a local-
ized or unisegmental prolapse due to elongated chordae or flail leaflet 
due to ruptured chordae (Fig. 2.5).

Many studies have shown that 3DE is superior to 2DE in accurately 
diagnosing the location of degenerative disease.15–17 3DE is less opera-
tor-dependent, and more reproducible than 2DE at any level of exper-
tise. The diagnostic accuracy of 3D and 2D TEE was compared for a 
large number of patients undergoing MV repair due to prolapse, and 
echocardiographic findings were compared with surgical ones.18 3D 
TEE correctly identified the prolapsing scallop in 92% of patients ver-
sus 78% of patients using 2D TEE. The use of parametric maps, which 
are 3D images of the MV transformed into color-encoded topographic 
displays of MV anatomy in which the color gradations indicate the 
distance of the leaflet from the mitral annular plane toward the LA, 
have also improved diagnostic accuracy for novice readers (Fig. 2.6).16 

One study found that 3D color-coded parametric maps of the MV  
allowed easy differentiation of MV prolapse versus MV billowing  
without the need to inspect multiple planes as needed with 2DE.19

In addition to its superior accuracy in diagnosing degenerative 
disease, 3DE also has the ability to differentiate Barlow disease from 
fibroelastic deficiency. When 3D quantitative parameters are used to 
differentiate patients with or without degenerative MV disease, billow-
ing height and volume were the strongest predictors of degenerative 
MV disease.15 3D billowing height with a cutoff value of 1.0 mm dif-
ferentiated normal from degenerative disease without overlap, whereas 
3D billowing volume with a cutoff value of 1.15 mL differentiated 
Barlow disease from fibroelastic deficiency. These measurements were 
found to be highly reproducible.

3DE studies have increased our understanding of the pathophysi-
ologic differences between fibroelastic deficiency and Barlow disease. 
These two entities have different alterations in annular dynamics and 
leaflet tissues.20,21 In addition to significant leaflet prolapse, patients 
with Barlow disease have blunted annular dynamics during the cardiac 
cycle that exceed the extent of LV and atrial remodeling.20 This sug-
gests that there may be a primary abnormality of the mitral annulus 
that contributes to MR severity. These annular changes may also  
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Fig. 2.4  3D TEE Acquisition and Presentation of the Mitral Valve. 
Top, Two orthogonal views of the mitral valve are optimized with biplane 
mode before 3D TEE acquisition. Once acquired, the 3DE pyramid 
should be rotated 90 degrees along the x-axis to obtain an en face view 
of the mitral valve. The 3DE pyramid should be rotated so that the aortic 
valve is located at the 12-o’clock position. The mitral valve should be 
displayed with the aortic valve at the 12-o’clock position regardless of 
whether the valve is viewed from the LA or LV perspective. AL, Antero-
lateral mitral valve leaflet, Lat, lateral, PMVL, posterior mitral valve 
leaflet.

explain the development of mitral annular disjunction that leads to a 
functional decoupling between the ventricle and the mitral annulus.22 
Despite greater prolapse severity and annular enlargement, patients 
with Barlow disease can have quantitatively similar MR severity com-
pared with patients with fibroelastic deficiency due to compensation 
by increased mitral tissue reserve/distensibility during mid-to-late 
systole.20 In contrast, patients with fibroelastic deficiency have relatively 

Differentiating 
Characteristics Barlow Disease

Fibroelastic  
Deficiency

Pathology Excess of myxomatous 
tissue

Impaired production of 
connective tissue

Typical age of  
diagnosis

Younger (,40 years) Older (.60 years)

Duration of disease Years to decades Days to months

Physical  
examination

Mid-systolic click and 
late systolic murmur

Holosystolic murmur

Leaflet involvement Multisegmental Unisegmental

Leaflet lesions Leaflet billowing and 
thickening

Thin leaflets with thick-
ened involved segment

Chordae lesions Chordal thickening and 
elongation

Chordal elongation and 
chordal rupture

Carpentier  
classification

Type II Type II

Type of dysfunction Bileaflet prolapse Prolapse and/or flail

Complexity of valve 
repair

More complex Less complex

TABLE 2.3 Key Differences Between 
Barlow Disease and Fibroelastic Deficiency.

preserved annular function but little tissue reserve with reduced systolic 
leaflet area changes. They develop severe MR with fewer morphologic 
changes. Overall, these differences suggest that different surgical ap-
proaches may be required for repair.

With 3DE en face visualization of the MV, there has been greater 
recognition of the presence of deep cleft-like indentations in patients 
with degenerative valve disease (Fig. 2.7) and the importance of dif-
ferentiating them from true clefts due to atrioventricular septal defects 
with or without an intact septum.23 Understanding the role of these 
clefts in contributing to the MR is needed to determine feasibility for 
transcatheter edge-to-edge repair procedures and as a possible source 
of residual MR after device placement.

Ischemic Mitral Regurgitation
Ischemic MR is a pathophysiologic outcome of LV remodeling arising 
from ischemic heart disease. Classically, it was thought to primarily 
result from posteromedial papillary muscle dysfunction due to this 
muscle’s dependence on a single blood supply. In the past decade, 
however, multiple 3DE studies have shown that papillary muscle dys-
function is not responsible for ischemic MR. A wide spectrum of 
geometric distortions that result from LV remodeling cause this type 
of valve dysfunction. The observations provided by 3DE have helped 
reshape our understanding of ischemic MR.

