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v

Three-dimensional echocardiography has completed its transition from a research tool to a 
clinically useful imaging modality able to provide additional and unique information to assist 
in the diagnosis, clinical management, and decision-making of patients with a wide range of 
cardiovascular diseases. In addition to the studies performed in the echocardiography labora-
tory, three-dimensional echocardiography is currently extensively used in the operating room 
and in the catheterization laboratory to help plan cardiac surgeries and guide interventional 
procedures.

This textbook on three-dimensional echocardiography is intended to be read by echocar-
diographers who are new to this technique, those who are interested in updating their knowl-
edge in three-dimensional echocardiography, and also cardiac surgeons and clinical and 
interventional cardiologists who want to learn what additional information three-dimensional 
echocardiography can add to their clinical practice.

After introductory chapters describing the evolution of three-dimensional echocardiogra-
phy, the physics supporting this technique, and how to implement its use from both the trans-
thoracic and transesophageal approaches, we also included a chapter on “how to implement 
three-dimensional echocardiography in the routine workflow of a busy clinical laboratory.” In 
this chapter, we tried to address all the issues that are still limiting its routine use despite the 
clear evidence of added value, compared to conventional two-dimensional and Doppler echo-
cardiography. The remainder of the book’s chapters are organized by cardiac structures and 
their respective diseases (i.e., the normal mitral valve followed by congenital abnormalities 
and stenosis, degenerative and functional mitral regurgitation, assessment during and after 
surgery, or interventional procedures on the mitral valve) emphasizing the technical aspects of 
three-dimensional echocardiography as well as the added value of this technique compared to 
conventional two-dimensional and Doppler echocardiography. At the end of these chapters, 
selected clinical cases were included to better illustrate the added diagnostic value provided by 
the three-dimensional echocardiography. The chapters are illustrated by over 1101 figures and 
229 videos to help the reader become familiar with the different displays of three- dimensional 
data sets, the related anatomy as imaged with this technique, and how to postprocess data sets. 
At the end of each chapter, a selected list of annotated references is included. These references 
are suggestions for the reader who may be interested in reading more about a particular topic.

The first edition of the Textbook of Three-Dimensional Echocardiography, one of the first 
books on the topic, was published in 2011. Since the first edition, three-dimensional echocar-
diography technology has evolved dramatically, image quality has improved, and new soft-
ware packages have been developed to provide improved postprocessing and near-automated 
quantitative analysis of the three-dimensional data sets. In addition, since our previous book, 
hundreds of publications which have contributed to broaden our knowledge of this echocardio-
graphic technique have been published.

We have thoroughly revised this new edition to reflect these multiple changes. Denisa 
Muraru, MD, PhD, has joined our editorial team, and, in addition to writing several new chap-
ters, she has overseen the illustration content of this book. The number of chapters has increased 
from 18 to 25, and 18 chapters are entirely new. The chapters which have been carried over 
from the first edition have undergone extensive update to broaden their content and highlight 
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technical advances and clinical utility. In this new edition of our book, there are 31 new authors, 
all of them true experts on the topic they have written.

It should be emphasized that this textbook should be the starting point or frame of reference 
to start learning three-dimensional echocardiography. Appropriate training in three- dimensional 
echocardiography includes competency in the acquisition and postprocessing of high-quality 
data sets and knowledge of cardiac anatomy and pathophysiology of heart diseases. A textbook 
can only supplement the experience gained when attending “live” three-dimensional echocar-
diographic courses and when acquiring studies on patients with a wide range of heart diseases 
under expert guidance. Although this textbook cannot be a substitute for appropriate training 
and clinical experience, we hope that the superior quality of the three-dimensional echocar-
diography illustrations and videos, as well as the quality of the accompanying text, will 
enhance the learning experience of colleagues who are new to this technique and provide a 
useful update for those who are already experts.

Milano, Italy Luigi P. Badano 
Chicago, IL, USA  Roberto M. Lang 
Milano, Italy  Denisa Muraru 
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The Evolution of Three-Dimensional 
Echocardiography: From the Initial 
Concept to Real-Time Imaging

Victor Mor-Avi, Bernhard Mumm, and Roberto M. Lang

Abstract
For decades, cardiac ultrasound had an important advan-
tage over computed tomography and magnetic resonance 
imaging by virtue of its dynamic nature resulting in ana-
tomically correct cross-sectional views of the beating 
heart. Nevertheless, it has remained limited to a single 
cut-plane at a time, necessitating sequential imaging of 
multiple views and considerable expertise to mentally 
align them in order to visualize the complex three- 
dimensional cardiac anatomy and detect abnormalities. 
Recent technological developments resulted in real-time 
three-dimensional ultrasound imaging of the heart, which 
is quickly conquering the clinical arena and adds unprec-
edented new dimensions to the diagnosis of heart disease. 
The goal of this chapter is to review the evolution of 3D 
echocardiography and describe the milestones this tech-
nology has gone through, and to highlight the promises 
and setbacks that drive the technological development 
towards the realization of its full potential.

Keywords
Three-dimensional imaging · Ultrasound imaging · 
Transthoracic echocardiography · Transesophageal 
echocardiography · Real-time imaging

 Introduction

From the early days of medical imaging, the concept of 
three-dimensional (3D) imaging was indisputably perceived 
as desirable based on the wide recognition that depicting 
complex 3D systems of the human body in less than three 
dimensions severely limited the diagnostic value of the infor-
mation gleaned from these images. Over the last half of the 
twentieth century, we have witnessed continuous technologi-
cal developments driven by strong demand from the medical 
community that allowed the transition from fuzzy single- 
projection x-ray films to multi-slice tomographic images 
of exquisite quality depicting anatomical details previously 
seen only in anatomy atlases. The ability to visualize these 
details in a living patient had spurred revolutionary changes 
in how physicians understand disease processes and resulted 
in new standards in the diagnosis of disease. Today, the diag-
nosis of multiple disease states heavily relies on information 
obtained from noninvasive imaging. The ability to virtu-
ally slice and dice the human body in any desired plane has 
boosted the diagnostic accuracy and confidence by orders of 
magnitude.

Despite the broad appeal of computed tomography (CT) 
and magnetic resonance imaging (MRI), for several decades, 
heart disease has remained outside the scope of these sophis-
ticated technologies because of the constant motion of the 
beating heart. While imaging of stationary organs was con-
ceptually easy to solve by collecting information from dif-
ferent parts or from different angles consecutively, imaging 
of the beating heart required data collection to occur virtu-
ally in real time. While for decades, ultrasound imaging had 
this edge over CT and MRI, it remained limited to a single 
cut- plane. In fact, one may find in textbooks from the early 
1970s explanations why real-time 2D imaging of a beat-
ing heart is an enormous technological advancement that 
is unsurpassable because of the limitations imposed by the 
speed at which sound waves travel inside the human body. 
Nevertheless, despite the fact that the speed of sound has 
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not changed since then, the combination of the meteoric rise 
of computing technology with ingenious engineering solu-
tions that increased the efficiency of the process of image 
formation from ultrasound reflections dispelled this tenet. In 
the 1990s, we witnessed the increase in imaging frame rates 
from a crawling few to a blazing hundreds per second, pav-
ing the way to 3D echocardiography [1]. The concept behind 
this new imaging modality was that it should be possible 
to image multiple planes in real time, albeit at lower frame 
rates, similar to those of earlier versions of 2D imaging.

This vision turned into reality rather quickly, and 
today real-time 3D echocardiography is booming and has 
secured an important place in the noninvasive clinical 
assessment of cardiac anatomy and function [2–5]. The 
purpose of this chapter is to review the evolution of 3D 
echocardiography and describe the milestones this tech-
nology has gone through, and to highlight the promises 
and setbacks that propelled the technological develop-
ment into the race for the next “base” in the understanding 
of its full potential.

 Linear Multiplane Scanning

Before technology necessary for real-time scanning of 
multiple planes was in place, attempts for 3D reconstruc-
tion of the heart from echocardiographic images were 
based on the use of linear step-by-step motion, wherein 

the transducer was mechanically advanced between acqui-
sitions using a motorized driving device [6]. However, 
this simple solution was not applicable for transthoracic 
echocardiography, because of the need to find inter-costal 
acoustic windows for each acquisition step. This approach 
was also implemented in a pull-back transesophageal 
echocardiography (TEE) transducer, known as “lobster 
tail” probe (Fig. 1.1).

 Gated Sequential Acquisition

One developmental aspect crucial for the success of 3D 
reconstruction from multiplane acquisition was the registra-
tion of the different planes, so that they could be combined 
together to create a 3D image of the heart. This was achieved 
by sequential gated acquisition, wherein different cut-planes 
were acquired one-by-one with gating designed to minimize 
artifacts. To minimize spatial misalignment of slices because 
of respiration, respiratory gating was used, such that only 
cardiac cycles coinciding with a certain phase of the respira-
tory cycle were captured. Similarly, to minimize temporal 
misalignment because of heart rate variability, ECG gating 
was used, such that only cardiac cycles within preset limits 
of R-R interval were included. This methodology became 
standard in both transthoracic and transesophageal multi-
plane imaging aimed at 3D reconstruction and was widely 
used until real-time 3D imaging became possible.

Fig. 1.1 Motorized linear-motion device used to acquire parallel cut 
planes for reconstructing 3D images using linear step-by-step trans-
ducer motion (left panel). Pull back transoesophageal probe that 
employed the same approach of linear motion (right panel) [7]. 
Reprinted by permission from Springer Nature, Muraru D, Badano 

LP.  Physical and Technical Aspects and Overview of 
3D-Echocardiography. In: Manual of Echocardiography, Casas Rojo E, 
Fernandez-Golfin C, Zamorano J. (eds). Springer, Cham, 2017, pages 
1–44

V. Mor-Avi et al.
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 Transesophageal Rotational Imaging

An alternative approach to linear scanning was to keep the 
transducer in a fixed position corresponding to an optimal 
acoustic window, and rotate the imaging plane by inter-
nally steering the imaging element in different directions 
(Fig. 1.2, Central panel). This concept of rotational scan-
ning in combination with gated sequential scanning was 
implemented in TEE technology and resulted in a probe 
(Fig.  1.2, Left panel) that has subsequently become the 
main source of multiplane images used for 3D reconstruc-
tion, both for research and clinical practice [8, 9]. This 
approach provided 3D reconstructions of reasonably good 
quality due to the high quality of the original 2D images 
and the fact that the TEE probe is relatively well “anchored” 
in its position throughout image acquisition, especially in 
sedated patients. Nevertheless, cardiac structures, such as 
valve leaflets appeared jagged as a result of stitch artifacts 
(Fig. 1.2, Right panel), reflecting the contributions of indi-
vidual imaging planes that could not be perfectly aligned 
during reconstruction, despite the ECG and respiratory gat-
ing. Multiple studies demonstrated the clinical usefulness 
of this approach mostly in the context of the evaluation of 
valvular heart disease.

 Transthoracic Rotational Imaging

An early transthoracic implementation of rotational approach 
consisted of a motorized device that contained a conventional 
transducer, which was mechanically rotated several degrees 
at a time, resulting in first transthoracic gated sequential 
multiplane acquisitions suitable for 3D reconstruction of 
the heart [10–12]. A later, more sophisticated implementa-

tion used a multiplane TEE transducer that was repackaged 
into a casing suitable for transthoracic imaging (Fig.  1.2, 
Left panel). Despite the previously unseen 3D transthoracic 
echocardiographic images that excited so many, it quickly 
became clear that this methodology was destined to remain 
limited to the research arena because image acquisition was 
too time-consuming and tedious for clinical use. In addition, 
the quality of the reconstructed images was limited.

 Transthoracic Free-Hand Imaging

An alternative approach for transthoracic 3D echocardiog-
raphy is known as free-hand scanning [12–14]. This meth-
odology is based on the use of spatial locators, conceptually 
similar to the global positioning system, widely known today 
as GPS, except these devices were communicating with a 
receiver unit located in the exam room, rather than on a sat-
ellite revolving around the Earth. Initially, these locators 
used acoustic technology known as “spark gaps” (Fig. 1.3), 
which was based on precise measurements of the differences 
in travel time of sounds emitted by three different sources 
mounted on the transducer. Subsequently, an electromag-
netic version of this technology was used, based on phase 
differences of signals originating from different sources 
(Fig.  1.4). Regardless of the underlying technology, these 
devices could accurately determine the location and orienta-
tion of the transducer at any moment. This information was 
translated into precise location of the imaging plane, allow-
ing the sonographer to image from any identifiable good 
acoustic window. These images could be added to the data 
set eventually used for 3D reconstruction, thus eliminating 
the problem of using suboptimal images obtained from poor 
acoustic windows.

Fig. 1.2 Rotational approach implemented into a transoesophageal 
multiplane transducer (left panel). Schematic drawing of sequential 
ultrasound images obtained by progressive rotation of the transducer in 
a prespecified fashion (central panel). Example of a 3D image of the 
mitral valve with anterior leaflet prolapse from multiplane images 

acquired using this transducer (right panel) [7]. Reprinted by permis-
sion from Springer Nature, Muraru D, Badano LP.  Physical and 
Technical Aspects and Overview of 3D-Echocardiography. In: Manual 
of Echocardiography, Casas Rojo E, Fernandez-Golfin C, Zamorano J. 
(eds). Springer, Cham, 2017, pages 1–44

1 The Evolution of Three-Dimensional Echocardiography: From the Initial Concept to Real-Time Imaging
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Since the number of planes typically acquired using this 
approach was relatively small (3–8), but nevertheless suf-
ficient for 3D reconstruction of heart chambers and vol-
ume quantification, the acquisition was relatively quick. 
However, the downside of this high-speed acquisition was 
that there was not enough information to create detailed 3D 

views of the valves. Another drawback of this methodology 
was that while the acquired cut-planes could be perfectly 
aligned in the fixed room coordinates, they were not nec-
essarily aligned anatomically, whenever any patient’s body 
movement occurred between the consecutive acquisitions of 
individual cut-planes. The result again was motion artifacts 

Fig. 1.3 Acoustic locator or “spar-gaps”. The ultrasound probe posi-
tion is tracked by a means similar to radar technology [7]. Reprinted by 
permission from Springer Nature, Muraru D, Badano LP. Physical and 

Technical Aspects and Overview of 3D-Echocardiography. In: Manual 
of Echocardiography, Casas Rojo E, Fernandez-Golfin C, Zamorano J. 
(eds). Springer, Cham, 2017, pages 1–44
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Fig. 1.4 Freehand scanning. A modified ultrasound probe is tracked in 
3D space using an electromagnetic locator system (left panel). 
Schematic drawing of the receiver and transmitting device and the 
Cartesian coordinate system for tracking the location of the transducer 
(right panel). Images then may be reconstructed off-line to create 3D 

data sets [7]. Reprinted by permission from Springer Nature, Muraru D, 
Badano LP.  Physical and Technical Aspects and Overview of 
3D-Echocardiography. In: Manual of Echocardiography, Casas Rojo E, 
Fernandez-Golfin C, Zamorano J. (eds). Springer, Cham, 2017, pages 
1–44
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that frequently necessitated repeated acquisition. Another 
factor that has limited the use of this methodology in the 
clinical practice was the relative lack of portability of the 
locator devices, although conceivably they could be incorpo-
rated into the imaging system.

 Transthoracic Real-Time 3D Imaging

The collective experience and the limitations of the gated 
sequential acquisition and offline 3D reconstruction gradu-
ally led developers to the understanding that scanning vol-
umes rather than isolated cut-planes would intrinsically 
resolve many of these limitations [15, 16]. This revolution-
ary idea led to the development of the first system equipped 
with a phased-array transducer (Fig. 1.5), in which piezo-
electric elements were arranged in multiple rows, rather 
than one row, allowing fast sequential scanning of multiple 
planes. The phased array technology, that has been an inte-
gral part of the 2D transducers for decades, was modified 
to electronically change the direction of the beam not only 
within a single plane to create a fan-shaped scan, but also 
in the lateral direction to generate a series of such scans. 
Importantly this was achieved without any mechanical 
motion, allowing the speeds necessary for volumetric real-
time imaging.

The first generation of real-time 3D transducers was 
bulky due to unprecedented number of electrical connec-

tions to the individual crystals, despite the relatively small 
number of elements in each row. This sparse array matrix 
transducer consisted of 256 non-simultaneously firing ele-
ments and had large footprint, which did not allow good cou-
pling with the chest wall for optimal acoustic windows, and 
produced 3D images that were suboptimal in any selected 
plane, when compared to the quality of standard at the time 
2D echocardiographic images. Nevertheless, the mere fact 
of successful real-time 3D imaging was a huge technological 
breakthrough.

The subsequent generations of fully sampled matrix array 
transducers differed from this prototype first and foremost in 
the considerably larger number of elements per row, with a 
total of approximately 3000 elements. This dramatic increase 
in the number of elements was accompanied by progressive 
miniaturization of electronic connections, resulting in 3D 
transducers with footprints comparable to those of conven-
tional 2D transducers, capable of providing high 3D reso-
lution images (Fig.  1.6). Today, cut-planes extracted from 
these 3D datasets are similar in their quality to 2D images 
obtained using state of the art 2D transducers.

 From Gated to Single-Beat Acquisition

Because of the limited size of the 3D scan volume, ECG- 
gated “full-volume” acquisition mode was used to capture 
the entire left ventricle section-by-section over several 

Fig. 1.5 The first real-time 3D echocardiography system (C-scan, 
Volumetrics, Inc.) equipped with a sparse matrix array transducer (left 
panel). In the right panel the images which can be obtained with that 
system (simultaneous display of multiple tomographic planes extracted 
from the real-time data) are shown: apical views of the heart on the right 
(four-chamber on top, and two-chamber of the left ventricle on the bot-

tom), and short axis, or C scans, of the LV derived from perpendicular 
cuts through the apical views on the left [7]. Reprinted by permission 
from Springer Nature, Muraru D, Badano LP. Physical and Technical 
Aspects and Overview of 3D-Echocardiography. In: Manual of 
Echocardiography, Casas Rojo E, Fernandez-Golfin C, Zamorano J. 
(eds). Springer, Cham, 2017, pages 1–44

1 The Evolution of Three-Dimensional Echocardiography: From the Initial Concept to Real-Time Imaging
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cardiac cycles. The major drawback of this approach was 
misregistration of the subvolumes, manifesting itself as 
“stitch artifacts” as a result of irregular heart rhythm, respi-
ration, or any movement of the patient or transducer during 
image acquisition, which frequently needed to be repeated 
to obtain a high quality dataset. Subsequent technological 
developments resulted in the capability to capture the entire 
heart in a single cardiac cycle (Fig. 1.7). This approach fur-
ther improved the ease of real-time 3D echocardiographic 
evaluation of the left ventricle by improving the speed of 
acquisition and reducing artifacts.

 Transesophageal Real-Time Imaging

More recently, transesophageal imaging has also undergone 
the transition from gated sequential multiplane acquisition 
and off-line reconstruction to real-time volumetric scanning. 
Technological advances have allowed the miniaturization 
of matrix-array transducers by using integrated circuits that 
perform most of the beam forming within the transducer, 
rather than in the imaging system (Fig. 1.8). This modifica-
tion allowed fitting thousands of piezoelectric elements into 
the tip of the TEE transducer, resulting in unprecedented 
views of the heart valves and unparalleled level of anatomic 
detail virtually in every patient [17, 18]. Over the last few 
years, this methodology has assumed a leading role in peri-
operative assessment of patients with valve disease.

Fig. 1.6 Transthoracic real-time 3DE images of the heart extracted 
from the pyramidal datasets: apical four-chamber cross-sectional view 
obtained from a full-volume acquisition (top), and zoomed acquisition 
of the aortic valve in early systole shown from the left ventricular per-
spective depicting the three aortic valve leaflets (bottom, arrows)

Fig. 1.7 Single-beat acquisition mode, currently available from sev-
eral vendors (left and right panels), is time saving not only because the 
entire beating left ventricle can be captured in a single cardiac cycle, but 
because it reduces motion artifacts, thus eliminating the need for 
repeated acquisition

V. Mor-Avi et al.
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 Display of 3D Image Information

Another important part of 3D echocardiography, which 
has gone through its own developmental phases, is the 
display of the 3D information. Regardless of the mode 
of acquisition, multi-plane reconstruction or real-time 
imaging, the information needs to be displayed in a way 
understandable to the user, which should be suited to a 
specific clinical goal in each case. Thus, evaluation of val-
vular pathology requires detailed dynamic 3D rendering 
of the annulus and leaflet surface and an ability to eas-
ily manipulate the rendered image in terms of view angle 
[9]. The assessment of the spatial relationships in complex 
congenital heart disease relies on accurate visualization of 
anatomic detail as well [19], but also requires extensive 
capabilities of changing the dynamic range of colors and 
opacity. In contrast, the evaluation of chamber size and 
function requires a dynamic display of the detected endo-
cardial surface [20, 21], from which chamber volume can 
be calculated over time and regional abnormalities can be 
visualized, but understandably does not require the same 
level of anatomic detail as valve imaging. These specific 
applications branched off of the original display of simple 
planes selected from the 3D dataset, and each of them has 
gone over the last decade through multiple improvements, 
finally resulting in vivid images tailored to answer a vari-
ety of diagnostic questions [22].

 Volumetric Quantification

It is widely accepted today that quantitative measurements 
replacing subjective visual interpretation are of significant 
clinical value, because they allow serial evaluation of the 
effects of therapy in individual patients as well as inter- subject 
comparisons essential for objective detection of abnormali-
ties. Nevertheless, the development of quantitative tools for 
analysis of 3D echocardiographic images has initially been 
lagging behind the continuous progress in the imaging tech-
nology. There are several reasons for this, including: (1) anal-
ysis tools emerge only after imaging capabilities are tested 
and proven, (2) developing and testing new analysis tools 
requires time and resources, (3) proving the clinical useful-
ness of such tools through publications takes time as initial 
reports are confirmed by multiple investigators and collective 
experience is gathered. Also, historically, the manufacturers 
of ultrasound imaging equipments did not have the resources 
necessary to develop and market software tools. However, 
this picture has changed dramatically over the last decade, as 
most manufacturers, having realized the need for such tools, 
provide today more and more comprehensive software tools 
for analysis of 3D echocardiographic images with their imag-
ing equipment. These tools allow anatomic measurements 
that aid clinicians in the diagnosis of disease processes, and 
researchers in collecting information that eventually consti-
tutes the scientific basis for official guidelines and standards.

Fig. 1.8 Multiplane Omni-3 and 
matrix array transesophageal 
(MTEE) transducers shown 
side-by- side (left). While the 
dimensions of both transducers 
are similar, the MTEE probe 
that utilizes miniaturized 
beam-forming technology that 
allows fitting of near 3000 
piezoelectric elements into the 
head of the probe and thus 
provides real-time 3D images of 
the heart (middle). Example of 
3D TEE views of the mitral 
valve from the left atrial (right, 
top) and left ventricular (right, 
bottom) perspectives obtained 
during diastole

1 The Evolution of Three-Dimensional Echocardiography: From the Initial Concept to Real-Time Imaging
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 Summary

In summary, over the last two decades, echocardiographic 
community has witnessed technological developments and 
breakthroughs that have propelled 3D echocardiographic 
imaging from an initial concept requiring more advanced 
technology than available at the time, to a widespread clini-
cally useful imaging modality. Today, 3D echocardiography 
has established itself as the preferred diagnostic method in 
many clinical scenarios, in which continuing technological 
refinements steadily improve the user’s confidence and lead 
to better patient outcomes [4, 5]. This process is an example 
of technological development driven by clinical demand 
that evolves in turn with each increment in technology and 
pushes the envelope of addressing new, more complex clini-
cal questions.
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Physics and Technical Principles 
of Three-Dimensional 
Echocardiography
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Abstract
The backbone of the three-dimensional echocardiogra-
phy (3DE) technology is the transducer. Understanding 
the physics of 3DE and the way the matrix transducer 
works is pivotal for successful acquisition of good 
quality 3DE data sets. Different 3DE acquisition 
modalities are available (real-time/live, multi-beat, 
zoom, full-volume, color) to adapt to the different clin-
ical needs. Once acquired, 3DE data sets should be 
postprocessed by cropping, rotating and slicing them in 
order to obtain the images that are needed to meet the 
clinical or research needs. Different ways of displaying 
the data sets are also available: volume rendering (to 
show anatomy), wireframe or solid surface rendering 
(for quantitative analysis) and multislice (for analysis 
of regional function and anatomy and 2D quantitative 
analysis). Moreover, new display modalities (such as 
stereoscopic vision, 3D printing and holography) are 
entering the clinical arena to provide an actual 3D 
appreciation and manipulation of images.
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The milestone in the history of three-dimensional echo-
cardiography (3DE) has been the development of fully-
sampled matrix array transthoracic transducers based on 
advanced digital processing and improved image forma-
tion algorithms which allowed the operators to obtain on 
cart transthoracic real-time volumetric imaging with short 
acquisition time, high spatial and temporal resolution (see 
also Chap. 1). Further technological developments (i.e. 
advances in miniaturization of the electronics and in ele-
ment interconnection technology) have made possible to 
insert a full matrix array into the tip of a transesophageal 
probe and provide transesophageal real-time volumetric 
imaging (see also Chap. 3).

In addition to transducer engineering, exponential 
increase of computer processing power and the avail-
ability of dedicated software packages for both on- and 
off-line analysis have allowed 3DE to become a practical 
clinical tool.

In this chapter, we will describe the differences between 
two-dimensional (2DE) and 3DE transducers, review the 
main concepts about the physics of 3DE imaging which are 
useful to understand the various acquisition modes, describe 
the currently used acquisition modalities and their main 
clinical uses as well as the conventional techniques used to 
display the 3DE data sets. Finally, new, emerging modalities 
to display the 3DE data sets are also described.

 Comparison Between 2DE and 3DE 
Ultrasound Transducers

The backbone of the 3DE technology is the transducer. A 
conventional 2D phased array transducer is composed by 
128 piezoelectric elements, electrically isolated from each 
other, arranged in a single row (Fig.  2.1, left). Each ultra-
sound wave front is generated by firing individual elements 
in a specific sequence with a delay in phase with respect to 
the transmit initiation time. Each element adds and subtracts 
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pulses to generate a single ultrasound wave with a specific 
direction that constitutes a radially propagating scan line 
(Fig. 2.2).

Currently, 3DE matrix-array transducers are composed 
of about 3000 individually connected and simultaneously 
active (fully sampled) piezoelectric elements with operat-
ing frequencies ranging from 2 to 4 MHz and 5 to 7 MHz 
for transthoracic and transesophageal transducers, respec-
tively. To steer the ultrasound beam in 3D, a 3D array 
of piezoelectric elements needs to be used in the probe, 
therefore piezoelectric elements are arranged in rows and 
columns (e.g. 52 × 52) to form a rectangular grid (matrix 
configuration) within the transducer (Fig. 2.1, right). The 
electronically controlled phasic firing of the elements in 
that matrix generates a scan line that propagates radially 
(y or axial direction) and can be steered both laterally (x 
or azimuthal direction) as well as in elevation (z direc-
tion) in order to acquire a pyramid-shaped volume with a 
curved base.

By selectively activating specific lines of piezoelectric 
elements, matrix array probes can also provide real-time 
multiple simultaneous 2D views, at high frame rate, oriented 
in predefined or user-selected plane orientations (Fig.  2.3, 
Videos 2.1a and 2.1b). The main technological breakthrough 
which allowed manufacturers to develop fully sampled 
matrix transducers has been the miniaturization of elec-
tronics that allowed the development of individual electri-
cal interconnections for every piezoelectric element which 
could be independently controlled, both in transmission and 
in reception.

3DE probe
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Fig. 2.1 Two- and three-dimensional echocardiography transducers. 
Schematic drawing showing the main differences between a two- (left) 
and a three-dimensional (right) probe. Since in the 2DE probe (left), the 
piezoelectric elements are arranged in a single row, the ultrasound beam 
can be steered in two dimensions only—axial and azimuthal—whereas 
the resolution in the elevation axis (i.e. the thickness of the tomographic 
slice) is related to the thickness of the piezoelectric elements. Current 
3DE probes (right) are composed by around 3000 fully sampled piezo-
electric crystals arranged in rows and columns to form a rectangular 
grid (matrix configuration) within the transducer. The phasic firing of 
the elements in that matrix is controlled by electronic boards within the 
probe to generate a scan line that propagates radially (y or axial direc-
tion) and can be steered both laterally (x or azimuthal direction) as well 
as in elevation (z direction) in order to acquire a volumetric pyramid of 
data. See text for details [1]
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aFig. 2.2 Two-dimensional 
beamforming. Schematic 
drawing of beamforming 
using a conventional 2D 
phased array transducer. 
During transmission (a), 
focused beams of ultrasound 
are produced by pulsing each 
piezoelectric element (PZE) 
with pre-calculated time 
delays (i.e. phasing). During 
reception (b), focusing is 
achieved by applying 
selective delays at echo 
signals received by the 
different piezoelectric 
elements in order to create 
isophasic signals that will be 
summed in a coherent way 
[1]. Adapted from Badano 
L. The clinical benefits of 
adding a third dimension to 
assess the left ventricle with 
echocardiography. Scientifica 
(Cairo) 2014; 2014: 897431
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Fig. 2.3 Multiplane acquisition using the matrix array transducer. Bi-plane 
(left panel, Video 2.1a) and tri-plane (right panel, Video 2.1b) acquisitions 
with matrix array transducers. Simultaneous 2D views from a single heart 
beat can be obtained by selectively firing single lines of piezoelectric ele-
ments of the matrix transducer. The spatial orientation (angle of rotation) of 

the 2D views can be adjusted by the operator before the acquisition [3]. 
Reprinted by permission from Springer Nature, Muraru D, Badano 
LP. Physical and Technical Aspects and Overview of 3D-Echocardiography. 
In: Manual of Echocardiography, Casas Rojo E, Fernandez-Golfin C, 
Zamorano J. (eds). Springer, Cham, 2017, pages 1–44
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Beamforming is a technique used to process signals in 
order to produce directionally or spatially selected signals sent 
or received from arrays of sensors. In 2DE, all the  electronic 
components for the beamforming (high-voltage transmit-
ters, low-noise receivers, analog-to-digital converter, digital 
controllers, digital delay lines) are inside the echocardiog-
raphy machine and consume a lot of power (around 100 W 
and 1500 cm2 of personal computer electronics board area). 
If the same beamforming approach would have been used 
for matrix array transducers used in 3DE, it would require 
around 4 kW power consumption and a huge personal com-
puter board area to accommodate all the needed electronics. 
To reduce both power consumption and the size of the con-
necting cable, several miniaturized circuit boards have been 
incorporated into the transducer, allowing partial beamform-
ing to be performed within the probe (Fig. 2.4). This unique 
circuit design results in an active probe which allows micro-

beamforming of the signal with reduced power consumption 
(<1  W) and avoids to connect every piezoelectric element 
to the ultrasound machine. The 3000 channel circuit boards 
within the transducer control the fine steering by delaying and 
summing signals within subsections of the matrix, known as 
patches (Fig. 2.4). This microbeamforming allows to reduce 
the number of the digital channels to be put into the cable 
that connects the probe to the ultrasound system from 3000 
(which would make the cabling too heavy for practical use) 
to the conventional 128–256 allowing the same size of the 2D 
cable to be used with 3D probes. Coarse steering is controlled 
by the ultrasound system where the analog- to- digital conver-
sion occurs using digital delay lines (Fig. 2.4).

However, the electronics inside the probe produce heat 
and its amount is directly proportional to the mechanical 
index used during imaging, therefore the engineering of 
active 3DE transducers should include thermal management.
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Fig. 2.4 Three-dimensional beamforming. Beamforming with 3D 
matrix array transducers has been split in two levels: the transducer and 
the ultrasound machine levels. At the transducer level, interconnection 
technology and integrated analog circuits (DELAY) control transmit 
and receive signals using different subsection of the matrix (patches) to 
perform analog pre-beamforming and fine steering. Signals from each 
patch are summed to reduce the number of digital lines in the coaxial 
cable that connects the transducer to the ultrasound system from 3000 

to the conventional 128–256 channels. At the ultrasound machine level, 
analog-to-digital (A/D) convertors amplify, filter and digitize the ele-
ments signals which are then focused (coarse steering) using digital 
delay (DELAY) circuitry and summed together (Ξ) to form the received 
signal from the imaged object [1]. Adapted from Badano L. The clinical 
benefits of adding a third dimension to assess the left ventricle with 
echocardiography. Scientifica (Cairo) 2014; 2014: 897431

D. Muraru and L. P. Badano



13

Finally, new and advanced crystal manufacturing pro-
cesses produced single crystal materials with homogeneous 
solid state technology and unique piezoelectric properties. 
These new crystals result in reduced heating production by 
increasing the efficiency of the transduction process which 
improves the conversion of transmit power into ultrasound 
energy and of received ultrasound energy into electrical 
power. Increased efficiency of the transduction process, 
together with a wider bandwidth, result in increased ultra-
sound penetration and resolution which improve image qual-
ity with the additional benefits of reducing artifacts, lowering 
power consumption and increase Doppler sensitivity.

Further developments in transducer technology have 
resulted in a smaller transducer footprint, improved side- 
lobe suppression, increased sensitivity and penetration, and 
the implementation of harmonic capabilities that can be used 
for both gray-scale and contrast imaging. The last generation 
of matrix transducers are significantly smaller than the previ-
ous ones and the quality of 2D and 3D imaging has improved 
significantly, allowing a single transducer to acquire both 2D 
and 3DE studies, as well as of acquiring the whole left ven-
tricular cavity in a single beat.

 3D Echocardiography Physics

3DE is an ultrasound technique and the physical limitation 
of the constant speed of ultrasounds in human body tissues 
(approximately 1540  m/s in myocardial tissue and blood) 
cannot be overcome. The speed of sound in human tissues 
divided by the distance a single pulse has to travel forth and 
back (determined by the image depth) results in the maxi-
mum number of pulses that can be fired each second without 
producing interferences. Based on the acquired pyramidal 
angular width and the desired beam spacing in each dimen-
sion (spatial resolution), this number is related to the vol-
umes per second that can be imaged (temporal resolution). 
Therefore, similar to 2DE imaging, in 3DE imaging there is 
an inverse relationship between the volume rate (temporal 
resolution), the size of the acquisition volume and the num-
ber of scan lines (spatial resolution). Any increase in one of 
these factors will cause a decrease in the other two.

The relation between volume rate, number of parallel 
receive beams, sector width, depth, and line density can be 
described by the following equation:

 

Volume rate
No of parallel received beams

volume wid

�
�
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Therefore, the volume rate can be adjusted to the spe-
cific needs by either changing the volume width or depth, 

or by decreasing or increasing the density of scan lines. The 
3D system allows the user to control the lateral resolution by 
changing the density of the scan lines in the pyramidal sector 
too. However, a decrease in spatial resolution also affects the 
contrast of the image. Volume rate can also be increased by 
increasing the number of parallel receive beams, but in this way 
the signal-to-noise ratio and the image quality will be affected.

To put all this in perspective let us assume that we want to 
image up to 16 cm depth in the body and acquire a 60° × 60° 
degrees pyramidal volume. Since the speed of sound is 
approximately 1540  m/s and each pulse has to propagate 
16  cm  ×  2 (to go forth and come back to the transducer), 
1540/0.32  =  4812 pulses may be fired per second without 
getting interference between the pulses. Assuming that 1° 
beam spacing in both X and Z dimension is a sufficient spa-
tial resolution we would need 3600 beams (60 × 60) to spa-
tially resolve the 60° × 60° pyramidal volume. As a result, 
the temporal resolution (volume rate) of the acquired data set 
will be 4812/3600 = 1.3 volume per second, which is practi-
cally useless in clinical echocardiography.

The example above shows why the fixed speed of sound 
in body tissues has been one of the major challenges to the 
development of 3DE imaging. Manufacturers have devel-
oped several techniques such as parallel receive beamform-
ing, multi-beat imaging and zoom acquisition to cope with 
this challenge but, in practice, this is usually achieved by 
selecting the most appropriate acquisition modality for dif-
ferent imaging purposes (Fig. 2.5).

Parallel receive beamforming or multiline acquisition is 
a technique where the system transmits one wide beam and 
receives multiple narrow beams in parallel. In this way the 
volume rate (temporal resolution) is increased by a factor 
equal to the number of the received beams (Fig. 2.6). Each 
beamformer focuses along a slightly different direction that 
was insonated by the broad transmit pulse. As an example, to 
obtain a 90° × 90°, 16-cm depth pyramidal volume at 25 vps, 
the system needs to receive 200,000 lines/s. Since the emis-
sion rate is around 5000 pulsed/s, the system should receive 
42 beams in parallel for each emitted pulse. However, 
increasing the number of parallel beams to increase tempo-
ral resolution leads to an increase in size, costs and power 
consumption of the beamforming electronics, and deteriora-
tion in the signal-to-noise ratio and in contrast resolution. 
With this technique of processing the received data, multiple 
scan lines can be sampled in the amount of time a conven-
tional scanner would take for a single line, at the expense of 
reduced signal strength and resolution as the receive beams 
are steered farther and farther away from the center of the 
transmit beam (Fig. 2.6, right panel).

Another technique used to increase the size of the pyra-
midal volume and maintain the volume rate (or the reverse, 
e.g. maintain volume rate while increasing the pyramidal 
volume) is the multi-beat acquisition. With this technique, a 
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number of ECG-gated sub-volumes acquired from consecu-
tive cardiac cycles are stitched together to build up the final 
pyramidal volume (Fig. 2.7). Multi-beat acquisition will be 
effective only if the different sub-volumes will be constant 
in position and size, therefore any transducer movement, 
cardiac translation motion due to respiration, change in car-
diac cycle length, or change of patient position will create 
sub- volume malalignment and stitching artifacts (Fig.  2.8, 
Videos 2.2a and 2.2b).

Zoom acquisition is obtained by adjusting the acquisition 
volume with the minimum lateral and elevation width. The 
ultrasound system automatically crops the adjacent structures 
to provide a small volume with high spatial and temporal 
resolution. This technique is ideal for the study of a restricted 

structure of interest (usually, valve structures or congenital 
defects) with high spatial and temporal resolution. Usually, 
the zoom acquisition is real-time. However, if the structure 
of interest is large, the temporal resolution can be further 
increased by using a multi-beat zoom acquisition [2].

Finally, the quality of the images of the cardiac struc-
tures which can be obtained by a 3DE data set will be 
affected by the point spread function of the system. 
The point spread function describes the imaging system 
response to a point input. A point input, represented as a 
single pixel in the “ideal” image, will be reproduced as 
something other than a single pixel in the “real” image 
(Fig. 2.9). The degree of spreading (blurring) of any point 
object varies according to the dimension employed. In 

4 beats = 31 vps

Reduced depth = 55 vps Reduced volume size = 135 vps

6 beats = 44 vps

Fig. 2.5 Effects of acquisition settings on 3D data set resolution. 
Using a 60° × 60° volume size and a depth of 15 cm, a four-beat full 
volume acquisition will provide a temporal resolution of 31 volumes 
per second (vps) (upper left). Without changing volume size and depth, 
an increase of the acquired cardiac cycles from 4 to 6 will determine an 
increase of the temporal resolution from 31 to 44  vps (upper right). 
However, if we are interested to quantitate the left ventricular size, we 
do not need to acquire the left atrium too. By reducing the depth (the 

distance the ultrasound beam has to travel forward and backward) from 
15 to 10 cm we can increase the temporal resolution from 44 to 55 vps 
by acquiring the same volume size and number of cardiac cycles (lower 
left). If we are interested to visualize the mitral valve (instead of quan-
titating the left ventricle) we can reduce the volume size from 60° to 45° 
and obtaining a much higher temporal resolution (135  vps) while 
acquiring the same number of cardiac cycles (6 beats) at the same depth 
(10 cm) (lower right)
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current 3DE systems it will be around 0.5 mm in the axial 
(y) dimension, around 2.5  mm in the lateral (x) dimen-
sion, and around 3  mm in the elevation (z) dimension. 
As a result we will obtain the best images (less degree of 
blurring, i.e. distortion) when using the axial dimension 
and the worst (greatest degree of spreading) when we use 
the elevation dimension.

These concepts have an immediate practical application 
in the choice of the best approach to image a cardiac struc-
ture. According to the point spread function of 3DE, the best 
results are expected to be obtained by using the paraster-
nal approach because structures are mostly imaged by the 
axial and lateral dimensions. Conversely, the worst result is 
expected to be obtained by the apical approach which mostly 
uses the lateral and elevation dimensions.

 Image Acquisition and Display

Currently, 3D data set acquisition can be easily implemented 
into standard echocardiographic examination by either 
switching among 2D and 3D probes or, with the newest 

Fig. 2.6 Parallel receive beamforming. Schematic representation of 
the parallel receive or multiline beamforming technique receiving mul-
tiple (16 in the left image) beams (blue lines) for each broad transmit 
pulse (red pyramid). The right image shows the degradation of the 
power and resolution of the signal (from red maximal to bright yellow 
minimal) from the parallel receiving beams steered farther away from 
the center of the transmit beam [1]. Adapted from Badano L. The clini-
cal benefits of adding a third dimension to assess the left ventricle with 
echocardiography. Scientifica (Cairo) 2014; 2014: 897431

Fig. 2.7 Multibeat acquisition. Three-dimensional volume rendered 
imaging of the tricuspid valve from the ventricular perspective obtained 
from a four-beat full-volume acquisition (the colors show the relation-
ships between the pyramidal subvolumes, the ECG beats and the way 

the 3D data set has been built up in the lower part of the figure) [1]. 
Adapted from Badano L. The clinical benefits of adding a third dimen-
sion to assess the left ventricle with echocardiography. Scientifica 
(Cairo) 2014; 2014: 897431
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all-in- one-probes, by switching between the 2D and the 3D 
modalities available in the same probe. The latter probes are 
also capable to provide single-beat full-volume acquisition, 
as well as real-time 3D color Doppler imaging.

At present, three different methods for 3D data set acqui-
sition are available [2]:

• multiplane imaging
• “real-time” (or “live”) 3D imaging
• multi-beat ECG-gated imaging

In the multiplane mode, multiple, simultaneous 2D views 
can be acquired at high frame rate using predefined or user- 

Fig. 2.8 Stitching artifacts. Six-beat full-volume data set and volume- 
rendered image displayed with stitching artifacts (white arrows, upper 
panel, Video 2.2a). The red lines highlight the misalignment of the 
pyramidal subvolumes. Since the data set has been acquired from the 
apical approach, the stitching artifacts cannot be seen in the longitudi-
nal cut planes (lower panel, Video 2.2b) because the subvolumes are 
one in front of the other. To see the stitching artifacts, the cut-plane 
should be orthogonal to the direction of the acquisition (in this example, 

transversal cut planes). The red and the yellow dashed lines show the 
relative positions of the volume rendered images. Video 2.2a: Stitching 
artifacts. Transversal cut plane of the left ventricle acquired while the 
patient was breathing. The misalignment of the fourth subvolume can 
be clearly seen. Video 2.2b: Stitching artifacts. Longitudinal cut-plane 
from the same 3DE data set of Video 2.2a. Since the multibeat data set 
has been acquired from the apical approach the stitching artifact cannot 
be seen using this cut-plane
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selected plane orientations and displayed using the split 
screen option (Fig. 2.3, Videos 2.1a and 2.1b). The first view 
on the left is usually the reference plane that is oriented by 
adjusting the probe position while the other views represents 
views obtained from the reference view by simply tilting 
and/or rotating the secondary imaging planes. Multiplane 
imaging is a real time acquisition and, because it is obtained 
by selective firing of single lines of piezoelectric elements, 
secondary imaging planes can only be selected during acqui-
sition. Doppler color flow can be superimposed on multi-
plane 2D images and in some systems both tissue Doppler 
and speckle tracking analysis can be performed. Although 
strictly not a 3D acquisition, this imaging mode is particu-
larly useful in clinical conditions in which the availability of 
multiple views from the same cardiac cycle is critical (e.g. 
atrial fibrillation or other irregular arrhythmias, stress echo, 
evaluation of intraventricular dyssynchrony, etc.).

In the real-time mode, a pyramidal 3D volumetric data 
set is obtained from each cardiac cycle and visualized live, 
beat after beat as during conventional 2D scanning. As the 
data set is updated in real-time, image orientation and plane 
can be changed by rotating or tilting the probe. Analysis 
can be done with limited post-processing and the data set 
can be rotated (independent of the transducer position) to 
view the heart from different orientations. Heart dynam-
ics is shown in a realistic way, with instantaneous on-line 
volume rendered reconstruction. It allows fast acquisition 
of dynamic pyramidal data structures from a single acous-
tic view that can encompass the entire heart without the 
need of reference system, electrocardiographic (ECG) and 
respiratory gating. Real-time imaging is time-saving both 
for data acquisition and analysis. Although this acquisition 
mode overcomes rhythm disturbances or respiratory motion 
limitations, it still suffers of relatively poor temporal and 

spatial resolution. Real-time imaging can be acquired in the 
following modes:

 (a) Live 3D.  Once the desired cardiac structure has been 
imaged in 2DE it can be converted to a 3D image by 
pressing a specific button in the control panel. The 3D 
system automatically switch to a narrow sector acquisi-
tion (approximately 30°  ×  60° pyramidal volume) to 
preserve spatial and temporal resolution. The size of the 
pyramidal volume can be increased to visualize larger 
structures, but both scan line density (spatial resolution) 
and volume rate (temporal resolution) will drop down. 
3D live imaging mode is used to: (1) guide full-volume 
acquisition; (2) visualize small structures (aortic valve, 
masses etc.); (3) recording short-lived events (i.e. bub-
ble passage, catheter positioning); (4) in patients with 
irregular rhythm/dyspnea that prevent full-volume 
acquisition; (5) monitor interventional procedures.

 (b) Live 3D color. Color flow can be superimposed on a live 
3D data set to visualize blood flow in real time. Temporal 
resolution is usually very low.

 (c) 3D zoom. This imaging mode is an extension of live 3D 
and allows a focused real time view of the structure of 
interest. A crop box is placed on a 2D single- or multi-
plane image to allow the operator to adjust lateral and 
elevation width to include the structure of interest in the 
final data set, then the system automatically crops the 
adjacent structures to provide a real time display of the 
structure of interest with high spatial and temporal reso-
lution. The draw-back of the 3D zoom mode is that the 
operator loses the relationships of the structure of inter-
est with surrounding structures. Mainly used during 
transesophageal studies for detailed anatomical analysis 
of specific structure of interest.

Object

Optical
system

Monitor

x

yFig. 2.9 Point spread 
function. Graphical 
representation of the extent of 
degradation (blur) of a point 
passing through an optical 
system [1]
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 (d) Full-volume. The full-volume mode has the largest 
acquisition volume possible (usually 60° × 60° degrees). 
Real-time (or “single-beat”) full-volume acquisition is 
affected by low spatial and temporal resolution and it is 
used for quantification of cardiac chambers when multi- 
beat ECG gated acquisition is not possible (e.g. irregular 
cardiac rhythm, patient unable to cooperate for 
breath-holding)

In contrast to real-time/live 3D imaging, multi-beat 
acquisition is obtained from sequential acquisitions of nar-
row smaller volumes captured from several ECG-gated 
 consecutive heart cycles (from 2 to 6) that are subsequently 
stitched together to create a single volumetric data set 
(Fig. 2.7). Once acquired, the data set cannot be changed by 
manipulating the probe like in live 3D imaging and analysis 
requires off-line slicing, rotation and cropping of the acquired 
data set. It provides large data sets with high temporal and 
spatial resolution that can be used for quantitating cardiac 
chamber size and function or to assess spatial relationships 
among cardiac structures. However, this 3D imaging mode 
has the disadvantage of the ECG-gating, as the images are 
acquired over several cardiac cycles and the final data set is 
available to be visualized by the operator only after the last 
cardiac cycle has been acquired (“near real-time” imaging) 
and it is prone to stitch artifacts due to patient or respiratory 
motion or irregular cardiac rhythms. Multi-beat imaging can 
be acquired with or without color flow mapping and usually 
more cardiac cycles are required for 3D color data sets.

After data acquisition, data are streamed through a ran-
dom access memory for temporary data storage within the 
computer on the ultrasound machine to maintain data flow to 
the next step of data processing. Data storage allows immedi-
ate (on-line) data acquisition, storage, and processing within 
the ultrasound machine. The transformation of the scanned 
raw data for a specific volume into a 3D data set necessary 
to generate a 3D object is called data processing. Typically, 
data processing consists of two sequential processes: conver-
sion and interpolation. These two steps are separate for the 
2D technique, but they are fully integrated for the 3D tech-
nique. During conversion, all acquired raw data are placed 
into a Cartesian volume with each point assigned x-y-z 
coordinates and an echo intensity value. As a result, a group 
of points with distinctive echogenic characteristics and a 
known position in space is generated. Interpolation fills the 
gaps between all the known points in space with data points 
of similar characteristics. Interpolation generates a 3D data 
set made of voxels or volume elements for a specific volume 
in space. A voxel is a (vo)lume of pi(xels) that encrypts the 
physical characteristics and location of the smallest cube in a 
dataset, which is used for 3D display. The quality of the 3D 
image depends on the size of the voxel (similar to pixel size 
in 2D image resolution). Larger voxels are generated when 

raw data are available for fewer points in the space and there 
are wider gaps to be filed with interpolation.

The 3D technique generates a data stream using the com-
puter random access memory and creates voxels while scan-
ning, with near simultaneous conversion and interpolation.

Since 3D data sets contain all the voxels of the 3D 
object, they can be sectioned in several planes and rotated 
in order to visualize the cardiac structure of interest from 
any desired perspective, irrespective of its orientation and 
position within the heart (electronic dissection, similar to 
what the anatomist does in the anatomical theatre during 
autopsy). This allows the operator to easily obtain unique 
visualizations of cardiac structures that may be difficult or 
impossible to achieve using conventional 2DE (e.g. surgi-
cal views of the aortic and mitral valves, en-face views of 
the tricuspid valve or cardiac defects). Three main actions 
are undertaken by the operator to obtain any desired view 
from a 3D volumetric data set: cropping, slicing and rotat-
ing. Similarly to what the anatomists or the surgeons do, the 
echocardiographer should remove the surrounding chamber 
walls to expose an anatomic structure within a 3DE data set. 
This process of virtually removing the irrelevant neighboring 
tissue is called cropping (Fig. 2.10, Video 2.3), and can be 
performed either during or after the acquisition. In contrast 
with 2D images, displaying a cropped image requires also 
data set rotation (Fig. 2.10, Video 2.3) and the definition of 
the viewing perspective (i.e. since the same 3D structure can 
be visualized en face either from above or below, as well 
as from any desired view angle) [2]. Any volume-rendered 
3D object can be freely rotated on the display screen to be 
viewed in any orientation either as a still or a moving data 
set. A moving (dynamic) 3D data set is often referred to as 
4D, with time considered the fourth dimension.

Slicing refers to a virtual “cutting” of the 3D data set 
into one or more (currently, up to 12) 2D (tomographic) 
grey- scale images (Fig. 2.11, Videos 2.4a, 2.4b, 2.4c, and 
2.4d).

Finally, irrespective of its acquisition window, a cropped 
or a sliced image should be displayed according to the ana-
tomical orientation of the heart within the human body and 
this is usually obtained by rotating the selected images.

Acquisition of volumetric images generates the techni-
cal problem of rendering the depth perception on a flat, 2D 
monitor. 3D images can be visualized using three display 
modalities (Fig. 2.12):

• volume rendering,
• surface rendering
• tomographic slices

The volume rendering technique uses different types of 
algorithms to preserve all 3DE information and to project it 
onto 2D monitors for manipulation and viewing [2]. These 
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algorithms cast a light beam through the collected voxels, 
then the voxels are weighted to obtain a voxel gradient inten-
sity that, integrated with different levels of opacification and 
shadowing, allow the structures to appear solid (i.e. tissue) or 
transparent (i.e. blood pool). In addition, various color maps 
are applied to convey the depth perception to the observer. 
Generally, lighter shades (e.g. bronze, Fig. 2.5) are used for 
structures closer to the observer, while darker shades (e.g. 
blue, Fig. 2.5) are used for deeper structures. As opposed to 
2D tomographic images, the tissue characterization is lost 
when displaying structures in the volume-rendered mode 
(e.g. presence of calcium or fibrous tissue is easier to assess 
using 2D imaging), in which various color shades depend 
exclusively on the depth of the structure relative to the crop-
ping plane and of the total depth of the volume dataset in 
which the structure is contained (i.e. higher color gradient 
for smaller volume depths). Volume-rendering displays a 3D 
object with a rendered surface and details of its inner struc-

ture and it is commonly used to visualize cardiac anatomy, in 
particular the structures with complex morphology like heart 
valves or congenital defects, which require greater anatomi-
cal detail for clinically meaningful imaging.

Surface rendering modality (Fig. 2.12, right) displays the 
3D surface of cardiac structures, identified either by manual 
tracing or by using automated endocardial border detection 
algorithms on multiple 2D cross-sectional images of the 
structure/cavity of interest. This stereoscopic approach is 
useful for the assessment of shape and for a better apprecia-
tion of geometry and dynamic function during the cardiac 
cycle.

Wireframe rendering (Fig.  2.13, left) is the simplest of 
the available surface rendering techniques. It identifies 
equidistant points on the surface of a 3D object obtained 
from manual tracing, or using semiautomatic border detec-
tion algorithms, to trace the endocardial contour in cross- 
sectional images and then connect these points using lines 

1. Cropping to remove
the roof of the left

atrium

2. Anterior rotation
to visualize the mitral
valve from the atrium

Uncropped 3D data set

a

b c

Fig. 2.10 Example of data set cropping and rotation. To display the 
mitral valve from the left atrial perspective (surgical view) a full- 
volume pyramidal data set (a) has been cropped to remove part of the 
left atrium from above. Then, the remaining data set (b) has been 

rotated to the desired perspective and to put the cardiac structures in an 
anatomical sound position (c). In this data set (c), the position of the 
observer is shown in the 2D views by the broken yellow line and the 
direction of view by the yellow arrow (Video 2.3)
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(wires) to create a mesh of little polygonal tiles. Smoothing 
algorithms are used to smooth angles and give a realistic 
appearance to the structure of interest. This rendering tech-
nique processes a relatively low amount of data and it is used 
for relatively flat endocardial boundaries such as the cardiac 
chamber walls. This stereoscopic approach is useful for the 
assessment of shape and for better visualization of chambers 
volume and function during the cardiac cycle. Conversely, 
wireframe cannot be used to display structures with complex 
shapes, such as the cardiac valves that require greater ana-
tomic detail for meaningful analysis.

The surface-rendering technique is very similar to the 
wireframe technique but identifies many more points on 
the surface of the structure of interest and the lines join-
ing the points become indistinguishable (Fig. 2.13, left). It 
displays in detail the surfaces of the analyzed object facing 
the observer as a solid structure. The combination of solid 
and wireframe surface-rendering techniques can be useful 
to appreciate cardiac structure geometry and motion, such 

as right or left ventricular volume changes during the car-
diac cycle.

Finally, the volumetric data set can be sliced or cropped 
to obtain multiple simultaneous 2D views of the same 3D 
structure (Figs. 2.11 and 2.12). Cut planes can be orthogo-
nal, parallel or free (any given plane orientation), selected 
as desired by the echocardiographer for obtaining optimized 
cross- sections of the heart in order to answer specific clini-
cal questions and to perform accurate and reproducible mea-
surements. This method allows the observation of any cutting 
plane from any acoustic window, overcoming the limitations 
of conventional 2DE. The optimized cross-sectional planes 
of the heart provide accurate measurements of chamber 
dimensions and valve areas, as well as improved evaluation 
of the morphology and function. This functionality can also 
be used at the time of image acquisition, because it allows 
the evaluation of several 2DE views simultaneously during 
the study, thus allowing to check that the structure of interest 
is completely included in the data set.

5-slices 7-slices 12-slices

a

b c d

Fig. 2.11 Data set slicing. A full-volume data set (Panel A, Video 2.4a 
LV full volume) can be sliced in several ways. Two longitudinal (four- 
chamber and the orthogonal view) plus three transversal (short-axes) 
planes (Panel B) (Video 2.4b 5 slices). Three longitudinal (four- and two 
chamber, plus the long-axis apical views) and four transversal slices of 
the left ventricle from the mitral valve (MV) to the apical (Apex) level 
(Panel C) (Video 2.4c 7 slices). Three longitudinal (four- and two-cham-

ber plus the long-axis apical views) and nine transversal planes (Panel 
D) (Video 2.4d 12 slices). The position of the lowest and the highest 
transversal planes are adjustable by the operator both during acquisition 
and post processing, and the slices in between are automatically reposi-
tioned to be equidistant. Video 2.4d: 12 slices. Same concepts as in 
Video 2.4c 7 slices. In this display, the number of the transversal cut 
planes is 9, and all of them are equidistant from each other
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Uncropped, full-volume
3DE data set

Volume rendering Multiple tomographic slices Surface rendering

Fig. 2.12 Three-dimensional data set display. From the same three- 
dimensional data set, the left ventricle can be visualized using different 
display modalities: volume rendering, to visualize anatomy and spatial 
relationships among adjacent structures; surface-rendering, for quanti-
tative purposes; and multi-slice (multiple two-dimensional tomographic 
planes extracted automatically from a single 3D data set) for morpho-

logical and functional (wall motion) analysis at different regional levels 
[3]. Reprinted by permission from Springer Nature, Muraru D, Badano 
LP.  Physical and Technical Aspects and Overview of 
3D-Echocardiography. In: Manual of Echocardiography, Casas Rojo E, 
Fernandez-Golfin C, Zamorano J. (eds). Springer, Cham, 2017, pages 
1–44

The current software tools for 3DE volume segmentation 
along the three axes (x, y, z) can be used in real-time or dur-
ing post-processing for qualitative assessment, as well as for 
linear and area measurements.

 Advanced Display Modalities

Currently available modalities display the 3D volumetric 
data on 2D screens which restricts the image to a single plane 
of view, does not allow any direct interaction with the image 
and limits the perception of depth and spatial relationships 
among cardiac structures which can be critically impor-
tant when guiding surgical or interventional procedures. 
Accordingly new ways of displaying the 3DE data sets like 
stereoscopic visualization, 3D printing or holographic dis-
play of cardiac structures have been explored.

The polar vision option is a new stereo vision technology 
combining polarized stereo with depth rendering displayed 
on a dedicated 3D monitor. This technology could be useful 
during interventional procedures in the catheterization labo-
ratory to allow the interventional cardiologists to appreci-
ate the spatial relationships and the actual distance among 
the cardiac structures, and the relative position of catheters 
and devices [4, 5]. However this approach is limited by the 
inability to interact directly with the data set and typically 
the need to use or wear ancillary equipment such as dedi-
cated glasses, headgear or goggles (Fig. 2.14).

3D printing is a relatively new technology (also referred 
to as “rapid prototyping”, “additive manufacturing” and 
“stereolithography”) that allows to convert a 3D model cre-
ated by a computer into an actual physical object. There 
are different ways of obtaining a 3D printing model: lay-
ing down additional layers of material (plastic, metal, etc.) 
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onto a platform until a 3D model is complete; using a laser 
as the power source to bind powdered materials, ranging 
from nylon to steel, to create a solid structure; or using the 
inkjet technology to jet materials through print heads while 
being cured by an ultraviolet light into a 3D object. Three- 
dimensional printing technology has significantly advanced 
in the past 10 years [6, 7]. Three-dimensional printers now 
have the capability to print at any scale from nearly any type 
of material [8]. They have been used in various biomedical 
applications from prosthesis manufacture [6, 9–11] to cell 

and tissue culture [8, 12–14]. They have incredible spatial 
resolution to pick up on microscopic details. There is an 
emerging field involving the use of 3D simulation data in 
education [15–17] and pre-procedural planning [18], dem-
onstrating excellent results in general [11, 19], including the 
cardiology and cardiovascular surgery fields [18, 20–22]. 
Beyond just visualizing the pathologic anatomy, 3D print-
ing allows doctors to actually test an approach to repair [23, 
24]. Shiraishi et al. [25] reported about feasibility and effec-
tiveness of 3D printing full hearts of patients with congeni-
tal heart disease, including hypoplastic left heart syndrome 
and total anomalous pulmonary venous return, in a flexible 
material. The printed hearts were used to simulate the sur-
gical repair, for example with a Norwood procedure in the 
patient with hypoplastic left heart syndrome. This has the 
potential to change completely education and practical train-
ing in both surgical and interventional fields, particularly 
for rare or relatively rare cardiac conditions. Since multiple 
copies of the same model could be printed and distributed to 
trainees to practice the repair, the lack of a specific type of 
pathology at a certain center will not be any more an issue 
leading to inadequate hands-on experience for trainees.

In the majority of the reports about the medical use of 3D 
printing, data were obtained by cardiac magnetic resonance 
imaging or computed tomographic are used to print high- 
quality cardiac reconstructions, which may involve intrave-
nous contrast, sedation, and ionizing radiation. There are few 

Fig. 2.13 Surface rendering of the right ventricle. Both wireframe (left 
panel) and solid (right panel) surface rendering display are shown for 
the same 3DE data set of the left ventricle [3]. Reprinted by permission 
from Springer Nature, Muraru D, Badano LP. Physical and Technical 

Aspects and Overview of 3D-Echocardiography. In: Manual of 
Echocardiography, Casas Rojo E, Fernandez-Golfin C, Zamorano J. 
(eds). Springer, Cham, 2017, pages 1–44

Fig. 2.14 4D polar vision. See text for details
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reports of 3D printing of transesophageal echocardiography- 
based data sets of mitral valves, ventricular septal defects 
and peri-valvular leaks [21–23]. However, this technology 
is becoming more and more available and also the quality of 
transthoracic 3D data sets is gradually improving allowing 
the first report of the 3D printing of the tricuspid valve using 
a 3D data set acquired from transthoracic approach [26].

The steps in creating a 3D virtual model for the purpose of 
rapid prototyping start with the acquisition of a good quality 
(i.e. good blood pool to myocardial or valve structure con-
trast). Usually, 3DE images are post-processed to optimize 
the gain and eliminate any drop-out artefact. This is a critical 
step to reduce the time required to create a 3D virtual model 
and improve its quality. Segmentation, the process by which 
we designate the range of gray values that highlights our area 

of interest, becomes much faster with optimized data sets. 
Although 3DE data sets do not allow us to encompass the 
whole heart, acquiring only the volume of interest simpli-
fies the process and makes it less time consuming and labor 
intensive. Once the data set has been optimized, dedicated 
image-processing software packages create a 3D structure 
(.STL file) that can be saved and then printed on a 3D printer 
to create a physical cardiac replica (Fig. 2.15). Depending on 
the size of the structure to be printed and on the 3D printer 
performance, the actual 3D printing process can require a 
few hours.

Three-dimensional printing is not the only method by 
which we could visualize structural anatomy in three dimen-
sions and interact with the data sets. The advent of hologra-
phy also allows similar display and interaction with cardiac 

Fig. 2.15 Workflow associated with printing a 3D solid model of the 
tricuspid valve. A sample of workflow is shown diagrammatically from 
the transthoracic acquisition of the three-dimensional echocardiogra-
phy data set, to its segmentation, creation of a virtual 3D model and 
stereolithographic file that can be printed using any commercially avail-
able 3D printer. The 3D solid model of the valve can be used to appreci-
ate valve morphology and perform qualitative and quantitative analysis 

useful for pre-procedural (surgical or interventional) planning and 
teaching (see details in Muraru et al. [26]). Reprinted from Muraru D, 
Veronesi F, Maddalozzo A, Dequal D, Frajhof L, Rabischoffskky A, 
et al. 3D printing of normal and pathologic tricuspid valves from trans-
thoracic 3D echocardiography data sets. European Heart Journal—
Cardiovascular Imaging, © 2017, Vol. 18, Issue 7, pages 802–808, by 
permission of Oxford University Press/European Society of Cardiology
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structures. Holography (whole drawing) is a technique that 
can provide an exact visual representation of a cardiac struc-
ture in three physical dimensions using light [27]. A holo-
graphic display of patients’ 3D data is potentially useful in 
the clinical setting by providing the physician with a 3D 
image which is a true and spatially accurate representation 
of the patient’s anatomy, having all the visual depth cues. 
Each point of light in the generated hologram is a separate 
physical entity in real 3D space and therefore direct interac-
tion with the displayed structure is possible mimicking inter-
ventions performed on the patient’s organ, since the image 
represents the precise anatomical coordinates of the patient. 
Holographic images have been used of the mitral valve, for 
example, allowing true assessment of mitral valve pathology 
in three dimensions before planning for an interventional 
procedure [28, 29].

However, both 3D printing and digital computer- 
generated holography provide only static 3D images from 
3D volumetric data. The advantages of holography over 3D 
printing is that it obviates the need for specialized and costly 
printable material and that images are immediately available. 
Disadvantages are the higher costs and the loss of the consis-
tency of the structure that could be an issue for surgeons who 
need training [30–32].
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Abstract
The advent of three-dimensional (3D) acquisition has 
been an important development in transesophageal echo-
cardiography (TEE). This imaging technique entered the 
clinical arena during the first decade of the new century, 
when the expansion of the computing power of computers 
and the development of nanotechnology have made pos-
sible to insert a full matrix array into the tip of a trans-
esophageal probe, providing TEE real-time volumetric 
imaging and prompting the use of 3D TEE in different 
cardiological, clinical, and research settings. Currently, 
major clinical applications of 3D TEE are left ventricular 
volume and ejection fraction measurement, assessment of 
heart valve anatomy and function, preoperative planning 
and monitoring different interventional procedures in the 
catheterization laboratory and hybrid surgical theatres.
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 Introduction

The clinical application of three-dimensional (3D) transesoph-
ageal echocardiography has followed a slow path. Despite 
the first prototypes of 3D transesophageal probes appeared 
in 1981, the implementation of the technique in the clinical 
routine was not finalized till the beginning of the twenty-first 
century when nanotechnology with electronic miniaturization 
allowed the development of matrix transducers and real-time 
acquisition of 3D echocardiography data sets.

The first 3D echocardiographic systems used different 
modes of multiple tomographic images acquisition, always 
as a sequential manner (fan like, rotational, linear, etc.), fol-
lowed by boring and long time off line imaging reconstruc-
tion of 3D data sets (see also Chap. 1) to obtain only several 
simultaneous left ventricular views and, later on, low spatial 
and temporal resolution 3D images (Figs. 3.1 and 3.2). The 
transesophageal approach was the main approach to obtain 
the first 3D images.

To obtain real-time 3D echocardiography, transducers 
had to change from the original 128 piezo-electric crystals 
arranged as phased array, to more than 3000 piezo-electric 
crystals arranged in a matrix array (see also Chap. 2). At the 
same time, the size of the transducer had to be miniaturized 
to become so small to be mounted in the tip of a conventional 
transesophageal probe [1, 2] (Fig. 3.3).

 Principles of 3D Imaging

Appreciation of the 3D anatomy of cardiac structures dis-
played on a two-dimensional (flat) monitor requires the use 
volume rendering techniques (Fig. 3.4).

There are three parameters to include and understand 
in the process to visualize 3D images in a 2D format: (1) 
Shadowing, far objects are represented by shadows to give 
the aspect of solid objects. (2) Transparency, how good an 
object could be visualized through another in front of it and, 
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finally, (3) Opacity, Objects opposite others get dark the far 
objects [2]. Combination of voxels and shadowing, trans-
parency and opacity allow the visualization of the whole 
heart looking inside the volume of the voxels, depicting car-
diac anatomy far than anatomy visualize in 2D cut planes 
(Fig. 3.4).

 Technology

The main challenge in the process for the construction of 
miniaturized real time 3D transesophageal echocardiogra-
phy probes was to develop all the electronics to control 
more than 3000 crystals arranged in a matrix manner and 
to miniaturize everything in order to be included in the 
small space available in a conventional transesophageal 
probe (Fig. 3.3).

Current 3D transesophageal transducers are reliable, with 
relatively good spatial and temporal resolution at accept-
able costs, allowing 360° ultrasound beam and theoretically 
infinite cut planes to visualize the cardiac structures.

The last generation of 3D transesophageal echocardiogra-
phy probes provides high quality images in volume render-
ing as well as simultaneous tomographic planes (multiplane 
display, Fig. 3.5, Videos 3.1a and 3.1b) [2].

 Physics

Broadly, 3D transesophageal echocardiography follows the 
same principles discussed in Chap. 2. However, there are 
some peculiarities of this echocardiographic technique that 
has to be known by the operators to optimize the acquired 
data sets.

As we discussed in Chap. 2, 3D ultrasound imaging is 
still subject to the laws of acoustic physics. First, aperture is 
an important determinant of image quality. Larger apertures 
allow better beamforming from a focus point of view. Unlike 
abdominal echography, transthoracic echocardiography is 
limited by the ultrasound aperture that can fit in the space 
between the ribs. In transesophageal echocardiography, the 
aperture is limited by the size of the transducer that can be 
accommodated inside an adult esophagus. Transesophageal 
transducers generally employ higher frequencies than its 
transthoracic counterparts. This allows better image reso-
lution for a given aperture size (the higher the transducer 
frequency, the better the ultrasound beam can focus but this 
comes at the expense of reduced penetration). Since the 
transesophageal approach is not limited by significant chest 
wall acoustic aberration, the higher frequencies and better 
acoustic substrate allow higher resolution data sets than those 
obtained from the transthoracic approach. Next, artifacts 

Fig. 3.1 Image of the first 
transesophageal 
echocardiography system 
(called “the lobster tail”) for 
three-dimensional 
acquisitions using the 
transesophageal approach. 
Acquisition were obtained by 
parallel planes triggered by 
the EKG and respiration. 
Published by permission of 
Ediciones Journal, Ronderos 
R, Ecocardiografia 
tridimensional Ed Journal 
Buenos Aires, Argentina, 
2016
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such as shadowing, reverberations, multi-path  transmission 
and aberration play a role in degrading the ultrasound image. 
As with 2D echocardiography, 3D ultrasound cannot image 
through metallic or highly calcified objects. Moreover, the 
transesophageal approach has a “blind-spot” in visualizing 
the aortic arch due to limitations from the airway.

The relative image degradation that occurs by acquiring 
data sets from the transthoracic approach is due mainly to two 
phenomena: aberration and multipath reflection. Aberration 
originates from wavefronts traveling through different media 
with different velocities of sound. Multiple tissue layers 
create a distortion of the traveling wavefronts. This can be 
partially corrected by accounting for the varying speeds of 
sound. The layers of the chest wall contain varying degrees 
of adipose and connective tissue. This creates aberration 
but also multipath degradation. As an ultrasound wave get 

diverted to altering paths of propagation, the superposition 
of transmitted and returning echo signals consists of wave-
fronts of both desired and nondesired targets. Unwanted but 
real signals are defined clutter. However, since the esopha-
gus represents a thin wall consisting of a stratified squamous 
epithelium and smooth muscle, this multipath degradation 
do not occur in 3D transesophageal echocardiography that 
produces higher image quality and lower cluttering.

 Acquisition and Display

Pivotal, for a proper clinical application of 3D transesopha-
geal echocardiography, it is the knowledge of advantages 
and disadvantages of the different modalities for 3D acquisi-
tion. Depending on the focus of the study, different modali-

Fig. 3.2 Advanced transesophageal probe system using the omniplane 
transducer by Hewlett Packard. The cartoon shows the electronic planes 
of the rotational acquisition sequence. After the acquisitions, different 
display modalities were available: wire frame models of the left ven-

tricle (bottom left) and 3D rendering of the mitral valve prolapse visual-
ized from the left atrial perspective (white arrow). Published by 
permission of Ediciones Journal, Ronderos R, Ecocardiografia tridi-
mensional Ed Journal Buenos Aires, Argentina, 2016
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ties of 3D imaging will be better suited to the specific clinical 
question to answer.

 Biplane Mode

To provide biplane imaging, two lines of the piezoelectric 
elements of the matrix transducer are simultaneously acti-
vated to display two simultaneous two-dimensional views 
from the same heart beat (Figs. 3.6 and 3.7). The track ball 
on the main control panel is used to change the position 
and the orientation of the plane of the second view.

Monitoring of interventional procedures such as left atrial 
appendage closure has greatly benefited by the use of biplane 
imaging [3, 4]. The landing zone of the occluder device has 
to be identified paying attention at the left circumflex coro-
nary artery at a point which is 10  mm below the isthmus 
between the left atrial appendage and the upper left pulmo-
nary vein. Using only a single 2D view, it would be diffi-
cult to align the device according to both landmarks. The 
biplane mode allows to see both landmarks simultaneously 
and facilitates the proper landing of the device. Biplane dis-
play can be used also in color Doppler mode, allowing the 
visualization of a regurgitant jet from different perspectives 
for a better understanding of the direction of the jet in space 
as well as the shape of the PISA.

128 elements

3000 elements MATRIX

a b

Fig. 3.3 Schematic representation of the difference between a 2D 
(a) and a 3D (b) transesophageal echocardiography transducer (see 
text) [2]

Fig. 3.4 Top, schematic 
representation of the multiple 
ultrasound beams generated by 
a matrix array probe to obtain a 
volumetric 3D data set. Bottom, 
volumetric rendering of a mitral 
stenosis viewed from the left 
ventricular perspective. 
Published by permission of 
Ediciones Journal, Ronderos R, 
Ecocardiografia tridimensional 
Ed Journal Buenos Aires, 
Argentina, 2016
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 Volume Rendering

 Real-Time Narrow Volume
Real-time narrow volume 3D acquisition is usually used to 
optimize the settings (sizing the acquisition volume, set the 
gain and compression) before starting the acquisition of the 
cardiac structure of interest. In addition, real-time  narrow 
volume acquisition may also be used during monitoring of 
interventional procedures, when quick views and answers 
are needed, or to monitor rapidly occurring events like 
passage of bubbles through a patent foramen ovale during 
a bubble test. However, this acquisition modality does not 
allow to acquire large data sets and therefore is not useful to 
assess spatial relationships among cardiac structures or for 
quantitation.

 Real-Time Color Doppler 3D
The limitations of real-time narrow volume 3D imaging 
have been described in the previous paragraph. Adding color 
Doppler will only further decrease both temporal and spa-
tial resolution. Flow is important to be evaluated in dynamic 
manner and live color Doppler is still low temporal resolu-
tion, with the exception of few companies as Siemens who 
has a better temporal resolution but lower spatial resolution.

 Real-Time Zoom 3D
Zoom 3D seems to be the most convenient acquisition 
modality for real-time 3D transesophageal echocardiogra-
phy. There are many practical advantages to use this acqui-
sition modality. First, 3D zoom is a real-time imaging. Of 
course, both temporal and spatial resolutions of the 3D data 

Fig. 3.5 Upper panels. Schematic representation of the generation of 
the biplane display modality with 3D probe, the secondary plane can be 
oriented from 0° to 180° using the trackball and the primary view as 
reference. In the example the primary plane is the apical four-chamber 
view and the secondary is the apical two-chamber view (Video 3.1a). 
Lower panels. Multiplane display (in the example triplane imaging) of 

the left ventricle (Video 3.1b). By default, the angles of the secondary 
planes are set at 60° and 120° from the acquisition plane. The orienta-
tion of the secondary planes can be adjusted by the echocardiographer. 
However, since changing the plane angle will fire a different line of 
piezoelectric elements, scan plane angle orientation can be adjusted 
only during acquisition

3 Technical Principles of Transesophageal Three-Dimensional Echocardiography
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a

b

Fig. 3.6 Orthogonal biplane display of the left atrial appendage 
(LAA). To obtain the best view LAA the reference plane was rotated by 
30°. The orthogonal plane allows the visualization of a bilobulated 
LAA (a). Occlusion of the LAA using an Amplatzer occluder. The 
biplane mode allows the simultaneous visualization of the LAA in two 

different, simultaneous two-dimensional views to check the proper 
landing of the device (b). Published by permission of Ediciones Journal, 
Ronderos R, Ecocardiografia tridimensional Ed Journal Buenos Aires, 
Argentina, 2016

a b

Fig. 3.7 Full volume (a) and zoom 3D acquisition modes (b) in two 
patients with Barlow’s disease. Despite the similar temporal resolution 
using the four-beat acquisition in both modes, the full volume data set 

shows narrower near field than the data set acquired in zoom mode. 
Published by permission of Ediciones Journal, Ronderos R, Ecocardiografia 
tridimensional Ed Journal Buenos Aires, Argentina, 2016
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set can be improved by acquiring two or four cardiac beats 
(multi-beat acquisition), but if multi-beat acquisition is not 
an option (uncooperative patient, or badly tolerated proce-
dure), the small acquisition volume (usually 30° × 30°) of 
the zoom mode, the low depth and the high frequency of the 
transesophageal probe allow relatively good temporal and 
spatial resolutions to provide high quality 3D data sets. Both 
the shape and the size of the zoom volume can be controlled 
by the operator.

One potential limitation of the zoom mode acquisition 
is that it is usually employed to acquire data sets of single 
 cardiac structures. Therefore, the anatomical relationships of 
the cardiac structure of interest with the surrounding struc-
tures are usually lost. As a consequence, the orientation of 
the structures in space is easier to obtain during the acquisi-
tion than during the post-processing of the data set after the 
end of the study.

 Multi-beat Full Volume
Multi-beat full volume acquisition allows to obtain the 
largest amount of data with acceptable temporal and spatial 
resolution in the 3D data set. However, it is not real time, 
requires patient cooperation and stitching artifacts may 
occur due to respiration and/or arrhythmias. Therefore, this 
acquisition modality is not used to monitor interventional 
procedures or as the first approach when 3D transesopha-
geal echocardiography is needed. On the other end, a full 

volume acquisition may be needed to visualize the whole 
mitral valve apparatus and to examine the papillary mus-
cles together with the chordae and the leaflets. One limita-
tion against the use of full volume acquisitions in patients 
with mitral valve or atrial septal defects, is the fact that the 
near field is very small and it may impair image quality 
when the left atrium is not enlarged. Whereas, using the 3D 
zoom acquisition it is possible to obtain a wider near field 
image (Fig. 3.7).

 Multi-beat Full Volume Color Doppler
Despite the many advances in 3D echocardiography technol-
ogy, 3D color Doppler data sets still show poor resolution, 
particularly temporal resolution. During transesophageal 
studies, this limitation is even more impressive than in trans-
thoracic studies, when compared with the high quality of the 
volume rendering. To obtain data set of diagnostic quality a 
multi-beat acquisition is usually needed.

 Multiplane Display
Either single- or multi-beat full volume data sets can be 
sliced in several longitudinal and transversal tomographic 
views. Multiplane display is mainly used for quantitative 
purposes (Fig.  3.8), to assess regional wall motion (multi- 
beat full volume acquisition) and to monitor left ventricular 
function during high-risk surgical or interventional proce-
dures (single beat continuous monitoring).

Fig. 3.8 Multi-slice display of a full volume data set of the left ven-
tricle. The software package has sliced the data set in three longitudinal 
views (left panels) and nine transversal (short axis) views. The longitu-
dinal views includes a four-chamber view (left upper panel) and, by 
default, two views obtained at 60° and 120°, respectively. However, the 
orientation of the secondary views can be adjusted by the operator to 

obtain true bicommissural and long axis views. For the transversal 
views, only the position of the apical and the basal slice can be con-
trolled and oriented in order to obtain views perpendicular to the left 
ventricular long axis, by moving and tilting the dotted lines on the lon-
gitudinal views. Then, the remaining seven slices will be automatically 
repositioned between the apical and the bottom slices

3 Technical Principles of Transesophageal Three-Dimensional Echocardiography
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 Added Clinical Value of Three-Dimensional 
Transesophageal Echocardiography

Despite an extensive protocol for a complete 3D trans-
esophageal examination has been described [5], this is very 
time consuming and unpractical to use in the clinical rou-
tine. Currently, 3D echocardiography is a technique that 
complements but does not replace 2D echocardiography. 
The most cost-effective use 3D transesophageal echocar-
diography is as a focused acquisition to address specific 
clinical questions rather than performing a comprehensive 
3D examination.

One of the most significant advantages of 3D transesoph-
ageal echocardiography is that it provides high resolution, 
anatomically sound images of the cardiac structures in the 
beating heart to provide the anatomical basis of cardiac dis-
eases and facilitate the communication among healthcare 
professionals (Figs. 3.9 and 3.10).

Moreover, high quality images that encompass the 3D 
complexity of cardiac structures are particularly useful to 
quantitate the geometry of these structures without assump-
tions about their shape. In addition to the visualization of 
the anatomy of cardiac structures in their true stereoscopic 

geometry, many echocardiographers believe that a signifi-
cant added value of 3D echocardiography is the possibility 
to quantify. Myocardial and valvular motion occurs along 
three dimensions in space but traditional 2D views do not 
capture the entire motion as cardiac structures exit the scan 
plan during the cardiac cycle. Quantifying implies segment-
ing structures of interest from the 3D voxel set. Whereas 
voxels themselves can be tagged, for example coloring right 
ventricular voxels separately from left ventricular ones, 
computer vision techniques frequently employ methods that 
define an interface, for example the left ventricular endocar-
dial border. This interface is typically constructed as a mesh 
of points and lines and displayed by a process known as sur-
face rendering (see Chap. 2).

3D electronically steered transesophageal transducers 
yield high quality ultrasound images of cardiac structures 
(such as the mitral valve, Fig. 3.7) in the beating heart. This 
also allows the cardiac chambers and the valve structures to 
be segmented at end-systole with great accuracy and mea-
sured (Figs. 3.11, 3.12, and 3.13).

Finally, an expanding role of 3D transesophageal echo-
cardiography is to plan and monitoring procedures to treat 
structural heart defects.

Fig. 3.9 Multi-slice of a full volume 3D data set of the right ventricle 
with careful orientation of the transversal plane (horizontal dotted line 
on the longitudinal planes) to obtain a transversal (short-axis) plane at 

the level of the tricuspid annulus (lower right panel) to planimeter tri-
cuspid annulus area
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Fig. 3.10 Three-dimensional transesophageal echocardiography (full 
volume acquisition) cropped to visualize the anatomy of the base of the 
heart in a patient with mitral valve stenosis. PV pulmonary valve, AV 
aortic valve, MV mitral valve TV tricuspid valve, LAA left atrial append-
age, LA left atrium. Published by permission of Ediciones Journal, 
Ronderos R, Ecocardiografia tridimensional Ed Journal Buenos Aires, 
Argentina, 2016

Fig. 3.11 Three-dimensional transesophageal echocardiography (3D 
zoom acquisition) in a patient with interatrial septum aneurysm (arrow). 
ANEU interatrial septum aneurysm, LA left atrium, RA right atrium. 

Published by permission of Ediciones Journal, Ronderos R, 
Ecocardiografia tridimensional Ed Journal Buenos Aires, Argentina, 
2016
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a b

Fig. 3.12 Automated surface rendering and quantitative 3D modeling of the aortic root and mitral valve using data sets obtained with transesopha-
geal 3D echocardiography

a

c

b

d

Fig. 3.13 3D quantitative measurement of mitral effective regurgitant orifice area and volume without geometric assumptions about the shape of 
the proximal isovelocity surface and regurgitant orifice
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How to Implement Three-Dimensional 
Echocardiography in the Routine 
of the Echocardiography Laboratory
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Abstract
The advent of three-dimensional echocardiography 
(3DE) represented a real breakthrough in cardiovascular 
ultrasound. Major advancements in computer and trans-
ducer technology allow to acquire 3D data sets with 
adequate spatial and temporal resolution for assessing 
the functional anatomy of cardiac structures in most of 
cardiac pathologies. Compared to conventional two-
dimensional echocardiographic (2DE) imaging, 3DE 
allows the operator to visualize the cardiac structures 
from virtually any perspective, providing a more ana-
tomically sound and intuitive display, as well as an accu-
rate quantitative evaluation of anatomy and function of 
heart valves. In addition, 3DE overcomes geometric 
assumptions and enables an accurate quantitative and 
reproducible evaluation of cardiac chambers, thus offer-
ing solid elements for patient management. Furthermore, 
3DE is the only imaging technique based on volumetric 
scanning able to show moving structures in the beating 
heart, in contrast to cardiac magnetic resonance (CMR) 
or cardiac computed tomography (CT), which are based 
on post-acquisition 3D reconstruction from multiple 
tomographic images and displaying only 3D rendered 
snapshots.

Data regarding clinical applications of 3DE are bur-
geoning and gradually capturing an established place in 
the noninvasive clinical assessment of anatomy and 
function of cardiac structures. Recently, joint European 
Association of Echocardiography and American Society 

of Echocardiography recommendations have been pub-
lished, aiming to provide clinicians with a systematic 
approach to 3D image acquisition and analysis. Finally, 
the recent update of the recommendations for the cham-
ber quantification using echocardiography recom-
mended 3DE for the assessment of the left and right 
ventricular size and function. However, despite all these 
evidences 3DE has not yet been adopted for the clinical 
routine in most echocardiography laboratories. This 
chapter tries too identify the bareers that have hampered 
the diffusion of 3DE in the clinical arena and to offer 
some practical advices on how to implement 3DE in the 
clinical practice.

Keywords
Three-dimensional echocardiography · Two-dimensional 
echocardiography · Feasibility · Clinical value · Costs  
Cost/effectiveness · Workflow · Echocardiography 
laboratory · Routine clinical practice · Data management  
Reporting · Data set acquisition · Post-processing

 Introduction

The heart has a complex anatomy and it is in constant motion. 
Conventional two-dimensional (2D) echocardiography can 
only provide partial information (Fig. 4.1) about the spatial 
and temporal relationships of cardiac structures during the 
cardiac cycle (Fig.  4.2, Video 4.8). Furthermore, conven-
tional 2D echocardiography requires a difficult mental pro-
cess by the operator to reconstruct a stereoscopic image of 
the heart based on the interpretation of multiple tomographic 
slices (Fig. 4.3). Sometimes, the mental exercise of recon-
struction may be inadequate to obtain a precise diagnosis 
even for an experienced observer, especially when dealing 
with complex congenital abnormalities of the heart or unex-
pected anatomical findings. Finally, it can be difficult to con-
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vey or demonstrate a meaningful representation of cardiac 
pathology to those not fully conversant with 2D echocardio-
graphic views and appearances.

Over the last decade, three-dimensional (3D) echocar-
diography has transitioned from a research tool to an imag-
ing technique useful in everyday clinical practice for both 
diagnostic and procedure monitoring purposes, thus expand-
ing the diagnostic capabilities of cardiac ultrasound [1–5]. 
3D echocardiography may allow a more readily appreciated, 
intuitive, objective and quantitative evaluation of cardiac 
anatomy and physiology that would reduce the subjectivity 
in image interpretation.