The MV is dynamic and changes from a saddle shape (i.e., hyper-
bolic paraboloid) during systole to a flatter configuration during dias-
tole. During systole, competing forces act on the MV leaflets. Increased 
LV pressure acts to push the leaflets toward the LA, and tethering forces 
from the chordae act to pull the leaflets in the direction of the LV.  
The saddle-shape morphology is thought to balance these forces by 
optimizing leaflet curvature and minimizing mitral leaflet stress.1 In the 
setting of a myocardial infarction and resultant LV remodeling, an out-
ward and apical displacement of the posteromedial papillary muscle 
occurs, which tethers the MV leaflets into the LV, restricting their ability 
to coapt effectively at the level of the mitral annulus.24 The mitral 
annulus also dilates, making leaflet coaptation even more difficult.25
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Fig. 2.5  Myxomatous Disease With Mitral Valve Prolapse. Schematic (A) demonstrates anterior leaflet 
prolapse with imaging from 2D TEE (B) and 3D TEE (C) as viewed en face from the LA. Leaflet prolapse is 
diagnosed when the free edge of the leaflet overrides the plane of the mitral annulus during systole. Sche-
matic (D) demonstrates bileaflet billowing of the mitral valve due to chordae elongation with imaging from 2D 
TEE (E) and 3D TEE (F) as viewed en face from the LA. Leaflet billowing is diagnosed when there is systolic 
excursion of the leaflet body into the LA due to excess leaflet tissue, with the leaflet free edge remaining 
below the plane of the mitral annulus. Schematic (G) demonstrates anterior mitral leaflet prolapse and pos-
terior mitral leaflet flail due to chordal rupture with a 2D TEE (H) example of P2 flail segment and correspond-
ing 3D TEE (I) en face image as viewed from the LA.

Although some have used the terms ischemic MR and functional 
MR interchangeably, they have different meanings. Unlike ischemic 
MR, in which displacement of the posteromedial papillary muscle 
predominates, functional MR is a result of bilateral papillary muscle 
displacement (i.e., symmetric tethering) typically caused by dilated 
cardiomyopathy. The direction of the MR jet can help differentiate the 
two types of valvular dysfunction. The ischemic MR jet is usually ec-
centric and directed toward the posterior “restricted” leaflet, whereas 
the functional MR jet is commonly centrally directed toward the roof 
of the LA (Fig. 2.8).

3DE has provided insights into the pathophysiology of functional 
and ischemic MR. For example, several investigators using 3DE showed 
that increased sphericity of the LV, rather than contractile dysfunction, 
contributes significantly to bilateral papillary displacement, resulting 
in functional MR.26,27 3DE showed that anterior-apical myocardial 

infarctions that extend to the inferior apex can also cause ischemic 
MR.28 This suggests that inferior myocardial infarctions are not solely 
responsible for ischemic MR but that this entity can develop even 
when the myocardium immediately underlying the posteromedial 
papillary muscle is not directly involved.

Mitral leaflet tethering in ischemic mitral regurgitation. 
 Mitral leaflet tethering is a major factor contributing to development 
of ischemic MR. 2DE has been extensively used to calculate MV 
tenting area and tenting length, but studies have shown that the 
asymmetry of these single-plane measurements is commonly 
inaccurate compared with intraoperative findings.29 3DE overcomes 
this limitation by providing more accurate and reproducible 
measurements. In one of the first studies to examine leaflet tethering 
with 3DE, patients with severe MR were shown to have significantly 
larger tenting lengths and volumes compared with control patients.30 
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Fig. 2.6  En face 3D TEE images of the mitral valve as viewed from the LA demonstrate flail P2 segment 
(A) due to fibroelastic deficiency, flail medial commissure segment (B); and bileaflet prolapse (C) in a patient 
with Barlow disease. The corresponding parametric maps are for P2 flail (D), medial commissure flail (E), and 
Barlow disease (F), in which the color gradations toward orange indicate the distance of the leaflet from the 
mitral annular plane toward the LA. A, Anterior; AL, anterolateral; Ao, aortic valve; P, posterior.
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Fig. 2.7  (A) En face transesophageal image of the mitral valve as viewed from the LA during diastole 
demonstrates a pseudo-cleft in the posterior leaflet. (B) Image of the valve as seen from the left ventricle. 
(C) The image demonstrates the appearance of the valve during systole with the prolapsing segments.  
(D) Corresponding operative image of the valve demonstrates the significant prolapse with a deep fold.
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Fig. 2.8  (A) En face 3D TEE image of a mitral valve as viewed from the LA demonstrates symmetric bileaflet 
tethering due to dilated cardiomyopathy. (B) Corresponding parametric map depicts apical displacement of 
the chordae and subsequent tethering of both leaflets. P, Posterior.

This study found that the leaflet site where peak tenting occurred was 
different in each individual, suggesting that different chordae are 
involved in the disease process. Although MR severity is affected by  
the degree of tenting, tenting asymmetry is associated with greater 
degrees of regurgitation.

Mitral valve annulus in ischemic mitral regurgitation.  
Conformational changes of the MV annulus contributes to the 
development of ischemic MR. Multiple studies have shown that the 
annulus dilates and flattens, becoming essentially adynamic throughout 
the cardiac cycle.24,30 3DE imaging has revealed more subtle anatomic 
changes such as greater dilation in the anteroposterior dimension and 
greater overall dilation and flattening in anterior compared with 
inferior infarcts.30,31 3DE has been used to evaluate the dynamic 
changes in MV annular surface area and annular longitudinal 
displacement throughout the cardiac cycle.32 It has been demonstrated 
that the mitral annular surface area is larger and the annular pulsatility 
and displacement lower in patients with ischemic MR. As the mitral 
annulus enlarges, it loses its motility, becoming progressively unable to 
modify its shape throughout the cardiac cycle.