At present there is enough scientific evidence to endorse 
the use of 3D echocardiography as the echocardiographic 
technique of choice to: (1) measure cardiac chamber vol-
umes without the need for geometrical modelling [6]; (2) 
visualization of detailed in vivo anatomy of cardiac valves 
and congenital abnormalities [5, 7]; (3) monitor and assess 
effectiveness of surgical or percutaneous transcatheter inter-
ventions [8, 9]. However, despite these documented advan-
tages, the technique is still quite far to be used in the clinical 
routine of most of echocardiograpy laboratories.

In this chapter, we will try to identify and discuss the 
main reasons that have limited the penetration of 3D echo-
cardiography among clinical echocardiographers and to pro-
vide hints for an effective implementation of the technique in 
the clinical routine of echocardiography laboratories.

 Identifying the Barriers Against the Routine 
Use of 3D Echocardiography in Clinical 
Practice

Apart the obvious skepticism that surrounds any new technol-
ogy when it appears in the clinical arena, there are objective 
facts that may explain the resistance of echocar diographers 
to embrace 3D echocardiography (Table 4.1).

 Underappreciation of the Added Clinical Value 
of 3D vs. Conventional 2D Echocardiography

This is the first, and probably the most important, reason for 
the relative underuse of 3D echocardiography in the clinical 
routine. With 3D echocardiography, a paradigm shift occurred 
in echocardiography (Fig. 4.4). We have moved from a tech-
nique based on geometrical assumptions (i.e. the left ventricu-
lar outflow tract is rounded; all left ventricles can be assimilated 
to rotational ellipsoids; the regurgitant orifices are always 
rounded; etc.) and calculations (use of relatively simple area, 
linear and velocity measurements to obtain volumes, pressure 
gradients and valve orifice areas) to a technique that allows the 
echocardiographer to actually see (and show!) the anatomy 
and measure the size and the function of cardiac structures 
(chambers, valves and defects) without any geometrical 
assumption about their shape. In addition, and differently from 
the anatomist and the cardiac surgeon (who can only examine 
the still heart), the echocardiographer can see the functional 
anatomy of the cardiac structures in the beating heart.

Not only 3D echocardiography allows a more accurate and 
reproducible measurement of the volumes of cardiac cham-
bers such as left ventricle, left and the right atria compared to 
2D echocardiography, but allows also to reliably measure 
volumes and ejection fraction of the right ventricle [11, 12]. 
The latter were impossible to obtain with 2D echocardiogra-
phy and we know that they improve the prognostic stratifica-
tion of patients with various cardiac conditions [13, 14] and 
also facilitates the communication with other health profes-
sionals. Conventional echocardiography parameters used to 
describe right ventricular function such as TAPSE (tricuspid 
annular plane systolic excursion), FAC (fractional area short-
ening), RIMP (right ventricular index of myocardial perfor-
mance), FWLS (free wall longitudinal strain) may sound 
strange to colleagues who are not fully conversant in echocar-
diography, but terms like volumes and ejection fraction are 
readily understood by every healthcare professional.

Fig. 4.1 Two-dimensional echocardiography is a tomographic imag-
ing modality that provides information about the morphology and func-
tion of the different cardiac structures by obtaining a number of thin 
slices of the heart. The image shows a series of echocardiographic lon-
gitudinal and transversal views of the left ventricle and the 3D beutel of 
the cavity in green to demonstrate that what the echocardiographer 
actually visualizes it is just a very small amount of the endocardial sur-
face and myocardial mass (less than 10%). Two-dimensional echocar-
diography is based on the assumption that what we see in the thin slices 
is the same that happens in the large endocardial surface and muscle 
mass which lies in between on two adjacent slices. This assumption has 
been proven not to be true in many cardiac conditions (i.e. ischemic 
heart disease)
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Fig. 4.2 Standard parasternal long-axis view obtained with 2D trans-
esophageal echocardiography (left panel) and the same view obtained 
cropping a full volume data set of the left ventricle obtained with 3D 
echocardiography (right panel). Note the depth perception and visual-

ization of structures (such as the left atrial appendage, LAA and the 
coumadin ridge, CR) which are not visible with 2D imaging. Ao aorta, 
LA left atrium, LV left ventricle, RV right ventricle

Conventional echocardiography 3D echocardiography

Assuming Calculating Seeing Measuring

Fig. 4.3 Paradigm shift that has occurred in echocardiography after the introduction of 3D echocardiography in the clinical routine
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Assessment of the heart valves with conventional echo-
cardiography requires mental integration of data obtained 
from several 2D views obtained from different approaches 
(Fig.  4.3) and making geometrical assumptions about 
the shape of structures and orifices [7, 15]. Moreover, 
structures like the tricuspid valve are only seen partially 

(no more than two leaflets in each view) using 2D echo-
cardiography (see also Chap. 18) [16, 17]. In any case, 2D 
echocardiography views provide only limited visualiza-
tion of cardiac valve structures and visualize them from a 
single side (e.g. ventricular side using either transthoracic 
or transesophageal approach) which is the opposite of the 
view that the surgeon has when he/she opens the left/right 
atrium or the aorta. Conversely, 3D echocardiography 
(independent on the transthoracic or the transesophageal 
approach) allows the visualization of the whole valve 
from both sides in an anatomically sound spatial orienta-
tion (Fig. 4.5) allowing also the so called “surgical view” 
(as the valves appear to the surgeon when they open the 
atria or the aortic root). Finally, also the tricuspid valve 
can be seen en face in more than 90% of patients to allow 
a comprehensive assessment of its morphology and func-
tion (Fig. 4.6) [18, 19]. Not only valves can be properly 
imaged to visualize their morphology but dedicated soft-
ware packages are available for the quantitative assess-
ment of their geometry and to size their components 
(Fig. 4.7) [20–23].

Finally, septal defect can be imaged en face to allow ana-
tomically sound measurements of their actual size without 
geometrical assumptions about their shape.

Table 4.1 Main reasons which have limited the expansion of 3D echo-
cardiography in clinical practice

Underappreciation of the added clinical value of 3D vs. conventional 
2D echocardiography
Need of specific education and training, skepticism about any new 
technique
Feasibility of 3D echocardiography and current technology 
limitations
  Limited temporal and spatial resolution
  Limited acquisition volume
Workflow related issues
  Time constrain to perform echo studies
  Limited number of 3D scanners in the laboratory
Data management
  Complex 3D data set post-processing and interpretation of data
  No DICOM tool to manage 3D data sets
Costs
  Costs of 3D echocardiography systems
  Lack of reimbursement

Fig. 4.4 Process of mental 
reconstruction of the anatomy 
of the mitral valve by 
integrating data coming from 
several tomographic views of 
the same valve obtained from 
different approaches. The 
accuracy of the reconstruction 
depends critically on the 
experience of the 
echocardiographers (e.g. how 
many diseased valves he/she 
have seen in the anatomical 
theater and/or in the operating 
room) [10]. Reprinted by 
permission from Springer 
Nature, Muraru D, Badano 
LP. Physical and Technical 
Aspects and Overview of 
3D-Echocardiography. In: 
Manual of Echocardiography, 
Casas Rojo E, Fernandez- 
Golfin C, Zamorano J. (eds). 
Springer, Cham, 2017, pages 
1–44
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 Need of Specific Education and Training

3D echocardiography may sound easy but it is not. For effec-
tive application of the technique, echocardiographers need 
specific education and training. They have to learn how to 
acquire volumetric data sets without artifacts (Table  4.2, 
accompanying figures and videos in Table) [24], and navi-
gate within the data set to visualize the desired cardiac struc-
ture [2]. New functions like cropping, slicing, translating, 
rotating and thresholding are available to manipulate the data 
sets in order to visualize the cardiac structure of interest. 
Various ways to display the information are available 

(see also Chap. 2). To learn how to acquire a good quality 3D 
data set, and properly post-process it, requires an investment 
in time and efforts. However, it is also true that learning to 
use 3D echocardiography is not that difficult and, if properly 
trained, an expert echocardiographer can easily learn how to 
acquire and postprocess 3D echocardiography data sets in a 
week (http://didattica.dctv.unipd.it/ecobad3d.php).

There are a few suggestions to acquire adequate 3D echo-
cardiography data sets: (1) use a cut-out echocardiography 
bed to properly position the patient and the probe on his/her 
chest; (2) start with 2DE to localize the cardiac structure of 
interest and orient the probe in order to have the cardiac 
structure of interest in the centre of the scanning sector 
(where spatial resolution is the highest), then switch to live 
3DE or zoom mode; (3) optimize the quality of 2D image—
“suboptimal 2DE images produce suboptimal 3DE data 
sets” (do not worry if the 2D view is foreshortened or not 
properly oriented according to conventional 2D views, look 
at the best definition of endocardium and cardiac structures); 
(4) Check that the cardiac structure of interest is comprehen-
sively included into the data set by using the multislice dis-
play; (5) select the highest resolution option that 
accommodates the cardiac structure of interest (i.e. the high-
est number of cardiac cycles, the smallest volume size and 
the lowest image depth).

Multibeat full-volume refers to the acquisition of volumes 
of information over several consecutive cardiac cycles (gener-
ally ranging from two to seven heart beats) that are combined 
to produce a single volumetric data set (see Chap. 2). This 
acquisition mode compensates for the poor temporal resolu-
tion of real-time (live) large volumes and it is very useful when 
large volumes need to be acquired with an adequate temporal 
resolution (i.e. acquisition of right or left ventricular data sets 

Fig. 4.5 Three-dimensional echocardiography visualization of the 
mitral valve from the ventricular (left panel) and atrial (right panel) 
perspectives. The position of the cut planes is shown in the central 2D 

longitudinal view plane as panels of the same color of the 3D echocar-
diography image frames

Fig. 4.6 Volume rendering of the mitral and tricuspid valves from the 
ventricular perspective. Transthoracic acquisition from the apical 
approach

4 How to Implement Three-Dimensional Echocardiography in the Routine of the Echocardiography Laboratory
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Fig. 4.7 Surface rendering display of the mitral valve apparatus (left panel) and the aortic root (right panel) used for quantitative assessment of 
these structures

Table 4.2 Most frequent artifacts (white arrows) occurring with three-dimensional echocardiography and practical ways to deal with them

Artifact Image Causes How to deal with it
Stitching 
artifact

Image 4.1 (Stitching), 
Video 4.1 (Stitching)

1. Irregular arrhythmia (yellow circle)
2.  Uncooperative patient unable to 

held his/her breath during 
acquisition

3.  Probe movements during 
acquisition

4.  Bed/patient movements during 
acquisition

5.  Prominent P wave that the system 
mistakes for the R wave in some 
cardiac cycles to trigger the 
subvolume acquisition (red and 
green circles)

1.  Limit the number of beats to acquire to the minimum to reach 
the target volume rate, then wait for a series of sinus beats (if 
frequent ectopic beats) or a series of regular R-R (if atrial 
fibrillation). Otherwise, acquire single beat by reducing the 
data set volume and depth to the minimum;

2.  Try to motivate the patient and reduce the number of cardiac 
cycles to acquire to the minimum;

3. Seat comfortably and hold the probe steadily;
4.  Ask nurses, fellows or students not to bend on the examination 

bed during acquisition;
5.  Change ECG lead in order to find one with different voltages 

of P and R waves

Drop-outs Image 4.2 (Drop out 
left and right), Videos 
4.2a and 4.2b (Drop 
out left and right)

1.  Thin cardiac structures (e.g. 
interatrial septum—right panel; 
normal aortic valve cusps)

2.  Shadowing from hyperreflective 
structure (e.g. fibrosis—left panel, 
calcification etc.)

3. Low gain setting during acquisition

1.  Try to acquire from an acoustic window in which the cardiac 
structure is perpendicular to the direction of the ultrasound 
beams;

2.  Change the acquisition window/probe orientation in order to 
avoid the shadowing;

3. Acquire again with the proper gain settings
4.  Check with saline contrast and/or color Doppler, as 

appropriate, if it is a true hole or a drop out artifact
Over gain Image 4.3 (Overgain), 

Video 4.3 (Overgain)
Wrong machine settings •  Reduce overall gain (background depth should be perceived)

•  Time Gain Compensation slides in a straight line slightly over 
50%

• Reduce compression/dynamic range in mid range
Under gain Image 4.4 (Under 

gain), Video 4.4 
(Under gain)

Wrong machine settings •  Increase overall gain (background depth should be perceived)
•  Time Gain Compensation slides in a straight line slightly over 

50%
• Compression/dynamic range in mid range

Poor resolution Image 4.5 (Poor 
resolution)

Suboptimal acoustic window/volume 
size/depth selection

•  Reduce volume size to the minimum to encompass the cardiac 
structure of interest

•  Reduce depth at minimum to include the structure of interest
•  Use an acoustic window in which the cardiac structure of 

interest is oriented perpendicular to the direction of the acoustic 
beam (e.g. apical approach for aortic or atrio-ventricular valves, 
subcostal approach for interatrial septum; parasternal approach 
for interventricular septum)

Reverberations Image 4.6 
(Reverberations), 
Video 4.5 
(Reverberations)

Persistence of sound in an enclosed 
space after its generation that may give 
the wrong impression of a stuck 
occluder in a bileaflet mechanical valve

Look at the data set after rotating in order not to have strong 
reflectors (e.g. mechanical valve occluders) between the transducer 
and the structure to evaluate. Use longitudinal cut planes in addition 
to transversal ones

Near field 
clutter

Image 4.7 (Near field 
clutter), Video 4.6 
(Near field clutter)

Produced by the high-amplitude- 
oscillations of the piezoelectric crystals 
of the transducers

Slice the data set and look at the wall motion in order to exclude 
the presence of apical thrombi

Stationary Image 4.8 (Stationary), 
Video 4.7 (Stationary)

Produced by reverberations from 
structures outside the heart (e.g. ribs)

The mass is not moving with the heart. This is particularly in sliced 
images
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for quantitation purposes). This acquisition mode provides 
images that are not truly real-time, since the images are not 
available until the last recorded cardiac cycle is acquired. 
Some technical details are needed to acquire multibeat 3D 
data sets that are adequate for postprocessing and image ren-
dering. The ECG trace should be optimized in order to display 
a distinct R wave voltage used by the system to trigger the 
acquisition. Since the most frequent artifact of multibeat 3D 
echocardiography data sets is the stitching artifact due to 
arrhythmias and patient and/or respiratory motion, the number 
of acquisition beats should be adjusted according to patient’s 
ability to cooperate and clinical status, taking into account that 
the larger number of beats are acquired, the higher will be the 
temporal resolution and the wider the volume obtained. If the 
patient is unable to hold his/her respiration during multibeat 
acquisition or if there are significant rhythm disturbances 
(irregular atrial fibrillation or frequent ectopic beats) one 
should reduce the number of beats to be acquired or try to use 
the single beat full-volume acquisition (if available). Then, the 
volume size should be optimized in order to acquire the 
smaller volume able to encompass the cardiac structure of 
interest in order to improve spatial resolution (i.e. the number 
of scan lines per volume) while maintaining adequate tempo-
ral resolution since the two are inversely related.

Finally, appropriate gain and compression should be set 
before acquisition, since there are limits on how much gain 
and/or compression can be added or removed by postpro-
cessing once a 3DE data set is acquired. In addition, low gain 
settings can artificially eliminate certain structures, while 
high gain settings can mask structures (both leading to sig-
nificant misdiagnosis). As a general rule, both gain and com-
pression should be set in the mid-range and the time-gain 
compensation should be used to overcompensate for the 

brightness of the image to allow the maximum flexibility 
during postprocessing.

3D color Doppler is an important acquisition mode in 3D 
echocardiography since both anterograde or regurgitant jets 
may be quite variable in shape, size and extension, and there-
fore they may be better assessed with a 3D visualization.

Before starting to acquire a 3D data set, one need to pay 
attention to the image resolution issue and the orientation of 
the cardiac structure of interest in relation to the ultrasound 
beam direction. The resolution of images varies according to 
the dimension employed. For current 3D transducers it is 
around 0.5–1  mm in the axial (y) dimension, around 1.5–
2.0 mm in the lateral (x) dimension, and around 2.5–3 mm in 
the elevation (z) dimension. As a result, we will obtain the 
best images (less degree of spreading, i.e. distortion) when 
using the axial dimension and the worst (greatest degree of 
spreading) when we use the elevation dimension. These con-
cepts have an immediate practical application in the choice of 
the best approach to image a particular cardiac structure. If 
the goal is to obtain an en-face view of the mitral valve from 
the left atrium or an en-face view of the aortic valve (the so 
called “surgical views”), the best results are expected to be 
obtained by using the parasternal short axis approach, because 
structures are imaged using the axial and lateral dimensions 
(Fig. 4.8, Videos 4.9a and 4.9b). Conversely, the worst result 
is expected to be obtained using the apical approach which 
uses the lateral and elevation dimensions. However, it is also 
true that both aortic and mitral valve leaflet are oriented paral-
lel to the ultrasound beam when closed. Therefore, a limited 
number of scan lines will hit the valve leaflets in closure posi-
tion leading to frequent drop-out artifacts (particularly, in 
case of normal, thin, valve leaflets). Conversely, both valves 
are perpendicular to the scan lines when imaged from the api-
cal approach producing better image quality. As a result, the 

Fig. 4.8 Volume rendering of a bicuspid aortic valve by cropping data 
sets obtained from either the parasternal (left panel) (Video 4.9a left) 
and the apical (right panel) (Video 4.9b right) approach. The image 

obtained from the parasternal approach has better quality (more spatial 
resolution and less blurring) than the apical one
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echocardiographer should try both approaches, trying to 
image the valve with an oblique orientation to the probe when 
acquired from the parasternal approach, and select the 
approach which provides the best results.

The inverse relationship between frame rate, volume size 
and spatial resolution has been described in Chap. 2. The prac-
tical implications for the echocardiographer are straightfor-
ward: (1) acquisitions with high temporal and spatial resolution 
can be obtained only at the expense of reducing the size of the 
acquired volume (e.g. zoom mode acquisitions); (2) large vol-
umes can maintain adequate temporal resolution only if scan 
line density is reduced (reduced spatial resolution); (3) con-
versely in order to maintain adequate spatial resolution of 
large volumes, the temporal resolution (i.e. the volume rate) 
should be reduced. Accordingly acquisitions should be adapted 
to the specific clinical question to be answered: (1) to assess 
valve anatomy, the zoom mode acquisition (small volume 
size, high temporal and spatial resolution) is the preferred 
acquisition mode; (2) to assess spatial relationships among 
different cardiac structures, large volumes with relatively low 
volume rate (in order to preserve spatial resolution) should be 
used; (3) whereas to assess heart chamber size and function 
you need large volumes with temporal resolution >18  vps 
[25], and spatial resolution can be reduced as required.

Viewing a volume rendered 3D data set of the heart is 
analogous to standing outside a museum and being unable to 
see in without opening the door and entering the room or tak-
ing some or part of the walls away (Fig. 4.9). Once cropped 
away a part of the data set, one is able to enter inside the heart 
but necessarily, the image that is presented to the observer for 
interpretation is only part of all the information contained 
within the 3D volume (Fig. 4.10). To understand this concept, 
imagine yourself standing in the middle of a room: at any 
given point in time, you can only see the part of the room that 
is in front of you. To add information from what is behind, 
you need to rotate or change your position in space in relation 
to the rest of the room. In other words, despite the fact that the 
3D structure of the room and its contents are available to be 
visualized, only part of it can be visualized at any given point 
in time from any given position.

Since the volume rendered 3D data set of the heart can be 
opened to display intracardiac structures by choosing a cut-
ting plane and the image beyond this plane visualized as if the 
heart is cut by a surgeon, the word “view” (referred to heart’s 
orientation to the body axis) will be no longer used, being 
replaced by the word “anatomical planes” or simply “planes” 
(referring to the heart itself) to describe orientation of the 
images [26]. The most frequently used planes in dissection 
are: (1) the sagittal plane, a vertical plane which divides the 
heart into right and left portions (Fig. 4.11); (2) the transverse 
plane, a vertical plane which divides the heart into anterior 
and posterior portions (Fig.  4.12); and (3) the transverse 
plane, an oblique, coronal plane which runs parallel to the 
ground and divides the heart into superior and inferior por-

tions (Fig. 4.13). The use of anatomic planes to display the 
cardiac structures allows a parallelism between anatomic 
specimens and 3D echocardiography images and facilitates 
the communication with surgeons and anatomists.

The action of entering the museum/heart to visualize the 
cardiac structures is called cropping. Cropping the volumet-
ric data set means to partially remove volumetric data in 
order to enter the data set and visualize the cardiac structure 
of interest. Usually there are three cropping modalities: the 
single arbitrary cropping plane, the cropping box, and the 
dart tool (Fig. 4.14).

In order to display a specific cardiac structure, after hav-
ing cropped the 3D data set, the echocardiographer should 
rotate the cropped volume to reorient the data set until the 
desired structure is properly oriented and visualized (Chap. 
2, Fig. 2.10). To visualize different cardiac structures within 
the data set (or the same structure from different perspec-
tives, Fig. 4.5) you need to change your position and point of 
view. This action is called navigating.

After having removed the undesired volumetric data, 
rotated the data set and properly positioned the point of view, 
the adequate display of cardiac structures requires some 

Fig. 4.9 Uncropped full-volume 3D data set acquired from the apical 
approach. Despite the fact that all cardiac structures are included into 
the pyramid of data, they cannot be viewed. This is similar to the impos-
sibility to see the paintings and statues collected in a museum standing 
outside the main entrance, or to see the cardiac structures without open-
ing the cardiac chambers
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Fig. 4.10 The full volume 
data set has been cropped 
using an oblique/coronal 
plane to show the two halves 
of an equivalent four-chamber 
view (see also Fig. 4.13). 
Once entered into the 
museum/opened the heart, 
part of the content is 
visualized. What you actually 
see depends on where you are 
positioned and the direction 
you are looking at (see text)

Fig. 4.11 The 3D data set of 
the heart can be dissected 
using anatomically sound 
section planes: a sagittal plane 
(long axis or longitudinal) is a 
vertical plane that divides an 
organ into right and left 
portions

thresholding. Thresholding allows the echocardiographer to 
determine how much of the volumetric data is part of the 
cardiac structure of interest, deemed noise or part of the cav-
ity (Fig. 4.15, Videos 4.10a, 4.10b, and 4.10c). This is mainly 
controlled using the gain settings.

Once the cardiac structure of interest has been localized 
within the volumetric dataset, one can choose among dif-

ferent ways to display it on a 2D monitor. There are three 
broad classes of techniques for displaying 3D images: vol-
ume rendering, surface rendering, and 2D tomographic 
slices. The different display techniques have been dis-
cussed in Chap. 2 and the choice among them is generally 
determined by the clinical application and it is under user’s 
control.
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 Feasibility of 3D Echocardiography 
and Current Technology Limitations

With current technology, feasibility of transthoracic and 
transesophageal 3D echocardiography are around 80%–85% 
and 90%–95%, respectively. Feasibility of 3D echocardiog-
raphy is significantly lower than 2D echocardiography either 

from transthoracic or transesophageal approach. As a rule of 
thumb, when 2D images are of fair or poor quality, 3D data 
set can only be worse. In addition, 3D data sets have lower 
spatial and temporal resolution than 2D images and, since 
volume rendered 3D images tissue colorization is function of 
the position of the voxel in space, any tissue characterization 
is more difficult examining 3D than 2D images. However, in 

Fig. 4.12 The transverse 
section plane (frontal) is a 
vertical plane that divides an 
organ into anterior and 
posterior portions

Fig. 4.13 A four-chamber 
view is the result of cutting 
the heart using an oblique, 
coronal section plane which 
runs parallel to the ground 
and divides the organ into 
superior and inferior portions
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patient in whom the echocardiographer can obtain adequate 
quality data sets, the amount of morphological and quantita-
tive information provided by 3D echocardiography cannot 
be compared with that obtained from conventional 2D echo-
cardiography (see above). Moreover, transducers are rapidly 
becoming more efficient while providing better signal/noise 
ratio images and the computational power of computers is 
increasing exponentially. Therefore many of current 3D 
echocardiography technological limitations will be attenu-
ated or will disappear very soon.

 Impact of 3D Echocardiography 
on the Workflow of the Laboratories

The main issue raised by echocardiographers against the use 
of the new echocardiographic technologies is the lack of 
time to perform new acquisitions/measurements. However, 

this is a misperception since 3D echocardiography actually 
saves time. Using a single acquisition from the apical 
approach, you can obtain multiple 2D views (multislice dis-
play), accurate and reproducible measurements of left/right 
ventricular volumes, ejection fraction, stroke volume, out-
put, mass and (some systems) all myocardial deformation 
components and torsional parameters. To obtain the same 
parameters with 2D echocardiography, multiple views have 
to be acquired from different approaches a considerable 
amount of time should be spent in manually tracing endocar-
dium and some parameters (such as right ventricular vol-
umes of left ventricular torsion cannot be measured). 
Similarly, a single acquisition is sufficient to obtain anatomi-
cally sound images of valve morphology from both sides 
(and the images can be shown to colleagues and patients). 
Conversely, multiple acquisition from different approaches 
and an uncertain mental reconstruction are needed to obtain 
the same information by 2D echocardiography. Finally, the 

Fig. 4.14 Tools used to crop the 3D echocardiography data set. The 
position and orientation of the single arbitrary cropping plane (left 
panel) are shown as a yellow dotted line on the 2D images on the left, 
and the direction of visualization is shown by the yellow arrow. The dart 
by which the operator has to simply draw an arrow on one of the 2D 

slices on the left, from the selected point of view directed towards the 
structure of interest (central panel). The length of the arrow will define 
the thickness of the parallel cropping volume. The cropping box that 
allows to select a volume of interest of desired size and thickness within 
the 3D data set (right panel)

TOO MUCH GAIN OPTIMAL GAIN TOO LOW GAIN

Fig. 4.15 Effects of gain optimization (thresholding) on the volume 
rendering of the mitral valve seen from the ventricular perspective in a 
3D echocardiography data set acquired from transthoracic approach. 
The data set is usually acquired with a little of overgain in order to avoid 
drop-out artifacts (left panel, Video 4.10a Too much gain). Accurate 

thresholding allows to optimize the visualization of the mitral valve by 
removing the noise and choosing the proper depth color map (central 
panel, Video 4.10b Optimal). Too much gain reduction may create 
drop-out effects (right panel, arrows, Video 4.10c Too low gain)
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whole tricuspid valve can rarely be seen by 2D echocadiog-
raphy. Also during stress echocardiography, the use of either 
the multiplane [27] or the full-volume [28] acquisition short-
ens both acquisition and image analysis time.

On the other end, it is true that current 3D echocardiography 
probes do not allow a 2D image quality comparable to that 
obtained with conventional 2D transducers, therefore it forces 
the echocardiographers who want to obtain 3D data sets to 
switch from one transducer to another in order to complete the 
echo study. Moreover, the workflow of the laboratory will be 
significantly affected if only a limited number of echo systems 
in the laboratory have the 3D module and patients need to be 
moved from a scanning room to another to have the 3D acquisi-
tion. Both these limitation may increase the time spent for each 
3D echocardiography study and affect the whole lab productiv-
ity. To overcome these limitations you can: (1) adapt your acqui-
sition protocol; (2) identify the clinical conditions that may 
benefit most from the 3D acquisition and schedule those patients 
to be studied in the rooms where a 3D system is available.

Despite a complete 3D echocardiography acquisition pro-
tocol has been recommended for both transthoracic and 
trasnesophageal acquisition [2], this is neither feasible nor 
useful for clinical purposes. We usually obtain a complete 
2D and Doppler study [29] and then, if needed, we add the 
3D acquisition at the end of the study to address specific 
clinical questions (i.e. anatomy of the mitral valve in degen-
erative regurgitation, mitral valve area in mitral stenosis, left/
right ventricular function, sizing LVOT in aortic stenosis or 
septal defects, visualizing the tricuspid valve, clarifying dif-
ficult anatomy, etc.), this workflow will allow a single probe 
change and time/effective use of 3D echocardiography. To 
limit the negative impact of having to change the room to 
complete the echo study with 3D acquisitions and facilitate 
secretary and sonographer work, we have set a specific pro-
cedure to identify which patient will benefit most of a 3D 
echocardiography study (Table 4.3).

In addition, all patients undergoing routine transesopha-
geal echocardiography are studied with a 3D echocardiogra-
phy probe.

 Added Complexity in Data Management 
and Result Interpretation

Compared to the comfortable similarity among the ways the 
different echocardiographic systems display 2D echocar-
diography images and make the calculations to obtain quan-
titative parameters like left ventricular volumes (we have just 
to find the right button on the console!), with 3D echocar-
diography every company has developed its own algorithms 
to post-process the data sets and to measure geometry and 
function of cardiac structures. Moreover, there is no DICOM 
standard to display, post-process and perform quantitative 
analysis of 3D echocardiography data sets. All these may 
represent significant limitations in multi-vendor echocar-
diography laboratories in which the echocardiographers have 
to learn different workflows and use different algorithms for 
the same task (i.e. visualize the mitral valve or measure left 
ventricular ejection fraction). In addition, despite it has been 
shown that left ventricular volumes and ejection fraction 
measured with different systems are very similar [30], other 
parameters (i.e. 3D strain components) [31] are significantly 
different among different systems.

Then, volumes of cardiac chambers measured by 3D 
echocardiography are significantly larger than those calcu-
lated by 2D echocardiography [32–34], therefore they are 
not comparable when we perform a 3D echocardiography 
study during the follow-up of patients whose previous echo-
cardiographic examinations have been obtained with 2D 
echocardiography. The referring physicians who receive the 
report in which volumes have been measured by 3D echocar-
diography may be induced to think that some remodeling of 
the cardiac chamber may have occurred, whereas only the 
way to measure chamber volumes has changed. The best 
way to report cardiac chamber volumes during the transition 
between 2D and 3D echocardiography remains to be estab-
lished. Different strategies may be considered: (1) reporting 
both 2D and 3D volumes, but this may be confusing for the 
referring physician; (2) reporting only 3D volumes (more 
accurate and reproducible than 2D ones [6]) and writing a 
note that despite the fact they are different but the 2D ones 
were similar/different compared to previous examinations; 
(3) continuing to report 2D volumes in patients in long-term 
follow-up and use 3D volumes only in newcomers. There are 
pros and cons for any of these strategies.

Left ventricular ejection fraction may also be significantly 
different when obtained from 2D and 3D echocardiography 
volumes (Fig.  4.16). This happens particularly in patients 
with extensive wall motion abnormalities (biplane algorithms 

Table 4.3 Main indications to a 3D echocardiographic study in order 
to address suitable patients to the scanning rooms equipped with 3D 
scanners (if a limited number of them are available in the laboratory) 
and to limit the negative impact of the need to change the scanning 
room to complete the study with 3D echocardiography acquisitions on 
the laboratory work-flow

Pts with left ventricular dysfunction candidates at device 
implantation or complex surgical procedures
Pts with heart failure, or right heart diseases that may affect right 
ventricular size and function
Pts. who are candidates to mitral valve surgery or interventional 
procedures
Pts. with mitral stenosis
Pts with bicuspid aortic valve who are candidates to surgery
Pts. with congenital heart disease
Pts with unclear anatomy at 2D
Pts with significant tricuspid valve regurgitation or suspected 
stenosis
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to calculate left ventricular volume take into account only 
wall motion abnormalities in left ventricular myocardial seg-
ments visualized in the four- and two chamber views, whereas 
3D echocardiography takes into account all the 16 left ven-
tricular myocardial segments. In patients with grossly dis-
torted geometry (aneurysms, etc.), the discrepancy between 
left ventricular ejection fraction values maybe so large to 
change patient management [35] or to induce physicians to 
think about deterioration or improvement of left ventricular 
function while it is just the different way of measuring it. The 
best way to communicate the clinical significance of these 
changes remains to be defined. Moreover, all cut-off values of 
ejection fraction on which we base our decisions to indicate 

valve surgery, device implantation etc. derive from controlled 
randomized trials that used 2D echocardiography to obtain 
left ventricular ejection fraction values.

Finally, the reference values for cardiac chamber volumes 
measured with 3D and 2D are significantly different and can-
not be used interchangeably [32–34]. Accordingly, echocar-
diography reports need to be prepared differently, accordingly 
with the echocardiography technique used, and clinicians 
need to remember different cut-off values to differentiate 
normal from enlarged volumes. It should be the task of sci-
entific societies to provide indications on how to manage the 
transition between the 2D and the 3D era in the evolution of 
echocardiography.

Fig. 4.16 Comparison of left ventricular volumes and ejection fraction 
calculations performed with 2D biplane discs’ summation algorhythm 
and measured with 3D echocardiography in a patient with previous 
anterior myocardial infarction and extensive wall motion abnormalities. 
The use of the four- and two-chamber views by the 2D echocardiogra-

phy algorithm (red square) does not take into account of the large aneu-
rysm involving mainly the mid and apical part of the anterior septum 
(yellow arrows). As a result, 2D echocardiography underestimate left 
ventricular volumes and overestimate ejection fraction compared to 3D 
echocardiography (lower panels)
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 Costs of the New Technology and Lack 
of Reimbursement

The problem of the higher costs of 3D echocardiography sys-
tems compared to conventional 2D machines should be 
viewed in perspective and not just as the cost of the probe and 
related software only. Technology cost should be balanced 
against the possibility to avoid preoperative transesophageal 
echocardiography to assess a sizable number of patients who 
are candidate to mitral valve surgery [36, 37]; better selection 
of heart failure patients candidates to ICD and/or CRT 
implants, or ACE-inhibitor treatment [35]; monitoring of 
interventional procedures without the use of ionizing energies 
or costly intravascular catheters [9, 38]. Moreover, also the 
costs of the additional tests driven by inaccurate 2D echocar-
diography diagnosis (due to limited visualization, need of 
mental reconstruction and geometrical assumptions about 
structure geometry) and by the larger variability in cardiac 
chamber volume and function calculations performed by 2D 
echocardiography in comparison with the 3D measurements 
[39], should be taken into account. All these savings, and the 
additional educational and communication opportunities 
offered by 3D display of cardiac anatomy (as well as 3D 
printing and holography, see also Chap. 2) well justify the 
cost/effectiveness of 3D technology.

 Future Directions

3D echocardiography is the most recent among the various 
echocardiography techniques and the one with the largest 
room for future improvement.

The expected improvement in both temporal and spatial 
resolution will allow to acquire larger data sets which will 
include the whole heart and will change our way of patho-
physiological thinking. Not anymore considering left/right 
ventricular or atrial function as the various cardiac structures 
work in isolation, but we will assess and understand the “car-
diac function”, being able to appreciate the interrelationships 
among cardiac structures (i.e. atrio-ventricular coupling, 
ventricular interdependence etc.) and assess their relative 
contribution to “cardiac function”.

Highly performant fully automated software packages 
will allow accurate and reproducible quantitative analysis of 
the geometry and function of cardiac chambers [40] and 
valve structures [23, 41] independent on the expertise of the 
single echocardiographer, to provide clinicians, intervention-
ists and cardiac surgeons reliable data to be used to address 
management, plan and monitoring interventions, and assess 
their outcome.

3D echocardiography data sets potentially allow morpho-
metric quantitation of every cardiac structure. However, to 
obtain this goal we need dedicated software packages taking 

into account the morphological (the same software cannot be 
used to display and quantitate the aorta and the mitral valve) 
and the functional (e.g. the atria have a three phases function 
and not just diastole and systole like ventricles) peculiarities 
of the various cardiac structures. In particular, we lack soft-
ware packages to assess the right heart structures. 3D echo-
cardiography analysis of right ventricular shape [42, 43] and 
mechanics in various directions (i.e. longitudinal, circumfer-
ential and area strain) [44] is a promising area in future clini-
cal practice. In pulmonary hypertension patients, a significant 
correlation was demonstrated between right ventricular ejec-
tion fraction and both 3D global longitudinal [45] and area 
strain with the latter being a strong independent predictor of 
mortality [46]. Finally, recently developed methodology for 
analysis of 3D echocardiography-derived global and regional 
right ventricular shape indices based on analysis of the right 
ventricular curvature demonstrated good results in patients 
with pulmonary arterial hypertension, showing that the cur-
vature of the right ventricular inflow tract is a more robust 
predictor of death than right ventricular ejection fraction, 
volumes, or other regional curvature indices [42].
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Routine Assessment of the Left 
Ventricle

Karima Addetia, Luigi P. Badano, and Roberto M. Lang

Abstract
Non invasive assessment of left ventricular (LV) geome-
try and function is critically important for clinical deci-
sion making and represents the most frequent indication 
for an echocardiographic examination. Suitability for 
device implantation in patients with LV dysfunction, dis-
continuation of potentially cardiotoxic chemotherapy in 
cancer patients, indications to cardiac surgery or to treat-
ment initiation in asymptomatic patients are among the 
most critical decisions that rely on an accurate measure-
ment of LV ejection fraction. LV volume calculations by 
two-dimensional echocardiography is highly operator 
dependent, uses only partial information contained in a 
few predefined cross sections of the LV to assess global 
myocardial function, and relies on geometrical assump-
tions that may not be necessarily valid in every patient. In 
particular, geometric assumptions about LV shape make 
the calculations of LV volumes and ejection fraction more 
inaccurate in patients in whom this information is more 
critical (i.e. patients in whom there are extensive wall 
motion abnormalities or the LV geometry is distorted 
because of aneurysms). With three-dimensional echocar-
diography, we can measure (not calculate anymore!) LV 
 volumes with no assumption regarding LV geometry. This 
technique has been extensively validated against cardiac 
magnetic resonance and was demonstrated to be more 

time-saving, reproducible, repeatable and accurate than 
conventional two-dimensional echocardiography for LV 
volumes and ejection fraction measurements.
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 Introduction

When an echocardiogram is ordered, it is the expectation of 
the referring physician that an assessment of left ventricular 
(LV) function will be reported. In clinical practice, two- 
dimensional echocardiography remains the most frequently 
used imaging modality for LV size and function assessment. 
LV size is assessed using LV end-diastolic and end-systolic 
dimensions measured from the parasternal long-axis views 
while LV function is quantified most frequently using the 
biplane method of discs on images obtained from transtho-
racic apical approach [1]. Measurements should always be 
confirmed with “eye ball” assessment. LV dimensions are 
clinically important in multiple clinical situations such as in 
the diagnosis of dilated cardiomyopathy where an LV end-
diastolic dimension >53 mm in a woman and >59 mm in a 
man signifies LV dilatation [1]. The most recent valvular 
heart disease guidelines [2] advocate mitral valve surgery in 
patients with severe mitral regurgitation and LV end-systolic 
dimension ≥40 mm and aortic valve surgery in patients with 
asymptomatic severe aortic regurgitation and LV end-sys-
tolic dimension >50  mm or LV end-diastolic dimension 
>65  mm. Accurate assessment of LV ejection fraction 
impacts clinical decision-making in a number of diseases 
including coronary artery disease, cardiotoxicity due to a 
variety of  chemotherapeutic agents and heart failure with 
reduced  ejection fraction [3, 4].

All of the above examples underscore the importance of 
quantification of LV size and function on clinical decision- 
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making. Until recently most of this information has been 
obtained from two-dimensional echocardiography, a modal-
ity that has a number of limitations. We begin this chapter by 
describing some of the limitations of two-dimensional echo-
cardiography and highlighting some of the advantages of 
three-dimensional echocardiography (3DE) in the assess-
ment of the LV. We will finally discuss the basics of 3DE LV 
data acquisition and display, and review the methods for 
quantitative LV analysis and assessment of LV morphology. 
Towards the end of the chapter a variety of clinical cases will 
be discussed with the intent of introducing new concepts.

 Limitations of Two-Dimensional 
Echocardiography

With regard to the assessment of LV size and function, two- 
dimensional echocardiography has two main limitations. 
Firstly, even when images are acquired with great care to 
maximize the long axis of the LV on apical views, foreshort-
ening of the LV is frequently inevitable; secondly, geometri-
cal models are used to transform two-dimensional 
echocardiography LV areas and linear measurements into 
volume measurements. This is true both when using the 
biplane Simpson method and the area-length method to 
quantify LV size and function and limits the accuracy of the 
calculations.

LV foreshortening occurs when the acquired two- 
dimensional plane does not pass through the true LV apex 
resulting in an oblique view of the LV cavity (Fig.  5.1). 
When this oblique view is used to calculate LV end-diastolic 
and end-systolic volumes, the results underestimate the 
actual LV volumes [5, 6]. Prior studies have shown that 50% 
of two-dimensional echocardiography views acquired by 
experienced sonographers are not optimally positioned with 
respect to displacement and angulation of the transducer 
and only 12% of apical four-chamber and two-chamber 
views acquired are truly orthogonal [7]. The need for two- 
dimensional echocardiography views to be orthogonal is 
important because use of the latter have been shown to result 
in less underestimation of LV volumes [8]. The impact of 
foreshortening was elegantly demonstrated in 19 patients 
[5] by measuring the LV long-axis dimension in apical four- 
and two-chamber views obtained from conventional two- 
dimensional echocardiography images and anatomically 
correct apical views selected offline from 3DE pyramidal 
data sets (Fig. 5.2). The LV long-axis measurement was lon-
ger in both apical views when evaluated using the 3DE tech-
nique suggesting that the majority of two-dimensional 
echocardiography apical views were foreshortened. In fact, 
in that study 3DE LV mass more closely correlated with 
mass measured with cardiovascular magnetic resonance 

(CMR) (r  =  0.90) compared to LV mass measured using 
two- dimensional echocardiography (r = 0.70). In fact, two- 
dimensional echocardiography underestimated LV mass by 
39% when compared to CMR and the reason cited for this 
underestimation was foreshortening of the LV on two- 
dimensional echocardiography images.

The accuracy of traditional two-dimensional echocar-
diography algorithms for LV volume quantification is further 
hampered by the reliance of two-dimensional echocardiogra-
phy volumetric calculations on the assumptions made by 
fixed geometric models such as a prolate ellipsoid, which can 
be inaccurate especially in the presence of wall motion 
abnormalities or LV aneurysms [9, 10].

 Quantification of LV Size and Function Using 
Three-Dimensional Echocardiography

When using 3DE, three approaches are commonly used for 
LV quantification (Fig. 5.3, Video 5.1):

 1. The 3D-guided biplane technique (Fig.  5.3, left panel): 
This approach is based on selecting, from a 3DE pyrami-
dal dataset of the LV, anatomically correct, non- 
foreshortened two-dimensional echocardiography apical 
four- and two-chamber views. The biplane Simpson 
method of discs is then applied to calculate LV volumes 
from non-foreshortened apical views. Because this method 
still relies on geometric modeling to calculate LV vol-
umes, it is likely to be inaccurate in distorted ventricles.

 2. The triplane technique (Fig.  5.3, central panel): this 
approach is based on the multiplane technique that uses 
the 3DE matrix probe to acquire simultaneous two- 
dimensional echocardiography views in the same heart 
beat (see also Chap. 2). After manual orientation of the 
reference view (conventionally the four-chamber view), 
the two additional views (two-chamber and apical long- 
axis) are automatically selected at 60° and 120° from the 
four-chamber view. The echocardiographer can adjust the 
acquisition angles in order to optimize view orientations, 
but only during acquisition. The main advantages of this 
approach are: (1) the echocardiographers can immedi-
ately realize if any foreshortening has occurred during 
acquisition; (2) wall motion abnormalities occurring in 
the infero-lateral LV wall and anterior septum (the LV 
walls most frequently involved in patients with myocar-
dial infarction) are accounted in LV ejection fraction 
computation; (3) it is more accurate than conventional 
biplane algorithms in assessing LV volumes and ejection 
fraction [11, 12]; (4) it is feasible in patients with irregu-
lar atrial fibrillation or other arrhythmias, too; (5) more 
user friendly approach (the echocardiographers traces the 
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endocardial border as he/she is used to do with conven-
tional two-dimensional echocardiography) than with 
complex 3DE software packages. The issues with this 
technique are due to the fixed relationships that exists 
between the three views that does not allow avoidance of 
foreshortening of one or more of these views in some 
patients, the need of manual tracing of the endocardial 
border in three views, and the fact that this technique also 
relies on the same geometric assumptions about LV shape 
of the biplane discs’ summation rule (even if they are 
mitigated by the addition of the third apical view).