Leaflet growth in ischemic mitral regurgitation.  One of the 
most intriguing findings of 3DE is that while leaflet tethering and 
annular geometric changes drive the development of ischemic MR, 
leaflet growth occurs in an attempt to compensate for the decrease in 
leaflet coaptation.33 In one of the earliest studies to examine this 
phenomenon, Chaput et al found that leaflet area increased by 35%  
in patients with LV dysfunction.34 Two months after a myocardial 
infarction, tethered leaflet area and thickness were shown to be 
significantly increased compared with nontethered leaflets.35 Studies 
using molecular histopathology showed that this leaflet growth was 
due to an increase in smooth muscle a-actin in tethered leaflets, 
indicating endothelial-mesenchymal transdifferentiation.

A 3DE study examined the interactions among leaflet tethering, 
annular dilation and flattening, and leaflet elongation.36 The study 
authors measured multiple variables, including tenting length and 
volume, total leaflet area, total annular area, and coaptation length and 
area. They demonstrated that mitral leaflet coaptation decreases pro-
portionally with the increased displacement of the papillary muscles, 
despite the presence of compensatory increased total leaflet area. The 
ratio of total leaflet area to total annular area required to ensure proper 
coaptation in mid-systole was decreased in patients with severe MR 
compared with patients with only mild MR. Coaptation area was the 
strongest determinant of MR severity. The reason why some patients 

develop sufficient compensatory leaflet growth while others do not 
remains unknown.37

Treatment of ischemic mitral regurgitation.  Multiple studies 
using 3DE after MV ring annuloplasty have shown that while this 
procedure reduces mitral annular size, it also reduces pulsatility and 
motion of the entire valve due to its inherent rigid structure.32,38 
Because of this insight, newer annuloplasty rings are being developed 
that better conform to the natural 3D dynamics of the MV annulus.39 
Quantification of the MV annular height and intercommissural 
diameter by 3DE is helpful in assessing the suitability of different 
customized prosthesis and repair strategies aimed at restoring  
or maintaining the saddle-shape of the annulus.38 Despite this, 
annuloplasty rings in general do not address the tethering component 
and may be insufficient in decreasing MR. Patients with significant 
tethering on 3DE involving the posterior commissure (i.e., segments 
P2 and A3-P3) are at higher risk of recurrent MR after surgery. 3DE 
may play a role in selecting which ischemic MR patients should 
receive valve repair over replacement.

3DE Quantification of Mitral Regurgitation
Determining the severity of MR by quantitative analysis is an impor-
tant step in the management of MV disease. Due to the complex geom-
etry of the mitral apparatus, 3DE is uniquely suited for the assessment 
of MR. Delineation of the effective regurgitant orifice area by vena 
contracta area, proximal isovelocity surface area, and anatomical  
regurgitant surface area are some of the major strengths of 3DE  
(Table 2.4).40

3D Vena Contracta Area
Direct assessment of the vena contracta by 3DE reveals significant 
asymmetry of the vena contracta area in MR underscoring the poor 
estimation of the effective regurgitant orifice area by single-plane vena 
contracta width measurements.41 This is particularly true of ischemic 
MR in which the MR jet is typically eccentric. 3DE vena contracta area 
provides a single, directly visualized, and reliable measurement of  
effective regurgitant orifice area, which classifies MR severity, similar 
to the current clinical practice of using the American Society of Echo-
cardiography–recommended 2D integrative method (Fig. 2.9).42

Many studies have compared vena contracta area measurement by 
3DE with various 2D quantitative parameters and have consistently 
found that the accuracy and reproducibility for MR severity is far su-
perior when 3D vena contracta is used.43–45 In a study comparing 2D 
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 Vena Contracta
Proximal Isovelocity  
Surface Area

Anatomic Regurgitant 
Orifice Area Stroke Volumes

Benefits TTE and TEE
En face view of vena contracta
Multplanar width assessment
More accurate and reproducible

TTE and TEE
Convergence is flattened proximal to 

orifice and elongated distal to orifice
More accurate assessment of radius 

without geometric assumptions

Direct en face visualization 
of the mitral valve

Can be calculated in real 
time

Integration of flow velocities 
throughout the entire cardiac 
cycle

More accurate and reproducible

Limitations 3DE color Doppler limitations
Requires proper selection of 

the systolic frame

Requires significant off-line processing
3DE color Doppler limitations

Limited TTE data
Requires proper selection of 

the systolic frame

Limited TEE data
Not valid with concomitant val-

vular disease or intracardiac 
shunting

TABLE 2.4 3DE Quantitative Assessment of Mitral Regurgitation.

B C

ED F

A

Fig. 2.9  (A) Illustration depicts the classic way of using the proximal isovelocity surface area (PISA) by visu-
alizing the proximal surface area as a hemisphere (rather than a hemi-elliptical model). (B and C) Direct as-
sessment of the mitral regurgitation (MR) jet by 3DE demonstrates that the vena contracta area is more oval 
than circular. (D–F) 3DE volumetric assessment of the MR jet reveals an ellipsoid effective regurgitant orifice 
area. These corrections allow more accurate measurements of the degree of MR and better guidance of 
therapy.



31CHAPTER 2 Three-Dimensional Anatomy of the Aortic and Mitral Valves

quantification of regurgitant orifice area by proximal isovelocity  
surface area method with 3D measured vena contracta area, the  
study authors found that a 3D vena contracta area cutoff of 0.41 cm2 
was 82% sensitive and 97% specific in differentiating moderate from 
severe MR.43

3D Proximal Isovelocity Surface Area
Two-dimensional methods of effective regurgitant orifice quantifica-
tion assume that the proximal flow convergence region is hemispheri-
cal and that the regurgitant orifice is circular. 3D computational fluid 
dynamics models have demonstrated that, as the regurgitant orifice 
gets larger, the convergence region becomes spheroidal (flattened) near 
the orifice and ellipsoidal (elongated) far from the orifice.46 Studies 
have shown that hemi-ellipsoidal models, rather than hemispherical 
models, result in a much more accurate estimation of the effective  
regurgitant orifice area in in vitro and clinical studies.47,48

3D Anatomic Regurgitant Orifice Area
Because 2D planimetry of the effective regurgitant orifice area in  
patients with MR is inaccurate due to the complex, nonplanar 3D  
geometry of the orifice, 3D anatomic regurgitant orifice area measure-
ment may provide a reasonable alternative to determine the severity of 
MR.49 Measurement of the anatomic regurgitant orifice area is accom-
plished by direct visualization of the MV en face.