 3. Direct volume quantification (Fig. 5.3, right panel): This 
approach is based on semi-automated detection of LV 
endocardial surfaces throughout the cardiac cycle fol-
lowed by measurement of LV volume contained within 
this surface. This approach [13–15] has the important 
advantage over the 3D-guided bi-plane and the triplane 
methods of not relying on geometric modeling. The cal-
culated volume is obtained by directly counting voxels 
inside the endocardial surface. In addition, the endocar-
dial surface can be automatically detected throughout the 
cardiac cycle, allowing precise identification of 

Left ventricular foreshortening True apex

Fig. 5.1 Effects of the position and orientation of the probe on the api-
cal four-chamber view of the left ventricle. When the ultrasound beam 
does not pass through the true apex of the left ventricle (left upper 
panel) the apical view results in an oblique (foreshortened) left ven-
tricular cavity (left lower panel) which will lead to volume underesti-

mation if selected for biplane Simpson or area-length analysis. Correct 
orientation of the apical view passing through the left ventricular apex 
(right upper panel) produces significantly longer left ventricular length 
(right lower panel)

5 Routine Assessment of the Left Ventricle
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end-systolic frames in order to accurately measure end- 
systolic volumes from the correct frame.

Surface models are also useful for defining regions of the 
LV in position and time. This 3DE data can be used to assess 
LV synchrony, regional strain, curvature, and wall stress. 
However, at this time these extra steps are not performed in 
routine clinical practice. It is important to keep in mind that 
studies have shown that when endocardial borders are traced 
and borders manually adjusted on more than two cut planes 
the accuracy of volume quantification is improved [16, 17]. 
This is likely because fewer geometric assumptions are 

used. Transthoracic 3DE volumes are generally accurate 
even in very dilated and aneurysmal ventricles [18–20], pro-
vided that the sonographer takes care to include the entire 
ventricle within the acquisition volume [21].

It has been noted that while two-dimensional echocar-
diography methods of quantification are reasonably accurate 
for measurements in a group of subjects, confidence inter-
vals are usually wide thereby limiting the ability of two- 
dimensional echocardiography to detect small changes in 
serial measurements in a single patient [10]. 3DE, however, 
as will be further discussed in the sections below, does not 
pose the same problem [22].

2DE 3DE

Fig. 5.2 Three-dimensional echocardiography (3DE) datasets allow 
the user to extract the anatomically correct apical views of the left ven-
tricle (LV) for quantification of volumes and ejection fraction. This 
overcomes the errors associated with foreshortening of one or both the 
apical views. Left panels illustrate a slightly foreshortened four- and 
two-chamber apical views of the LV obtained from a two-dimensional 

echocardiography LV acquisition. Right panels depict the anatomically 
correct non-foreshortened LV views extracted from the pyramidal 3DE 
dataset. Note that the annulus to apex measurement is shorter in the 
foreshortened view than the non-foreshortened view and that in the 
non-foreshortened views the length of the LV is similar in both four- 
and two-chamber views
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57

 Three-Dimensional Acquisition and Display 
of the Left Ventricle

Originally, 3DE was based on the reconstruction from a 
sequential multi-plane acquisition, gated to the electrocar-
diogram and respiration (see also Chap. 1). This approach 
was time consuming, and prone to motion artifacts and was 
therefore replaced by volumetric imaging that enabled acqui-
sition in real time of a pyramid of data using matrix array 
transducers. For measurement purposes, the LV is generally 
acquired as a full-volume dataset over 4–6 heartbeats (called 
a “multi-beat” acquisition) during a single breath-hold. In 
this process, dynamic sub-volumes are “stitched” together 
and scanned during consecutive cardiac cycles. While this 
breath-hold-based approach enables the acquisition of 
images with higher frame rates (higher temporal resolution) 
and higher spatial resolution, the disadvantage is that “stitch 
artifacts” (see Chap. 2) can occur as a result of changes in the 
position of the heart relative to the transducer. Single-beat 
acquisitions avoid stitch artifacts secondary to arrhythmias 
and respiratory motion but it results in datasets that have 
lower temporal and poorer spatial resolution. This impacts 
negatively on the ability of the operator to visualize struc-
tures when cropping into the dataset offline due to drop-out 
while simultaneously affecting the identification of the true 
end-systolic frame, which has a variable impact on the calcu-
lation of end-systolic volumes and consequently ejection 
fraction. However, a new generation of piezoelectric ele-
ments and probes has been developed that can acquire 3DE 
data set of the LV with enough temporal and spatial resolu-
tion to allow reliable measurement of LV volumes [23, 24].

3DE acquisition of the LV is generally performed from 
the apical approach on transthoracic echocardiography and 
from the mid-esophageal four-, two-, or three-chamber views 
on transesophageal echocardiography [25]. Depending on 

the shape of the LV and its position within the chest, a more 
off-axis transducer position may be appropriate for acquisi-
tion. The goal is simply to ensure the acquisition of the entire 
LV within the pyramidal dataset (Fig.  5.4). To guarantee 
optimal image quality, transducer frequency and overall gain 
should be adjusted appropriately. Sector width and depth 
should also be adjusted to ensure that the LV is captured 
devoid of adjacent structures that will reduce frame rate. 
Prior to 3DE acquisition the two-dimensional echocardiog-
raphy image must be optimized. Multiplane visualization of 
the LV showing the azimuthal, the elevation and trasversal 
planes may help ensure that the entire LV is contained within 
the imaging sector (Fig. 5.5). Real-time imaging of the LV 
may also help optimize gain settings. Real-time imaging can 
also be used to visualize structural changes in the LV such as 
masses or thrombi and help with the location of wires of 
catheters used during interventional procedures. Gain set-
tings should typically be higher than those used for two- 
dimensional echocardiography. Once the image is optimized 
a full-volume 3DE acquisition can be performed as above 
described. To optimize an LV dataset for volume and EF 
assessment a full-volume, 4–6 beat acquisition should be 
performed using a single breath-hold. If the patient is on 
mechanical ventilation, the latter can be briefly interrupted to 
allow acquisition of optimal data sets. In the operating room, 
data acquisitions should be avoided during the use of electro-
cautery as these can interfere with image quality and intro-
duce artifacts. LV contrast opacification may be of value if 
the borders are sub-optimally visualized. Border clarity can 
be confirmed during full-volume acquisitions.

Of note there is no general agreement as to how the 3D 
LV dataset should be displayed. The suggestion from the 3D 
guidelines is to orient the LV so that the right-sided struc-
tures are on the left and the apex is up, similar to conven-
tional apical four-chamber view [26]. However, the way the 

3D-guided biplane analysis 3D-triplane analysis 3D-volumetric analysis

Fig. 5.3 Three approaches to measure left ventricular volumes using 
the matrix array probe: (left panel) three-dimensional- echocardiography 
(3DE)-guided biplane analysis based on selecting anatomically correct, 
non-foreshortened apical two- and four-chamber views from the 3DE 
dataset. These planes are then evaluated using the biplane Simpson’s 
method of discs identical to that used with two-dimensional echocar-
diography; (right panel and Video 5.1). Triplane analysis which obtains 
three apical views which share the same apex by selectively activating 

three lines of piezoelectric elements at 0°, 60° and 120°. Volumes are 
obtained applying the Simpson’s method of discs identical to that used 
with two-dimensional echocardiography; and (central panel and Video 
5.1). Direct phase-by-phase volumetric analysis based on counting vox-
els contained inside the 3DE endocardial surface, which results in a 
volume measurement which is independent on assumptions about the 
shape of the LV

5 Routine Assessment of the Left Ventricle
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3DE data set of the LV is displayed depends on the clinical 
question the clinicians wants to address: volume rendering 
display to show anatomy (Fig.  5.6, Videos 5.2a, 5.2b, and 
5.2c); multislice display to show wall motion, masses or dis-
tribution of LV hypertrophy (Fig.  5.7, Videos 5.3a, 5.3b, 
5.3c, and 5.3d); surface rendering display to show function 
(Fig. 5.8).

 Quantitative Analysis of the LV: Volumes, 
and Ejection Fraction

Of the three methods described above for the quantification 
of LV volumes and ejection fraction (3DE-guided biplane, 
triplane and volumetric analysis) the favored method is the 
direct volume quantification because, as described above, 
this method avoids the need for geometric assumptions while 
minimizing the underestimation of LV volumes [27]. 3DE 
has shown improved reproducibility when compared with 
two-dimensional imaging [24, 28–30]. Intra-, inter-observer 
and test-re/test variability of LV volume measurements using 
the standard two-dimensional echocardiography biplane 
technique are higher than those obtained with 3DE-based 
measurements [22–24]. This translates into the need for 
smaller number of patients to test a hypothesis and thus into 
potential cost savings in clinical trials, which makes 3DE an 
attractive alternative to other costly imaging modalities. 
Perhaps even more important, however is the fact that the 
higher test/re-test reproducibility of 3DE assessment when 
compared with two-dimensional echocardiography makes 
3DE the ideal technique for individual patient follow-up 

because smaller changes LV ejection fraction and/or vol-
umes may be identified sooner [22, 24].

A methodology with good reproducibility is certainly 
desirable but even more so if it is accurate. Several studies 
have compared 3DE-derived volumes and ejection fractions 
with CMR finding excellent agreement, as reflected by cor-
relation coefficients >0.85 as well as small biases and tight 
limits of agreement. However, several studies have reported 
that despite the high correlation with CMR, 3DE consis-
tently underestimated LV volumes [29–34]. In order to deter-
mine out how much foreshortening contributes to this 
underestimation versus geometric modeling errors, the two- 
dimensional echocardiography biplane technique, 
3DE-guided biplane technique and the volumetric approach 
were compared side-by-side against CMR in the same group 
of patients [28]. In this study, an incremental improvement in 
accuracy was noted, with the two-dimensional echocardiog-
raphy technique being the least accurate. When the investiga-
tors looked specifically at the population of 20 patients in 
whom the two-dimensional echocardiography results were 
the least accurate, they noted that the inaccuracy of the two- 
dimensional echocardiography results was predominantly 
due to foreshortening of the LV on apical images. The most 
accurate method, of course was the volumetric or “deform-
able shell” method which accounts for foreshortening and, to 
some extent, geometrical modeling errors [28].

To further understand the factors contributing towards 
the underestimation of LV volumes by 3DE in comparison 
with CMR and to validate the new endocardial surface 
analysis technique for LV volumes quantification using 
CMR as the reference standard a multi-center study was 

Fig. 5.4 Measurement of left ventricular (LV) volumes from a data set 
of the left ventricle obtained from the subcostal approach. With 3DE, 
the important points are that the cardiac structure of interest is included 
in the acquired data set and there is a clear visualization of the endocar-
dial border. It does not matter the acquisition window or if the corre-
sponding two-dimensional view is foreshortened. Then, during the 
postprocessing, the operator can rotate and translate the cut planes in 
order to obtain proper tomographic planes on which to perform mea-

surements and border tracings. This allows to measure LV volumes in 
patients with poor or no apical acoustic window (e.g. chest deformities, 
reconstructive surgery after mastectomy etc.). Left panel: Multislice 
display of a 3DE data set acquired from subcostal approach. Note the 
orientation of the bottom and top dashed lines on the longitudinal views 
on the left to obtain proper transversal cut planes (short axes). Right 
panel: the 3DE data set has been re-aligned to obtain four- and two 
chamber, and apical long axes to measure LV volumes

K. Addetia et al.
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Fig. 5.5 Acquisition of a full-volume dataset of the left ventricle and left atrium. To ensure an optimal dataset, the whole extent of left ventricular 
myocardium should be seen both in orthogonal longitudinal planes (top row) and in the transverse plane (bottom left)

Fig. 5.6 Volume rendering display of the left ventricle to assess anat-
omy. Left panel and Video 5.2a left: left ventricle obtained from a 
healthy subject. Central panel and Video 5.2b central: left ventricle 

obtained from a patient with left ventricular hypertrophy. Right panel 
and Video 5.2c right: left ventricle obtained from a patient with left 
ventricular no compaction (deep trabeculae shown with white arrows)

5 Routine Assessment of the Left Ventricle
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performed [27]. This study reported that 3DE-derived vol-
umes correlated highly with CMR, in agreement with pre-
vious studies, but the underestimation was even larger than 
what was previously reported in single-center studies. After 
ruling out every possible source of error, endocardial bor-
der tracing, which, in human ventricles, is further compli-
cated by the presence of endocardial trabeculae, was found 
to be the primary source of error leading to volume under-
estimation in humans. Due to reduced spatial resolution of 
current semiautomated endocardial border tracing algo-
rithms, the automated endocardial border traced by the 
software package usually  identifies the black and white 
interface on the screen which corresponds to the tip of tra-
beculae and not to the compacted part of the endocardium 
as it happens with CMR that has high spatial resolution. 
This error can be minimized by  learning to correctly iden-
tify the true endocardial boundaries in 3DE images beyond 
what appears to be the blood-trabeculae interface (Fig. 5.9). 
It was shown that agreement between 3DE and CMR mea-
surements improved when the trabeculae were excluded 

from the LV cavity on CMR [27]. Agreement between 3DE 
and CMR was also improved with increasing investigator 
experience noting that experienced investigators tend to 
place the LV endocardial borders as far outward as possi-
ble. Several more recent studies have demonstrated the 
added value of contrast enhancement in accurate delinea-
tion of LV endocardial boundaries, resulting in improved 
quantification of ventricular volumes [35, 36].

It must not be forgotten, however that CMR is not a per-
fect gold standard. There are errors and variations associated 
for example with the manner in which the basal slice is 
traced [37]. These errors can propagate and affect volume 
and ejection fraction assessment in CMR.

Despite the known limitations of CMR as a reference 
technique, all LV analysis algorithms used in commercially- 
available 3DE systems have been independently validated 
against CMR and close correlations between 3DE and CMR 
measurements have been reported, albeit with a small 
 underestimation of LV volumes by 3DE as already discussed. 
Although this assumption has never been tested, it has been 

a b

c d

Fig. 5.7 Multislice display of the left ventricle in a healthy subject 
(panel A and Video 5.3a); in a patient with hypertenive heart dis-
ease (panel B and Video 5.3b); in a patient with ischemic heart diseases 
(panel C and Video 5.3c), the white arrows show an aneurysm of the 

inferior wall; and in a patient with left ventricular no compaction  
(panel D and Video 5.3d, the white arrows show the extension of the 
trabeculated area)
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assumed that all 3DE systems are equally accurate and pro-
vide consistent measurements of LV volumes and ejection 
fraction. However, a significant intervendor variability of LV 
3D strain was reported by our group and by other investiga-
tors [38, 39], which casts some doubts over the actual consis-
tency of LV measurements obtained with different 3DE 
systems. The assessment of intervendor consistency of LV 
volume measurements by 3DE has important scientific and 
clinical implications. From the scientific point of view, it 
would be important to know if the reference values of LV 
volumes and ejection fraction that have been obtained using 
one vendor-specific 3DE system (Table 5.1) can be applied 
to studies employing different 3DE systems. From the clini-
cal point of view, physicians need to know how to adequately 

deal with patients that require serial follow-up echocardio-
graphic examinations for LV size and function monitoring by 
3DE (e.g. patients with asymptomatic severe valvular heart 
diseases, previous myocardial infarction or cardiac surgery, 
or undergoing chemotherapy, etc.). Can these patients be 
scanned by any 3DE system in the laboratory or is it manda-
tory to have them examined always with the same 3DE sys-
tem in order to reliably assess changes in LV volumes and 
ejection fraction? A recent paper [40] reported consistent LV 
volume and ejection fraction values among three of the most 
popular software packages: 4D Auto LVQ (GE Vingmed, 
Horten, NO), 3DQ ADV (QLab 9.0, Philips Medical 
Systems, Andover, MA) and eSie LVA (Siemens, CA, USA) 
(Fig. 5.10).

a

c d

b

Fig. 5.8 Surface rendering display of the left ventricle to assess func-
tion using GE Vingmed (Horten, NO, panel A), Siemens Healthineer 
(Mountainview, USA, panel B), Philips Medical Systems (Andover, 
USA, panel C) and Canon Medical Systems (Japan, panel D) echocar-

diography systems. The use of both the wireframe (showing the end- 
diastolic volume, panels C and D) and the solid surface (changes of 
volume over time) rendering allows a better appreciation of left ven-
tricular function

5 Routine Assessment of the Left Ventricle
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Good Image Quality
Fully automated

Good Image Quality
Manually edited

Cardiac magnetic
resonance

EDV 180 mL;
ESV 91 mL;
EF = 50%.

EDV 209 mL;
ESV 117 mL;
EF = 44%.

EDV 225 mL;
ESV 123 mL;
EF = 45%.

Fig. 5.9 Effect of manual editing of the automatically traced endocardial 
border on left ventricular volumes and ejection fraction. Despite the good 
quality of the data set, a fully automated quantitation of left ventricular 
volumes produces a significant underestimation of volumes and overesti-

mation of ejection fraction (left panel) compared to proper manual edit-
ing in order to trace the compacted part of left ventricular wall (central 
panel). Left ventricular volumes and ejection fraction measured with car-
diac magnetic resonance are reported for comparison (right panel)

Table 5.1 Reference values for left ventricular volumes and ejection fraction measured with three-dimensional echocardiography

Aune E, et al. 
2010 [41] Fukuda S, et al. 2010 [43]

Chahal NS, et al. 2012 
[42]

Muraru D, et al. 
2013 [44]

Bernard A, et al. 
2017 [46]

Study population Scandinavian 
(n = 166)

Japanese (n = 410) United Kingdom
(n = 494) and Asian 
Indian (n = 484)

Italian
(n = 226)

European 
(n = 440)

Echocardiography 
system

iE33 Sonos 7500, iE33, Vivid 7, 
Vivid E9, SC2000, Artida

iE33 Vivid E9 Vivid E9 and iE33

Upper limits of end-diastolic volume, (mL/m2)
Men 86 74 White = 67

Indian = 59
85 97

Women 74 64 White = 58
Indian = 55

78 82

Upper limits of end-systolic volume (mL/m2)
Men 41 29 White = 29

Indian = 26
34 42

Women 33 25 White = 24
Indian = 23

28 35

Lower limits of ejection fraction (%)
Men 49 53 White = 49

Indian = 52
54 50

Women 49 55 White = 52
Indian = 52

57 51
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 Normative Values for Three-Dimensional 
Left Ventricular Volumes and Ejection 
Fraction

Beyond validation of new analysis software packages, the 
focus of 3DE research should be on the establishment of refer-
ence values and establishment of outcomes data for different 
3DE volumes and ejection fraction cut-offs in different disease 
states. The identification of normal reference values is impor-
tant for 3DE to assume a place in the clinical routine. The 
recent chamber quantification guidelines recommend 3DE 
quantification of LV volumes and ejection fraction when the 
expertise to do so exists in a particular  echocardiographic labo-
ratory. These guidelines also provide, for the first time, norma-
tive data for 3DE LV volumes (upper limits of the normal range 
for the end-diastolic volume was set a 79 mL/m2 for men and 
71  mL/m2 for women; for the end- systolic volume it was 
32  mL/m2 for men and 28  mL/m2 for women) and ejection 
fraction (lower limits of the normal range was set at 52% for 
men and 54% for women) [41–44]. Recently, another study 
called the Normal Reference Ranges for Echocardiography 
study (NORRE) reported normal reference ranges for the car-
diac chambers in white Europeans aged 25–75  years using 
machines and software from two vendors [44]. A summary of 
the reference values for LV volumes and ejection fraction 
obtained with 3DE is shown in Table 5.1. The different studies 

enrolled quite different populations of healthy volunteers. 
Interestingly, the upper normal values (mean values +2 SDs) 
for 3DE end-diastolic and end- systolic volumes reported by 
Chahal NS et al. [42] for United Kingdom white subjects (e.g. 
67 mL/m2 and 29 mL/m2 in males) were lower than the upper 
normal limits reported by two-dimensional echocardiography 
in current guidelines (75 mL/m2 and 30 mL/m2, respectively), 
contradicting all previous studies showing a larger underesti-
mation of LV volumes measured by two-dimensional echocar-
diography than by 3DE. Finally, making a simple calculation 
from the data provided in the paper by Chahal NS et al. [42], it 
seems that the European subjects were all in a low flow state 
(stroke volume index 30  mL/m2 in men, and 26  mL/m2 in 
women). These data raised the issue of the accuracy of the mea-
surements performed in this study, particularly when no refer-
ence modality or at least comparison with the simple stroke 
volume measurement with two-dimensional echocardiography 
and Doppler has been provided [45]. The only multicenter 
study was the NORRE study [46] which enrolled healthy sub-
jects from 22 laboratories across Europe. Interestingly, this 
study reported the largest LV volumes among the published 
reports.

Ongoing efforts are being made by the American Society of 
Echocardiography that has designed the World Alliance Societes 
of Echocardiography (WASE) normal values study to establish 
reference ranges for all ethnic groups and populations.

Fig. 5.10 The Bland-Altman plots show (from the left to the right) the 
results of the head-to-head comparison of end-diastolic and end- systolic 
volumes and ejection fraction in the same patients measured using 
(from the upper to the lower panel) GE Vingmed (Horten, NO), Siemens 

Healthineer (Mountainview, USA, panel B), Philips Medical Systems 
(Andover, USA, panel C) echocardiographic systems and software 
packages
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 Regional Wall Motion Analysis

The main problem with using two-dimensional echocardiog-
raphy to assess LV wall motion is that two-dimensional echo-
cardiography is a tomographic technique which obtains thin 
slices of the cardiac structures (Fig. 5.11). Independent of the 
number of long- and short-axes of the LV we can acquire in a 
conventional two-dimensional echocardiography study, less 
than 10% of the LV endocardial surface and myocardial mass 
are visualized. The assumption is that wall motion abnormali-
ties respect the classic segmentation of the LV and occur uni-
formly in each segment. Therefore, what we see in the 
myocardium included in each thin slice is also what happens 
in the relatively wide blind area of myocardium between two 
two-dimensional echocardiography views. Unfortunately, this 
is not the case in most of the patients with ischemic heart dis-
ease and the location and extent of wall motion abnormalities 
is quite variable among patients with the same coronary artery 
disease (Fig.  5.12, Videos 5.4a and 5.4b). Conversely, 3DE 
allows the imaging of all walls in a single echocardiographic 
loop (Fig. 5.6). Foreshortening is less of a problem with 3DE 
than it is with two-dimensional echocardiography. For these 
reasons, 3DE is well suited to determine the location and 
extent of regional wall motion abnormalities. 3DE can also 
quantify wall motion using available tools (Fig. 5.13), result-
ing in a variety of parameters of regional systolic and diastolic 
function. Regional volumes derived from 3DE datasets are 
accurate when compared to a CMR reference (r values gener-
ally 0.8 and higher) [14, 47]. A study in patients with recent 
myocardial infarctions showed a reasonable  correlation 

Fig. 5.11 Two-dimensional echocardiography is a tomographic imag-
ing modality that provides information about the morphology and func-
tion of the different cardiac structures by obtaining a number of thin 
slices of the heart. The image shows a series of echocardiographic longi-
tudinal and transversal views of the left ventricle and the 3DE beutel of 
the cavity in green to demonstrate that what the echocardiographer actu-
ally visualizes it is just a very small amount of the endocardial surface 
and myocardial mass (less than 10%). Two-dimensional echocardiogra-
phy is based on the assumption that what we see in the thin slices is the 
same that happens in the large endocardial surface and muscle mass 
which lies in between on two adjacent slices. This assumption has been 
proven not to be true in many patients with ischemic heart disease

Fig. 5.12 Effects of 15° rotation of the cut planes (reproducing a 15° 
rotation of the two-dimensional probe) on left ventricular regional 
wall motion. The apical views shown in the left panel and Video 5.4a 
have been obtained from the same data set used to obtain the views 
shown in the right panel and Video 5.4b which are rotated 15° (green 
dashed line) compared to the original ones (white dashed line). 
Despite the views look similar, left ventricular regional wall motion is 
completely different. On the left, there are wall motion abnormalities 

at the apical segment of the inferior septum and in large part of the 
anterior septum. On the right, there is no wall motion abnormality of 
the inferior septum, the extent of wall motion abnormalities in the 
anterior septum are limited and there is a wall motion abnormality in 
the anterior wall. Clinical consequences of acquiring slightly rotated 
two- dimensional apical views during follow-up studies of the same 
patient or during different steps of a stress echo protocol can easily be 
imagined
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(r = 0.74) between wall motion score index by 3DE and the 
extent of delayed gadolinium enhancement by CMR [48]. 
Quantitative analysis from 3DE datasets could potentially 
become the manner in which LV wall motion will be evaluated 
in the future instead of the two-dimensional echocardiography 
experience-dependent visual interpretation.

 Incremental Prognostic Value of Left 
Ventricular Geometry and Function 
Parameters Measured by Three-Dimensional 
Echocardiography

LV volumes and ejection fraction are powerful predictors of 
clinical events in a variety of cardiac conditions [49–53]. 
Since 3DE has been reported to provide more accurate (espe-
cially in ventricles which do not conform to a pre-defined 
geometric shape) and more reproducible (by avoiding the 
issues related to the measurement of LV volumes which 
change in shape over time and the effect of the different ori-

entation of the tomographic views from one study to the next) 
measurements of LV volumes, these benefits should also 
translate into added prognostic value of 3DE LV geometry 
and function parameters when compared with those calcu-
lated using conventional two-dimensional echocardiography.

Stanton and coworkers [54] compared the power of two- 
dimensional and 3DE to predict all-cause mortality or car-
diac hospitalization in 455 patients with high frequency of 
cardiovascular risk factors followed for 6.6  ±  3.4  years. 
There were 194 events (43%, including 75 deaths). In step-
wise Cox regression analyses, the associations of cardiac 
hospitalization and mortality with clinical variables (age, 
chronic renal failure and heart failure) were augments by 
3DE ejection fraction and end-systolic volume (incremental 
model Χ2 value  =  14.67; p  <  0.001), more than by two- 
dimensional echocardiography parameters (incremental 
model Χ2 value = 9.72; p = 0.002).

Yingchoncharoen and coworkers [55] compared the value 
of LV volumes and ejection fraction obtained by two- and 
3DE to predict postoperative LV dysfunction (i.e. ejection 

Fig. 5.13 Quantitative evaluation of regional wall motion using Q-Lab 
(Philips Medical Systems, Andover, USA). Left upper panel, semiauto-
mated endocardial border tracing provides a map of left ventricular 
endocardial surface to obtain left ventricular beutel (in yellow). Right 
upper panel, the 17 myocardial segments are assimilated to pyramids 
with the base on the endocardium and the apex in the center of gravity 
of left ventricular cavity. Each segment is identified with a different 
color and a number. Left lower panel, myocardial segment function can 
be quantitated in terms of both time (the quickest contracting segments 
in green and the slowest in red, upper bull-eye) and endocardial excur-

sion (in blue the larger excursion and in red the segments with less 
excursion, lower bell-eye). Right lower panel, the function of each 
pyramidal segment can also be quantitated in terms looking at the 
change of segmental volume over time during the cardiac cycle (each 
line color corresponds to the segmental colors on the left ventricular 
beutel). A sort of segmental ejection fraction can be calculated for each 
segment. Moreover, the standard deviation of the times from end- 
diastole to minimal segmental volume for the 16 myocardial segments 
(the apical cap is excluded) provides the systolic dyssynchrony index 
(SDI) which is an index of intraventricular dyssynchrony (see Chap. 6)
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fraction >45%) and occurrence of atrial fibrillation in 67 
patients who underwent mitral valve surgery. They found 
that there was no association between two-dimensional end- 
systolic volumes and outcomes (hazard ratio = 1.02; p 0.18). 
Post-operative LV dysfunction or atrial fibrillation was asso-
ciated with preoperative 3DE end-systolic volume index 
(hazard ratio = 1.06; confidence interval 1.04–1.16) indepen-
dent of age and presence of coronary artery disease. 3DE LV 
end-systolic volume ≥40 mL/m2 was the best cut-off value to 
predict postoperative outcome.

Medvedofsky and coworkers [56] compared the ability of 
parameters of LV geometry and function obtained with two- 
dimensional and 3DE to predict mortality in 416 inpatients 
followed for 5  ±  3  years. During this period 208 patients 
(50%) died. Among the various indexes of LV function, 3DE 
global longitudinal strain was the strongest predictor of car-
diovascular mortality, superior to both two-dimensional and 
3DE ejection fraction, and ejection fraction calculated with 
two-dimensional echocardiography was the weakest among 
the LV function indexes.

Genovese and coworkers [57] sought to identify the added 
prognostic value of using 3DE to measure LV ejection frac-
tion over conventional two-dimensional echocardiography 
calculations in 724 unselected patients with various heart 
diseases who had complete two- and 3DE studies. During an 

average follow-up time of 3.7 ± 1.1 years, 80 cardiac deaths, 
107 deaths due to other causes, and 243 composite endpoints 
(death and re-hospitalization for heart failure) occurred. 3DE 
showed a significantly higher predictive power to stratify 
cardiac death risk when compared with two-dimensional 
echocardiography (Fig. 5.14). At multivariable stepwise Cox 
regression analysis including baseline patient characteristics 
(demographics and cardiovascular risk factors), two- and 
3DE LV ejection fraction, 3DE LV ejection fraction was 
selected as an independent predictor of both all-causes and 
cardiac death (p < 0.001 for both).

 Future Directions

Despite the obvious benefits of using 3DE for quantification 
of LV size and function, widespread use of 3DE for this pur-
pose is not the clinical routine in many laboratories. The rea-
son for this is likely due to the time and training required to 
obtain accurate and reproducible 3DE measurements. An 
automated quantification technique could potentially circum-
vent some of these problems. A recent study introduced novel 
software which can quantify LV volumes and EF from 3DE 
transthoracic datasets with minimal input from the user [58]. 
The study showed that inter-observer reproducibility of LV 

2DE Left Ventricular Ejection Fraction 3DE Left Ventricular Ejection Fraction

100

80

60

40

20

0

0

F
re

ed
om

 fr
om

 c
ar

di
ac

 d
ea

th
 (

%
)

F
re

ed
om

 fr
om

 c
ar

di
ac

 d
ea

th
 (

%
)

2 4 6

Follow-Up (Years)

LVEF ³52% in men and ³54% in women

40%<LVEF<52% in men and 40%<LVEF<54% in women

30%<LVEF£40%

LVEF£30%

Follow-Up (Years)

0 2 4 6

100

80

60

40

20

0

Log Rank X2= 77.1
p<0.001
AUC= 0.69±0.04

Log Rank X2= 98.3
p<0.001
AUC= 0.76±0.03

Fig. 5.14 Kaplan Meier curves two- (left panel) and three-dimensional 
(right panel) echocardiography left ventricular ejection fraction to predict 
cardiac death for the different ranges of left ventricular ejection fraction 

according to current guidelines [1]. Abbreviations: 2DE two- dimensional 
echocardiography, 3DE three-dimensional echocardiography, AUC area 
under the R.O.C. curve, LVEF left ventricular ejection fraction
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volumes when using an automated algorithm was far superior 
than with a non-automated form of assessment (including 
two-dimensional echocardiography Simpsons and other com-
mercially available 3DE software package) (Fig. 5.15). This 
finding is important because laboratories often have multiple 
readers and by reducing inter-reader variability, smaller 
changes in LV volumes and EF can be detected over time. 
This is important for follow-up of patients over time.

3DE is the ideal non-invasive, fast and inexpensive 
method for the quantification of LV volumes and EF. It elim-
inates the errors associated with foreshortening and geomet-
ric assumptions and approaches very closely the gold-standard 
CMR measurements. It facilitates the calculation of LV 
shape and the analysis of regional LV function and it dimin-
ishes inter- and intra-observer variability [59]. The major 
barrier to incorporation into the clinical routine is the fact 
that it is time-consuming and requires additional expertise 
(see also Chap. 4). With new 3DE analysis programs on the 
horizon [25, 58] which incorporate automated algorithms 
requiring little user interaction with the dataset the possibil-
ity of routine 3DE use in the clinical arena is a very real pos-
sibility in the very near future even if feasibility in the clinical 
routine is still suboptimal [60].

 Clinical Cases

 Clinical Case 5.1: The Problem 
with Foreshortening on Two-Dimensional 
Echocardiography

As discussed previously in this chapter, foreshortening is an 
important source of volume underestimation on two- 
dimensional echocardiography. In this case two-dimensional 
echocardiography images from two separate pairs of apical 
four- and two-chamber datasets were analyzed using biplane 
Simpson analysis for volumes and ejection fraction and com-
pared to a 3DE dataset. All datasets were obtained in the 

same subject. The first pair of apical four- and two-chamber 
views analyzed included a foreshortened four-chamber view 
and a non-foreshortened two-chamber view (Data set 1). The 
second pair analyzed included non-foreshortened four- and 
two-chamber views (Data set 2). The third dataset analyzed 
was the 3DE dataset (Data set 3) (See Fig. 5.16). Not surpris-
ingly biplane Simpson volumes obtained in Case 5.1 were 
smaller than those obtained in Case 5.2. Interestingly, the 
volumes and ejection fraction obtained from the 3DE dataset 
were comparable to those obtained from Case 5.2. This may 
be because in this particular subject, the LV was 
symmetrically- shaped. There were no wall motion abnor-
malities. The main source of error in volumes between two- 
dimensional echocardiography and 3DE were due to 
foreshortening.

 Clinical Case 5.2: The Added Value of Using 
Three-Dimensional Echocardiography 
to Assess Left Ventricular Function in Patients 
with Extensive Wall Motion Abnormalities

Both biplane are-length and discs’ summation algorithm, 
currently used to calculate LV volumes with two- dimensional 
echocardiography take into account only regional wall 
motion abnormalities visualized in the apical four- and two 
chamber views (12 out of 16 LV segments). These algo-
rithms do not take into account of regional wall motion 
abnormalities occurring in the infero-lateral and/or anterior 
septal segments which are the more frequently affected seg-
ments in patients with myocardial infarction.

We present the case of a 52-year-old man sent to the 
echocardiography laboratory for pre-discharge evaluation 
of LV function after recanalized anterior-septal myocardial 
infarction. By applying the biplane discs’ summation algo-
rithm to conventional two-dimensional echocardiography 
apical four- and two-chamber views end-diastolic and end-
systolic volumes were 112  mL and 51  mL, respectively 

Inter-observer variability

Automated 3D
program with contour

adjustment

3D Manual
program

CMR

LV EDV 9 ± 4%

10 ± 4%

9 ± 6%

15 ± 12%

18 ± 18%

21 ± 8%

4 ± 6 %

8 ± 8 %

8 ± 7 %

LV ESV

LV EF

Fig. 5.15 Inter-observer variability using the HeartModel software 
package (Philips Medical Systems, first column of the table) the manual 
3DE assessment program provided by QLab which uses the deformable 

shell method (ventral column) and cardiac magnetic resonance (left col-
umn). See text for details

5 Routine Assessment of the Left Ventricle



68

Data set 2: 2D echocardiography

LV EDV = 119 mL; LV ESV = 57 mL
LV EF = 52%

LV EDV = 137 mL; LV ESV = 56 mL; LV EF = 59%

LV EDV = 132 mL; LV ESV = 57 mL
LV EF = 57%

Data set 1: 2D echocardiography

Data set 3: 3D dataset

Fig. 5.16 All three data sets come from the same patient. The biplane 
Simpson’s method of discs is used to calculate end-diastolic and end- 
systolic volumes and ejection fractions on the two-dimensional echo-

cardiography datasets (Data sets 1 and 2) while the deformable shell 
method is used in the 3DE dataset (Data set 3). See text for details

Fig. 5.17 Two-dimensional echocardiography imaging of a patient 
with recent anterior acute myocardial infarction. Apical four-chamber 
view (left panel and Video 5.5a left), two-chamber view (central panel 

and Video 5.5b central) and long-axis view (right panel and Video 5.5c 
right). See text for details
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(Fig. 5.17, Videos 5.5a, 5.5b, and 5.5c). The calculated ejec-
tion fraction was 51%. However, the apical long-axis view 
showed an akinesis of mid anterior septum and a large api-
cal aneurysm which were not taken into account by the 
discs’ summation algorithm. By measuring LV EF by three-
dimensional echocardiography which takes into account the 
functional contribution of all 16 myocardial segments, the 
LVEF drops to 44% (Fig. 5.18, Video 5.6).
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Advanced Assessment of the Left 
Ventricle
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Abstract
The left ventricle has a unique shape that changes unpre-
dictably in pathological conditions, and a complex 
mechanics due to a peculiar architectural arrangement of 
myocardial fibers. Both left ventricular geometry and 
mechanics cannot be comprehensively analyzed by 
exploring it with a tomographic imaging technique such 
as two-dimensional echocardiography (2DE). The need 
of making assumptions about left ventricular shape and 
mechanics to calculate geometrical and functional param-
eters from simple linear dimensions and area measure-
ments is a major limitation of 2DE.  Three-dimensional 
echocardiography, by encompassing the whole left ven-
tricle in the acquisition volume, provides actual measure-
ments of volumes, shape and mass, independent on any 
assumption about geometry, and allows to follow the 
motion of myocardial speckles frame-to-frame to allow 
actual measurement of the various components of myo-
cardial deformation and ventricular torsion.

Keywords
Left ventricular mass · Left ventricular shape  
Left ventricular torsion · 3D strain · Speckle tracking

 Left Ventricular Volumes and Ejection 
Fraction

As discussed in Chap. 5, the main reasons why conventional 
two-dimensional echocardiography significantly underesti-
mates left ventricular (LV) volumes when compared against 
cardiac magnetic resonance (CMR) as a standard reference 
[1, 2] can be summarized in: (1) foreshortening of apical 
views; (2) algorithms for LV volume calculations based on 
geometrical assumptions about the left ventricular shape.

To overcome these issues, several 3DE software packages 
for the quantification of LV volumes have been developed 
(Fig. 6.1) and validated against CMR [1–8]. With 3DE, LV 
volumes continue to be underestimated when compared with 
CMR [9, 10], but importantly, this underestimation is half that 
reported for 2DE.  The major reason for the discrepancy 
between LV volumes obtained using 3DE and CMR depends 
on the proper identification of endocardial border using 
3DE. Currently, due to the suboptimal spatial resolution, the 
quality of the 2D images extracted from the 3DE datasets is 
often not adequate to provide clear delineation of the bound-
ary between the compacted and non-compacted myocardial 
layers. Previous reports clearly demonstrate that small differ-
ences (1 mm) in border endocardial tracing may alter signifi-
cantly LV volume measurements [11]. In addition, individual 
echocardiographers have their own preferences for endocar-
dial border tracing, which result in a considerable degree of 
inter-observer variability for LV volume measurements. Fully 
automated LV endocardial border identification software 
packages from high volume rate 3D full volume datasets have 
recently been developed to circumvent these limitations [4, 
12]. Just recently, another novel 3D fully automated analysis 
software appeared in the clinical arena [13, 14]. This software 
(HeartModel, Philips Medical Systems, Andover, USA) 
simultaneously detects the LV and left atrial endocardial sur-
face using an adaptive analytic algorithm that consisted of 
knowledge-based identification of initial global shape and ori-
entation followed by patient specific  adaptation. After acquisi-
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tion of a single-beat 3DE full volume dataset, the operator 
initiates the analytical software without the need for manual 
identification of any anatomical landmarks. The software then 
proceeds to automatically identify the end-diastolic and end-
systolic frames, together with the LV end-diastolic and end-
systolic volumes, LVEF and maximal left atrial volume 
(Fig. 6.2). While this novel software is supposed to be used 
without contour editing, intra- and inter- observer variabilities 
are 0%, and <5% with the use of minor editing. Test-retest 
variability is also low. Another advantage of this software is 
that it uses one beat acquisition of full volume datasets with 
reasonably high volume rates. Multi- beat full volume data 
acquisition is frequently associated with stitching artifacts, 
particularly when acquired in patients with irregular heart 
rates or who are unable to withhold respiration during data 
acquisition. One beat acquisition is less demanding for both 

sonographers and patients, expanding the applicability of this 
methodology to patients in whom multi-beat acquisition is not 
possible. Since the initial results of this software were promis-
ing [13, 14], further studies will be required to expand the 
clinical applicability of this methodology in different clinical 
settings [15].

 Left Ventricular Mass

Except in the athletic heart, LV hypertrophy is a maladaptive 
response of LV remodeling, which may be associated with 
adverse outcomes [16]. The presence and/or severity of LV 
hypertrophy provides useful information regarding future 
prognosis [17]. Echocardiographic determination of LV mass 
corrected by body surface area or height (LV mass index) has 

a b

c d

Fig. 6.1 Commercially available software packages to quantify left ven-
tricular (LV) volumes and ejection fraction using three-dimensional data 
sets. (a) 3DQ Adv (Philips Medical Systems, Andover, MA). After initial-
ization of anatomical landmark (both sides of the mitral annulus and api-
cal endocardium), the software determines endocardial border in 3D 
space at end-diastole and end-systole. Sequential analysis throughout one 
cardiac cycle generates time domain LV volume curves, from which LV 
end-diastolic and end-systolic volumes and LV ejection fraction are 
obtained. (b) 4D AutoLVQ (GE Vingmed, Horten, NO) allows either 

manual (identification of both sides of the mitral annulus and LV apex in 
all three apical cut planes), semiautomated (identification of LV apex and 
the center of mitral annulus in just one apical cut plane) or fully auto-
mated (no intervention from the operator required) initialization to iden-
tify endocardial border. (c) eSie LVA (Siemens Healthineer, CA, USA) 
works only in single-beat acquisitions and provides a fully automated 
initialization of LV endocardium; (d) 3D Wall Motion Tracking (WMT, 
Toshiba Medical Systems Corporation, Tokyo, JP) works in multibeat 
acquisition and fully automated initialization of the LV endocardium
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been traditionally acquired using M-mode and two-dimen-
sional echocardiography, and their normal reference values 
have been well established [18] (Table  6.1). However, LV 
mass assessment by two-dimensional echocardiography suf-
fers from the same limitations which affect the reproducibility 
and the accuracy of volumes and ejection fraction calcula-
tions. The currently recommended algorithm for LV mass cal-
culation, the cubed formula (most commonly applied to linear 
dimensions of the LV obtained with two- dimensional echocar-
diography), has been validated against post-mortem pathology 
findings, however it relies on the geometric assumption that 
the LV is a prolated ellipsoid [19]. This assumption is inaccu-
rate in both remodeled and non- symmetrically contracting 
ventricles. The other two algorithms based on two-dimen-
sional echocardiography (the truncated ellipsoid and the area-
length) also rely on geometric assumptions about the circular 

shape of the short-axis view, are affected by the foreshortening 
of the apical four- chamber view, and by the uncertain position 
of the transversal axis in the apical view, though they are more 
robust in distorted LV with wall motion abnormalities. Not 
surprisingly, the normal ranges obtained using these tech-
niques are more widely distributed compared to values 
obtained using CMR (Table 6.1).