There are several methods for determining the anatomic regurgi-
tant orifice area. One method requires manual tracing of the leaflet 
edges in a 3D data set. This method demonstrates good correlation 
with 2D proximal isovelocity surface area–derived effective regurgitant 
orifice area but with better reproducibility.49 Anatomic regurgitant 
orifice area can also be easily measured with the use of real-time 3D 
zoom mode of the MV acquired with TEE.50

3D Mitral Inflow and Left Ventricular Outflow  
Tract Stroke Volume
One of the great strengths of 3DE compared with 2DE is that it allows 
stroke volume quantification without geometric assumptions, flow 
profile assumptions, or reliance on single plane measurements. This 
technique uses 3D color Doppler data for a region of interest to  
calculate stroke volume. Several studies have demonstrated the  
accuracy of 3D-derived LV outflow and mitral inflow stroke volume 
measurements.51,52

A newer method for quantifying MV regurgitant volume involves 
using a single 3D TTE volume data set to obtain 3D-derived LV out-
flow and MV inflow stroke volumes. Thavendiranathan et al used this 
method for 44 patients without valvular disease and compared the 
results with standard 2D pulse wave Doppler measurements with  
cardiac magnetic resonance (CMR) velocity-encoded imaging as a 
reference.53 The study authors demonstrated that LV outflow and MV 
inflow stroke volume measurements using real-time 3DE were signifi-
cantly more accurate and reproducible than those obtained with 2DE. 
This technique was also highly feasible, with postprocessing data  
requiring less than 1 minute.

Limitations of 3D-Derived Quantitative Measurements  
for Mitral Regurgitation
Despite the improved accuracy and reproducibility in assessment of 
MR with 3DE, there are still many limitations with each technique. 
3D-derived vena contracta area is subject to color Doppler limitations 
and depends on the proper selection of the systolic frame because it 
can significantly affect accurate and reproducible measurements.54 
Proximal isovelocity surface area still requires significant off-line pro-
cessing and is not practical in a busy clinical setting. Although 3D 

proximal velocity flow convergence is independent of the angle, the 
lower temporal resolution of 3D color Doppler may affect proper se-
lection of the largest flow convergence region. Anatomic regurgitant 
orifice area requires proper selection of the systolic frame and is lim-
ited by the relatively poor temporal resolution of 3DE. 3D mitral in-
flow and LVOT stroke volume holds great promise, but this method 
requires further validation in patients with MR.

Mitral Stenosis
Although the prevalence of rheumatic MV disease has significantly 
diminished in the United States, it remains a major cause of mitral 
stenosis (MS) and MR worldwide.55 Percutaneous mitral valvuloplasty 
is the preferred treatment for selected patients with MS.12 Echocar-
diography plays an important role by confirming the diagnosis, evalu-
ating the MV apparatus and its associated structures, and assessing the 
severity of MS.

3DE has many advantages over 2DE in examining the MV anatomy.56 
The echocardiographic Wilkins score, which includes leaflet thickening, 
valve calcification, and involvement of the subvalvular apparatus, was 
developed to predict which patients would benefit most from percutane-
ous mitral valvuloplasty. With 3DE and its ability to visualize the MV 
from the LA and LV perspective, the morphologic assessment of the  
MV becomes more accurate. The interobserver and intraobserver vari-
ability of the 3DE Wilkins score has been shown to be far superior to the 
2DE assessment.57 3DE is better able than 2DE to identify commissural 
splitting and leaflet tears immediately after valvuloplasty in the catheter-
ization laboratory.

There are several ways to quantitatively measure the severity of MS. 
Planimetry is the best method because it provides a direct method for 
measuring the MV area independent of loading conditions and associ-
ated cardiac conditions.58 The major limitation of 2D-derived planim-
etry in MS is that there is no assurance that the selected plane used for 
planimetry is the smallest and most perpendicular (en face) view of the 
MV orifice.

Planimetry by 3DE is preferred to 2DE because it provides the nar-
rowest orifice cross section of the MV funnel orifice, thereby providing 
a much more accurate assessment of the MV area. Many studies have 
shown the superiority of 3DE in the examination of patients with 
rheumatic MS.57,59,60 The accuracy of 3DE planimetry has been proved 
to be superior to the accuracy of the invasive Gorlin method for mea-
suring MV area.59 3DE planimetry also provides a more accurate 
assessment of the MV area before and after valvuloplasty compared 
with 2DE planimetry, 2DE pressure half-time, and the Gorlin method 
(Fig. 2.10).60

3DE is potentially useful for predicting embolic stroke in patients 
with MS. LA remodeling due to elevated LA pressure increases the risk 
of thrombus formation and subsequent embolic stroke. In some stud-
ies, the risk of systemic embolization approaches 10% to 20%.61 In a 
study of 212 patients with MS, 3DE was used to assess LA volume, 
emptying fraction, and cross-sectional area.62 The authors found that 
a more spherical LA shape was independently associated with an in-
creased risk for embolic stroke independent of age and LA function.

AORTIC VALVE

Aortic Valve Anatomy
Aortic Valve Cusps
The aortic valve (AV) is composed of three cusps that are attached in a 
semilunar fashion along the entire length of the aortic root, with the 
highest point of attachment at the level of the sinotubular junction and 
the lowest in the LV myocardium below the anatomic ventricular-arterial 
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Fig. 2.10  TEE of the Mitral Valve. (A) 3D TEE LA view of a rheumatic mitral valve with thickened leaflets 
during diastole. (B) 3D TEE zoomed pre-valvuloplasty view of the mitral valve with an anatomic orifice area  
of 1.4 cm2. (C and D) 3D TEE of mitral balloon valvuloplasty. (E and F) 3D TEE view of the mitral valve after 
valvuloplasty reveals an increase in the anatomic orifice area to 1.9 cm2.

junction. The free edge of each cusp curves up from the commissures and 
is slightly thickened at the tip or midpoint, which is also known as the 
node of Arantius. Each cusp is identified by its relationship to the coro-
nary arteries. The right and left coronary cusps lie below the off-take of 
the right and left coronary arteries, respectively, and the noncoronary 
cusp is adjacent to the interatrial septum.

Marked variation exists for all aspects of the cusps, including 
height, width, and surface area. The AV area is the area between the 
cusps during LV systole, and the shape of this area can be stellate,  
circular, triangular, or an intermediate form of these variants.63

Aortic Valve Annulus
Various definitions for the AV annulus exist because it is based on the 
AV cusp insertion points, which are not located in a single plane but 
along the length of the aortic root. Due to this anatomy, the surgical 
definition of aortic annulus refers to a semilunar crownlike structure 
demarcated by the hinges of the AV cusps, whereas the imaging defini-
tion refers to the virtual or projected ring that connects the three most 
basal insertion points of the cusps. 3D studies have revealed that the 
aortic annulus, when defined using the imaging definition, is not cir-
cular but elliptical.64 Normal reported adult aortic annular area mea-
surements by planimetry using 3DE images is 4.0 6 0.8 cm.265,66 3DE 
studies have also found that the projected aortic annular area is largest 
in the first third of systole and smallest during isovolumic relaxation.67

Aortic Root Complex
The AV, the sinuses of Valsalva, and the fibrous intercusp triangles to-
gether form the aortic root complex.68–70 The sinuses of Valsalva are 
areas of aortic root wall expansion defined by the insertion sites of the 
AV cusps, with the inferior margin located at the basal cusp insertion 
points and the superior margin at the sinotubular junction. Each sinus 
is separated from the others at its base by the intercusp triangle.71 Ab-
sence of any of these intercusp triangles results in a loss of the coronet 

shape of the cusp insertion points to a more ringlike shape, which is 
associated with valvular stenosis.71

The start of the aortic root from the LV is delineated by the basal 
attachments of the AV cusps, and the sinotubular ridge separates the 
aortic root from the ascending aorta. Along the anterior margin of  
the aortic root lie the subpulmonary infundibulum and, posteriorly, 
the orifice of the MV and the muscular interventricular septum. Over-
all, approximately two-thirds of the circumference of the lower part of 
the aortic root is connected to the septum, and the remaining one-
third is connected by a fibrous continuity known as the aortic-mitral 
curtain to the MV (see Fig. 2.1).

Aortic Valve Physiology
During LV systole, the aortic cusps move toward the sinuses of  
Valsalva, and during diastole, they coapt at the level of the aortic an-
nulus. When the aortic cusps are open, they do not strike the aortic 
wall due to the formation of vortices created by blood directed from 
the ridge at the sinotubular junction into the space between the cusps 
and the sinuses of Valsalva.72 The coronary artery orifices are not oc-
cluded when the valve is open.70 These vortices also promote valve 
closure. Due to the importance of these eddy flows in the sinuses, the 
curvature of the sinuses of Valsalva is central to determining the distri-
bution of stress on the valve cusps.73 Although blood flow contributes 
to the opening and closing of the AV, the actual motion of the aortic 
cusps does not completely parallel the blood flow pattern as the cusps 
open before any forward blood flow into the aorta and close before 
cessation of forward blood flow.63,74–77

3DE Imaging
3DE imaging of the AV can be challenging in patients with thin cusps 
and in those with heavily calcified valves because of significant cusp 
body dropout. This is caused by the orientation of the valve with respect 
to the echo probe and the artifacts caused by calcification of the valve.
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Image Acquisition
The main views used to acquire 3D TTE images are the parasternal 
long-axis and short-axis views and the apical three-chamber view  
(see Table 2.2). The apical approach results in lower spatial resolution 
compared with the parasternal views, but this does not affect accurate 
assessment of AV morphology or LVOT assessment.

The main views used to acquire 3D TEE datasets include the mid-
esophageal, the approximately 60-degree aortic valve short-axis view, 
and the approximately 120-degree long-axis view (Fig. 2.11).

Image Display
The AV should be imaged with the right coronary cusp located inferi-
orly, regardless whether the perspective is from the aorta or the 
LVOT.11 The aortic perspective of the valve is best suited for assessing 
valve morphology, and the LV perspective may best delineate aortic 
tumors/vegetations or subvalvular obstructions (see Table 2.2).

Roles for 3DE
Aortic Valve Anatomy

Native valves. With 2DE, through-plane motion of the AV during 
the cardiac cycle often hampers adequate visualization of AV 
morphology. With 3DE, regardless of the actual spatial orientation of 
the aortic root, the true en face view of the AV is contained in the 3D 
data set. Although there are limitations to 3DE AV cusp body imaging, 
cusp edges often can be visualized.13,78 3DE, when compared with 2DE, 
has been shown to accurately identify abnormal aortic leaflet 
morphology, especially in bicuspid and quadricuspid aortic valves 
(Fig. 2.12).79–83 3DE has been useful for the assessment of cusp masses 
such as Lambl excrescences and AV papillary fibroelastomas.84–86 The 
spatial relationship of the AV with surrounding structures such as the 
LVOT and mitral annulus also can be assessed.