Theoretically, 3DE avoids these limitations and has multiple 
advantages for the measurement of LV mass. There are two 
methods for measuring LV mass using 3DE: the 3DE guided 
2DE biplane method of disk and the 3DE border tracing 
method. With the latter, LV mass is calculated by subtracting 
the 3DE endocardial volume from the epicardial one to obtain 
the myocardial volume that is multiplied by the myocardial 
specific gravity (1.05 g/mL) to calculate the LV mass (Fig. 6.3).

Although both 3DE methods have been demonstrated to 
be accurate for LV mass measurements against CMR [20, 
21], the former has still the limitation of geometric assump-
tion, whereas the latter often requires laborious and time 
consuming manual editing of both endocardial and epicar-
dial borders, which precludes its widespread clinical use. 
Thus, normal reference values for 3DE LV mass across a 
wide range of ages have not been provided in recent guide-
lines due to the paucity of studies reporting normal values 
[22–24]. Currently, 3DE quantification software for LV mass 
has becomes more user-friendly (Fig. 6.4). To date only three 
studies have provided normal ranges of LV mass using 3D 
echocardiography [24–26]. Interestingly, in these studies the 

Fig. 6.2 Fully automated left chamber quantification software 
(HeartModel, Philips Medical Systems, Andover, USA). The user 
acquires one-beat 3D full volume dataset which encompass both the left 

ventricle and left atrium. Thereafter, the software automatically selects 
the end-diastolic and end-systolic frames, and determines the endocar-
dial border of both the ventricle and the atria

Table 6.1 Reference normal values of left ventricular mass by echo-
cardiography and cardiac magnetic resonance

Male Female
M-mode (g/m2) [18] 49–115 43–95
2D echo [18] 50–102 44–88
3D echo Japanese [22] 40–88 34–78
3D echo Italian [24] 57–97 58–90
3D echo Japanese [23] 53–85 45–77
3D echo American [23] 52–88 46–74
CMR 45–83 35–70

CMR cardiac magnetic resonance
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a b

Fig. 6.3 Left ventricular mass measurements using three-dimensional 
echocardiography (3DE). (a) 3DE guided two-dimensional biplane 
method of disks’ summation. After extracting two orthogonal two- 
dimensional left ventricular long axis views from the 3DE full volume 
datasets, the user traces the endocardial and epicardial border. The soft-
ware measures endocardial and epicardial volumes using the biplane 
method of disks’ summation. LV mass is measured by substracting the 

LV epicardial volume from the LV endocardial volume and multiplying 
this number by the specific muscle mass gravity (1.05). (b) Subtraction 
of 3D determined epicardial and endocardial volume method. LV epi-
cardial border and endocardial border are manually determined in 3D 
space, and both epicardial and endocardial volume are obtained. LV 
mass is determined by substracting (LV epicardial volume − LV endo-
cardial volume) × myocardial specific gravity (1.05)

Fig. 6.4 Left ventricular mass measurements with novel software 
packages: left panel, 4D AutoLVQ (GE Vingmed, Horten, NO); 
right panel, 4D LV function (TomTec Imaging Systems, 
Unterschleissen, D). Apical four-chamber, two-chamber and long-
axis views and a number of short-axis views at end-diastole are 
automatically extracted from the 3DE dataset. Non-foreshortened 
apical views are identified by initializing the LV apex and the cen-
ter of the mitral annular plane at end- diastole, and then connecting 

both sides of the mitral annulus with the largest LV long-axis 
dimensions. Subsequently, the LV endocardial surface will be auto-
matically identified (green line). Manual adjustments of the endo-
cardial surface will be performed when necessary using both 
longitudinal and transversal views. Subsequently, the software 
packages delineate the epicardial surface in a similar way on the 
same frame. LV mass is calculated as: (LV epicardial volume − LV 
endocardial volume) × 1.05
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normal ranges reported for 3DE are narrower than those 
from 2DE, and similar to CMR values. Despite the fact that 
3DE has been recommended to measure LV mass by echo-
cardiography, particularly in abnormally shaped ventricle or 
in individuals with asymmetric or localized hypertrophy 
[25], whether the use of 3DE cut-off values for LV mass 
index would provide more clinically useful prognostic infor-
mation compared to traditional methods should be deter-
mined in the future studies.

 Left Ventricular Shape

LV volume, ejection fraction and mass do not completely 
characterize the left ventricle. Another important determi-
nant of LV performance is its shape. There are many ways to 
describe LV shape. Probably, the best known and simplest 
method is the sphericity index. On two-dimensional echocar-
diography, the sphericity index has been defined as the short 
to long-axis dimension ratio in the end-diastolic apical four- 
chamber view [26]. Unlike two-dimensional echocardiogra-
phy, which is limited to flat tomographic planes, 3DE can 
yield volumes to more accurately quantify sphericity. With 
3DE, LV shape is defined by how different the shape of the 
ventricle is from a sphere, with a perfect spherical ventricle 
having a value of 1.0. While the concept of 3DE sphericity 
had already been applied to the LV using data acquired form 
cardiac angiography [27], the use of 3DE to describe this 
parameter is fairly recent [28–30]. Mannaerts et al. [30] were 

the first to define the use of the 3DE derived sphericity index. 
This index was defined as the ratio between the actual LV 
volume and the volume of a sphere with a diameter equal to 
the length of the LV long axis (Fig. 6.5).

 
Sphericity index LV EDV L= × ×( )



/ / /4 3 2 3π

where: EDV is the LV end-diastolic volume and L is the LV 
end-diastolic major long axis obtained from two-dimensional 
echocardiography or the longest distance between the center 
of the mitral annulus and the endocardial apex as extracted 
from the 3DE LV dataset.

LV sphericity, measured using 3DE, has been used to 
describe LV remodeling after myocardial infarction and pre- 
and post-mitral valve surgery [30, 31]. It has been demon-
strated that patients with dilated cardiomyopathy who have 
more spherical ventricles have worse prognosis [32]. A 
recent study reported age-related changes in LV sphericity 
index [33]. Another study suggested that circumferential 
contractility is important in the preservation of LV shape by 
showing that circumferential LV strain rate deterioration cor-
relates with LV remodeling [34].

The sphericity index, however, is a relatively crude index, 
as it is associated with global changes in LV shape and does 
not take into account regional differences. The latter have 
been shown to be clinically significant. For instance, regional 
shape changes at the apex often precede global LV dilation 
[35]. It has been shown that LV chambers that dilate globally 
after a myocardial infarction and have a high sphericity index 

Normal heart Dilated Cardiomyopathy

Fig. 6.5 The sphericity index indicates how close the left ventricular 
(LV) cavity approximates a sphere. Sphericity is computed as a ratio 
between actual LV volume and the volume of a sphere whose diameter 
is the LV long-axis length. The normal left ventricle on the left is elon-

gated with a shape of a bullet. The left ventricle of a patient with dilated 
cardiomyopathy on the right is more rounded and closer to a spherical 
geometry

6 Advanced Assessment of the Left Ventricle



78

tend to have more severe mitral regurgitation than LV 
 chambers in which dilation is confined to the apex (a high 
apical conicity index without increased sphericity). This 
means that it is the dilation of the basal and mid segments 
that play the biggest role in functional ischemic mitral 
regurgitation.

Alternative approaches to characterize LV shape do exist. 
Curvature is one of these [36]. Curvature is defined as the 
amount by which a surface deviates from being flat. 
Numerically, it is the reciprocal of the radius of a circle that 
tangentially fits the curved surface of interest. A large radius 
represents a small curvature (flatter region) while a small 
radius represents a larger curvature (a more round or convex 
region) (Fig. 6.6). Normal values of LV ellipsoidal, spherical 
and conical indices and their change from diastole to systole 
have been reported [29]. The LV becomes more conical and 
less spherical at end-systole when compared to end-diastole. 
Regional curvature analysis of 3DE datasets of the LV has 
been used to describe regional LV remodeling. Patients with 
dilated cardiomyopathy had significantly smaller curvature 
values, indicating rounder global LV shape throughout the 
cardiac cycle [36]. Regional analysis also identified a loss of 

septal and apical curvatures in these patients. Systolic apical 
mean curvature correlated highly with LV ejection fraction 
(r = 0.89).

 Left Ventricular Myocardial Mechanics

2DE strain acquired with speckle tracking analysis has rap-
idly become the most useful clinical research tool to quantify 
cardiac chamber mechanics [37]. Among the different 2DE 
strain and strain rate parameters, global longitudinal strain is 
the most robust and useful for identifying latent LV dysfunc-
tion in patients receiving potentially cardiotoxic drugs and 
for predicting prognosis in different clinical scenarios [38]. 
However, global 2DE strain values are traditionally derived 
from the three standard apical views which only include a 
little amount of LV myocardium (Fig. 6.7). Moreover, during 
systole, the basal LV myocardium moves toward the apex 
while rotating clockwise whereas the apical myocardium 
rotates counterclockwise. Thus, due to this complex myocar-
dial motion speckles may move in and out from a fixed and 
thin cross-sectional 2DE view resulting in the potential for 

Small radius, large
curvature

Large radius, small
curvature

Negative

Concave surface Convex surface

Curvature = 0
Positive

r

r

r

r
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Fig. 6.6 Curvature is numerically quantified as the reciprocal of the 
radius of a circle that tangentially fits the curved surface of interest (see 
various circles positioned against the walls shown). A large radius rep-
resents a small curvature (flatter region) while a small radius represents 

a larger curvature (a more convex region). A concave surface is 
describes with a negative curvature. A flat surface has zero curvature 
and a convex surface has a positive curvature
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measurement errors [39, 40]. Although more complex, cur-
rent computer technology has enabled 3DE speckle tracking 
analysis which has the potential to eliminate some of the 
aforementioned limitations of 2DE speckle tracking tech-
nique [41, 42].

2DE speckle tracking technique is based on the presence 
of distinctive patterns of gray scale values within the ultra-
sound images of myocardial tissue due to constructive and 
destructive interference of reflections from the individual 
myocardial scatterers (reflections occurring at transition 
between different tissue densities). These natural acustic 
markers are commonly referred to as “speckles”. The speck-
les included within a spatial unit (kernel) are arranged in dis-
tinct patterns which are unique for each kernel within the 
ultrasound image [43], serving as a unique target that can be 
tracked frame-by-frame during the cardiac cycle by the 2DE 
speckle tracking algorithm [39, 44]. 2DE speckle tracking 
technique relies on the assumption that speckles are moving 
linearly within the scan plane of the 2DE image in consecu-
tive frames of the same cardiac cycle. However, due to the 
different spatial orientation of myocardial fibers in the vari-
ous layers of LV wall, LV mechanics is more complex and 
myocardial deformation involves a combination of apex-to- 
base shortening and thickening with simultaneous clockwise 
rotation of base and counterclockwise rotation of the apex 
[45, 46]. Accordingly, speckles have a complex motion in the 

3D space, and thus are subject to through-plane motion from 
the 2DE scan planes during the cardiac cycle. Recent devel-
opments of ultrasound transducer technology have allowed 
the possibility of 3DE imaging of the LV with relatively high 
spatial and temporal resolution, thus allowing 3DE strain 
measurements which have the potential to eliminate some of 
the aforementioned limitations of 2DE speckle tracking 
technique.

The post-processing of the 3DE data set to measure the 
different myocardial strain components starts with the auto-
matic generation of a region of interest (ROI) from an endo-
cardial and an epicardial border traces, followed by the 
automated segmentation of the LV into a 17-segment model. 
Each ROI contains cubes with specific 3D patterns of natural 
acoustic markers that are matched and searched through the 
cardiac cycle by the 3DE speckle tracking algorithm, a pro-
cess called “block matching” (Fig.  6.8). The 3DE speckle 
tracking algorithm calculates the quality of each match, 
identifies any outliers and removes them before performing 
the weighted spatial averaging of the results. The results are 
mapped to an average myocardial mesh, so that the shape of 
the mesh model of the LV can be updated for all frames. 
Finally, quantitative results of LV deformation are derived 
from this mesh model (Fig. 6.9). Since the blocks are tracked 
in a 3D volume, they can be followed in any direction thus 
avoiding the out-of-plane motion of the speckles. 
Furthermore, 3DE speckle tracking is a time saving 

Fig. 6.7 The relationship between the amount of left ventricular (LV) 
myocardium encompassed by the three two-dimensional views used to 
measure global LV longitudinal strain by 2D speckle tracking and the 
large amount of myocardium (blue surface of the beutel) which is not 
evaluated by 2D speckle tracking echocardiography

Fig. 6.8 The principle of “block-matching” used for three-dimensional 
speckle tracking. A specific 3D patterns of natural acoustic markers are 
tracked from end-diastole (red cube) to end-systole (green cube)
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 technique, as it allows the measurement of all myocardial 
deformation components of the LV from a single volumetric 
data set of the left ventricle (Fig.  6.9) and avoids errors 
caused by heart rate variability that may occur when multiple 
acquisitions from different acoustic windows are needed as 
with two-dimensional echocardiography speckle tracking 
[47, 48]. Table 6.2 summarizes the main differences between 
two- and 3DE speckle-tracking.

 Anatomy of Left Ventricular Wall and 3D 
Mechanic of Myocardial Deformation

Knowledge of the anatomical structure of the LV myocardial 
wall is key to understand and interpret 3D mechanics of 
myocardial deformation in clinical practice. LV myocardial 
fibers are oriented in a right-handed helix in the subendocar-
dial layer of LV wall and a left-handed helix in the subepicar-
dial layer, with circumferential fibers lying between the two. 
This complex anatomical structure of the myocardium in the 
LV wall explains the different patterns of myocardial defor-
mation. According to a simplified model of myocardial 
mechanics, during systole the LV reduces the longitudinal 
and circumferential dimensions and twists along its long 

axis, while its wall thickens (radial dimension). Strain is a 
measure of the deformation that occurs in a myocardial seg-
ment at any time during the cardiac cycle in relation to its 
original dimensions and it is expressed as a percentage. 
Thus, a negative strain is the expression of the decrease in 
that dimension (i.e., shortening or thinning) and positive 
strain describes the increase in that dimension (e.g., length-
ening or thickening) compared to its initial length (Fig. 6.9). 
Strain-rate is a measure of the velocity at which myocardial 
deformation occurs and it is expressed in seconds-1. In addi-
tion, LV mechanics is also characterized by twist. Since 
mechanical activation occurs first in the subendocardium 
(right-handed helix), during isovolumic contraction, the base 
and the apex of the LV rotate in an anticlockwise direction. 
During the ejection phase, the apex rotates anti-clockwise 
whereas the base has a clockwise rotation due to the 
 activation of the subepicardial left-handed helix [45, 46]. 
During isovolumic relaxation, the cardiac apex untwists by a 
clockwise rotation, generating active intraventricular suction 
forces that promote LV rapid filling [49]. Rotation refers to 
the change of the angle measured on a transverse LV plane 
and is expressed in degrees. Positive values represent anti-
clockwise rotation (as viewed from the apex), while negative 
values are used for clockwise rotation. Twist refers to the 

Fig. 6.9 Analysis of left ventricular mechanics with three-dimensional 
echocardiography speckle tracking technique. A region of interest 
encompassing left ventricular myocardium is delineated using a series 
of longitudinal and transversal cut planes obtained from a full volume 

data set of the left ventricle with a temporal resolution of about 
30–40 vps (left panel, green borders). Then the software uses the block 
matching procedure to measure longitudinal, circumferential, area, and 
radial strain plus twist and torsion
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absolute difference of rotation between base and apex, and 
torsion is the ratio between LV twist and the length of the LV 
to allow comparability of LV twist among ventricles of dif-
ferent sizes.

Using 2DE speckle tracking analysis, all these parameters 
describing the mechanics of the left ventricle can be quantified 
(with the exception of LV torsion, because we do not know the 
actual distance between the apical and basal short axis views). 
However, to assess myocardial deformation by 2DE, the opera-
tor needs to acquire multiple views of the LV from different 
acoustic windows, at different times, with no precise anatomical 
landmarks for ensuring their proper position and orientation. 
Therefore, the use of 3DE strain is desirable. Since all of them 
can be obtained from a single data set, 3DE can avoid all these 
potential sources of error in a more time-efficient manner.

 Normal Values of Three-Dimensional Left 
Ventricular Strain

Since strain values obtained with 2DE and 3DE speckle 
tracking analysis are different even when acquired in the 
same subjects [40], normal reference values for 3DE strain 

should be established before using this methodology clini-
cally. Already, several studies have determined normal val-
ues of 3DE strain in a large number of healthy subjects over 
a wide range of ages. Kaku et al. [50] performed 3D speckle 
tracking analysis using vendor-independent software (4D LV 
function, TomTec Imaging Systems, Unterschleissen, 
Germany) in 313 healthy subjects. The mean values for 
global longitudinal, circumferential and radial strain were 
−20 ± 3%, −29 ± 5% and 88 ± 24%, respectively. A signifi-
cant age-dependency, characterized by a reduction of strain 
value at the higher decades of life, was observed in global 
longitudinal strain. Muraru et al. [51] performed 3DE speckle 
tracking analysis using both vendor-specific software (4D 
AutoLVQ, GE Vingmed, Horten, Norway) and vendor- 
independent software (4D LV function, TomTec Imaging 
Systems, Unterschleissen, Germany) in 265 healthy subjects. 
The median values for global longitudinal, circumferential 
and radial strain with vendor-specific software were −19%, 
−18% and 52%, respectively. Corresponding value using 
vendor-independent software were −20%, −28% and 42%, 
respectively. Significant differences in all global strain val-
ues were noted between vendor-specific and vendor- 
independent software. Interestingly, when strain values 
obtained with vendor-independent software were compared 
between Kaku’s study and Muraru’s study, similar values for 
global longitudinal and circumferential strain were obtained. 
The large discrepancies between global radial strains are 
probably related to the inter-study differences in endocardial 
border tracing. Muraru also reported age-dependency of 
global longitudinal strain. These initial results clearly show 
that 3DE global longitudinal and circumferential strain are 
robust and reproducible parameters to quantify LV mechan-
ics. However, the same software should be used in cross- 
sectional and longitudinal studies of the same patient, 
because the values are not interchangeable between vendor- 
specific software and vendor-independent software [52, 53].

 Feasibility of Three-Dimensional Speckle- 
Tracking Echocardiography

The accuracy of 3DE speckle tracking largely depends on the 
quality of the LV data set, with sufficient temporal resolution 
(volume rate), which requires a sufficient amount of dedi-
cated training and skill. These basic technical requirements 
may dramatically limit the feasibility of 3DE speckle track-
ing in the clinical routine [41]. Currently, the feasibility of 
3DE speckle tracking in everyday practice is lower than the 
feasibility of 2DE speckle tracking. After excluding patients 
with irregular rhythm and unable to breathhold, the reported 
feasibility of 3DE speckle tracking in different studies ranges 
from 63 to 83% [47, 54], being lower than that for 2DE 
speckle tracking (80–97%) [55, 56]. Recently, we reported a 
feasibility of 3DE global longitudinal strain of 90% in a large 

Table 6.2 Comparison between the characteristics of two-dimensional 
and three-dimensional echocardiography speckle-tracking analysis

Characteristic 2DE strain 3DE strain
Acquisition Three apical and three 

parasternal short-axis 
views

Single apical full 
volume of the left 
ventricle

Rhythm Regular (2D views 
acquired in sequence)

Regular (multi-beat 
full-volume 
acquisition)

Temporal 
resolution

50–80 fps 30–40 vps

Feasibility in sinus 
rhythm

>90% 75–80%

Reliance on image 
quality

Very important Critical

Myocardial 
deformation 
components

Longitudinal strain
Circumferential strain
Radial strain
Ventricular twist
Mechanical dispersion

Longitudinal strain
Circumferential strain
Radial strain
Area strain
Ventricular twist
Ventricular torsion

Bull-eye map Static (regional peak 
strain values)

Both static and 
dynamic

Global strain 
computation

Peak strain values Either peak values or 
instantaneous strain 
values

Radial strain Measured Calculated by the law 
of volume 
conservation

Out-of-plane 
motion of speckles

Yes No

Definition of 
end-systole

Timing of aortic valve 
closure

Timing of minimal left 
ventricular volume

Drift 
compensation

Yes No
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cohort of healthy subjects [51], which was lower than the 
feasibility of 2DE global longitudinal strain (95%). As 
reported in other studies [57–59], LV basal segments are the 
most difficult to track by the 3DE speckle tracking software, 
because of their active excursion and their position in the far 
field, which adversely affects the spatial resolution of 
speckles.

 Clinical Advantage of Three-Dimensional over 
Two-Dimensional Left Ventricular Strain

Only a few studies have reported the advantages of 3DE over 
2DE strain measurement in the clinical setting.

 Intraventricular Dyssynchrony
3DE speckle tracking provides comprehensive information 
of regional myocardial contraction patterns and has the 
potential for accurate LV dyssynchrony assessment and 
determination for optimal pacemaker lead position in patients 
requiring cardiac resynchronization therapy. Tanaka et  al. 
[60] reported that time-domain color-coded 3DE radial strain 
of the left ventricle provided precise patterns of mechanical 
activation that were useful for the determination of optimal 
LV lead position in patients scheduled to undergo biventricu-
lar pacing (Fig.  6.10). The same group of authors demon-
strated that 3DE speckle tracking analysis is also useful to 
compare mechanical activation patterns in patients with 
chronic right ventricular pacing and those with left bundle 
branch block [61]. Publications have also demonstrated that 
3DE speckle tracking echocardiography clearly detects the 
improvement of both global strain values and LV mechanical 
dispersion from right ventricular pacing to biventricular pac-
ing in patients with congestive heart failure [62]. All of these 
studies suggest that 3DE speckle tracking analysis is more 
useful than 2DE speckle tracking analysis to assess LV dys-
synchrony in patients with optimal echocardiography image 
quality.

 Prognostic Value
One of major advantages of 2DE strain, especially global lon-
gitudinal strain is that it provides useful prognostic informa-
tion in various cardiovascular disease states. Myocardial 
contractile reserve is closely coupled to the severity of LV 
dysfunction and subsequent prognosis. Matsumoto et al. [63] 
performed two- and 3DE speckle tracking analysis at rest and 
during 20  mcg/kg/min of dobutamine infusion in patients 
with dilated cardiomyopathy, investigating which strain 
parameter was the best predictor of future events. They 
reported that an absolute increase in 3DE global circumferen-
tial strain change ≤2.7% from rest to dobutamine infusion is 

a best predictor for future adverse outcomes compared to 
2DE global circumferential strain at rest or an increase in 
2DE global circumferential strain from rest to dobutamine 
infusion. Multivariable analysis revealed that an increase in 
3DE global circumferential strain was the only independent 
predictor of cardiovascular events. Thus, objective assess-
ment of myocardial contractile reserve using 3DE global cir-
cumferential strain during dobutamine stress echocardiography 
appears to be the best method for predicting future adverse 
outcome in dilated cardiomyopathy.

There is growing interest in the identification of patients 
with asymptomatic severe aortic stenosis who are at high risk 
of developing symptoms and/or sudden cardiac death. In this 
regard, 2DE global longitudinal strain has demonstrated 
incremental prognostic value in patients with aortic stenosis 
[64, 65]. In a recent study involving 104 asymptomatic 
severe aortic stenosis patients with preserved LVEF, both 
2DE and 3DE global longitudinal strain had significant pre-
dictive power for predicting future adverse cardiovascular 
events [66]. However, after correcting for other parameters, 
3DE global longitudinal strain remained the only indepen-
dent predictor of future adverse outcome using a multivariate 
analysis. Further studies are required to determine whether 
3DE global longitudinal strain is superior to other emerging 
predictors, such as biomarkers or interstitial fibrosis assessed 
by CMR.

 Three-Dimensional Echocardiography 
Evaluation of Myocardial Perfusion

It has been recognized for quite some time that assessment of 
perfusion by 2DE is limited by the specific planes used for 
assessment and these planes depend on the acquisition made 
at the time of the echocardiographic study. 3DE technology 
allows volumetric imaging and as such it offers an opportu-
nity for improved perfusion assessment without the need for 
re-positioning of the probe to acquire multiple views. 
Previous studies have shown good agreement between loca-
tion and extent of perfusion defects on contrast-enhanced 
3DE and tissue staining in animal studies undergoing experi-
mental coronary occlusion [67, 68]. Perfusion defects in 
contrast-enhanced 3DE datasets can be visualized as dark 
areas. Figure 6.11 shows a contrast-enhanced 3DE dataset 
obtained in a patient with left anterior descending coronary 
artery stenosis. The images were obtained after a stress agent 
(in this case adenosine). The apical myocardial wall is black 
illustrating the lack of contrast enhancement and the pres-
ence of a perfusion defect.

Quantitative analysis of regional myocardial contrast is not 
clinically performed but it has been done in experimental mod-
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els. During the process, 3DE myocardial regions of interest are 
defined by segmenting the 3DE shell contained between the 
endo- and epicardial surfaces. Myocardial contrast enhance-

ment curves can then be obtained from these 3DE segments by 
measuring beat-by-beat contrast intensity during a transition 
from no contrast to fully enhanced myocardium.

a b

Fig. 6.10 Assessment of left ventricular dyssynchrony by 3D speckle 
tracking in a 64 year old patient with non-ischemic dilated cardiomy-
opathy and a QRS duration of 158 ms. (a) Before CRT therapy: Upper 
panels show the parametric map of left ventricular (LV) myocardial 
thickening (radial strain) with 16-segment model (left) and plastic bag 
model (right). Yellow color denotes myocardial thickening (positive 
radial strain), and blue color denotes myocardial thinning (negative 
radial strain). Both maps show 3D display of LV dyssynchrony (myo-
cardial thickening of inferoposterolateral wall and thinning of interven-
tricular septum). Lower panel shows radial strain curve in each of the 
16 LV segments. There are two peaks. The earlier peak is characterized 
by wall thickening of the interventricular septum at early systole, 

whereas the late peak is characterized by wall thickening of the infero-
posterolateral wall after aortic valve closure (AVC; vertical green dot-
ted line). LV end-diastolic and end-systolic volume and ejection fraction 
were 203 mL, 131 mL and 29%, respectively. (b) After CRT therapy. 
Compared to (a), myocardial thickening was more homogeneous. 
Segmental strain curves also show that the time to peak strain is reached 
before AVC in the majority of segments, reflecting less dyssynchronous 
contraction. This is associated with reversed LV remodeling: end- 
diastolic and end-systolic volumes decreased (153  mL and 84  mL; 
respectively) and ejection fraction improved (45%). Courtesy of Dr. 
Hidekazu Tanaka, Kobe University Graduate School of Medicine, 
Japan
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 Conclusions: Future Directions

Although the relationship between 3DE image quality and 
volume rate is a trade-off, the best situation for 3DE is one- 
beat acquisition with high volume rates and high temporal 
and spatial resolution imaging. Acquisition of good image 
quality 3D datasets requires expertise. However, the emerg-
ing role of fully automated analytical software is critical, 
because it allows on-line measurement of LV mechanical 
parameters on cart, but also eliminates inter-observer vari-
ability resulting in high reproducibility. 3DE determination 
of LV function has becoming increasingly important and rel-
evant in daily clinical practice.
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The Normal Mitral Valve
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Abstract
Accurate characterization of the normal anatomy and 
function of the mitral valve apparatus is key to understand 
the pathophysiology of mitral valve diseases. 
Echocardiography is the first-line imaging technique used 
for the assessment of the mitral valve morphology and 
function. During the last five decades, echocardiography 
has evolved from M-mode to two-dimensional, and then 
three- dimensional imaging, introducing a new era in the 
cardiovascular imaging. The use of newly matrix array 
transthoracic and transesophageal transducers bestowed 
unique possibilities to assess the mitral valve apparatus in 
all three or four-dimensions (including time), without the 
need of offline reconstruction. Heart imagers were able to 
obtain for the first time “en face” visualization of the 
mitral valve from the atrial perspective, as only the sur-
geons were previously able to see it, and to describe in 
detail the complex anatomy of the valvular and sub- 
valvular apparatus.

This chapter summarizes the current status of the 
acquisition and display of the mitral valve using three- 
dimensional transthoracic and transesophageal echocar-
diography and describes the normal anatomy of the mitral 
valve apparatus components.

Keywords
Normal mitral valve · Three-dimensional  
echocardiography · Transesophageal · Transthoracic  
Data set Acquisitions and display · Mitral annulus  
Chordae · Papillary muscles

 Introduction

Echocardiography is the most useful imaging technique for 
the non-invasive assessment of heart valves. Routine use of 
two-dimensional and Doppler echocardiography has greatly 
enhanced our understanding of valve morphology and func-
tion. However, two-dimensional echocardiography is a 
tomographic imaging technique that essentially provides 
single cut-planes of the heart [1], thereby being limited in the 
assessment of complex valve structures. With two- 
dimensional echocardiography, mental reconstruction from 
several tomographic views is required to imagine the stereo-
scopic morphology of the heart valves (see Fig. 4.2, Chap. 
4). The accuracy of such a mental reconstruction depends 
critically on the experience of the operator, how many times 
he/she has seen the actual mitral valve either in the anatomi-
cal theatre or in the operating room. Different echocardiog-
raphers with different experience may imagine the heart 
valves in different ways.

Recent advances in three-dimensional echocardiography 
(3DE) have allowed the introduction of this technology in 
the routine clinical practice [2]. The advent of real- time 3DE 
using the new matrix array transesophageal and transthoracic 
transducers has resulted in improved temporal and spatial 
resolution of data sets with the possibility of performing a 
qualitative and quantitative analysis of valve morphology 
and function from a single volume acquisition [3]. The 
unique benefit of 3DE is the realistic “en face” view of the 
mitral valve (MV), which can be viewed from the same per-
spective (atrial or “surgical” view) of the cardiac surgeon 
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operating when he/she opens the left atrium, with the added 
value of seeing it in the beating heart allowing the echocar-
diographers to display the functional anatomy of the MV that 
cannot be appreciated in the still heart in the operating room. 
This visualization enables a better assessment of MV mor-
phology and valve disease mechanisms, particularly in 
patients with degenerative mitral regurgitation [1]. Therefore, 
3DE plays an increasingly role in the management of patients 
with MV disease, both for the diagnosis and follow-up, and 
also for guiding therapeutic procedures.

 The Normal Mitral Valve by Three- 
Dimensional Echocardiography

The MV is a complex and dynamic three-dimensional appa-
ratus that allows normal left ventricular (LV) filling and left 
atrial emptying during LV diastole, and ensures a unidirec-
tional heart pump function, by sealing the left atrium from 
the LV chamber during the LV systole.

The main components of the MV apparatus are the annu-
lus, the leaflets, the chordae tendineae, and the papillary 
muscles (Fig. 7.1). The integrated and coordinate interplay 
between all these components is mandatory to ensure normal 
MV function avoiding both stenosis and regurgitation.

3DE is well suited for the assessment of the three- 
dimensional geometry and dynamics of MV apparatus. 
Transesophageal and transthoracic 3DE have been success-
fully used to describe MV morphology in different patho-
logical settings [4–6], to quantify MV disease severity [7, 8], 
and to guide MV interventions [9–11].

 Acquisition of the Mitral Valve Apparatus 
Using Three-Dimensional Echocardiography

Several types of acquisition modalities have been used for 
the assessment of the MV apparatus using either transesoph-
ageal or transthoracic 3DE [12]. The availability of new 
transthoracic matrix-array transducers has allowed real-time 
volumetric imaging of the MV from the transthoracic 
approach [13], resulting in optimal visualization of both the 
MV leaflets, commissures, and MV orifice [14]. Dataset 
acquisitions for MV using transthoracic 3DE can be obtained 
either from the parasternal or the apical approach [12].

Transesophageal 3DE has a higher feasibility for the anal-
ysis of MV morphology when compared to the transthoracic 
approach [15]. Since the left atrium and the MV are the clos-
est cardiac structures to the esophagus, transesophageal 3DE 
acquisition of the MV can be easily obtained from the mid-
esophageal level. Improved temporal and spatial resolution 
of the volumetric acquisitions yields high quality data sets on 
which detailed morphological assessment of the mitral leaf-
lets and annulus can be performed [16]. Transthoracic 3DE 
can also be a rapid, non-invasive and relatively feasible 
approach for assessing MV morphology [17]. Overall, the 
posterior mitral valve leaflet is best visualized from the para-
sternal window, while the anterior leaflet can be well seen 
from both apical and parasternal windows [18].

 Multiplane Mode

The multiplane mode allows the visualization of the MV in 
two or more simultaneous tomographic planes recorded with 
either transthoracic or transesophageal 3DE. The reference 
plane is usually at 0° in the mid-esophageal four-chamber 
view of the LV, focusing on the MV, whereas the secondary 
pane is (by default) at 90° rotation from the reference plane 
(Fig. 7.2A). The operator may adjust the extent of the rota-
tion of the secondary plane during acquisition as needed to 
optimize the view (see also Chap. 2). Tri-plane mode is also 
possible, with three different cut-planes of the MV acquired 
simultaneously at 0°, 60° and 120° by default. The two- 
dimensional cut-planes can also have color flow superim-
posed, in order to establish the relationship between the flow 
and the structural valve lesion (Fig. 7.2B).

 Real-Time or Live 3DE

This modality is a volumetric acquisition that acquires beat by 
beat (single-beat acquisition), to ensure enough spatial and 
temporal resolution the pyramidal volume of acquisition is 
reduced by the operator. Data sets acquired in real-time usually 
have a suboptimal spatial and temporal resolution (depending 

Papillary muscles

Chordae tendinea

Mitral annulus

Anterior and posterior
mitral valve leafletsLA

LV

Aorta

Fig. 7.1 Mitral valve apparatus components. Anterior and posterior 
mitral valve leaflets; mitral annulus, a fibrous ring at the juncture 
between the mitral leaflets, the left ventricle (LV) and the left atrium 
(LA); the chordae tendineae, attached to the valve and to the papillary 
muscles, sustaining the mitral valve leaflets when closed; the papillary 
muscles, which are inserted on the left ventricular (LV) wall and con-
tinue with the chordae tendineae
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on the size of the acquired volume). However, this modality 
allows the acquisition of 3DE data sets also in patients who 
cannot cooperate with breath holding and in those with irregu-
lar heart rhythm. The good quality of these images frequently 
allows the assessment of MV anatomy and the accurate diag-
nosis of complex MV pathologies (Fig. 7.3, Video 7.1).

 3DE Zoom Mode

This acquisition modality permits a focused-wide sector view 
of the MV apparatus, including the MA, the chordae tendinea 

and the heads of papillary muscles (Fig.  7.4). Of note, by 
enlarging the region of interest, the temporal resolution of the 
image will decrease. However, this modality allows a com-
plete visualization of the MV, which can be encompassed 
within the dataset (Fig. 7.5, Videos 7.2a and 7.2b).

 Full-Volume Multibeat Acquisition

The full-volume mode has the largest acquisition sector pos-
sible (up to 90° × 90°), which is ideal for imaging all the 
components of the MV apparatus from a single dataset. 
Multislice display of the MV can be used to ensure that all 
mitral leaflets and annulus are contained within the pyrami-
dal data set. Full-volume multi-beat acquisition is an ECG 
gated acquisition modality, which reconstructs the full- 
volume of the MV apparatus from four or six-triggered sub- 
volumes (Fig. 7.6, Videos 7.3a and 7.3b). The full-volume 
acquisition of the MV apparatus using the highest line den-
sity and maximum number of cardiac cycles should always 
be attempted when the rhythm is regular and the patient 
cooperates. The possibility of post-processing the full- 
volume data set using gain-adjustments and cropping it 
enables detailed en-face visualization of the MV leaflets, 
from both the left atrium and the LV perspective. The resul-
tant images of the MV are similar to the ones acquired with 
the zoom mode, but with better image quality. Longitudinal 
cut-planes of the data set can be used to analyze the sub- 
valvular MV apparatus, including chordae tendinea and the 
papillary muscles (Fig. 7.6, right panel). It has the advan-
tage of providing optimal spatial and temporal resolution, 
which permits detailed diagnosis of complex MV patholo-
gies [12]. However, this acquisition modality cannot be used 

a b a b

c

Fig. 7.2 Multiplane acquisition of the mitral valve. Biplane acquisition 
(Left panel). Two two-dimensional views of the mitral valve can be 
acquired from the same heart beat. The reference view is usually the four-
chamber view (0° rotation, quad A) and the secondary view is at 90° 
(quad B), by default. However, both the reference view and the extent of 

the rotation at which to acquire the secondary view can be changed by the 
operator during acquisition only (see also Chap. 2). Triplane acquisition 
(Right panel), allowing three simultaneous views of the mitral valve at 0° 
(quad A), 60° (quad B) and 120° (quad C), respectively. Ao aorta, LA left 
atrium, LAA left atrial appendage, LV left ventricle, RV right ventricle

Fig. 7.3 Real time 3DE full-volume of the mitral valve and left atrial struc-
tures obtained using transesophageal echocardiography. This acquisition 
requires a single cardiac cycle for the acquisition of a pyramidal full-vol-
ume large enough to show the mitral valve (MV) from the atrial perspective 
and its anatomical relationships with the left atrial appendage (LAA), left 
(LPV), right pulmonary veins (RPV) and Coumadin ridge (CR). Despite 
the low temporal resolution (Video 7.1) of 5 vps, the quality of the data set 
allows precise assessment of the anatomy of the left atrial structures

7 The Normal Mitral Valve
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Fig. 7.4 Workflow to acquire the mitral valve apparatus using the 
zoom mode. Step 1. Obtain a proper two-dimensional view optimized 
for endocardial border visualization and encompassing the entire car-
diac structure you want to visualize (e.g. mitral valve). Step 2. Position 
a region of interest (ROI, red trapezoids) of adequate size to include all 
cardiac structures of interest taking care that the structure of interests 
are included in the ROI bot in the azimuthal and elevation planes; Step 

3. Acquire the 3DE data set using single- or multibeat acquisition; Step 
4. Crop it as it is needed to show the structure of interest from the 
needed perspective (in the example, the mitral valve from the atrial per-
spective). The example shows the workflow used in Vivid E95 system 
(GE Vingmed, Horten, NO). However, the procedure is the same in any 
system. What changes are the buttons/knobs to control

Fig. 7.5 Zoom mode acquisition of the mitral valve with transesopha-
geal 3DE. Left panel, the mitral valve visualized from the left atrial 
perspective (so called “surgical view”, see text) (Video 7.2a left). The 
anterior mitral leaflet (AML) is next to the aortic valve (Ao), positioned 
at 12 o’clock, while the posterior mitral leaflet (PML) is opposite to the 
aortic valve. The anterior-lateral (*) and posterior-medial (^) commis-

sures are clearly seen. White arrows indicate the position of indenta-
tions (or pseudocleft) that subdivides the PML in three scallops (P1, P2, 
P3) which are listed starting from the left atrial appendage (LAA). 
Right panel, The mitral valve is visualized from the left ventricular per-
spective (Video 7.2b right). At 12 o’clock there is the left ventricular 
outflow tract (LVOT)

in patients with irregular rhythm or labored breathing, 
because of the occurrence of stitching artefacts. Color flow 
Doppler can also be acquired in this format to allow the visu-
alization of mitral regurgitation jets (Fig. 7.7). It is recom-

mended to also obtain a real-time 3DE data set at increased 
depth and focus from the mid-esophageal five-chamber view, 
to be able to visualize the sub-valvular apparatus and its rela-
tionship with the respective LV walls. Finally, a real-time or 
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Fig. 7.6 Multi-beat ECG-gated acquisition allows to obtain a larger 
data set with adequate spatial and temporal resolution. The data set can 
be cropped in different ways to study the anatomical relationships of the 
mitral valve with adjacent cardiac structures. Left panel, transversal cut 
plane at the base of the heart (Video 7.3a Left). Right panel, Longitudinal 

cut plane at the center of aortic valve (Video 7.3b Right). AML anterior 
mitral leaflet, Ao aorta, IAS interatrial septum, IVS interventricular sep-
tum, LA left atrium, LAA left atrial appendage, LV left ventricle, PML 
posterior mitral leaflet, RA right atrium, TV tricuspid valve

Fig. 7.7 Full-volume 3DE color acquisition of the mitral valve, showing a regurgitant jet into the left atrium Baseline color flow velocity has been 
shifted to see the flow-convergence of the jet

7 The Normal Mitral Valve
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multibeat acquisition of the MV apparatus should be obtained 
from the transgastric approach, using the two-chamber view, 
to analyze the chordae and the papillary muscles [18].

Because of its high temporal and spatial resolution this 
acquisition methodology is also recommended to be used 
with the transthoracic approach (Fig. 7.8, Video 7.4), to visu-
alize and quantitate the components of the MV apparatus.

 Display and Analysis of the Acquired 
Datasets of Mitral Valve Apparatus

 The Multiplane Display

3DE examination of the MV apparatus begins with a prelimi-
nary visualization using the multi-plane modality, in order to 
identify pathological segments, and thoroughly analyze the 
sub-valvular apparatus in the longitudinal axis (Fig. 7.2). The 
addition of color flow allows a matching of the structural 
lesion with the regurgitant jet (Fig. 7.9, Video 7.5).

 Volumetric Display

The MV can be displayed en face, either from the left atrial 
(Fig. 7.5 Left panel) or from the LV perspective (Fig. 7.5 
Right panel).

Abnormalities of papillary muscle and chordal attach-
ments to the LV and MV surfaces can be also assessed using 
different oblique cut-planes of the data set (Fig. 7.6 Right 
panel).

From the volumetric data set several anatomically ori-
ented cut planes can be obtained to explore in details the 
functional anatomy of selected regions of the MV apparatus 
or to perform quantitative analyses (e.g. distances, areas) 
(Fig. 7.10).

 The Normal Anatomy of the Mitral Valve 
Apparatus and Particularities of the 3DE 
Acquisition and Display

 Mitral Valve Leaflets

The MV has two leaflets that have different shapes and cir-
cumference length [19]. The anterior MV leaflet has a larger 
surface and a round free edge. It is attached to about one 
third of the MA circumference. The anterior MV leaflet con-
nects with the aortic valve through a fibrous curtain, which is 
localized at the base of the anterior MV leaflet (the aortic-
mitral curtain) [20]. The height of the posterior MV leaflet is 
less than the anterior leaflet, however, both leaflets have sim-
ilar surface area because the posterior leaflet has a larger 
annular attachment (two-thirds of the MA circumference) 

Fig. 7.8 Full-volume, 
multibeat 3DE transthoracic 
acquisition to visualize the 
mitral valve from the 
ventricular perspective (Video 
7.4). LVOT left ventricular 
outflow tract, AML anterior 
mitral leaflet, P1, P2, P3 
scallops of posterior mitral 
leaflet
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[21]. When the leaflets are closed, the MV resembles a smile, 
when visualized from the atrial perspective. The anterior and 
the posterior leaflets are separated by two commissures, des-
ignated as anterior-lateral and posterior-medial commissures 
(Fig. 7.5). The posterior leaflet is divided in P1, P2 and P3 
scallops by deep indentations or clefts [22–24]. Usually, the 
anterior leaflet does not show any cleft, but the leaflet is sub-
divided in A1, A2 and A3 regions that oppose the scallops of 
the posterior leaflets (Fig. 7.5).

The subdivision of MV leaflets in scallops is used in clini-
cal practice to describe the location of prolapsed or flailed 
segments or different leaflets lesions [12].

Data sets of the MV can be easily post-processed using 
gain adjustments, cropping and translating tools, leading 
to a clear visualization of the MV from either the atrial or 
the ventricular perspective (Fig. 7.5). The classic display 
of the MV from the atrial perspective is obtained by rotat-
ing the data set in order to place the MV leaflets in the 
center of the image, and the left atrial appendage to the 

left, with the aortic valve at 12 o’clock (Fig. 7.5 left panel). 
The anterior MV leaflet is connected to the left and non-
coronary cusps of the aortic valve via the mitral-aortic 
curtain. The aortic cusp opposite to the anterior MV leaflet 
is the right coronary cusp. The prolapsing segments of the 
MV leaflets are best visualized from the left atrial perspec-
tive  (“surgical view”).

The ventricular perspective of the MV offers a detailed 
visualization of the anterior and the posterior MV leaflets of 
the commissures and of the LV outflow tract (Fig. 7.5 Right 
panel). The ventricular perspective of the MV is best suited 
for assessing MV clefts that predominantly affect the ante-
rior leaflet [17] and for quantifying MV stenosis [25].

Beyond the enface view of the MV, 3DE allows any 
cut- plane to be obtained from a full-volume data set of 
the MV in order to analyze any structure of interest 
(Fig.  7.10). The MV leaflets height measured by 3DE 
correlate with the ones measured by multislice-computed 
tomography [14, 26].

a

c

b

Fig. 7.9 Triplane acquisition (a, four-chamber view; b, two-chamber 
view; and c, apical long-axis view) of the regurgitant jet of a mitral 
valve from a single cardiac beat to visualize both the direction and 

extension of the jet in the left atrium (LA), and to measure the vena 
contracta size (Video 7.5). Ao aorta, LV left ventricle
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 Mitral Annulus

The MA is a fibrous hinge-line structure that marks the junc-
tion between the left atrium, the LV and the mitral leaflets 
[19]. In normal individuals, the MA is an anatomically ill-
defined structure, with a D-shape as seen from above, in a 
single horizontal cut-plane (Fig. 7.11). However, the MA has 
a complex three-dimensional shape, resembling to a saddle 
(Fig. 7.12) [27, 28], which has an important role in reducing 
the stress on the leaflets [29]. The MA is conventionally 
divided into the anterior and posterior portions, located higher 
than the lateral and medial commissural parts (also called 
“the valleys”) [30]. The anterior annulus spans between the 
left and the right fibrous trigons and is anatomically coupled 
to the aortic annulus via the aortic-mitral curtain [21]. The 
posterior annulus is a discontinuous fibrous structure occa-
sionally interrupted by fat, which makes it more susceptible 
to dilation [19, 31]. Even though the MA is a fibrous structure 
without intrinsic contraction, it has a very dynamic behavior 
during the cardiac cycle due to the adjacent muscular fibers of 
the left atrium and LV walls. The MA displays complex three-

dimensional changes in size and shape during the entire car-
diac cycle, which have been categorized in three main types: 
(1) the translation function, when the MA moves to and away 
from the LV apex; (2) the contraction function, due to the 
contraction of the adjacent fibers, which reduces the MA 
area; (3) the folding function, due to the reduction of the ante-
rior-posterior size across its axis [30].

Due to its connection with the LV and left atrium free 
walls, the dynamics of the posterior annulus is more accentu-
ated than the anterior annulus, which is fixed trough the 
mitral-aortic curtain to the aortic valve [32]. The contraction 
of the MA along its anterior-posterior axis leads to an 
increase in MA height during LV systole with a secondary 
accentuation of the saddle shape, which is an important fac-
tor resulting in MV leaflet coaptation [33, 34]. Due to its 
conformational changes, the MA decreases its area during 
early systole, in the so-called “contraction function” [35].

During the cardiac cycle, the MA also changes its relation 
with the surrounding structures. In normal individuals, the 
angle between the aorta and the MA plane steepens during LV 
contraction [14], allowing an easier emptying of the LV.

Fig. 7.10 Anatomically oriented cut planes obtained from a full vol-
ume data set of the mitral valve to examine the functional anatomy of 
the mitral valve scallops. Three longitudinal cut-planes (black dashed 
lines) have been obtained at the level of A1–P1, A2–P2, and A3–P3. A1, 

A2, A3 scallops of anterior mitral leaflet, Ao aorta, LA left atrium, LAA 
left atrial appendage, LV left ventricle, P1, P2, P3 scallops of posterior 
mitral leaflet
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Assessment of MA dimensions is important to be able to 
determine appropriate annuloplasty ring or mitral prosthesis 
size, and two-dimensional echocardiography has been a piv-
otal method used for this purpose [36]. However, two- 
dimensional echocardiography allows only measurements of 
the MA diameters obtained from tomographic views, being 

unable to provide data about the complex 3D geometry of the 
MA. The only measurement recommended by current guide-
lines [36] is the anterior-posterior diameter of the MA 
obtained in the long axis-view of the LV, which uses the aorta 
as an anatomical landmark. However, in many cases the 
anterior-posterior diameter obtained with two-dimensional 

Fig. 7.11 Flexi slice at the level of the mitral valve annulus. The mitral 
valve is seen from the left atrial perspective, with the “D shape” of the 
mitral annulus. Cut-planes can be oriented in order to measure the true 

antero-posterior (in red) and anterolateral-posteromedial (in yellow) 
diameters of the mitral annulus. Ao aorta, LA left atrium, LAA left atrial 
appendage
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Fig. 7.12 Mitral annulus 
three-dimensional shape. The 
mitral annulus has a saddle 
shape, with two higher 
anterior and posterior horns, 
and two lower commissural 
valleys. The anterior-posterior 
diameter is the shortest 
diameter of the mitral  
annulus [28]
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echocardiography may not be the true shortest diameter of 
the MA. If the longitudinal cut plane on which to measure 
the anterior posterior diameter of the MA is obtained from a 
3D full-volume of the MV, it can be noticed that this diame-
ter is not necessarily the shortest diameter of the MA 
(Fig. 7.13).

At present, 3DE offers the possibility of analyzing the 
MA in infinite cut-planes obtained from a single data set of 
the MV. A recent, important advance of the 3DE technology 
was the development of dedicated software packages to 
allow 3D surface rendering of the MV and quantitative anal-
ysis of the mitral apparatus geometry from a single 3D data-
set of the MV (Fig. 7.14). Due to the initially low quality of 
the datasets obtained with transthoracic 3DE, the software 
packages were dedicated only for transesophageal 3D datas-
ets [5, 15, 24, 37]. With the introduction of the most recent 
matrix array transducers, MV datasets obtained with trans-
thoracic 3DE can be now analyzed with a feasibility of 73% 
in unselected patients, and with similar reproducibility to 
that of those obtained using the transesophageal approach 

[14]. These software packages allowed the completion of 
extensive research aimed at improving the characterization 
of the mechanisms leading to mitral regurgitation [4–6, 
38–41].

Dedicated MV software performs a static analysis in the 
mid-systolic frame, by semi-automatically measuring differ-
ent parameters describing MA geometry, such as the antero- 
posterior and anterolateral-posteromedial diameters of the 
MA, MA area and circumference, MA sphericity, MA 
height, non-planarity, MV tenting height, area and volume 
[14] (Fig. 7.15). The angle between the aorta and the MA 
plane analyzes the relationship of the MA with the surround-
ing structures, which is especially important after aortic 
valve replacement [42, 43]. All parameters of MA geometry 
can be also automatically tracked during the cardiac cycle, in 
order to perform a dynamic analysis of the MA geometry 
(Fig. 7.16).

In order to perform an in-depth analysis of the mecha-
nisms of MV regurgitation, it is mandatory to have a thor-
ough understanding of the normal size and shape of the MA. 

Fig. 7.13 Assessment of the anterior-posterior (AP) diameter of the 
mitral annulus. Long axis view of the ventricle, through the aortic 
valve, does not always provide the true anterior-posterior diameter of 
the mitral annulus. Using a cut-plane at the base of the heart obtained 

from a 3DE full-volume, the real shape of the mitral annulus and its 
diameters can be assessed. Red arrows—true AP diameter of the mitral 
annulus. Yellow arrows—apparent AP diameter, from a section through 
the aorta of the left ventricle and mitral valve

S. M. Baldea et al.



97

3D studies in normal individuals showed that MA decreases 
its area before the onset of LV systole, starting with left atrial 
contraction [35]. The MA area reaches its smallest size early 
during LV systole [14, 43]. Due to its contraction that occurs 
mainly along the anterior-posterior direction, the sphericity 
of the MA is minimal, the MA height and non-planarity are 
the highest during the LV systole [14, 44]. The MA enlarges 
its area towards end-systole [14] and diastole [28, 35], when 
it has a flatter shape. The MA area assessed by 3DE is similar 
to the one assessed with cardiac magnetic resonance and 
computerized tomography in normal subjects [14, 26, 44], 
and larger than the one measured by two-dimensional echo-
cardiography studies [34, 45].

Conversely, in patients with degenerative MV disease, the 
MA is enlarged and more spherical, with decreased height 
[4, 5, 46] but preserved displacement [46]. In patients with 
functional mitral regurgitation, the MA is enlarged and more 
spherical [39], with decreased non-planarity and increased 

tenting volume of the MV leaflets [6, 47, 48]. The MA also 
has decreased “contraction” and “displacement” during LV 
systole in patients with functional mitral regurgitation [6].

Therefore, the use of MV dedicated software packages 
improves our understanding MV mechanics. It helps assess 
the suitability of MV repair and provides valuable informa-
tion for annuloplasty ring design [12].

 Chordae Tendineae

The chordae tendineae are string-like structures that attach 
the free edge of the MV leaflets to the postero-inferior LV 
wall or to both the papillary muscles [19]. Unlike the tricus-
pid valve, the MV does not have chordal attachments to the 
septum. This feature helps differentiate the MV from the TV 
in a transversal cut plane of the ventricles. According to their 
insertion into the mitral leaflets, chordae tendineae have been 

Fig. 7.14 Surface rendering of the mitral valve using different soft-
ware packages for quantitative analysis of mitral annulus and  
leaflet geometry. Upper left panel, Mitral Valve Navigator (MVN; 
Philips Medical Systems, Andover, USA). Upper right panel, 4D 
MV-Assessment (TomTec Imaging Systems GMBH, Unterschleissheim, 

DE). Lower left panel, 4D Auto MVQ (Automatic Mitral Valve 
Quantitation, GE Vingmed, Horten NO). Lower, right panel, Syngo 
MVA (Mitral Valve Assessment, Siemens Healthineer, Mountainview, 
USA)
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Fig. 7.15 Quantitative 
analysis of mitral annulus and 
leaflet geometry using 
three-dimensional 
transthoracic 
echocardiography and 
dedicated software package in 
a normal subject. Several 
parameters are measured in 
the mid-systolic frame to 
characterize the mitral valve 
geometry: (a) Mitral annulus 
area; (b) Mitral annulus 
circumference; (c) Anterior 
mitral leaflet area; (d) 
Posterior mitral leaflet area; 
(e) Mitral annulus antero- 
posterior diameter; (f) Mitral 
annulus anterior-lateral to 
posterior-medial diameter; (g) 
Mitral annulus non-planarity 
angle. (h) Mitral valve tenting 
area and volume
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Fig. 7.16 Dynamic analysis of the mitral annulus area. The software package tracks the mitral annulus frame-by frame throughout the cardiac 
systole, providing information about frame-by-frame changes in size and geometry

classified into: (1) primary chordae, thin and delicate struc-
tures, inserted onto the free edge of the leaflets; (2) second-
ary chordae, which are thicker and insert on the body of the 
mitral leaflet, on its ventricular surface; and (3) tertiary chor-
dae, which arise directly from the LV wall and insert at the 
base of the posterior leaflet [19].

A full volume data set of the MV apparatus is recom-
mended to ensure the visualization of the MV chordae, both 
from the mid-esophageal four- or two-chamber view 
(Fig. 7.17 left panel) and from the trans-gastric approach, a 
longitudinal two-chamber view of the LV (Fig. 7.17 Right 
panel).

Multiplanar reconstruction of the 3DE data set to obtain 
both transversal and longitudinal cut planes allow visualiza-
tion of the chordae insertions on the free margins (primary 
chordae), body (secondary chordae), and base (tertiary chor-
dae) of the MV leaflets and measurement of their length [18] 
(Fig.  7.18). Conversely, chordae rupture with flail or pro-
lapse can be best visualized from the left atrial perspective 
and/or by selected longitudinal cut planes [12].

 Papillary Muscles

The papillary muscles are normally inserted on the apical 
and middle third regions of the LV walls [19]. There are usu-
ally two papillary muscles, located on the antero-lateral and 
the postero-medial surfaces of the LV walls, projected to the 
correspondent medial and lateral commissures of the mitral 
valve. They are continuing with chordae that sustain both the 
MV leaflets and ensure the correct MV leaflet coaptation 
during LV contraction. The anterior-lateral papillary muscle 
usually has a single head and dual blood supply from the 
circumflex branch and left anterior descending artery. The 
posterior-medial papillary muscle usually has two heads and 
its blood supply comes from the posterior left descending 
artery (the right or circumflex artery, depending on coronary 
dominance) [49, 50]. The location of the papillary muscles is 
very important to maintain an appropriate geometry of the 
MV during LV systole and to avoid prolapse of the leaflets or 
part of them [51–53]. Any change in LV geometry (LV 
remodeling due to ischemia or dilated cardiomyopathies) 
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Fig. 7.18 Proper slicing of a 3DE full volume data set acquired from transgastric approach allows clear identification of chordae tendineae of 
different orders and to measure their length (upper panels), as well as localization and measurement of papillary muscle size

Fig. 7.17 Multiplane slicing of full volume 3DE data sets acquired 
from mid-esophageal (left panel) and transgastric approach (right 
panel) to study papillary muscles and chordae tendineae. Left panel, the 
two longitudinal planes (green and red upper quadrants) show the mor-

phology of the anterior-lateral papillary muscle which is crossed by the 
green and the red planes in the transversal slice (blue panel). Right 
panel, transgastric approach allows better image quality that permits 
clear identification of chordae tendineae
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leads to a distortion of the papillary muscle orientation, with 
tethering of the chordae [54–56] and secondary MV leaflets 
tenting, causing functional MR [57–59].

To allow the quantitative assessment of papillary muscle 
position/displacement, 3DE data sets should encompass MV, 
aorta and enough LV to include at least the head of both pap-
illary muscles (Fig. 7.19, Video 7.6). When the transthoracic 
approach is inadequate to provide optimal image quality, 
transesophageal 3DE can be performed to assess the MV 
apparatus from several unique views to obtain additional 
information [58] (Figs. 7.17 and 7.18).

Longitudinal displacement of papillary muscles can be 
measured taking MA center, MA plane and LV long axis as 
reference points (Figs. 7.20 and 7.21), whereas the, transver-
sal displacement of papillary muscles can be assessed using 
MA center and aortic valve as reference points. Finally, pap-
illary muscle positions can be defined by measuring the 
angles (α° e β°) formed between the anterior- lateral and the 
posterior- medial papillary muscles, with MA center and the 
aortic valve (Fig. 7.22) [60–64].

3DE is still evolving and its clinical applications are still 
subject of extensive research. Therefore, this technology 
should complement current two-dimensional echocardio-
graphic techniques, in order to enhance our understanding of 
the topography of the lesions and their relationship with the 

Fig. 7.18 (continued)

Fig. 7.19 Full volume 3DE data set of the left ventricle obtained with 
transthoracic echocardiography and cropped in a longitudinal axis to 
visualize both papillary muscles (Video 7.6). AL anterior-lateral papil-
lary muscle, PM posterior-medial papillary muscle (with double head); 
MV mitral valve
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Fig. 7.20 Slicing of a transthoracic 3DE full volume data set to iden-
tify the center of the mitral annulus (MAc) as the crossing point between 
the anatomically oriented long axis (white line, panel C) and bi- 

commissural (yellow line, panel B) cut planes at the level of the mitral 
annulus identified by the green line

Fig. 7.21 Quantitative assessment of the transversal displacement of the 
anterior-lateral (AL) and posterior-lateral (PL) papillary muscles. The 
distances of the head of the papillary muscle from the longitudinal axis 

(yellow arrow #1) of the left ventricle (LV), from the center of the mitral 
annulus (MAc, yellow arrow #2) and the mitral annulus plane (MAp, yel-
low arrow #3) are measured. LA left atrium, RV right ventricle
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surrounding cardiac structures. The assessment of the MV is 
one of the most promising clinical applications of 3DE. The 
unique benefits of analyzing the mitral valve in infinite planes 
from a single 3D volume data set while having “en face” views 
of the valve helps to establish a closer connection of the heart-
imager with the surgeon, to better plan MV procedures.
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Mitral Valve Congenital Abnormalities 
and Stenosis

Hani Mahmoud-Elsayed

Abstract
Three-dimensional echocardiography (3DE) has tremen-
dously improved our ability to diagnose and assess the 
severity of mitral valve congenital abnormalities such as 
congenital mitral cleft, congenital double orifice mitral 
valve and parachute mitral valve.

Rheumatic mitral valve stenosis is still a high- prevalent 
heart valve disease in many countries and degenerative, 
calcific, mitral stenosis is an emerging heart valve disease 
in the elderly. 3DE has become the reference imaging 
modality to assess the mitral valve stenosis qualitatively 
in terms of leaflet visualization, quantitation of the 
reduced diastolic opening, commissural calcification, 
leaflet mobility/pliability and assessment of the subvalvu-
lar apparatus. Moreover, 3DE provides accurate quantita-
tive analysis of mitral stenosis severity and of mitral valve 
scoring system in order to assess the suitability for percu-
taneous mitral balloon valvuloplasty.

Finally, transesophageal 3DE is used to guide and 
assess the results of percutaneous mitral balloon valvulo-
plasty in the catheterization laboratory.
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stenosis · Percutaneous mitral balloon valvuloplasty  
Septal puncture · RATLe-90 maneuver

 Mitral Valve Congenital Malformations

Congenital abnormalities of the mitral valve (MV) represent 
a wide range of lesions that can be associated with other 
congenital heart abnormalities [1]. Congenital abnormali-
ties of the MV have been detected in almost 0.5% of 13,400 
patients [2].

Preoperative assessment of the anatomical problem is 
crucial for successful MV repair. As suboptimal repair was 
shown to be a strong predictor for redo surgeries [3].

The ability of three-dimensional echocardiography (3DE) 
to provide wide angle en face views of the MV from either 
the left atrium or the left ventricular perspective makes it 
superior to two-dimensional echocardiography in terms of 
accurate delineation of the anatomy and the spatial orienta-
tion of the different parts of the MV apparatus, which has a 
significant impact on the understanding of the underlying 
pathology and on the planning of repair procedures.

There are some anatomical variations that can be encoun-
tered during daily practice that may or may not affect the 
MV function. One of the most common anatomical varia-
tions are the cleft-like indentations defined as a visible tissue 
defect seen during systole, occupying the interscallop region 
of the posterior leaflet (not plicatures of leaflets’ free edge at 
other location) and extending at least half depth of the adja-
cent mitral scallop height [4] (Fig. 8.1, Video 8.1). Normal 
indentations that delineates the scallops of the posterior 
mitral leaflet are usually not deep, but deep cleft-like inden-
tations can be associated with mitral regurgitation [5] and 
failure of mitral repair [6].

Another, very rare, malformation of the MV is the pres-
ence of accessory MV tissue. This malformation is charac-
terized by a mobile mass attached to the body of the anterior 
MV leaflet, floating in the left ventricular outflow tract with 
variable degree of obstruction (Fig.  8.2, Videos 8.2a and 
8.2b). This malformation is more frequent on the MV, but it 
may involve both atrio-ventricular valves and/or be associ-
ated with other congenital malformations [7]. The mobile 
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type (pedunculated or leaflet like) is more frequent than the 
fixed type, and the presence of chordae tendineae is frequent 
with variable site of attachment [8].

Other well-known congenital abnormalities of the MV 
include: MV cleft, double orifice MV, congenital mitral ste-
nosis, parachute MV, and supra-valvular ring.

 Mitral Valve Cleft

The definition of MV cleft is the division of one of the leaf-
lets (usually the anterior one) of the MV [9]. MV cleft can 
occur in isolation or in association with other congenital 
abnormalities. Although cleft can affect any segment of the 

a b

Fig. 8.1 Transesophageal 3DE zoom acquisition of the mitral valve 
which was cropped to show the mitral valve from both the left atrial (a) 
and the left ventricular (b) perspectives. The posterior mitral leaflet is 

divided into four distinct scallops (P1, P2, P3 and P4) by three cleft-like 
indentations (Video 8.1). AV aortic valve, AML anterior mitral leaflet, 
LVOT left ventricular outflow tract

Fig. 8.2 Transthoracic 3DE showing the classic features of accessory 
mitral valve tissue. Left panel, transversal cut plane showing the mitral 
valve from the ventricular perspective and the accessory mitral valve 
tissue (white arrow) attached to the body of anterior mitral valve leaflet 
(Video 8.2a Left). Right panel, longitudinal cut plane from the same 

data set showing the motion of the accessory mitral valve tissue in the 
left ventricular outflow tract (Video 8.2b Right). AML anterior mitral 
valve leaflet, Ao aortic valve, LA left atrium, LV left ventricle, LVOT left 
ventricular outflow tract, MV mitral valve, TV tricuspid valve
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MV leaflet, the most common locations are the middle seg-
ments (i.e. A2 or P2).

In patients with isolated cleft of the anterior mitral leaf-
let, the usual site of the cleft is towards left ventricular 
outflow tract, at 11 o’clock [3, 10]. Whereas, in patients 
with atrio- ventricular canal defects there is a counterclock-
wise rotation of the papillary muscles determining a differ-
ent position of the cleft which is located towards the 
interventricular septum [1] (Fig.  8.3, Videos 8.3a and 
8.3b). Less often, isolated cleft may be seen in the poste-
rior leaflet of the mitral valve [11] (Fig. 8.4, Video 8.4). 
Although it may occur at any segment of the posterior leaf-
let, the predominant localization of the cleft is within scal-
lop P2 [12]. Cleft of the posterior mitral leaflet has been 
reported to be associated with counterclockwise malrota-
tion of the papillary muscles that may, again, lead one to 
suspect a common embryological origin with atrio-ven-
tricular septal defect [13].

3DE is very helpful in establishing the diagnosis and 
delineating the exact anatomy and spatial orientation of the 
cleft through the anatomically oriented en face views for the 
MV where it appears as a slit-like defect in the leaflet extend-
ing from the annulus till the leaflet margin and causing full 
splitting of the affected leaflet.

a b

Fig. 8.3 Cleft of the anterior leaflet of the mitral valve. Transthoracic 
3DE visualization of the mitral valve from the left ventricular (a, Video 
8.3a Left) and left atrial (b, Video 8.3b Right) perspectives showing a 
cleft (yellow arrow) of the anterior mitral leaflet (AML) in a patient 

with ostium primum atrial septal defect. The cleft reaches the annulus 
splitting the AML into two parts while the posterior mitral leaflet (PML) 
is intact

Fig. 8.4 Cleft of the posterior leaflet of the mitral valve. 
Transesophageal 3DE visualization of the mitral valve from the atrial 
perspective showing a cleft which splits the posterior leaflet in two parts 
(Video 8.4)
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It was also shown that 3D echocardiography was an accu-
rate tool to assess the severity of the associated mitral regur-
gitation [14].

 Double Orifice Mitral Valve

Double orifice MV is a rare congenital anomaly that in most 
of the cases has been associated with other forms of congeni-
tal heart disease, but rarely found in an isolated form [15, 
16]. Double orifice MV is defined as a single fibrous annulus 
with two orifices opening into the left ventricle [1] (Fig. 8.5, 
Videos 8.5a and 8.5b).

Double orifice MV is classified into three different types: 
the “incomplete bridge type”, characterized by a small strand 
of tissue connecting the anterior and posterior leaflets at the 
leaflet edge level; the “complete bridge type”, a fibrous 
bridge divides the atrioventricular orifice completely from 
the leaflet edge all the way through the valve annulus 
(Fig.  8.5); finally, the ‘hole type’ (eccentric), a secondary 
orifice with subvalvular apparatus occurs in the lateral com-
missure of the mitral valve [17].

3DE was proven to be sensitive and accurate in identify-
ing double orifice MV, even in the newborn [18]. Through 
the anatomically oriented enface view of the MV from the 

left atrial and the left ventricular perspectives we can appre-
ciate the double orifice pattern very easily (Fig. 8.5).

Congenital double orifice MV has to be differentiated 
from the iatrogenic causes of double orifice MV such as sur-
gical Alfieri’s stitch or trans-catheter MitraClip.

 Mitral Ring

Mitral ring (supravalvar mitral ring or supramitral ring) is 
one of the components described by Shone et al. in Shone’s 
syndrome (association of coarctation of the aorta, subaortic 
stenosis, parachute MV and supramitral ring) [19]. 
Exceptionally isolated, this lesion is more often associated 
with various other anomalies of the heart such as ventricu-
lar septal defects and left-sided obstructive lesions. Two 
types of mitral rings are described: the supramitral ring is a 
fibrous membrane originating just above the mitral annu-
lus, beneath the orifice of the left atrial appendage within 
the muscular atrial vestibule, not adhering to the leaflets 
and associated with a normal subvalvular apparatus; and 
the intramitral ring is a thin membrane located within the 
funnel created by the leaflets of the mitral valve, closely 
adherent to the valve leaflets, always combined with abnor-
mal subvalvular apparatus.

a b

Fig. 8.5 Double orifice mitral valve. Transthoracic 3DE visualization 
of the MV from both ventricular (a and Video 8.5a left) and atrial (b and 
Video 8.5b right) perspectives clearly showed the double orifices (white 
stars) with a central bridge of abnormal tissue (yellow arrow) connect-
ing the anterior with the posterior leaflet. The two orifices were asym-

metric, being the medial orifice slightly larger than the lateral one. 
Valve leaflets were thin and normally sized. There were two papillary 
muscles that showed normal morphology and position. AV aortic valve, 
LA left atrium, LV left ventricle, LVOT left ventricular outflow tract
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 Arcade or Hammock Valve

Anomalous mitral arcade is a congenital abnormalities of the 
MV in which there is a direct connection of the papillary 
muscles to the MV leaflets, either directly or through the 
interposition of unusually short chordae.

 Parachute Mitral Valve

True parachute MV is characterized by unilateral attachment 
of the chordae tendineae to a single (or fused) papillary mus-
cle. This single papillary muscle is usually centrally placed 
and receives all chordae from both mitral valve leaflets [1] 
(Fig. 8.6, Videos 8.6a and 8.6b).

The dominant papillary muscle, classically posteromedial 
[20], is of normal size, whereas the other is elongated and dis-
placed higher in the ventricle with its tip reaching to the annu-
lus. The chordae tendineae are usually short and thickened, 
thus restricting the motion of the leaflets causing variable 
degrees of MV stenosis and, uncommonly, regurgitation.

Parachute MV is commonly seen in association with other 
obstructive lesions affecting the left heart such as Shone’s 
syndrome [19].

The pathognomonic 2D “pear” shape of the mitral valve 
can be seen in the apical four-chamber view, with the left 
atrium forming the larger base of the pear and the mitral leaf-
lets the apex [21].

This pathognomonic pattern can also be appreciated using 
3DE (Fig. 8.6a). The spatial orientation of the chordae tendineae 
along the MV orifice and their attachment to a single papillary 
muscle can be easily detected with a single 3DE acquisition.

 Mitral Stenosis

 Introduction

Rheumatic fever remains the major cause of MV stenosis, 
particularly in developing countries [22, 23].

Rheumatic inflammation of the endocardium predisposes 
to multiple gross changes in the mitral valve, including leaf-
let thickening, that starts at the tips of the leaflets then pro-
gresses towards the bases, leaflet calcification, commissural 
fusion with reduction of the diastolic mitral valve opening, 
cordal thickening, fusion and shortening causing a funnel- 
shaped mitral valve apparatus [24]. Sometimes one of the 
earliest gross changes of the mitral valve is the disappear-
ance of the indentations of the posterior leaflet hiding the 
demarcation of the three scallops [25] (Fig. 8.7).

3DE assessment of the MV apparatus should be incorporated 
into the routine trans-thoracic and/or trans-esophageal evaluation 
because it provides more physiological as well as morphological 
information [26]. By providing a unique “en face” view for the 
MV from both atrial and ventricular perspectives, as well as lon-
gitudinal cut planes, 3DE allows accurate morphologic analysis 

a b

Fig. 8.6 Parachute mitral valve. Transthoracic 3DE visualization of a 
parachute mitral valve. A longitudinal cut plane (a Video 8.6a left) 
shows a fused papillary muscle (PM). All chordae tendineae are short 
and thickened and are inserted into this single papillary muscle. En face 

view of the mitral valve from the ventricular perspective (b Video 8.6b 
right) showing thickened valve leaflets with reduced diastolic 
excursion
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of the entire MV apparatus and measurement of residual orifice 
area [27] (Fig. 8.8, Videos 8.7a and 8.7b).

Hemodynamic severity of mitral valve stenosis is best 
determined by MV area planimetry [28, 29].

a b

Fig. 8.7 Mitral stenosis. (a) Mitral valve after surgical valve replace-
ment, from the left atrial perspective showing the anterior mitral leaflet 
(AML), posterior mitral leaflet (PML), anterolateral (AL) and postero-
medial (PM) commissures. Calcifications (arrows) can be detected at 
the middle of the AML and around the PM commissure. (b) From the 

LV perspective, thickened and fused chordae (C) and their attachment 
into the papillary muscles (P). Courtesy of Dr. Marcel P.  Harder, 
Consultant Cardiac Surgeon, Prince Sultan Cardiac Center, Al-Hassa, 
KSA

Fig. 8.8 Transthoracic 3DE visualization of a mitral stenosis. Left 
panel, the stenotic mitral valve orifice as it appears from the left ven-
tricular perspective. The doming of the anterior mitral leaflet is visual-
ized (Video 8.7a Left). Right panel, the various lesions of the MV 
apparatus occurring in rheumatic mitral stenosis (reduced excursion of 

thickened leaflets, shortened and thickened chordae tendineae; enlarged 
left atrium) can be detected using a longitudinal cut plane (Video 8.7b 
Right). AML anterior mitral leaflet, Ao aorta, Ch chordae tendineae, LA 
left atrium, LV left ventricle, LVOT left ventricular outflow tract, PML 
posterior mitral leaflet
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 Image Acquisition

MV is the classic valve for 3DE due to its relative slower 
motion and thicker leaflets compared to the other cardiac 
valves. 3DE data set for the mitral valve can be acquired using 
any mode of acquisition after optimizing the volume size in 
order to include the whole MV. Transesophageal 3DE zoom 
mode provides data sets of the MV with high temporal and 
spatial resolution. Transthoracic (Fig. 8.8) or transesophageal 
(Fig.  8.9, Videos 8.8a and 8.8b) full-volume, multiple- beat 
acquisition is usually needed if imaging of the entire MV 
apparatus [26].

 Qualitative Assessment

The superiority of 3DE over conventional two-dimensional 
echocardiography for the qualitative morphologic descrip-
tion of the MV has been reported by many studies [27, 30–
32]. By rotating and cropping the 3DE data set in various 
transversal and longitudinal cut planes better assessment of 
the leaflet mobility and pliability and of mitral commissures, 
in terms of extent of their fusion and presence of calcification 
can be obtained.

 Leaflet Visualization
The whole extension of mitral leaflet length is difficult to be 
evaluated through a single two-dimensional echocardiogra-

phy and different views are needed. By 3DE, it is possible to 
visualize and evaluate the whole leaflet extension in a single 
data set (Figs.  8.8 and 8.9). Despite the identification of 
thicknened leaflet scallop is possible and reproducible, it 
should be taken into account that the reduced spatial resolu-
tion of 3DE, compared to two-dimensional echocardiogra-
phy, displays more thickened leaflets than what they actually 
are [33] (Fig. 8.10, Videos 8.9a and 8.9b).

 Reduced Diastolic Opening (Funnel Shaped 
Valve)
The 3DE en face view for the MV from the ventricular per-
spective offers a unique opportunity to qualitatively assess 
the shape of the real MV orifice that is often not symmetri-
cally oval or circular (Figs. 8.8 and 8.9).

 Commissural Fusion
Commissural fusion can be assessed from the LV en-face 
view of the mitral valve using either transthoracic or trans-
esophageal 3DE. Right-to-left tilting of that volume can 
show expose the antero-lateral commissure, while left-to- 
right tilting can expose the postero-medial commissure. See 
(Fig. 8.11, Video 8.10).

According to Carpentier’s classification, commissural 
fusion can be classified as; grade I: partial fusion of the com-
missures (Fig. 8.12, Video 8.11); grade II: complete fusion 
with visible demarcation between the two leaflets (Fig. 8.9); 
grade III: complete fusion of one or both commissures 

Fig. 8.9 Transesophageal 3DE visualization of a mitral stenosis. Left 
panel, the stenotic mitral valve orifice as it appears from the left ven-
tricular perspective. There is extensive fusion of the commissures 
(Video 8.8a Left). Right panel, Longitudinal cut plane showing the 
thickened leaflets and the anatomical relationships with the surrounding 

cardiac structures (Video 8.8b Right). LAA left atrial appendage, TV 
tricuspid valve, AML anterior mitral leaflet, Ao aorta, Ch chordae ten-
dineae, LA left atrium, LV left ventricle, LVOT left ventricular outflow 
tract, PML posterior mitral leaflet
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 without visible demarcation between leaflets (Fig.  8.13, 
Video 8.12).

It is not uncommon to find asymmetrical commissural 
fusion of MV (Fig. 8.11) which can be easily appreciated by 
3DE [25].

 Commissural Calcification
The assessment of leaflet calcification as well as its distri-
bution along the mitral valve orifice, particularly at the 
commissures is of great importance to predict both the suit-
ability and outcome of percutaneous mitral balloon valvu-

loplasty [33]. 3DE can be used to assess the extent and 
distribution of calcification in each scallop utilizing a sin-
gle 3D data set [34].

Since the shades of color in 3DE code the distance of a 
structure from the probe rather than histological characteris-
tics of the tissue, one of the limitations of 3DE is the inability 
to accurately differentiate between calcium and normal tis-
sue if both are at the same distance from the probe, as both 
will appear with the same color. However, because 
 calcifications usually protrude into the left atrial cavity and 
they are relatively less mobile than normal tissue, they can be 

Fig. 8.10 Comparison of leaflet thickness as they are visualized with 
conventional two-dimensional echocardiography (Left panel, Video 
8.9a left) and 3DE (Right panel, Video 8.9b right). The reduced spatial 
resolution of 3DE visualize thicker leaflets than conventional two- 

dimensional echocardiography. AML anterior mitral leaflet, Ao aorta, 
Ch chordae tendineae, LA left atrium, LV left ventricle, LVOT left ven-
tricular outflow tract, PML posterior mitral leaflet

a b c

a b c

Fig. 8.11 Transesophageal 3DE showing a stenotic rheumatic mitral 
valve in an en face view from ventricular perspective (a). A left-to-right 
rotation of the data set allows the visualization the posteromedial com-

missure (arrow, b). A right-to-left rotation of the data set exposes the 
anterolateral commissure (arrow head, c) (Video 8.10)
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identified and their location and distribution in relation to the 
commissures can be appreciated [25] (Fig. 8.14).

 Leaflet Mobility and Pliability
Leaflet mobility can be well assessed and even scored by 
3DE, and it was shown to be a good predictor of successful 
percutaneous mitral balloon valvuloplasty [33].

Diastolic doming of the anterior mitral leaflet is a very 
common finding in rheumatic mitral valve stenosis. It is due 
to restricted motion of the leaflet tips due to commissural 
fusion. If the body of the leaflet is still more-or-less healthy 
and mobile it domes into the left ventricular cavity towards 
the septum (Fig. 8.8). But if the leaflets become fibrosed or 
calcified this doming decreases (Fig. 8.12). Thus, doming is 
a sign of leaflet pliability. 3DE does not add too much over 
two-dimensional echocardiography in the assessment of pli-
ability except if the doming was not symmetrical along the 
leaflet length.

 Sub-valvular Apparatus
Two-dimensional echocardiography was shown to underesti-
mate the subvalvular affection [35], while 3DE was used to 
assess and score the affection of the subvalvular apparatus 
with a good reproducibility [33] (Fig. 8.15, Video 8.13).

 Quantitative Assessment

 Residual Orifice Area Measurement
In patients with mitral stenosis, MV area can be calculated 
by plenty of methods e.g. the invasive Gorlin formula, pres-
sure half time, the continuity equation, proximal isovelocity 
surface area method, and the planimetry using either two- or 
3D imaging.

The invasively calculated Gorlin formula [36] has been 
considered the gold standard method for measuring residual 
orifice area.

Planimetry of the MV orifice was shown to be one the 
best methods to measure the residual orifice area as it is not 
affected by the hemodynamics [37]. However, the use of 
two-dimensional echocardiography to planimeter MV orifice 
area is limited to the availability of the parasternal window, 
is based on the assumption that the valve opens parallel to 
the long axis of the left ventricle and it is heavily operator 
dependent. It needs a skilled echocardiographer to make sure 
that the imaging plane is cutting exactly the narrowest MV 
orifice in diastole otherwise under and/or overestimation of 
the residual orifice area may occur.

There are many advantages in using 3DE to planimeter 
the mitral valve area: (1) it is independent on the approach 
(any acoustic window can be used, the only condition is that 

Fig. 8.12 Transesophageal 3DE showing a stenotic rheumatic mitral 
valve in an en face view from ventricular perspective (Video 8.11). The 
commissures are partially fused with the medial commissure (white 
arrow) being less involved than the lateral one. AML anterior mitral 
leaflet, LV left ventricle, LVOT left ventricular outflow tract, PML pos-
terior mitral leaflet, TV tricuspid valve

Fig. 8.13 Transesophageal 3DE showing a stenotic rheumatic mitral 
valve in an en face view from ventricular perspective. The commissures 
are completely fused (Video 8.12). AML anterior mitral leaflet, PML 
posterior mitral leaflet, TV tricuspid valve
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the MV is included in the data set); (2) the position and the 
orientation of the cut plane can be controlled in order to have 
it in the narrowest portion of the funnel created by mitral 
leaflets and oriented perpendicular to the opening axis of the 
stenosis (Fig.  8.16); (3) The planimetry can be performed 
either on the volume rendered image or on a two- dimensional 
cut plane obtained at the level of the narrowest orifice. The 

latter is preferred to avoid to trace on images in which there 
are structures at different depths and because the two- 
dimensional images are less dependent on the gain settings 
than volume rendering (Fig. 8.17, Video 8.14).

The 3DE planimetered MV area has been shown to be 
well correlated both with the one calculated invasively with 
the Gorlin formula [38], and to be superior to MV area pla-
nimetered using two-dimensional echocardiography as well 
as calculated with the pressure half-time method [38, 39].

 Mitral Valve Scoring
Echocardiographic assessment of MV apparatus in rheu-
matic mitral stenosis is pivotal to plan treatment and predict 
outcomes.

Rheumatic involvement of the MV apparatus includes 
progressive leaflet thickening and calcification, commissural 
fusions and/or calcification, cordal thickening, fusion and/or 
shortening. All of them contribute to the global narrowing of 
the MV orifice and the funnel shaped appearance of the MV 
apparatus [40].

Different scoring systems have been developed to assess 
the suitability of the rheumatic mitral stenosis for percuta-
neous mitral balloon valvuloplasty by evaluating and scor-
ing the MV leaflet mobility and flexibility, extent of leaflet 
thickening and calcification, subvalvular thickening and 
fusion, and extent of commissural fusion and calcification. 
The latter being one of the strongest predictors of outcome 
after percutaneous mitral balloon valvuloplasty as it affects 
the degree of commissural splitting [41]. Among the differ-
ent scoring systems, the most widely used is the Wilkins’s 
scoring system computed using two-dimensional echocar-
diography [42].

Fig. 8.14 Transesophageal 3DE showing the en face anatomically ori-
ented view of the mitral valve from the atrial perspective with calcifica-
tion spots (arrows) well seen near the posterior-medial commissure (left 
panel). Anatomical specimen of the mitral valve showing calcification 

spots (arrows) on the middle of the anterior mitral leaflet and around the 
posteromedial commissure (right panel). Courtesy of Dr. Marcel 
P. Harder, Consultant Cardiac Surgeon, Prince Sultan Cardiac Center, 
Al-Hassa, KSA

Fig. 8.15 Transthoracic 3DE obtained from the parasternal approach 
in a patient with severe mitral stenosis. Longitudinal cut plane showing 
thickened, fused and shortened chordae tendineae (Ch) (Video 8.13). 
AML anterior mitral leaflet, PML posterior mitral leaflet, Ao aortic 
valve, LA left atrium, LV left ventricle
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Anwar et al. [33] introduced a score obtained using 3DE to 
assess the patients with mitral stenosis before percutaneous 
mitral balloon valvuloplasty. This score includes the evalua-
tion of both mitral leaflets as well as the subvalvular apparatus. 
The 3DE score was shown to be feasible and highly reproduc-
ible with good interobserver and intraobserver agreement in 
the assessment of MV in patients with mitral stenosis [33]. 
Leaflet mobility and the involvement of the subvalvular appa-
ratus were found to be the best predictors of optimal percuta-
neous mitral balloon valvuloplasty results. High 3DE 
calcification score was associated with the incidence and 
severity of post-procedural mitral regurgitation (Table 8.1).

Following the general principles of the Wilkins’s score, 
the 3DE score was developed to include both MV leaflets as 

well as the subvalvular apparatus (Table 8.1). Each scallop of 
both MV leaflets was separately assessed and scored in terms 
of thickness, mobility, and calcification as follows: normal 
thickness and mobility were scored as 0; whereas abnormal 
thickness or restricted mobility was scored 1. Absence of cal-
cification was scored 0, whereas calcification in middle por-
tion (A2 or P2) was scored 1. Calcification of the commissural 
scallops of both leaflets (A1, A3, P1, and P3) was scored 2, 
because commissural calcification carries higher risk than 
middle scallop calcification.

The subvalvular apparatus was divided into three levels, 
proximal (at the valve level), middle, and distal (at the papil-
lary muscle level) and it assessed in terms of chordal thickness 
and separation. Normal chordal thickness was scored 0, 

Fig. 8.16 Multi-planar reformatting (MPR) mode during offline anal-
ysis of a full-volume obtained from a patient with stenotic rheumatic 
mitral valve. The blue plane is positioned at the tip of the thickened 
mitral leaflet perpendicular to the opening direction of the stenotic ori-

fice. Position and orientation of the blue plane is controlled in the two 
orthogonal longitudinal planes (red and green planes). The planimetry 
of the residual orifice area can be performed in the blue plane (left lower 
panel) where a transversal cut plane of the mitral valve orifice is shown
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whereas chordal thickening was scored 1. Normal chordal 
separation (distance in between >5 mm) was scored 0, partial 
chordal separation (distance in between <5 mm) was scored 1, 
and a score of 2 was given to absence of chordal separation.

Final 3DE score will be obtained by summing up the indi-
vidual scores of leaflets and subvalvular apparatus and it will 
range from 0 to 31 points. Mild MV involvement was defined 
as 3DE score <8, moderate MV involvement as 3DE score 
between 8 and 13, and severe MV involvement as 3DE score 
≥14 points [33].