Prosthetic valves.  The strength of 3DE in the assessment of 
aortic mechanical and bioprosthetic valves is its ability to visualize the 
prosthetic valve ring en face regardless whether it is viewed from the 
LVOT or the aortic perspective.87 This ability increases visualization 
and assessment of paravalvular regurgitation, allowing localization 
and severity quantification.87,88 In contrast, the prosthetic leaflets are 
poorly visualized regardless of perspective because the AV lies far from 
the transducer and its location is oblique with respect to the angle of 
incidence of the ultrasound beam. This also explains why image 
quality of the native AV leaflets is relatively poor.

Endocarditis.  3DE is valuable in addressing native and prosthetic 
AV endocarditis because the en face view improves identification and 
localization of valve perforations compared with 2DE. For prosthetic 
valves, it allows accurate assessment of complications such as valve 
dehiscence with their associated regurgitation jets.88–92 The ability to 
display valve images in a surgical perspective also enables better 
communication with surgeons. In prosthetic valve endocarditis, 3DE 
correlates well with surgical and 2D TEE findings, and it identifies 
additional vegetations not seen on 2D TEE.88 3DE can assist in 
differentiating vegetation from loose suture material, and the rocking 
motion of a partially dehisced valve is frequently better appreciated on 
3D imaging. However, due to frame rate limitations on 3DE, 2DE 
remains superior for the identification of small mobile vegetations. 
The strength of 3DE lies in its ability to characterize the mass in more 
detail than just noting its presence or absence.

Aortic Stenosis Assessment
3DE has improved the accuracy and reproducibility of the aortic 
stenosis (AS) severity quantification through accurate LVOT area 
measurements, the use of direct volumetric measurement of stroke 
volume, and by direct planimetry of the AV area (Table 2.5).93–97

Left ventricular outflow tract.  3DE has shown that the LVOT 
cross-sectional area is not circular but is instead elliptical (Fig. 2.13). 
This difference is crucial because the calculation of AV area using the 
continuity equation uses a 2DE measured LVOT diameter that is 
substituted into a formula that assumes that the LVOT is circular, 
which results in an underestimation of AV area. Substitution with 3DE 
planimetered LVOT area into the continuity equation improves the 
accuracy of AV area calculations.11,98–101

3DE studies have demonstrated that the LVOT is less distensible  
in AS patients and that this reduced distensibility mainly affects the 

3DE

Display

RCC

RCC

Fig. 2.11  3D TEE Acquisition and Presentation of the Aortic Valve. 
Top, Two orthogonal views (short and long axis) of the aortic valve are 
optimized with biplane mode before 3D TEE acquisition. Once ac-
quired, the 3DE pyramid should be rotated 90 degrees along the y-axis 
so that an en face view of the aortic valve is presented. The aortic valve 
should be displayed with the right coronary cusp (RCC) located at the 
6-o’clock position whether the valve is presented from the LV or aortic 
perspective.
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Fig. 2.12 3D TEE views of the aortic valve from the aorta perspective demonstrate a normal aortic valve 
during systole (A) and diastole (B), a unicuspid valve during systole (C) and diastole (D), and a sclerocalcific 
aortic valve during systole (E) and diastole (F).

minor axis. This minor axis corresponds to the anterior-posterior 
LVOT diameter measured by 2D TEE, which may cause an underesti-
mation of LVOT area that results in a smaller stroke volume and an 
underestimation of AV area.102

Stroke volume quantification.  There are two 3DE methods for 
improving stroke volume quantification. The first is to use 3DE-
derived end-systolic and end-diastolic volumes to determine stroke 
volume, and the second is to use a direct volumetric measurement of 
stroke volume (Figs. 2.14 and 2.15).103–106 AV area is calculated by 
dividing 3DE-derived stroke volume by AV continuous-wave Doppler 

time-velocity integral. Using these methods, 3DE has been shown to 
have superior accuracy compared with using 2D stroke volume 
calculations. This method is particularly useful for patients with 
distorted LVOT shapes because AV area determined by 3DE-determined 
stroke volume was significantly more accurate than 2DE-derived 
areas.103

Aortic valve planimetry.  An alternative method for assessing 
AV area is direct planimetry of the AV area from 3DE data sets  
(Fig. 2.16).107–110 Many studies have demonstrated that planimetered 
AV area is clinically feasible and relatively accurate compared  
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Quantification  
of Aortic Stenosis 3DE Contribution
Continuity equation LVOT area: 3DE improves measurement of this 

elliptical structure
Stroke volume derived from 3DE LV volumes: 

avoids LVOT measurement errors
Direct volumetric quantification of stroke volume: 

avoids LVOT measurement errors

Direct planimetry Direct tracing of the stenotic orifice area: rec-
ognizes the nonplanar nature of the stenotic 
orifice

TABLE 2.5 3DE Assessment of Aortic 
Stenosis.

AoA SOV

STJLVOT

Fig. 2.13  3D TEE of the aortic root, with multiplanar analysis exact en face images of the left ventricular 
outflow tract (LVOT), the aortic annulus (AoA), the sinus of Valsalva (SOV), and the sinotubular junction (STJ) 
can be obtained.

with invasive measures and equivalent if not superior to 2D 
planimetry.108,109,111 This improvement in accuracy results from the 
ability to trace the 3D shape of the stenotic orifice on 3DE, which is 
typically smaller than the planar orifice that can be traced from 2DE.

Transcatheter Aortic Valve Replacement
Transcatheter aortic valve replacement (TAVR) is a minimally invasive 
treatment option for patients with severe AS who are inoperable or 
have intermediate to high surgical risk. Insertion and placement of the 
valve results in compression of the native valve cusps between the 
prosthetic valve struts and the arterial wall. Different imaging modali-
ties are used before, during, and after the procedure, and their use 
varies according to center expertise. When available, 3DE plays an 
important role in all of these stages.