 Non-rheumatic Mitral Stenosis

Other less common causes of mitral stenosis include con-
genital mitral stenosis which also shows diastolic doming of 
MV leaflets, and degenerative, calcific mitral stenosis. 
Unlike rheumatic mitral stenosis, degenerative, calcific 
mitral stenosis is characterized by marked mitral annular cal-
cification that encroaches on the bases of the mitral leaflets 
with a lesser effect on the leaflet tips causing no diastolic 
doming (Fig. 8.18, Videos 8.15a, 8.15b, and 8.15c).

Low gain setting Optimal gain setting High gain setting

Fig. 8.17 Effects of gain settings on mitral valve area planimetered on 
3DE volume rendered images. Top panel, the orifice is clearly delimited 
by leaflet margins that are at different depth in the data set whereas the 
planimetry occurs on a flat plane that cannot account for it (Video 8.14). 
Lower left panel, gain setting is too low (the left atrial wall almost dis-

appear) and a 36% overestimation of actual residual mitral valve orifice 
area occurred. Lower central panel, optimal gain setting allows the cor-
rect measurement of residual mitral valve orifice area (1.4 cm2); Lower 
right panel, gain setting is too high and a 21% underestimation of actual 
residual mitral valve orifice area occurred

Table 8.1 3DE score for the assessment of mitral stenosis

Anterior mitral 
leaflet

Posterior mitral 
leaflet

A1 A2 A3 P1 P2 P3
Thickness (0–6) 
(0 = normal, 1 = thickened)a

0–1 0–1 0–1 0–1 0–1 0–1

Mobility (0–6) (0 = normal, 
1 = limited)a

0–1 0–1 0–1 0–1 0–1 0–1

Calcification (0–10) (0 = no, 
1–2 = calcified)b

0–2 0–1 0–2 0–2 0–1 0–2

Subvalvular apparatus
Proximal 
third

Middle 
third

Distal 
third

Thickness (0–3) 
(0 = normal, 1 = thickened)

0–1 0–1 0–1

Separation (0–6) 
(0 = normal, 1 = partial, 
2 = no)

0, 1, 2 0, 1, 2 0, 1, 2

Modified from Anwar et  al. [33] with permission from Elsevier. 
Reprinted from Journal of the American Society of Echocardiography, 
Vol. 23/No. 1, Anwar AM, Attia WM, Nosir YF, Soliman OI, Mosad 
MA, Othman M, et al., Validation of a New Score for the Assessment of 
Mitral Stenosis Using Real-Time Three-Dimensional Echocardiography, 
pp. 13–22, © 2010, with permission from Elsevier
aNormal = 0, mild = 1–2, moderate = 3–4, severe ≥ 5
bNormal = 0, mild = 1–2, moderate = 3–5, severe ≥ 6
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Usually, the degenerative calcification involves the pos-
terior annulus, with minimal extension to leaflets and chor-
dae. Reduction of normal mitral annular dilatation during 
diastole and the addition of impaired anterior mitral leaflet 
mobility appeared to be possible mechanisms for the signifi-
cant functional stenosis. Transvalvular mean gradient is not 
the best marker of the severity of mitral stenosis because it 
is also influenced by other factors (heart rate, presence of 
regurgitation etc.). The values of mean gradient and systolic 
pulmonary artery pressure should be only supportive signs. 

Continuity equation method is an independent standard for 
measuring the effective MVA in degenerative MS, correlat-
ing well with invasive methods. Both two- and 3DE planim-
etry of residual orifice area have limitations, in regard to the 
irregularity and non planarity of the orifice due to calcifica-
tions (Fig. 8.18) [43].

To differentiate degenerative from rheumatic mitral ste-
nosis we have proposed four criteria: (1) presence of signifi-
cant transvalvular gradient; (2) circular mitral annular 
calcification with calcific involvement of the leaflets which 

Fig. 8.18 Degenerative, calcific mitral stenosis. Left upper panel, 
transesophageal two-dimensional long axis view showing the extensive 
calcification of the annulus involving the basal two thirds of the mitral 
leaflets (Video 8.15a Upper). Left lower panel, Transesophageal 3DE 
en face view of the mitral valve from the atrial perspective showing the 

massive calcifications of the annulus (black asterisks) narrowing the 
mitral valve orifice (Video 8.15b Left). Right lower panel, 
Transesophageal 3DE en face view of the mitral valve from the ven-
tricular perspective showing the normal opening of both the commis-
sures (white arrows) (Video 8.15c Right)
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are not thickened, (3) absence of commissural fusion; (4) 
absence of involvement of the subvalvular apparatus. 3DE is 
pivotal to assess the extent of calcifications, commissural 
and subvalvular apparatus involvement (Fig. 8.18).

 Percutaneous Mitral Balloon Valvuloplasty

In 1984, Inoue introduced his new balloon for percutaneous 
mitral commissurotomy [44]. His procedure showed a huge 
success rate (>95%) with very low hospital mortality rates 
[31], and became the first-line treatment for anatomically 
suitable symptomatic patients with severe rheumatic MV 
stenosis.

The detailed description of the procedural steps is 
beyond the scope of this book. In short, it starts with trans-
septal puncture through which the balloon catheter will be 
introduced into the left atrium. Then the balloon will be 
positioned across the stenotic mitral valve and the distal 
part of the balloon will be inflated and pulled back till it 
touches the ventricular side of the MV orifice. Finally, the 
proximal portion of the balloon will be inflated to split MV 
commissures. Then, echocardiography will be used to 
assess the results of the procedure by measuring the resid-
ual MV area and transvalvular gradients, and to identify 
complications if any.

Although many centers use fluoroscopy as the sole guid-
ing modality during percutaneous mitral balloon valvulo-
plasty, yet transesophageal two- 3DE has been shown to have 
an incremental value in different procedural steps.

Transeptal puncture can really be challenging in patients 
with previous transeptal puncture, cardiac surgery, mark-
edly dilated left atrium or in patients suffering from scolio-
sis. In those patients, transesophageal two- 3DE can give 
more confidence in determining the suitable puncture site 
and to avoid complications. However, two-dimensional 
transesophageal echocardiography has the inherent disad-
vantage of being a tomographic imaging technique and it is 
not uncommon for the echocardiographer to lose the view 
of the catheter if it moves few millimeters out of the very 
thin imaging plane.

Transesophageal 3DE was shown to have an incremental 
value over its two-dimensional counterpart during the tran-
septal puncture as it has the potential to shorten both the fluo-
roscopy time and radiation exposure. These results are due to 
the ability of 3DE to provide anatomically oriented en face 
view for the inter-atrial septum from the right atrial perspec-
tive to allow the interventionist to visualize the position of 
the puncture catheter and needle in relationship to the fossa 
ovalis, giving an easier and more confident reference com-
pared to fluoroscopy where the interventionist can only see 
the catheters [45].

RATLe-90 maneuver “Rotate Anti-clockwise Tilt Left 
for 90 degrees”, was described as a 3DE step-by-step 
approach to get the anatomically oriented view for the inter-
atrial septum from the right atrial perspective in order to use 
it for monitoring the transeptal puncture (Figs.  8.19, 8.20, 
and 8.21, Videos 8.16 and 8.17).

One of the challenges encountered with transesophageal 
3DE is the appreciation of the septal tenting, and that can 
be overcome with mild tilting of the 3D volume in order to 
be able to see the tenting point from a side [46] (Fig. 8.22, 
Video 8.18). For most of the cases, the preferred transeptal 
puncture site is the infero-posterior part of the fossa 
(Fig. 8.22).

The 3DE anatomically oriented view for the MV from the 
left atrial perspective, acquired in zoom mode, is usually 
optimum for monitoring and guiding the balloon positioning 
across the stenotic MV (Fig. 8.23, Video 8.19).

Although 3DE is not yet proven to shorten the time of this 
step, the anatomically oriented wide sector live images it 
provides are easily understood and create a common lan-
guage between the echocardiographer and the intervention-
ist. At the same time, 3DE has the potential to decrease the 
number of transesophageal probe manipulations needed to 
obtain the different views with two-dimensional echocar-
diography. Differently from two-dimensional echocardiog-
raphy, the 3DE wide sector live image will keep both the 
balloon and the catheter within the view field even if they 
swing from side to side within the left atrium.

Transesophageal 3DE can also help to monitor the behav-
iour of the inflating balloon within the MV orifice. However, 
this can often be done using two-dimensional or X-plane 
imaging in order to be able to visualize both the distal and 
the proximal parts of the balloon (Fig. 8.24, Video 8.20).

After balloon withdrawal, the echocardiographer will 
check the expected increase in the MV area, the increase in 
commissural splitting which is the main target of the proce-
dure, assess the presence and severity of mitral regurgitation 
if any, evaluate the mechanism of mitral regurgitation and 
exclude MV leaflet tear.

Transesophageal 3DE provides more accurate planimetry 
of residual MV orifice area using the multiplanar reformat-
ting compared with two-dimensional transesophageal in the 
immediate post-procedural setting [47].

Transesophageal 3DE was also shown to be more accu-
rate than either two-dimensional transesophageal echocar-
diography or intracardiac echocardiography to detect the 
presence and extent of MV leaflet tears [48] and to assess the 
extent of commissural splitting.

Assessment of commissural splitting using transesopha-
geal 3DE is also more superior than with two-dimensional 
transesophageal and it has an important prognostic value of 
the clinical success of the procedure [49] (Fig. 8.25).
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Fig. 8.19 RATLe-90 Maneuver; starting by 2D-mid-esophageal 90° 
bicaval view (a), activate the 3D-zoom mode. The zoom box should be 
optimized to include the openings of the superior vena cava (SVC), 
inferior vena cava (IVC), and aortic root (Ao), with enough depth to 
include the whole interatrial septum (IAS) from both atrial perspectives 
excluding extra atrial tissues (b). Then, acquiring this volume will give 
us a truncated volume with the SVC (arrow head) pointing to the right 
of the screen, IVC pointing to the left, left atrial perspective of the IAS 
is up, and right atrial perspective is down (c). Then we will rotate anti-

clockwise this volume for 90° around the z-axis to have the SVC point-
ing superiorly (arrow head) and the IVC pointing inferiorly (d). Then 
we will Tilt-Left this volume for 90° around the y-axis to have the ana-
tomically oriented en face view of the IAS from the right atrial (RA) 
perspective (e) (Video 8.16) [46]. Figure and video reproduced from 
Mahmoud HM, Al-Ghamdi MA, Ghabashi AE Anwar AM. A Proposed 
Maneuver to Guide Transseptal Puncture Using Real-Time Three- 
Dimensional Transesophageal Echocardiography: Pilot Study. Cardiol 
Res Practice. 2015;2015, Article ID 174051, 4 pages

Superior

Posterior Anterior

Inferior

Fig. 8.20 Reducing the gain will remove the noise and will allow clear 
identification of the right atrial structures, for example, superior (SVC) 
and inferior (IVC) vena cava opening, Eustachian valve (EV), coronary 
sinus (CS) opening, and aortic root (Ao). Further gain reduction will 
cause dropout artifact in the thin area of the fossa ovalis (arrow head) 
that will help determining its location to guide septal puncture (Video 

8.17) [46]. Figure and video reproduced from Mahmoud HM, 
Al-Ghamdi MA, Ghabashi AE Anwar AM. A Proposed Maneuver to 
Guide Transseptal Puncture Using Real-Time Three-Dimensional 
Transesophageal Echocardiography: Pilot Study. Cardiol Res Practice. 
2015;2015, Article ID 174051, 4 pages
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 Future Perspectives

 Measuring the Residual Orifice Area by 3DE

Neither two- nor 3DE planimetry methods takes the mitral 
commissures into account. Thus, if the commissures are not 
completely fused, the diastolic MV orifice will not be planar 
and underestimation of the MV area may occur by planime-
tering on a tomographic frame.

The Mitral Valve Navigation (MVN) software package 
(Q-Lab-10, Philips Medical Systems, Andover, USA) was 
originally dedicated to assess MV prolapse and/or flail in a 
systolic frame.

It has been reported that using MVN in a diastolic 
frame, that shows the maximum diastolic opening of the 
MV, with manual editing and tracing of the commissures 
and leaflet tips may provide a more accurate measure of 
the residual MV orifice area. Residual MV orifice area is 
reported by the software as the “MV MR orifice area” 

a b c

Fig. 8.21 Transesophageal 3DE anatomically oriented view of the 
interatrial septum from the right atrial perspective during guidance of 
transseptal puncture. The puncture catheter (asterisk) was introduced 
through the inferior vena cava (IVC) into the superior vena cava (SVC) 
(a). Then the catheter (asterisk) was pulled inferiorly and anteriorly 
towards the thin part of the interatrial septum (the arrow head points to 

the “fossa ovalis”) (b, c) [46]. Figure reproduced from Mahmoud HM, 
Al-Ghamdi MA, Ghabashi AE Anwar AM. A Proposed Maneuver to 
Guide Transseptal Puncture Using Real-Time Three-Dimensional 
Transesophageal Echocardiography: Pilot Study. Cardiol Res Practice. 
2015;2015, Article ID 174051, 4 pages

Tilt left along
The Y axis

a b

Fig. 8.22 Transesophageal 3DE anatomically oriented view of the 
interatrial septum (IAS) from the right atrial perspective during guid-
ance of transseptal puncture. The puncture catheter (arrow head) is tent-

ing (arrow) the IAS (a). With tilting the volume to the left along the Y 
axis, the tenting (arrow) could be clearly appreciated from the left atrial 
side (b) (Video 8.18). SVC Superior vena cava, Ao Aorta
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because MVN was originally developed to measure the 
mitral regurgitation gap in a systolic frame (Fig. 8.26).

Measurement of the residual MV orifice area by  
the MVN method was shown to be feasible and  

more correlated to the invasive Gorlin’s area than the 
3DE-planimetry method. This is the first method of cal-
culating the MVA that takes MV commissures into 
account [50].

a b c

d e f

Fig. 8.23 Transesophageal 3DE (zoom mode) anatomically oriented 
view of MV from the left atrial perspective showing serial images of the 
positioning of the balloon (arrow) inside the left atrium while crossing 

the stenosed MV (a–e), then during balloon inflation (f) (Video 8.19). 
LAA left atrial appendage

Fig. 8.24 Live/real-time 
transesophageal 3DE during 
balloon inflation. The 
simultaneous visualization of two 
orthogonal two- dimensional 
views (four- chamber, upper left 
panel, and bicommissural, lower 
left panel) together with the 
volume rendered en face view 
from the left atrium allows the 
full control of balloon 
positioning during inflation 
(Video 8.20). Ao aorta, B balloon, 
LA left atrium, LAA left atrial 
appendage, LV left ventricle, RA 
right atrium, RV right ventricle, 
TV tricuspid valve
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a b

Fig. 8.25 Transesophageal 3DE (3D-zoomed) anatomically oriented 
view of MV from the left atrium perspective showing (a) the MV dia-
stolic opening before balloon inflation, and (b) after balloon inflation 
where there is clear increase the diastolic opening with splitting of the 

lateral commissure (arrow), while the medial calcified commissure 
(arrow head) did not show significant splitting. LAA left atrial 
appendage

Fig. 8.26 Offline analysis of the 3D-TEE dataset using the Mitral Valve Navigation (MVN) software in a diastolic frame that shows the maximum 
diastolic opening of the MV with manual editing and tracing of the commissures and leaflet
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Degenerative Mitral Regurgitation

Wendy Tsang and Roberto M. Lang

Abstract
Degenerative mitral valve disease consists of a spectrum, 
with the mildest form recognized as fibroelastic defi-
ciency and the most severe form as Barlow’s disease. 
Both forms, through different mechanisms, result in 
thickened leaflet segments that prolapse and billow result-
ing in mitral regurgitation. These disease processes also 
lead to changes in mitral annular shape and function. 
Management of these diseases will differ depending on 
the extent of valve involvement. Most surgeons can surgi-
cally correct mild disease affecting a single P2 segment 
whereas complex disease affecting both the anterior and 
posterior leaflets or multiple segments requires an expert 
mitral valve surgeon. Three-dimensional echocardiogra-
phy helps determine the location and extent of the lesion. 
Parametric models are color-encoded topographic dis-
plays of mitral valve anatomy from three-dimensional 
echocardiographic images. These models improve assess-
ment of valve anatomy and provide quantitative measure-
ments that can be used to determine the etiology of the 
valve abnormality and can therefore be used to direct 
treatment. Three-dimensional echocardiography also 
improves quantification of mitral regurgitation severity. 
This is especially true for degenerative mitral valve dis-
ease where the regurgitant orifice is frequently eccentric 

resulting in an eccentric regurgitant jet. This is achieved 
by improving the calculation of the effective regurgitant 
orifice area with vena contracta area or proximal isoveloc-
ity surface area, and/or by measuring the true 3D anatom-
ical regurgitant orifice area. Overall, three-dimensional 
echocardiography improves diagnosis and management 
of patients with degenerative mitral valve disease.

Keywords
Mitral valve · Regurgitation severity quantification  
Barlow’s disease · Fibroelastic deficiency   
Mitral annulus anatomy · Mitral leaflet anatomy  
Degenerative mitral regurgitation

 Introduction

Degenerative or myxomatous mitral valve (MV) disease is 
the most common cause of mitral regurgitation in developed 
countries [1]. It is comprised of a spectrum of valvular 
involvement with its mildest form known as fibroelastic defi-
ciency and its’ most severe as Barlow’s disease (Table 9.1). 
In this chapter we will discuss the changes to valve and 
annular morphology with degenerative MV disease, quantifi-
cation of mitral regurgitation and present some cases.

 Mitral Valve Morphology

Valve morphology is greatly affected by the form of degenera-
tive MV disease that is present. With fibroelastic deficiency, 
there is an impairment in the production of connective tissue 
that affects the mechanical integrity of the MV leaflets and 
chords [3]. Typically a single leaflet segment is affected and 
due to the abnormalities in connective tissue structure and 
function, this leaflet segment is usually thickened and prolaps-
ing. The chordal structures attached to this segment are also 
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elongated and due to their tissue abnormality can suffer an 
acute loss of mechanical integrity resulting in chordal rupture 
with a flail leaflet (Fig. 9.1a). Thus, patients most commonly 
present in the sixth decade of life with a relatively short history 
of acute onset of symptoms from the rupture of a single mitral 
chordae tendineae with resulting mitral regurgitation.

In comparison, Barlow’s disease results from an abnor-
mal accumulation of mucopolysaccharides [3]. This myxoid 
infiltration leads to thick, bulky, redundant billowing leaflets 
and thick, elongated chordae. Thus, involvement of multiple 
segments of one or both leaflets is often seen on examination 
of the valve (Fig. 9.1b). As this is a chronic process, Barlow’s 
disease is usually diagnosed in young adulthood and patients 

are typically followed for many decades with well-preserved 
left ventricular size until indications for surgery are met in 
the fourth or fifth decade of life. Females are predominantly 
affected with Barlow’s disease.

The specific diagnosis of fibroelastic deficiency versus 
Barlow’s disease is often difficult to definitively determine by 
either the gross or histologic appearance of the MV. This is 
because degenerative MV disease is a spectrum and there 
may be an overlap of these forms. For instance, there is a 
forme-fruste of Barlow’s disease that may morphologically 
appear as fibroelastic deficiency [4]. Only histological exami-
nation may differentiate these valves. However, differentia-
tion is crucial in management of these patients for 

Table 9.1 Differences between Barlow’s disease and fibroelastic deficiency [2]

Differentiating characteristics Fibroelastic deficiency Barlow’s disease
Pathology Impaired production of connective tissue resulting 

in loss of mechanical integrity
Mucopolysaccharide accumulation resulting in 
excess leaflet tissue

Typical age of diagnosis >60 years old <40 years
Duration of disease Days to months Years to decades
Physical exam Holosystolic murmur Late systolic murmur

Midsystolic click
Leaflet Single segment involved

Involved segment is thick
Remaining leaflets are normal

Multiple segments involved
Thick, billowing leaflets

Chordae lesions Chordal elongation and chordal rupture Chordal thickening and elongation
Carpentier classification Type II Type II
Type of dysfunction Prolapse and/or flail Bileaflet prolapse
Complexity of valve repair Typically not complex Typically complex

Reprinted from Three-Dimensional Anatomy of the Aortic and Mitral Valves, Tsang W, Freed BH, Lang RM, in Valvular Heart Disease: A 
Companion to Braunwald’s Heart Disease, 4th Edition, Editors Otto CM, Bonow R, Philadelphia: Saunders Elsevier, 2014, 488 pages, with per-
mission from Elsevier

a b

Fig. 9.1 Three-dimensional transesophageal echocardiographic images of the mitral valve demonstrating fibroelastic deficiency (a) with P3 pro-
lapse and chordal rupture (red arrow) and Barlow’s disease (b) with bileaflet, multi-segmental prolapse and A2 segment flail (red arrows)
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surgeon-specific referral and determining the optimal surgical 
strategy, which affects post-operative outcome. As described 
previously, patients with fibroelastic deficiency typically have 
a single MV segment lesion. These can be repaired using 
simple techniques that can be performed by most cardiotho-
racic surgeons. Patients with Barlow’s Disease often have 
multi-segmental leaflet involvement, which requires an expert 
mitral valve surgeon to attain a successful repair. Poor pre-
surgical planning may lead to either unsuccessful repair or 
conversion to valve replacement with less favorable outcomes 
in patients with complex valvular disease [5, 6].

Three-dimensional echocardiography (3DE) can improve 
the ability to differentiate between forms of degenerative 
MV disease and has been demonstrated to be superior to 
two-dimensional echocardiographic (2DE) examinations [4, 
7–10]. 3DE not only improves accuracy of lesion localiza-
tion but is less operator-dependent, and more reproducible 
than 2DE at any expertise level. For instance, the use of 
transesophageal 3DE results in correct identification of the 
prolapsed segment in 92% of patients versus 78% of patients 
using transesophageal 2DE.

Parametric models transform the 3DE images of the MV into 
color-encoded topographic displays of mitral valve anatomy 
(Fig. 9.2). The color gradations on the parametric maps indicate 
the distance of the leaflet from the mitral annular plane toward 
the left atrium, which helps improve lesion localization diag-
nostic accuracy [9]. These maps also allow quantitation of MV 
parameters such as leaflet height and annular area, which have 
been used to differentiate Barlow’s disease from fibroelastic 
deficiency. 3DE quantification of billowing height with a cutoff 
value of 1.0 mm can differentiated between normal and MV 
prolapse without overlap, while 3DE billowing volume with a 
cutoff value of 1.15 mL can differentiated between Barlow’s 
disease and fibroelastic deficiency without overlap [8].

Regardless of the etiology of the MV disease, each dis-
ease process frequently results in one or more lesions. For 
example, degenerative diseases such as Barlow’s disease 
and fibroelastic deficiency result in multiple types of 
lesions including excess myomatous leaflet tissue, chordal 
elongation, thinning, and rupture that leads to mitral regur-
gitation. Instead of classifying this dysfunction as simply 
MV stenosis or regurgitation, the Carpentier classification 
scheme has been developed to aid in the surgical strategy 
based on the type of leaflet motion (Table  9.2) [11]. 
Patients with mitral annular dilatation or leaflet perfora-
tion usually have normal leaflet motion and are catego-
rized as Type I dysfunction. Type II dysfunction includes 
patients with prolapse (free edge of one or both leaflets 
overriding the plane of the annulus during valve closure) 
and flail (excessive motion of the leaflet margin above the 
plane of the annulus) due to excessive and redundant leaf-
let tissue or chordal rupture, respectively (Fig. 9.2). Leaflet 
restriction during valve closure due to fusion of various 
components of the MV apparatus is defined as Type IIIa 
dysfunction while leaflet restriction during valve opening 
resulting from leaflet tethering, is defined as Type IIIb dys-
function. In addition to the Carpentier classification, a 
modified version has been developed that accounts for sys-
tolic anterior motion of the leaflets (Type IVa) and hybrid 
conditions (Type V) [12].

It has been recognized that the Carpentier classification 
has many weaknesses. For instance, it neglects to include 
papillary muscle motion abnormalities in the list of lesions 
involved in MV disease [12]. As described above, 3DE 
improves assessment of the MV.  This allows a tailored 
approach rather than a standard approach in which a pre- 
established operation is performed according to the 
Carpentier classification system.

a b c d

Fig. 9.2 Three-dimensional parametric maps of the mitral valve demon-
strating (a) normal anatomy, (b) P3 flail scallop, (c) P2 and P3 prolapse, 
and (d) Barlow’s disease [9]. Reprinted from Journal of the American 
Society of Echocardiography, Vol. 24/Issue 8, Tsang W, Weinert L, 

Sugeng L, Chandra S, Ahmad H, Spencer K, et al., The Value of Three-
Dimensional Echocardiography Derived Mitral Valve Parametric Maps 
and the Role of Experience in the Diagnosis of Pathology, pp. 860–7, 
©2011, with permission from Elsevier
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 3DE Study of Mitral Valve Anatomy 
and Pathology of Degenerative  
Mitral Valve Disease

Unlike 2DE, which requires several views to examine the 
different scallops of the MV leaflets, 3DE provides a com-
prehensive assessment of the MV in one data set acquisition. 
The 3DE data set can be acquired from either a transthoracic 
or a transesophageal approach and, depending on the size of 
the data set, the patient’s characteristics (ability to cooperate, 
heart rhythm etc.) and the clinical scenario, either the zoom 
(single or multibeat) or the full volume (usually multibeat) 
modes could be used. Typically, a temporal resolution of 
around 10 vps is sufficient for qualitative assessment of path-
ological anatomy. For quantitative assessment of leaflet or 
annular function, 3DE data sets with temporal resolution that 
is greater than 20 vps are needed. The best spatial resolution 
(image quality) is usually obtained using the transesophageal 
approach because of the higher frequency of the transesoph-
ageal transducer and the close position of the MV to the 
probe. However, diagnostic images can be obtained from 
transthoracic images in patients with good acoustic window 
(Fig. 9.3, Videos 9.1a and 9.1b) and these transthoracic data 
sets are of sufficient quality to be used to plan the reparative 
strategy [13–15]. Indeed, transthoracic 3DE has been 
reported to be more accurate than transesophageal 2DE, 
when compared to surgical inspection of the MV. While the 
information provided by transesophageal 3DE is significant, 
it provides only a little additional informative content to 
transthoracic 3DE [16].

Using both the transthoracic and the transesophageal 
approach, it is important to select the smallest region of inter-
est that encompasses all the components of the MV apparatus 
in order to maximize both temporal and spatial resolution. The 
acquired data set is then cropped to visualize the mitral valve 
from the atrial perspective and rotated in order to show the 
aortic valve on top of the anterior leaflet, at about 12 o’clock. 
Using the en face view from the atrial perspective (also called 
“surgical view” because it is quite similar to the way the car-
diac surgeon visualizes the mitral valve after opening the left 
atrium), cleft-like indentations of the posterior leaflet, defined 
as visible tissue defect seen during systole, divide it into three 
scallops (P1, the lateral one, closest to the left atrial append-
age; P2, the central one; and P3, the medial one, closest to 
interatrial septum) (Fig. 9.4). Usually, the anterior leaflet does 
not have any indentations and the segments are identified as 
the portions of the anterior leaflet facing the corresponding 
scallop of the posterior leaflet. Both transverse (en face views) 
and longitudinal cut planes are used to localize and assess the 
extent of displacement of the various scallops (Fig. 9.5, Videos 
9.2a and 9.2b). At the beginning of the 3DE experience, it is 
useful to play the data sets of the MV at a slow speed or frame 
by frame to better identify the prolapsing scallops and chordal 
anatomy. Alternatively, the volume rendered data set can be 
sliced to obtain two-dimensional views at the level of the 
lesion in order to display it in a more comfortable two-dimen-
sional display (Fig. 9.6). Once the lesion has been identified, 
the data set can be played at normal speed to gain confidence 
in 3DE anatomy (Figs.  9.7, 9.8, 9.9, 9.10, 9.11 and 9.12, 
Videos 9.3, 9.4a, 9.4b, 9.5, 9.6, 9.7, and 9.8).

Table 9.2 Carpentier classification of mitral valve dysfunction with modification [12]

Type 1 Type 2 Type IIIA Type IIIB Type IVA Type V
Motion of leaflet 
margin

Normal Prolapse or flail Restricted leaflet 
opening

Restricted leaflet 
closure

Systolic anterior 
leaflet motion

Hybrid conditions

Associated disease 
processes

•  Chronic atrial 
fibrillation

•  Bacterial 
endocarditis

•  Degenerative 
disease (Barlow’s 
disease or 
fibroelastic 
deficiency)

•  Rheumatic 
disease

•  Myocardial 
infarction

•  Dilated 
cardiomyopathy

•  Hypertrophic 
cardiomyopathy

•  Post-mitral valve 
repair

•  Hemodynamic- 
induced (e.g. 
hypovolemia, 
tachycardia)

•  Combined 
rheumatic valve 
disease and 
infective 
endocarditis

Associated lesions •  Annular 
dilatation

•  Leaflet 
perforation

• Leaflet 
thickening
• Leaflet billowing
• Leaflet 
elongation
• Chordal 
thickening
• Chordal rupture

•  Commissure 
fusion

•  Leaflet 
thickening

•  Chordae 
thickening

•  Papillary 
displacement

•  Chordae 
tethering

•  Annular 
dilatation

•  Asymmetric 
septal 
hypertrophy

•  Anterior leaflet 
enlargement

•  Undersized 
mitral 
annuloplasty ring

•  Tethered, 
restricted small 
posterior leaflet 
with flail anterior 
leaflet

•  Anterior leaflet 
systolic anterior 
motion with flail 
or prolapsing 
posterior leaflet

Reprinted from Journal of the American Society of Echocardiography, Vol 24, No. 6, Shah PM, Raney AA, Echocardiography in Mitral 
Regurgitation with Relevance to Valve Surgery, pages 1086–1091, © 2011, with permission from Elsevier
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Fig. 9.3 Comparison of transthoracic and transesophageal 3DE visual-
ization of a flail P1 (white arrow) scallop with ruptured chordae using a 
volume rendered en face view of the mitral valve from the atrial per-
spective. Left panel, transthoracic 3DE acquisition from the apical 
approach (Video 9.1a Left). Right panel, transesophageal 3DE acquisi-
tion using zoom mode (Video 9.1b Right). Despite the fact that the 

transesophageal images have better spatial resolution (the thin ruptured 
chorda is clearly visualized) the pathological lesion was equally identi-
fied on the data set acquired from the transthoracic approach. Ao aorta, 
AML anterior mitral leaflet, LAA left atrial appendage, PML posterior 
mitral leaflet

Fig. 9.4 Segmentation of a normal mitral valve. The two indentations 
(white arrows) divide the posterior leaflet in three scallops. The one 
next to the anterior-lateral commissure (*, close to left atrial append-
age) is P1. The central one is P2. The one next to the posterior-medial 
commissure (^, close to interatrial septum) is P3. By analogy to poste-
rior leaflet and despite the absence of indentations, the portions of the 
anterior leaflet facing the corresponding ones on the posterior leaflet are 
named A1, A2, A3. Ao aorta, AML anterior mitral leaflet, LAA left atrial 
appendage, PML posterior mitral leaflet

 Mitral Annulus

The mitral annulus is a fibro-muscular ring to which the 
anterior and posterior mitral valve leaflets attach. It normally 
has a 3D saddle shape with its “lowest points” at the level of 
the valve commissures, which allows leaflet apposition dur-
ing systole and minimizes leaflet stress [17]. The annulus is 
a dynamic structure that needs to undergo 3D deformation in 
its circumference, excursion, curvature, shape, and size to 
maintain proper function [4, 18–21]. The posterior portion of 
the annulus is less developed due to the discontinuity of the 
fibrous skeleton in this region and is therefore susceptible to 
pathologic dilatation [22].

Volumetric 3DE quantification in patients with degenera-
tive MV disease has determined that as the annulus enlarges 
it loses its 3D saddle shape [23, 24]. Specifically, patients 
have larger annular dimensions during diastole and annular 
dimensions fail to change during systole. This combination 
of annular enlargement and distortion is thought to be one of 
the driving forces for valve incompetence in patients with 
degenerative MV disease [24]. This has led to the develop-
ment of multiple types of annuloplasty rings for use in MV 
repair. 3DE has been used to demonstrate that the rigidity of 
these rings may affect the restoration of normal annular 
function after MV repair surgery [25]. For instance post- 
repair surgery, the annulus is smaller but continues to lack 
systolic saddle-shape accentuation [26].
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Fig. 9.5 Use of different cut planes to assess the functional anatomy of 
mitral valve in a patient with Barlow’s disease. Left panel, volume ren-
dered en face view from the atrial perspective of a transesophageal 3DE 
data set of the mitral valve (Video 9.2a Left). A cleft-like indentation of 

the posterior leaflet is present in P2 (arrow). Right panel, volume ren-
dered longitudinal cut plane at A2-P2 level (Video 9.2b Right). LA left 
atrium, LV left ventricle, Ao aorta, AML anterior mitral leaflet, LAA left 
atrial appendage, PML posterior mitral leaflet

Fig. 9.6 Slicing of a 3DE data set to obtain two-dimensional views of 
a lesion. The flailing P1 (F), visualized on the volume rendered image 
(left upper panel, Video 9.1b, Right) has been sliced into two longitudi-
nal tomographic views to appreciate the flail in a more conventional 
manner for novice 3DE interpreters/operators. The orientation of the 

tomographic views is shown on the volume rendered images with two 
lines: the white line corresponding to the view in the white (right upper) 
panel, and the yellow one, corresponding to the yellow (left lower) 
panel (FlexiSlice®, GE Vingmed, Horten, NO)
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Fig. 9.7 Volume rendered en face view from the atrial perspective of a 
transesophageal 3DE data set of the mitral valve in a patient with P2 P3 
prolapse (*) and ruptured chords (arrow) (Video 9.3). Ao aorta, AML 
anterior mitral leaflet, LAA left atrial appendage, PML posterior mitral 
leaflet, TV tricuspid valve

Fig. 9.8 Volume rendered transthoracic 3DE data set of the mitral 
valve in a patient with P2 flail (*) and ruptured chords (arrow). Left 
panel, en face view from the atrial perspective (Video 9.4a Left). Right 

panel, Longitudinal cut plane at the level of A2-P2 (Video 9.4b Right). 
TV tricuspid valve, Ao aorta, LA left atrium, LAA left atrial appendage, 
LV left ventricle

Fig. 9.9 Volume rendered transesophageal 3DE data set of the mitral 
valve in a patient with P2 flail (*) and multiple ruptured chords (arrow) 
(Video 9.5). Ao aorta, LAA left atrial appendage
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Fig. 9.10 Volume rendered transesophageal 3DE data set of the mitral 
valve in a patient with ruptured chords (arrow) and a cleft-like indenta-
tion (#) splitting a large P2 prolapse (*) (Video 9.6). Ao aorta, LAA left 
atrial appendage

Fig. 9.11 Volume rendered transesophageal 3DE data set of the mitral 
valve in a patient with A2 flail (*) and multiple ruptured chords (arrow) 
(Video 9.7). TV tricuspid valve, Ao aorta, LAA left atrial appendage

Fig. 9.12 Volume rendered transesophageal 3DE data set of the mitral 
valve in a patient with Barlow disease, medial commissural flail (*) and 
multiple ruptured chords (Video 9.8). PV pulmonary vein, Ao aorta, 
LAA left atrial appendage

 Assessment of Regurgitation Severity

Assessment of mitral regurgitation severity is critical in the 
management of patients with degenerative MV disease. Current 
guidelines recommend the use of quantitative methods such as 

effective regurgitant orifice area, regurgitant volume and regur-
gitant fraction. These guidelines have provided cut-off values 
for the determination of the presence of severe regurgitation 
(Table 9.3) [27]. It must be noted that in previous guidelines, 
there was a difference in cut-off values between secondary 
mitral regurgitation, where degenerative mitral valve disease 
would be classified, and primary mitral regurgitation.

The leaflet and chordal changes in degenerative MV dis-
ease result in effective regurgitant orifice areas, vena con-
tracta area, proximal isovelocity surface areas, and anatomical 
regurgitant surface areas with complex 3D geometry. While 
2DE methods are recommended for quantitation of mitral 
regurgitation, these 2DE methods fail to account for the com-
plex 3D geometry of the mitral orifice or of the regurgitant jet 
due to its planar nature. 3DE improves the assessment of 
mitral regurgitation by improving the calculation of the effec-
tive regurgitant orifice area with vena contracta area or proxi-
mal isovelocity surface area and by measuring the true 3D 
anatomical regurgitant orifice area (Table 9.4) [28].

 3D Vena Contracta Area

Degenerative MV disease often results in eccentric regurgi-
tant jets with asymmetric vena contracta areas, which are 
better assessed by 3DE. 3DE has demonstrated that less than 
10% of patients have truly circular vena contracta areas. This 
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Table 9.3 Quantitative assessment of severe mitral regurgitation

Parameter Primary mitral regurgitation Secondary mitral regurgitation
Vena contracta ≥0.7 cm Not recommended
Effective regurgitant orifice area ≥0.4 cm2 ≥0.2 cm2

Regurgitant volume ≥60 mL ≥30 mL
Regurgitant fraction 0% ≥50%

Table 9.4 Strengths and weaknesses of 3DE quantitative assessment of mitral regurgitation

2DE weakness 3DE strengths 3DE weakness
Vena 
Contracta

•  Degenerative mitral leaflets 
form an asymmetric jet 
resulting in a non-circular vena 
contracta

•  True cross- sectional vena contracta 
measurement

•  Multi-planar, cross-sectional width 
assessment

•  Direct measure of effective regurgitant orifice 
area avoiding geometric assumptions

•  More accurate and reproducible

•  Requires proper selection of the systolic 
frame

•  Displayed area is affected by user settings
•  Poor correlation with mild regurgitant flows
•  3DE color Doppler limitations (limited 

spatial and temporal resolution, risk of 
stitch artifact)

Proximal 
isovelocity 
surface 
area

•  Asymmetric orifice formed by 
the degenerative mitral valve 
leaflets results in non-
hemispheric proximal 
isovelocity surface area

•  Convergence is non- hemispherical
•  More accurate assessment of radius without 

geometric assumptions

•  Greater Doppler angle dependence defines 
the lateral margins of the isovelocity 
surface area

•  Not validated for multiple jets
•  Requires significant off-line processing
•  3DE color Doppler limitations (see above)

Regurgitant 
orifice area

•  Degenerative mitral valve 
leaflets result in asymmetric, 
non-planar anatomic orifice

•  Direct en face visualization of the mitral 
valve regurgitant orifice

•  Can be measured in real-time

•  Requires proper selection of the systolic 
frame

Stroke 
volume

•  Integration of flow velocities throughout the 
entire cardiac cycle

•  More accurate and reproducible

•  Not valid with concomitant valvular disease 
or intra-cardiac shunting

explains why 2DE single-plane vena contracta width mea-
surements underestimate effective regurgitant orifice area 
[29]. Where the 2DE cut-plane passes through the vena con-
tracta determines the vena contracta width. If the vena con-
tracta area is asymmetrical, then it will be wider in some 
views than in others (Fig. 9.13). 3DE allows direct visualiza-
tion and measurement of the vena contracta area, which has 
been demonstrated to be not only reliable but also accurate 
[30]. Comparisons of vena contracta area measured by 3DE 
to various 2D quantitative parameters have consistently 
reported that accuracy and reproducibility for MR severity is 
superior with 3DE vena contracta area measurements [31–
33]. Measurement of 3DE vena contracta area is performed 
from an en face cut plane (Fig. 9.13), which has been shown 
to classify mitral regurgitation severity comparable to rec-
ommended 2DE integrative method [30]. A 3DE vena con-
tracta area cutoff of 0.41  cm2 is 82% sensitive and 97% 
specific in differentiating moderate from severe mitral regur-
gitation, regardless of whether the mitral regurgitation etiol-
ogy is ischemic or degenerative [31].

 3D Proximal Isovelocity Surface Area

The 2DE based formula used to calculate effective regurgi-
tant orifice area assumes that the proximal flow conver-

gence region is hemispherical and that the regurgitant 
orifice is circular and flat. However, an asymmetric regur-
gitant orifice area is commonly present in degenerative 
mitral valve disease patients, which results in a non-
hemipherical proximal flow convergence region [34]. 
Three-dimensional computational fluid dynamics models 
have demonstrated that the convergence region becomes 
spheroidal (flattened) near the orifice and ellipsoidal (elon-
gated) farther from the orifice in asymmetric orifices [34]. 
Thus, the use of a formula, which assumes an underlying 
hemispheric shape to calculate effective regurgitant orifice 
area, is inherently inaccurate. By substituting hemi-ellip-
soidal formulas into 2DE formulas for calculating effec-
tive regurgitant orifice area, more accurate estimations of 
effective regurgitant orifice area have been demonstrated 
[35, 36].

The use of multi-planar reconstruction techniques to 
obtain the largest radius of the proximal isovelocity sur-
face from a 3DE color Doppler dataset can also improve 
the accuracy in calculating effective regurgitant orifice 
area. While this method improves effective regurgitant ori-
fice area assessment, it still relies on geometric assump-
tions regarding the proximal flow convergence region. 
These assumptions can be avoided by directly measuring 
the area of the proximal isovelocity surface from the 3DE 
dataset [35, 37].
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 3D Anatomic Regurgitant Orifice Area

In patients with degenerative MV disease, 3D anatomic 
regurgitant orifice area measurement may provide a reason-
able alternative to determine the severity of mitral regurgita-
tion over 2DE planimetry of the effective regurgitant orifice 
area [38]. There are several methods for determining the ana-
tomic regurgitant orifice area (Fig. 9.14). One method requires 
manual tracing of the leaflet edges within a 3DE data set. This 
method demonstrates good correlation with 2DE proximal 
isovelocity surface area-derived effective regurgitant orifice 
area but with better reproducibility [38]. Another method that 
does not fully account for the 3D shape of the anatomic regur-
gitant orifice area is to use multi-planar analysis of the 3DE 
dataset of the MV to identify the anatomic regurgitant orifice 
area and obtain a planar measurement [39].

 3D Mitral Inflow and Left Ventricular Outflow 
Tract Stroke Volume

An alternative to estimating the effective regurgitant orifice 
area or measuring the anatomic regurgitant orifice area in 
patients with degenerative MV disease is to determine mitral 
regurgitation severity by quantitating the regurgitant volume. 
This eliminates the need to assess the complex geometry of 
the degenerative MV orifice area and resultant jet. 3DE is 
superior to 2DE in obtaining regurgitant volume because it 
allows stroke volume quantification without geometric or 
flow profile assumptions, or reliance on single plane mea-
surements. This technique uses 3DE color Doppler data 

within a region of interest to calculate the stroke volume 
(Fig.  9.15). Studies have demonstrated the accuracy of 
3D-derived left ventricular outflow and mitral inflow stroke 
volume measurements [40, 41]. A different method for quan-
tifying MV regurgitant volume uses a single transthoracic 
3DE volume data set to obtain both 3D-derived left ventricu-
lar outflow and mitral valve inflow stroke volumes [42]. 
Publications on this method reported that left ventricular out-
flow and mitral valve inflow stroke volume measurements, 
using real-time 3DE, were significantly more accurate and 
reproducible than those obtained with 2DE.  Additionally, 

CC view AP view VCA

Fig. 9.13 Multi-planar analysis of mitral regurgitation from a three- 
dimensional color Doppler dataset. The true cross-sectional vena con-
tracta area can be measured from the en face plane (blue plane) 
identified using orthogonal cut planes (green, red and blue planes). 