Preprocedure: aortic root assessment.  Accurate measurement 
of the aortic annulus is required to determine TAVR valve size. An 
undersized device may result in paravalvular insufficiency or valve 
detachment and embolization, whereas an oversized device may result 
in aortic dissection or rupture of the aortic annulus. Accurate 

measurements of distances from the aortic annulus to the coronary 
ostium are important to avoid obstruction of the coronary ostium 
after valve implantation. Although many centers use computed 
tomography to obtain these measurements, there is a significant 
proportion of patients who are unable to undergo this test. For these 
patients, echocardiography with 3D use is superior to 2DE alone.

Quantitative 3DE measurements of the AV and root throughout the 
cardiac cycle can be obtained from manual measurements using multi-
planar analysis or from semi-automated or fully automated analysis 
software.112 With the use of 3DE multiplanar analysis, accurate cross-
sectional planimetry and dimensions at all levels of the aortic root and 
the aortic cusp dimensions and distance from the projected aortic an-
nulus to the coronary artery ostia can be obtained (Fig. 2.17).65,113 
Multiplanar analysis allows exact alignment of the cut planes to the 
structure in question, which is sometimes impossible to obtain in the 
2D short-axis view and in hearts in a horizontal position or with aortic 
root pathology. With the use of multiplanar analysis, planar sagittal 
measurements of the aortic annulus have improved. The plane should 
be aligned between the left and noncoronary cusp commissure and 
through the middle of the right coronary cusp. It has also led to the 
realization that the coronal diameter, not this dimension, is the largest 
diameter of the aortic annulus (Fig. 2.18). Multiplanar analysis allows 
assessment of supravalvular and subvalvular anatomy within the 3D 
volume to evaluate for serial aortic outflow tract stenosis.

Overall, aortic root measurements obtained from 3DE demonstrate 
good correlation with measurements obtained by multislice computed 
tomography (MSCT) and/or CMR. 64,65,114–120 However, 3DE measure-
ments are usually larger than those acquired with 2DE but smaller 
than those obtained with MSCT and CMR.64,65,114–120 When comparing 
the accuracy of these imaging modalities using an in vitro gold stan-
dard, CMR was found to be the most accurate imaging modality,  
although 3DE and MSCT were reasonably accurate.121 The amount 
of calcium decreased accuracy and interobserver reproducibility com-
pared with 3DE and MSCT.121

Investigators have examined the impact of using aortic annular 
measurements obtained with different imaging modalities on the 
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Fig. 2.14  Aortic valve area (AVA) assessment is improved by using 3D TTE-derived end-systolic (ESV) and 
end-diastolic volumes (EDV) (A) to determine stroke volume (SV) and dividing it by 2DE-derived aortic valve 
continuous-wave Doppler time-velocity integral (TVI) (B). The 3D TTE is obtained from a wide-angle, multibeat 
acquisition of the left ventricle.
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Fig. 2.15  Direct Volumetric Measurement of Stroke Volume (SV) From 3D TEE. (A) En-face view of blood 
flow through the aortic annulus from a single-beat, color Doppler, 3DE acquisition. From the region of interest 
(green outline), 3DE software can calculate stroke volume through the valve. (B) Graph depicts blood flow 
through the valve obtained from the 3DE-based software.
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A B

Fig. 2.16  (A) 3D TEE zoomed image of a stenotic aortic valve during maximal opening in systole. (B) Using 
multiplanar analysis, the aortic valve area can be measured.

Fig. 2.17  Using specialized software from a 3D TEE data set, the aortic valve complex can be tracked 
throughout the cardiac cycle. Although almost any aortic root measurement can be obtained, in this example, 
the generated 3D model is tracking the aortic valve area.
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Fig. 2.18  To correctly measure the aortic (Ao) annulus anteroposterior (sagittal) diameter using a 3D dataset 
(A) at the level of the mid-sinuses of Valsalva (B), the plane should pass from between the non- and left  
commissures and through the middle of the right coronary sinus (yellow line).

choice of implanted percutaneous valve size. They found that the size 
of the implanted valve would have changed, from that chosen by 2DE 
in 40% to 42% of patients.64 However, when these investigators studied 
the outcomes from prosthesis size determined from 2D TEE measure-
ments, only a small number of patients had poor outcomes due to 
complications arising from the size of the implanted valve.64 Even with 
the underestimation of echocardiographic measurements, there is  
no difference in outcomes because most guidelines for determining  
the size of aortic devices were developed using echocardiographic 
measurements.115

Periprocedure.  TTE is playing an increasing role during TAVR 
procedures as conscious sedation protocols are being implemented, 
resulting in lower TEE use. However, TEE is still being used in a subset 
of patients and centers. When available, 3D TEE can help guide the 
catheter and the prosthetic valve into an optimal position. Advancing 
the device too far into the aorta may result in occlusion of the coronary 
ostia, whereas retraction toward the LVOT may interfere with the 
motion of the anterior mitral leaflet, resulting in MR.122

Postprocedure.  3D TEE is useful in evaluating results and 
identifying potential complications, including paravalvular and 
transvalvular regurgitation, new wall motion abnormalities, MR, 
damage to the aortic ring, aortic dissection, pericardial effusion, and 

cardiac tamponade. In addition to localizing and quantifying 
paravalvular regurgitation, 3DE can direct percutaneous device closure 
of leaks.123

Aortic Regurgitation Assessment
3DE studies on aortic regurgitation (AR) have provided novel mecha-
nistic insights. For example, for AR associated with aortic root dilata-
tion, 3DE has found that there is remodeling of the cusps in response 
to the root dilatation but that it is insufficient in cases of central AR 
or excessive in eccentric AR.124 Practically, 3DE improves AR assess-
ment through superior assessments of AR mechanism and severity 
quantification.

Classification.  Describing the mechanism of AR is important in 
determining surgical AV reparability. This can be achieved through the 
use of classification schemes that require assessment of cusp mobility, 
aortic root pathology, and cusp perforation (Table 2.6).125–127 Use of 
these classification systems can guide repairs and reduce recurrence of 
AR.128 The use of 3DE helps AR classification by improving assessment 
of leaflet mobility and quantifying changes in cusp size and shape 
throughout the cardiac cycle.65,67

Vena contracta.  The vena contracta cross-sectional area, a 
surrogate for effective regurgitant orifice area, is a good predictor of 

Type of Aortic Regurgitation Mechanism of Aortic Regurgitation Type of Aortic Valve Repair
1A Dilated sinotubular junction

Normal cusp mobility
Sinotubular junction remodeling
• Subcommissural annuloplasty

1B Dilated sinuses of Valsalva
Normal cusp mobility

Valve-sparing aortic root replacement

1C Dilated ventriculo-aortic junction
Normal cusp mobility

Subcommissural annuloplasty
• Sinotubular junction annuloplasty

1D Aortic cusp perforation
Normal cusp mobility

Aortic cusp repair
• Autologous or bovine pericardium

II Aortic cusp prolapse
Excessive cusp mobility

Cusp prolapse repair with subcommissural annuloplasty
• Focal prolapse: plication, triangular resection
• Generalized prolapse: free margin resuspension

III Restricted cusp mobility
Thickening, fibrosis, calcification

Cusp repair with subcommissural annuloplasty
• Shaving, decalcification, patch

TABLE 2.6 Functional Classification of Aortic Regurgitation and Repair Strategies.
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AR severity. However, quantification of the vena contracta with 
diameters from 2D color Doppler images can be inaccurate because 
the shape of regurgitant orifices can be asymmetric. 3DE multiplanar 
reconstruction of the vena contracta allows measurement of the cross-
sectional area, which has been shown to be more accurate than 2D 
methods.129–131 3DE allows multiple jets of different directions to be 
measured. However, it may result in underestimation or overestimation 
when the vena contracta shape changes significantly throughout 
diastole. 3DE methods to directly measure the proximal isovelocity 
surface area are currently being studied.132

Stroke volume.  3DE can improve quantification of AR severity 
determined by comparing aortic stroke volume with mitral or pulmonic 
stroke volume. 3DE improves LV stroke volume measurements, which 
are similar to stroke volume at the LVOT in isolated AR. Another 3DE 
method involves computing the beat-to-beat difference between 3DE-
determined left and right ventricular stroke volumes or LV outflow and 
mitral inflow.133–135

AORTIC-MITRAL VALVE INTERACTIONS
The MV and AV are anatomically linked through a shared fibrous 
border called the aortic-mitral curtain, and AV and MV functions are 
interdependent (see Fig. 2.1).136 This relationship was fully appreciated 
with the development of 3DE.67 It found that during the cardiac cycle 
when aortic annular area is at its maximum, mitral annular area is at 
its minimum, and vice versa. The angle between the AV and MV is 
smallest during LV ejection. Overall, the aortic-mitral fibrous continu-
ity acts as an anchor affecting the function of both valves, and its effect 
likely plays a role in the efficiency of the heart as a pump.

This interaction also suggests that diseases or surgical processes 
that affect one valve may have unanticipated effects on the dynamics 
of the other valve. 3DE quantification of this coupling has been used 
to examine it in patients with degenerative MV disease before and after 
mitral annuloplasty repair.137 In patients with degenerative MV dis-
ease, the AV appears unaffected. After MV repair, the AV annulus has 
reduced pulsatility and motion throughout the cardiac cycle due to the 
rigid structure of the mitral annuloplasty ring.

In patients with isolated AS, 3DE has found that the MV is affected 
with smaller mitral annular areas and reduced mitral annular function. 
These changes persist even with surgical or percutaneous treatment of 
the AV.138,139 Clinically, this valvular coupling is observed by noting 
decreased MR severity after AV replacement.140,141 Overall, diseases af-
fecting the AV or MV and interventions to treat these diseases should 
include assessment of the impact on both valves.

CONCLUSIONS
3DE is an invaluable addition to the diagnosis and management of MV 
and AV disease. It has improved the anatomic assessment of these 
valves and offered mechanistic insights into diseased states. The use of 
3DE has led to greater accuracy in quantification of stenosis and regur-
gitation and guided interventions with these abnormalities. Overall, 
the use of 3DE in evaluating the mitral and aortic valves is increasing 
and improving patient care.
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into the pathophysiology of mitral valve prolapse, ischemic mitral 
regurgitation and calcific aortic stenosis. Additionally, the use of 
three-dimensional echocardiography has improved the quantification 
of stenosis and regurgitant lesion. Lastly, three-dimensional echocar-
diography is routinely used to guide surgical and percutaneous re-
placement and repair techniques. 

Abstract: Advancements in three-dimensional echocardiography 
have led to its routine use in clinical practice. This is because it can 
provide realistic images of the mitral and aortic valves and their spa-
tial relationships with adjacent structures. This has resulted in im-
proved evaluation and communication among the Heart Team. Cou-
pled with developments in computer technology, models of the mitral 
and aortic valves can now be obtained from three-dimensional echo-
cardiographic datasets with minimal effort. This allows 3D quantifi-
cation of the mitral and aortic valve structures resulting in more ac-
curate and reproducible measurements compared to two-dimensional 
methods. These measurements have provided mechanistic insights 

Keywords: Mitral valve, Aortic valve, 3D echocardiography, anatomy, 
Degenerative mitral regurgitation, Ischemic mitral regurgitation, 
Transcatheter aortic valve replacement, regurgitation quantification, 
stenosis quantification.
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