Note the difference in vena contracta width between the green plane 
(CC view) and the red plane (AP view). CC commissure-to- commissure, 
AP anterior-posterior

Fig. 9.14 Three-dimensional parametric map of the mitral valve dem-
onstrating the non-planar, asymmetric anatomic regurgitant orifice (red 
outline) in a patient with P2 leaflet prolapse. Upside down A anterior
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this technique was highly feasible and post-processing data 
required less than one minute.

 Limitations of 3D-Derived Quantitative 
Measurements for MR

While there are advantages to using 3DE to assess degenera-
tive MV disease regurgitation severity, there are still limita-
tions for each technique. 3DE-derived vena contracta area is 
subject to color Doppler gain settings and is also dependent 
on the proper selection of the systolic frame, which affects 
measurement accuracy and reproducibility [43]. Proximal 
isovelocity surface area still requires significant off-line pro-
cessing and is not practical in a busy clinical setting. While 
3D proximal velocity flow convergence is angle-indepen-
dent, the lower temporal resolution of 3DE color Doppler 
might affect proper selection of the largest flow convergence 
region. Anatomic regurgitant orifice area also requires proper 
selection of the systolic frame and is limited by the relatively 
poor temporal resolution of 3DE. 3D mitral inflow and left 
ventricular outflow tract stroke volume holds great promise, 
but this method still requires further validation in patients 
with mitral regurgitation.

 Anatomy

All assessments of degenerative mitral regurgitation should 
include assessment of mitral valvular and sub-valvular anat-

omy, left ventricular function and left atrial size. Severe 
mitral regurgitation rarely occurs in the presence of a normal 
mitral apparatus and left ventricular structure. Changes to 
left ventricular function and left atrial size also allow deter-
mination of mitral regurgitation chronicity and the severity 
of changes to the left ventricle and atrium have been associ-
ated with poorer outcomes [44–47]. Thus, it has been recom-
mended that patients with left ventricular ejection fraction 
≤60% be considered for surgery [27]. 3DE has been demon-
strated to have superior accuracy and reproducibility in the 
assessment of left ventricular and left atrial volumes and 
should be used to follow patients if possible [48–50].

 Cases

 Case 9.1

A 63-year-old male presented with acute shortness of breath. 
He has previously been well. His past medical history was 
significant for hypertension, atrial fibrillation and smoking. 
On examination he was found to be tachypneic. His heart 
rate was irregular ranging between 110 and 131 bpm. Oxygen 
saturation was 80% on RA and improved to 95% with oxy-
gen supplementation. Blood pressure was 150/85  mmHg. 
Jugular venous distension was present and auscultation 
revealed a 4/6 apical holosystolic murmur that radiated to the 
axilla.

Transthoracic echocardiography was performed and dem-
onstrated the presence of a flail leaflet with an eccentric jet of 

a b

Fig. 9.15 3DE measurement of the regurgitant volume. (a) 
Visualization of volume color Doppler across the LVOT during Systole. 
The summarized report displays inflow and outflow stroke volume with 
the derived regurgitant volume and fraction. Cardiac Output is also dis-
played. The orange, curve on the graph above the baseline, represents 
the integrated velocities of the orange disc (mitral inflow) tracked over 
three cardiac cycles. The yellow curve, on the graph below the baseline, 
represents the integrated velocities of the yellow (outflow) disc tracked 
over three cardiac cycles. The Inflow–Outflow difference is less than 
10 mL and is representative of normal flow without mitral regurgitation. 

(b) Visualization of volume color Doppler across the LVOT during sys-
tole with reverse flow into the left atrium. The summarized report dis-
plays inflow and outflow stroke volume with the derived regurgitant 
volume and fraction. Cardiac Output is also displayed. The orange, 
curve on the graph above the baseline, represents the integrated veloci-
ties of the orange disc (mitral inflow) tracked over three cardiac cycles. 
The yellow curve, on the graph below the baseline, represents the inte-
grated velocities of the yellow (outflow) disc tracked over three cardiac 
cycles. The Inflow–Outflow difference is above 40  mL considered 
severe mitral regurgitations
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severe mitral regurgitation (Fig. 9.16). The left atrium was 
dilated and left ventricular function was normal. 
Transesophageal echocardiography was subsequently per-
formed in preparation for surgery. This demonstrated P2 seg-
ment flail and prolapse of P2 and P3 on two-dimensional 
(Fig. 9.17) and three-dimensional (Fig. 9.18) interrogation of 
the mitral valve. From the two-dimensional echocardio-
graphic images, a complex, multidirectional eccentric wall 
hugging jet is appreciated. The three-dimensional parametric 
models demonstrate the asymmetric shape of the regurgitant 
orifice that resulted in this jet. At the time of surgery, the 
echocardiographic findings were confirmed.

This patient has Barlow’s disease with chronic mitral 
regurgitation and an acute rupture of the chord of the P2 
segment of his posterior leaflet resulting in mitral regurgita-
tion. The increased left atrial size suggests some chronicity 
under his acute presentation. The transthoracic and trans-
esophageal two-dimensional echocardiogram allow identifi-
cation of the mitral leaflet pathology. However, the 

three- dimensional transesophageal echocardiogram simpli-
fies identification of the lesion and increases the apprecia-
tion for the mechanism for the complexity of the jet. From 
the two- and three-dimensional echocardiographic images, 
the prolapse is mainly located to the P2 segment with some 
P3 segment involvement. The parametric model also reveals 
that the saddle shape of the mitral annulus is relatively 
preserved.

Three-dimensional modeling of the mitral valve reported 
a prolapse height of 12.2  mm and a prolapse volume of 
5.7  mL.  The prolapse height is greater than 1  mm, which 
confirms that this is degenerative mitral valve disease and the 
prolapse volume is greater than 1.2 mL suggests that this is 
Barlow’s disease. While the age and acuteness of symptoms 
at presentation would have suggested fibroelastic deficiency, 
the combination of chronicity suggested by left atrial enlarge-
ment with atrial fibrillation and the multi-segmental involve-
ment resulting in a significant prolapsing volume are more 
consistent with Barlow’s disease.

a b c

d e f

Fig. 9.16 Transthoracic two-dimensional echocardiographic images 
demonstrating a posterior mitral leaflet flail in the parasternal long axis 
views (a, b). An eccentric, wall-hugging jet of severe regurgitation 

accompanied the valve abnormality (c). In the apical 4- and 3-chamber 
views, the flail leaflet can also be seen (d, e) as can the regurgitant jet (f)
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0º 60º 90º 130º

Fig. 9.17 Transesophageal two-dimensional echocardiographic images of the mitral valve at 0°, 60°, 90° and 130°, demonstrating that the poste-
rior flail involves segment P2. There is prolapse of segments P2 and P3

a b c

d e f

Fig. 9.18 These images display peak systolic transesophageal three- 
dimensional echocardiographic volumes with an embedded mitral 
valve models (a–c) and parametric mitral valve models (d–f) rotated 
from a left atrial posterior tilt perspective (a, d), to a left atrial en-face 

perspective (b, e) and a left atrial anterior tilt perspective (c, f). They 
demonstrate both the location and severity of the prolapse/flail segment. 
As well, the left atrial anterior tilt perspective of the parametric model 
allows us to appreciate the asymmetric nature of the regurgitant orifice

9 Degenerative Mitral Regurgitation
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Fig. 9.19 Transthoracic two-dimensional echocardiographic images 
demonstrating a bileaflet mitral valve prolapse with a flail segment in 
the parasternal long axis views (a). An eccentric jet of severe regurgita-
tion accompanied the abnormality (b). While the degree of prolapse and 

leaflet involvement is not well appreciated on the apical 4-, 2- and 
3-chamber views (c–h), the eccentricity of regurgitant jet is clearly 
demonstrated

 Case 9.2

A 55-year-old male presents with shortness of breath. His 
shortness of breath has been worsening over a period of 4 
months. His past medical history was significant for a mur-
mur that had been present for many years. On examination 
his heart rate was regular at 86  bpm. Oxygen saturation 
was 96% on RA and blood pressure was 135/80 mmHg. 
Jugular venous distension was present and auscultation 
revealed a 4/6 apical holosystolic murmur that radiated to 
the axilla.

Transthoracic echocardiography was performed and dem-
onstrated the presence of a bileaflet mital valve prolapse result-
ing in an eccentric jet of severe regurgitation (Fig. 9.19). The 
left atrium was dilated and left ventricular function was nor-
mal. Transesophageal echocardiography demonstrated multi-
segmental mitral leaflet thickening and prolapse (Fig.  9.20) 
with a gap along the P1-P2-A1-A2 leaflets resulting in an 
eccentric jet of severe mitral regurgitation. These finding were 
more easily demonstrated with three- dimensional echocar-
diography (Fig. 9.21). The three- dimensional parametric mod-
els allow easy appreciation of the regurgitant orifice.

This patient has Barlow’s disease resulting in chronic 
mitral regurgitation. The chronic mitral regurgitation results 

in increased left atrial size. The transthoracic and trans-
esophageal two-dimensional echocardiogram demonstrate 
multi-segmental thickening and prolapse of the mitral valve. 
The three-dimensional transesophageal echocardiogram 
allows identification of the flail segment with resulting regur-
gitant orifice.

The three-dimensional model reveals that the mitral 
annulus is enlarged and that the normal saddle shape has 
been lost. Three-dimensional modeling of the mitral valve 
reported a prolapse height of 16 mm and a prolapse vol-
ume of 20 mL. While the valve clearly appears myxoma-
tous, the measurements from the model confirm these 
findings.

 Summary

Overall, 3DE has improved our quantification of mitral valve 
anatomy and regurgitation severity in patients with degener-
ative mitral valve disease. While there are limitations, it is a 
methodology that will continue to improve with future hard-
ware and software developments. As well, automation of 
analysis and integration into echocardiographic carts will 
allow it to be integrated into clinical practice.
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0º 60º 90º 130º

Fig. 9.20 Transesophageal two-dimensional echocardiographic images of the mitral valve at 0°, 60°, 90° and 130°, demonstrating bileaflet myo-
matous disease with a flail segment involving the A2 segment

a

b c

d e

Fig. 9.21 A peak systolic transesophageal three-dimensional volume 
rendered image of the mitral valve demonstrating the bileaflet prolapse 
with ruptured chords (a, arrows). Images (b, c) are of three-dimensional 
volume rendered images of the mitral valve with embedded mitral valve 
models. Image (b) is viewed en face from the left atrial perspective and 
image (c) is rotated leftward for a profile view. The corresponding para-

metric mitral valve models are displaced in images (d, e). These images 
demonstrate the severity and extent of the bi-leaflet prolapse. The mitral 
annulus is enlarged and in the profile shot, the loss of the normal saddle 
shape is revealed. The parametric maps help localize the origin of the 
regurgitant jet given the extent of disease. It also allows us to appreciate 
the asymmetric nature of the regurgitant orifice
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Functional Mitral Regurgitation

Timothy C. Tan, Xin Zeng, and Judy Hung

Abstract
Mitral valve regurgitation is one of the most common 
valve lesions. Clinical decision making for mitral regur-
gitation depends on accurate assessment of the mecha-
nism and quantitation of mitral regurgitation. The 
mechanism of mitral regurgitation in a significant pro-
portion of patients especially in the developed countries 
is functional. The mechanism underlying functional 
mitral regurgitation is due to left ventricular dilation. 
Furthermore, as functional mitral regurgitation is by 
nature a dynamic problem, accurate assessment of sever-
ity can be challenging. Echocardiography which enables 
real time imaging of the heart is the primary imaging 
modality in the diagnosis and assessment of functional 
mitral regurgitation. Important information can be 
obtained from a systematic echocardiographic assess-
ment of the whole mitral apparatus and the underlying 
ventricular myocardium. Due to the complex spatial and 
dynamic pattern of flow across the mitral valve in 
patients with functional mitral regurgitation, obtaining 
accurate flow quantification using standard two-dimen-
sional measures can be challenging. Three-dimensional 
echocardiographic techniques have been successful in 
overcoming some of the inherent geometric limitations 
of two-dimensional imaging. This chapter outlines the 
key aspects of functional mitral regurgitation and 

includes an overview of the anatomy of the mitral valve 
in the context of functional mitral regurgitation and 
standard flow measures as assessed using two- and three 
dimensional echocardiography.

Keywords
Mitral regurgitation · Functional · Ischemic  
Echocardiography · Severity · Three-dimensional 
echocardiography

 Introduction

Mitral valve regurgitation is one of the most common valve 
lesions, representing nearly one-third of acquired left-sided 
valve pathology [1, 2]. This constitutes a significant disease 
burden considering that the prevalence of significant regurgi-
tation (moderate to severe and severe) in the general popula-
tion has been estimated at 2–3% and predicted to become 
increasingly more prevalent as the population ages [2]. 
Mitral regurgitation can arise from abnormalities in the func-
tion of the mitral valve which can be broadly classified into 
mitral regurgitation due to pathology or damage to the mitral 
valve leaflets or the associated valvular structures (primary 
mitral regurgitation); or mitral regurgitation due to left ven-
tricular (LV) dilation resulting in failure of coaptation of the 
mitral valve leaflets without coexisting structural abnormali-
ties of the valve or its associated valvular apparatus (func-
tional mitral regurgitation, FMR). FMR, or secondary mitral 
regurgitation, makes up a large proportion of the cases of 
mitral regurgitation and has been independently associated 
with poor long-term survival, excessive morbidity and mor-
tality. Hence, timely diagnosis and accurate grading of the 
severity of FMR are critical for appropriate patient manage-
ment, particularly timing of surgical intervention [3–8]. 
Population studies also indicate that the incidence of FMR is 
expected to increase due to predicted demographic changes, 
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progressively higher and longer survival to acute and chronic 
cardiac diseases affecting LV geometry and function. Factors 
such as an aging population and greater life expectancy, are 
expected to contribute to an increase in the incidence of isch-
aemic heart disease and dilated cardiomyopathy (the two 
most common causes of FMR) [2, 3].

FMR essentially results from failure of systolic coapta-
tion of the mitral valve leaflets due to pathology affecting the 
LV. Most typically, the initiating insult relates to ventricular 
remodeling following myocardial infarction or ischemia, or 
dilated non-ischemic cardiomyopathy. Up to 40% of patients 
with heart failure caused by dilated cardiomyopathy are esti-
mated to go on to develop FMR [9, 10]. Symptoms arising 
from FMR typically progresses slow and also often ends in 
contributing towards irreversible LV dysfunction.

 Pathophysiology of Functional Mitral 
Regurgitation

FMR results from an altered force balance between tethering 
forces on the mitral leaflets from ventricular dilation and 
decreased closing forces (Fig. 10.1). With adverse LV remod-
eling that occurs with myocardial infarction or cardiomyopa-
thy, the myocardium underlying the papillary muscles dilates 
and the mitral leaflets are pulled apically into the LV as a 
consequence of the outward displacement of the papillary 
muscles resulting from LV dilation. This results in increased 
tethering forces on the mitral leaflets resulting in incomplete 
mitral leaflet closure. Closing forces generated from LV con-
traction which act to close the leaflets are typically dimin-
ished in setting of LV cardiomyopathy and contribute to 

development of FMR [11]. FMR has also been proposed to 
occur in LV dyssynchrony. In this instance, the mechanism is 
believed to be due to a combination of reduced closing force 
and discoordination of contraction of the papillary muscles, 
which results in dynamic tethering of the leaflets [12].

 Mitral Valve Anatomy and the Underlying 
Mechanism of Functional Mitral 
Regurgitation

To understand the underlying pathophysiology associated with 
FMR and to diagnose FMR require an understanding of the nor-
mal mitral valve anatomy. This is important as treatment 
approaches are different in patients with primary versus FMR. In 
the case of primary mitral regurgitation, treatment strategies will 
target the mitral valve as opposed to FMR where the target strat-
egies will predominantly be focused on the left ventricle. The 
anatomic structure of the mitral valve apparatus is complex and 
is composed of several components working in synchrony to 
open during diastole and close in systole effectively within the 
high-pressure systemic environment (see also Chap. 7). 
Essentially, the mitral valve is comprised of: (1) annulus, (2) 
leaflets, (3) chordae tendinae, and (4) papillary muscles. These 
will now be individually examined in the context of FMR.

 Mitral Annulus

The mitral annulus is the anatomical poorly defined junc-
tional zone, which separates the left atrium and left ventricle, 
to which the mitral leaflets are attached. It is oval in shape 
with the intercommissural diameter being larger than the 
anteroposterior diameter (Fig. 10.2). There is evidence that 
the mitral annulus is not simply a rigid fibrous ring but is pli-
able, and has been shown to undergo dynamic changes in 
shape and area throughout the cardiac cycle. Three- 
dimensional echocardiography (3DE) has revealed that the 
mitral annulus adopts a non-planar saddle-shape (Fig. 10.3). 
The anterior portion of the mitral annulus, which continuous 
with the aortic annulus, serves as the highest point (most 
atrial) of the mitral annulus and is more fibrous compared to 
the rest of the annulus, thus less prone to dilatation. On the 
other hand, the posterior annulus, which comprises of the 
remaining two-thirds of the annulus is more muscular, 
includes the low points of the saddle close to the lateral and 
medial commissures which are more loosely anchored to the 
surrounding tissue, hence able to move more freely with 
myocardial contraction and relaxation [13]. The posterior 
annulus is often the part of the mitral annulus, which dilates 
with significant mitral regurgitation, and is more prone to cal-
cification [14]. The dynamic pliable nature of the mitral annu-

LV Contractility

Systolic annular contraction

Synchronous activation of PMs
Transmural posterior scar

PMs displacement

PMs horizontalization

LV dilatation

CLOSING FORCES

TETHERING FORCES

Fig. 10.1 Mechanism of functional mitral regurgitation. In patients 
with functional mitral regurgitation, the tethering forces on the mitral 
leaflets from ventricular dilation and or regional dysfunction prevail on 
the closing forces which are decreased. LV left ventricular, PM papil-
lary muscles
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lus allows for systolic apical bending along a mediolateral 
commissure axis, and reciprocal systolic and diastolic 
changes in mitral annulus area [15–17]. Dynamic changes in 
the shape and area throughout the cardiac cycle have been 
shown to play an important role in maintaining the geometry 
of the mitral leaflets, aiding leaflet coaptation, reduce leaflet 
tissue stress and preventing unfavorable mitral leaflet remod-
eling [18–25]. Hence, morphological changes of the valve 
may potentially affect mechanical integrity of the total valve 
structure, resulting in abnormal leaflet closure and regurgita-
tion of blood back into the left atrium. Interestingly, various 

imaging modalities have quantified the average mitral annular 
area in healthy subjects to be approximately 10 cm2 [26–31]. 
In pathological states such as in the case of dilatation of the 
LV, a significant increase in mitral annular area [26–28], 
decrease and delay of mitral annular area reduction during 
systole [28, 32] and flattening [28, 33] of its shape has been 
demonstrated [28, 32]. While mitral annular flattening has 
also been described in myxomatous valve disease, associated 
with more severe mitral regurgitation and chordal rupture, 
these are potentially though to be more likely related to 
increased out-of-plane stresses [18, 34]. Studies have demon-
strated that the mitral annulus dilates and becomes flatter in 
response to development of FMR (Fig. 10.4) [35, 36].

 Mitral Leaflets

The mitral valve comprises of two leaflets with variable 
commissural scallops to occlude medial and lateral gap, 
which lie within the ventricular inlet portion and have 
inherent differences in structure. The leaflets attach to the 
mitral annulus circumferentially with a minimum tissue 
length of 0.5–1 cm [37]. The anterior leaflet is trapezoid- or 
dome- shaped and much broader, longer and thicker but is 
attached to only one third of the annular circumference as 
compared to the narrower crescentic posterior leaflet with a 
long circumferential base [13] and relatively short radial 
length, which extends the remaining two-thirds of the 
annular diameter. Even though the posterior mitral leaflet 
appears smaller compared to the anterior leaflet, it has a 
larger area i.e. approximately 5 vs. 3  cm2 respectively. 
The predominant feature of the anterior leaflet is the 
fibrous continuity with the left and non-coronary cusps of 

Fig. 10.2 3DE image of the mitral valve as viewed from the left atrium 
showing the D shape of the mitral annulus. The intercommissural diam-
eter (horizontal arrow) is larger than the anteroposterior diameter (verti-
cal arrow)

Fig. 10.3 3DE reconstruction of normal mitral valve annulus showing 
bimodal shape with high points (superiorly directed toward left atrium) 
located anterior-posterior orientation and low points located in medial- 
lateral orientation. A anterior, Ao aortic annulus, L lateral, M medial, P 
posterior

Enface View

Side View

Normal Inferior MI Anterior MI

Side View Side View

Enface View Enface View

Fig. 10.4 Loss of saddle shape with infarction [33]. Adapted from 
Watanabe et al. Circulation 2005;112 9 Suppl:I458–I462
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the aortic valve and with the interleaflet triangle between 
the aortic cusps that abuts onto the membranous septum 
[14]. It is also thicker and thus allows the leaflet to with-
stand a significantly higher tensile load without tissue dis-
ruption compared to the posterior leaflet which is thinner 
and more flexible [38, 39]. The anterior leaflet is divided 
into three arbitrary segments (scallops), A1, A2 and A3, 
which correspond to adjacent regions on the posterior leaf-
let, P1, P2 and P3 delineated by 2 clefts (partial indenta-
tions in the leaflet which do not typically extend all the way 
through the leaflet). A1 and P1 being the most lateral seg-
ments, lie adjacent to the anterolateral commissure while 
A3 and P3 being the most medial, is adjacent to the pos-
teromedial commissure. One other key point to note is that 
the nomenclature of the leaflets can be different based on 
whether the Carpentier numbering system (A1, A2, A3, P1, 
P2, P3; defined by where P1, P2, and P3, co-apt with the 
anterior leaflet) or the ASE/SCA anatomic nomenclature 
system (where there is a random division of the anterior 
leaflet into thirds; A1, the lateral third of the anterior leaf-
let; A2, the middle third of the anterior leaflet; A3, the 
medial third of anterior leaflet; P1, lateral scallop of poste-
rior leaflet; P2, middle scallop of posterior leaflet; P3 
medial scallop of posterior leaflet) is used [40, 41]. The 
commissural portions remain as the anterolateral commis-
sure and posteromedial commissure in both nomenclature 
systems. Each of the leaflets can be characterized into three 
zones (basal, clear and rough zones), from their attachment 
point at the annulus to the free edge of the leaflet. The basal 
zone arises where the leaflet connects to the atrioventricu-
lar junction, followed by the thin, translucent central por-
tion (body of the leaflet) known as the clear zone which 
then transitions into the rough zone, a hydrophilic protein 
rich zone measuring approximately 1  cm which incorpo-
rates the thicker free edge of the leaflets, and where chordal 
attachment, coaptation (i.e. where the leaflets meet) and 
apposition (overlap of the leaflet free edge) of the leaflets 
occur. Some redundant leaflet tissue is critically important 
for adequate leaflet apposition and tight leaflet coaptation 
while the irregular surface of the rough zone helps to main-
tain and ensure a seal during leaflet coaptation. A minimum 
leaflet to mitral annular area ratio of 1.5–2 has been shown 
to be necessary to prevent significant mitral regurgitation 
[27, 37]. In the case of FMR, dilatation of the left ventricle 
and thus the annulus significantly reduces the minimum 
leaflet to mitral annular ratio. Interestingly, physiologic or 
pathologic-induced leaflet stress can induce mitral leaflet 
adaptation as evidenced by the wide range of total leaflet 
area seen in various cardiac pathologies. Recently, 3DE 
have been used to provide valuable insight into the poten-
tial of the mitral leaflets to adapt i.e. mitral valve leaflets 
may be elongated in response to the stress imposed by 

increased tethering caused by dilated cardiomyopathy or 
inferior myocardial infarction [27, 42, 43]. However, the 
underlying cellular mechanisms underpinning the adaptive 
changes seen in the mitral leaflets are still not well under-
stood. One study demonstrated that in patients with FMR 
and symmetrical tethering, mitral leaflet coaptation 
decreases proportionally to the bilateral papillary muscle 
displacement, despite the presence of increased total leaflet 
area. This study also found that the coaptation area was a 
strong determinant of mitral regurgitation severity [27].

 Chordae Tendineae

The chordae tendinae are fan-shaped fibrous chords running 
from the papillary muscles and attaching into the anterior 
and posterior leaflets in an organized manner which serve to 
dampen the papillary muscle-leaflet force transmission [44]. 
Chordae arising from the anterolateral papillary muscle 
attach to A1, anterolateral commissure, P1, and the lateral 
half of P2 and A2. Chordae arising from the posteromedial 
papillary muscle attach to, A3, posteromedial commissure, 
P3, and medial half of P2, and A2. The chordae can also be 
categorized into three types based on their area of attach-
ments on the leaflets: primary chordae attach to the free edge 
of both leaflets within the rough zone; secondary chordae 
attach to the ventricular surface in the region of the rough 
zone in the case of the anterior leaflet and throughout the 
posterior leaflet body [45], and tertiary chordae found asso-
ciated with in the basal zone posterior leaflet only. Primary 
chordae are thinner and shorter (average length approxi-
mately 1–2  mm) compared to secondary chordae (average 
length approximately 20  mm), have limited extensibility 
[46] and serve predominantly to prevent leaflet edge eversion 
[45, 47–49]. Secondary chordae being thicker than primary 
chordae, are also more extensible than the primary chordae 
[46]. Of particular note are a pair of prominent thick second-
ary chordae thought to be the strongest chordae, termed strut 
chordae, arising from the tip of each papillary muscle and 
inserting into the ventricular aspect of the anterior leaflet 
[14]. Typically one arises from the anterior papillary muscle 
and attaches to A1/A2 area of the anterior leaflet; one arises 
from the posterior papillary muscle and attaches to the A2/
A3 portion of the anterior leaflet although additional strut 
chords, including to the posterior leaflet have been described. 
Similar to mitral leaflets, the chordae tendinae also have the 
ability to adapt to altered loading conditions [47]. 
Interestingly, pathologic apical leaflet tethering can be 
relieved and mitral leaflet coaptation restored in patients 
with functional/ischemic mitral regurgitation, by cutting 
selected secondary chordae without deleterious effects on 
LV function [50–52].
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 Papillary Muscles

In a normal mitral valve, there are usually two associated 
papillary muscles named, based on their position, i.e. antero-
lateral and posteromedial papillary muscles. These are essen-
tially large trabeculae originating along the mid to apical 
segments of the left ventricular wall in a plane posterior to 
the inter-commissural plane in diastole and usually only 
have one head (although double, triple or multiple heads are 
also possible variants) [53]. More specifically, the anterolat-
eral papillary muscle is usually seen to attach at the border of 
the anterolateral (lateral) free wall of the LV and the postero-
medial over the inferior wall of the LV at the junction of the 
inferior left ventricular free wall and the muscular ventricu-
lar septum with both papillary muscles extending into the 
upper third of the ventricular cavity below the commissural 
tissue. In terms of blood supply, there is common dual sup-
ply to the anterolateral papillary muscle, i.e. the first obtuse 
marginal arising from the left circumflex and the first diago-
nal arising from the anterior descending artery as opposed to 
the posteromedial which is only supplied by a single artery 
(usually from the right coronary artery or the third obtuse 
marginal of the left circumflex). The papillary muscle con-
traction maintains the systolic spatial relationship between 
the mitral annulus and the papillary muscle heads as the 
myocardium contracts, thereby preventing leaflet prolapse 
[54–56]. The papillary muscle head positions and relative 
distance to each other keep both leaflets under outwardly- 
directed tension and therefore posteriorly restrained to pre-
vent anterior motion. Any damage sustained by the papillary 
muscles such as a localized area of infarction may result in 
remodeling and subsequent tethering of the leaflets by out-
ward displacement of the myocardium underlying the papil-
lary muscle (Fig.  10.5). On the other hand, global left 
ventricular dilatation and increased LV sphericity potentially 
restricts leaflet closure by displacing the papillary muscles 
potentially increasing the distance from the papillary muscle 

to the leaflet and thus causing tethering [57]. However, isch-
emic and/or systolic papillary muscle dysfunction itself does 
not seem to contribute to FMR on top of the contribution of 
papillary muscle displacement. This is evidenced by results 
from a sheep model of chronic ischemic mitral regurgitation 
which demonstrated that papillary ischemia as measured by 
decreased strain rate correlated with diminished tethering 
distances and reduced mitral regurgitation [58]. Similarly, in 
humans, there is also some evidence that papillary muscle 
dysfunction, as measured by longitudinal systolic strain, 
actually reduces mitral regurgitation observed after inferior 
myocardial infarction highlighting that impairment of papil-
lary muscle contraction presumably reduces tension on the 
chordae and paradoxically compensates for the tethering 
forces exerted by papillary muscle misalignment and/or left 
ventricular dilatation. These observations support the 
hypothesis that geometric papillary muscle displacement, 
and not necessarily systolic function, is the key factor in 
determining functional mitral regurgitation.

3DE has been applied to measure quantitative mitral valve 
geometric parameters such as mitral annular area and shape, 
leaflet area, tenting volume (volume underneath leaflets to 
mitral annular plane in systole) (Fig. 10.6, left panel), and teth-
ering distances (distance from papillary muscle tips to mitral 
valve trigone) (Fig. 10.6, right panel). These quantitative mea-
sures of mitral valve geometry can be valuable tools to demon-
strate mechanism and clinical outcome associations [59].

 Assessment of Severity of Functional  
Mitral Regurgitation

There have been a number of methods used to assess the 
severity of FMR. Direct surgical measurements have been 
proposed as the gold standard for the assessment of the 
severity of FMR. However, direct surgical measurements 
are impractical in the clinical setting as they can only be 
performed on the arrested heart and do not accurate reflect 
physiological conditions. There are also a number of non-
invasive methods such as echocardiography, cardiac com-
puted tomography [60, 61] and cardiac magnetic resonance 
[62, 63] that have been used successfully to assess and 
characterize FMR but none have been identified as the 
gold standard. Hence a true gold standard technique for 
assessment of FMR is presently still lacking [64, 65]. Of 
all these imaging modalities, echocardiography is recom-
mended as the first line investigation. Echocardiography is 
more readily available and relatively cheaper compared to 
the other imaging modalities. It has the ability to provide 
live images of the beating heart, allowing for dynamic 
quantification from moving images, quantitative analy-
sis on frozen frames throughout the cardiac cycle and, 

Left atrium

Mitral leaflets

LV apex

Fig. 10.5 Tethered leaflets (white arrow) with apically displaced coap-
tation line and increased tenting volume in a patient with functional 
mitral regurgitation
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measurements which are performed under more physio-
logic loading condition. Furthermore echocardiography, 
which does not utilise ionising radiation and is more read-
ily available, can also be used to perform serial assess-
ments allowing for characterization of progressive 
morphological changes induced by disease particularly 
those to the ventricle and allows for better understanding 
of the temporal trends of the underlying disease process 
[13, 66, 67]. Current guidelines recommend that asymp-
tomatic patients with significant mitral regurgitation 
undergo serial echocardiography every 6–12 months to 
assess LV size and systolic function as this information is 
important for informing optimal timing for surgery inter-
vention (Class I) [68]. One key point to note is that FMR 
occurs due to a complex interplay of geometric and con-
tractile abnormalities, its severity can vary during the car-
diac cycle and with ventricular loading conditions hence 
assessment of FMR can be very challenging [69]. FMR 
must always be interpreted in the context of loading condi-
tions. Ambient preload and afterload conditions such as 
patient’s volume status, systemic blood pressure, and med-
ications may affect the observed degree of mitral regurgi-
tation. Hence the blood pressure and medications at the 
time of assessment should always be considered and fac-
tored in the assessment of the severity of regurgitation.

 Echocardiographic Assessment of Severity 
Functional Mitral Regurgitation

The echocardiographic assessment of FMR can be catego-
rised into the assessment of the morphology of the mitral 
valve leaflets and the associated structures (in order to help 
delineate the aetiology of the mitral regurgitation) and sever-
ity of valve disease, which is essential for management plan-
ning [66, 67, 70, 71]. Assessment of mitral valve morphology 
is important as it also allows for determination of clinical or 
haemodynamic consequences. The presence of the “seagull” 
sign due to chordal tethering and kinking of the anterior leaf-
let in its mid-belly can be helpful in identifying FMR. The 
tethering of the leaflets can potentially also be quantified by 
the measures of tenting height (also named coaptation height 
or coaptation depth). The tenting height represents the dis-
tance from the annulus plane of the mitral valve to the leaflet 
coaptation point whereas the tenting area and volume repre-
sent more global measures of tethering of the leaflets [72–
75] (Fig. 10.7, Video 10.1). The tethering angles can also be 
used to quantify individual leaflet tethering [74]. In terms of 
the tethering angles, the anterior leaflet can be characterised 
by two angles, a proximal tethering angle and a distal tether-
ing angle, as being more prone to tethering forces can bend a 
wider range of compared to the posterior leaflet.

Fig. 10.6 Mitral valve geometry in functional mitral regurgitation. 
Left panel, the tenting volume is the space between the atrial surface of 
mitral valve leaflets and the mitral annulus. Right panel, quantitative 
measures including tenting volume, mitral annulus and leaflet area can 
be obtained from 3DE dataset of mitral valve using commercially avail-

able software package (Mitral Valve Navigator in QLab 10, Philips 
Medical Systems, Andover, USA). A anterior, AML anterior mitral leaf-
let, AL anterolateral, Ao aortic root, LA left atrium, LV left ventricle, P 
posterior, PM posteromedial, TVol tenting volume
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Current American College of Cardiology/American Heart 
Association guidelines recommend that two-dimensional 
and Doppler echocardiography be used to assess all patients 
with suspected mitral regurgitation to confirm its presence 
and determine its severity (according to the Functional 
Class), i.e. assessment of severity should based on a combi-
nation of echocardiographic and symptomatic parameters, 
with stages of “at risk” to “progressive” to “asymptomatic 
severe” to “symptomatic severe” [68]. Quantitative analysis 
is also an integral part of the assessment and provides objec-
tive evidence for the classification of the degree of severity 
of the mitral regurgitation. Current guidelines also recom-
mend the integration of a number of specific, supportive, and 
quantitative features including cardiac chamber size and vol-
ume, regurgitant jet size by color Doppler, regurgitant jet 
density by continuous-wave Doppler, and pulmonary vein 
and mitral valve inflow by pulse-wave Doppler in classifying 
the severity of the mitral regurgitation [1, 65]. Additionally, 
Doppler echocardiography allow for quantitative measure-
ment of mitral regurgitation, including the regurgitant vol-
ume and the regurgitant orifice area. In addition to 
semi-quantitative and quantitative Doppler techniques, it is 
important to integrate supportive and complementary data 
into the overall severity grading. Pulmonary venous flow 
reversal is specific for severe mitral regurgitation although of 
lower sensitivity. Chamber enlargement (left atrium and LV), 
dense continuous wave mitral regurgitation Doppler profile, 
and elevated E wave peak velocity >1.2 m/s are all sugges-
tive of severe mitral regurgitation [76].

However, defining FMR and quantification of the severity 
of FMR can be very challenging using standard two- 
dimensional echocardiographic techniques due to the con-
siderable clinical heterogeneity seen. Furthermore, the 
geometric distortions underlying FMR result in failure of the 
coaptation along the closure line of the valve in a variable 
manner such that the regurgitant orifice is non-circular but 
elliptical or slit-like. Additionally, mitral regurgitation may 
be complex with several separate regurgitant orifices along 
the closure line. This potentially impacts on the accuracy of 
standard recommended two-dimensional measures used in 
the quantification of the severity of mitral regurgitation, par-
ticularly measures dependent on flow or flow quantification, 
due to the complex spatial and dynamic patterns of flow 
across the mitral valve. While these quantitative techniques 
can be accurate and reproducible in single centers [77, 78], 
there can be significant interobserver variability among cen-
ters [79]. The application of 3DE has allowed some of the 
geometric limitations seen with two-dimensional echocar-
diography to potentially be overcome.

 Assessment of Effective Regurgitant Orifice 
Area and Regurgitant Volume

The effective regurgitant orifice area and regurgitant volume 
can be assessed using a number of approaches. Evaluation of 
both the effective regurgitant orifice area and regurgitant vol-
ume are currently also recommended in current guidelines in 

Fig. 10.7 Biplane image of 
dilated left ventricle showing 
tethering (white arrows) of 
the mitral leaflets resulting in 
incomplete coaptation. 
Tethering is the fundamental 
mechanism of functional 
mitral regurgitation (Video 
10.1). The gray area is the 
tenting area and the 
coaptation depth is shown by 
the double head red arrow. Ao 
aortic root, LA left atrium, LV 
left ventricle
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the assessment of mitral regurgitation [1, 65]. However, all 
methods outlined below, if performed with two-dimensional 
echocardiography imaging have limitations and are often 
inaccurate due to the multiple indirect measurements 
required, imprecise hemodynamic assumptions frequently 
lead to inaccurate assessments [64, 78, 80, 81].

 Vena Contracta

Given that the vena contracta area is also the effective orifice 
area, vena contracta width is an accepted direct assessment 
of the effective regurgitant orifice area. It is defined as the 
narrowest cross section of the regurgitant jet [65, 77, 82] and 
assumes that the regurgitant orifice is virtually circular. 
Measurements made from transesophageal echo images are 
more accurate than those made from transthoracic echo 
images [65]. Vena contracta width measurements appear to 
be less influenced by instrument settings compared to other 
quantitative techniques [65] and appear to be reasonably 
accurate indicators severity of mitral regurgition, regardless 
of the mitral regurgitation etiology and jet direction [76]. 
However, limitations of this method include the fact that 
small measurement errors can also result in the misclassifi-
cation of MR severity. Furthermore, the exact shape and size 
of the regurgitant orifice is not accurately assessed nor fac-
tored into this measurement due to the limited scan plane 
orientation of two-dimensional echocardiography. Tradi-
tionally, the vena contracta is assessed in the parasternal 

long-axis view or apical three-chamber view and is measured 
as the diameter of the narrowest part of the regurgitant jet as 
it passes through the regurgitant orifice and is a reasonable 
estimate of severity [1]. However in the instance of an ellipti-
cal orifice, the extent of regurgitation may be underestimated 
or overestimated dependent on the view where the measure-
ment is made [83].

3DE allows for direct visualization of the effective regur-
gitant orifice thus allowing direct planimetry of the vena con-
tracta area. (Fig.  10.8, Video 10.2a Left and 10.2b Right) 
This is particularly relevant for patients with FMR, where 
the effective regurgitant orifice geometry is usually complex 
and asymmetric [84, 85] therefore measurements done using 
3DE greatly improves the accuracy of the assessment of the 
effective regurgitant orifice area in this patient group. Using 
color Doppler 3DE image plane orientation can be adjusted 
to the true plane of the regurgitant orifice for direct quantifi-
cation of the regurgitant area [83, 84, 86] (Fig.  10.9). 
Correlative studies with cardiac magnetic resonance have 
demonstrated a good correlation between regurgitant volume 
derived from effective regurgitant orifice measured by 3DE 
planimetry and that measured using velocity-encoded car-
diac magnetic resonance imaging compared to two- 
dimensional echocardiography measures which consistently 
underestimated both effective regurgitant orifice area and 
regurgitant volume [69]. Additionally, the vena contracta 
area has also been shown to frequently not to be circular as 
assumed but asymmetric in the majority of patients and 
etiologies. (Fig.  10.10, Video 10.3) Nonetheless, a true 

Fig. 10.8 Incomplete closure due to leaflet tethering. Left panel: trans-
esophageal 3DE image of the mitral valve viewed from left atrium in a 
patient with functional mitral regurgitation. There is a visible gap along 
the coaptation line due to tethered mitral leaflets (white arrow, Video 
10.2a Left). Right panel: Corresponding 3DE color Doppler image of 

the mitral valve seen from the left ventricular perspective showing ori-
gin of functional mitral regurgitation jet is through this gap (Video 
10.2b Right). Ao aortic valve, LVOT left ventricular outflow tract, TV 
tricuspid valve
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validation study of 3DE measurements of effective regurgi-
tant orifice area is lacking [83, 84, 87].

 Proximal Isovelocity Surface Area

Calculation of effective regurgitant orifice area and regurgi-
tant volumes can also be obtained by using Doppler tech-
niques such as the proximal flow convergence method using 
color Doppler. The proximal isovelocity surface area (PISA) 
method provides a quantitative method for grading of mitral 
regurgitation. In this approach the following formula are 
used to calculate the effective regurgitant orifice area and 
regurgitant volume respectively.

 

EROA pR Aliasing Velocity
Peak Velocity of mitral 
regurg

= ´
¸
2 2

iitation  

where R is the radius of the hemispheric PISA zone
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wave Doppler 
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pprofile of the 

mitral regurgitation  

The dynamic nature of FMR is also a major challenge to 
quantification using standard flow convergence methods uti-
lizing the proximal isovelocity area (Video 10.4). 
Traditionally, the mid-systolic PISA coincident with the 
peak regurgitant velocity is used to estimate peak regurgi-
tant flow rate and from that the maximal effective regurgi-
tant orifice area and the regurgitant stroke volume. However, 
this approach is based on the assumption that the mid-sys-
tolic PISA is truly maximal (i.e. that the effective regurgi-
tant orifice area is largest and mitral regurgitation the worst) 
[1]. In functional mitral regurgitation, the mid-systolic PISA 
is generally the smallest as there is improved coaptation due 

Fig. 10.9 Complexity of the geometry of the regurgitant orifice in func-
tional mitral regurgitation. In most of the patients with functional mitral 
regurgitation, the valve leaks along part or the entire coaptation line as 
shown in the transesophageal 3DE color Doppler data set of the mitral 
valve seen en face from the ventricular perspective (upper left panel). 
This means that the shape of the regurgitant orifice is more oval or slit 
like than rounded, and measurement of a single diameter of the vena 

contracta may be misleading. Erroneously small if measured perpen-
dicular to the coaptation line (lower left panel), or very large if measured 
along the coaptation line (upper right panel). A cut plane (green dotted 
line) positioned at the level of the narrowest part of the regurgitant ori-
fice, and perpendicular to the direction of the jet, allows to visualize the 
actual vena contracta shape and size (lower right panel). Ao aortic valve, 
LA left atrium, LV left ventricle, LVOT left ventricular outflow area 
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to maximal closing forces hence the effective regurgitant 
orifice is smaller. Hence the haemodynamic workload is 
underestimated if only a single mid-systolic point is used. 
Similarly, the effective regurgitant orifice area is likely to 
be overestimated if a maximal PISA in early or late systole 
is selected which does not coincide with the mid-systolic 
peak regurgitant velocity [69, 84]. Characterization of the 
PISAs in a population of patients with mitral regurgitation 
also revealed a heterogeneous spread of PISAs with the 
location and nature of the PISA dependent on the underly-
ing geometry of the valve (Fig. 10.11). This study revealed 
that approximately 50% have a PISA away from the mid-
point of the closure line, 35% have PISAs that are dominant 
in both the medial and lateral aspects of the closure line and 
relatively small in the centre, and approximately 25% have 

multiple separate PISAs suggesting that the standard two-
dimensional echocardiography techniques do not provide 
an accurate estimate of the severity of regurgitation [88]. 
Another study which compared four different PISA meth-
ods against volumetric cardiac magnetic resonance as the 
gold standard highlighted that mid-systolic single time 
point estimates of PISA substantially underestimate the 
severity of FMR compared with cardiac magnetic reso-
nance [88]. 3DE assessment of PISA shape has demon-
strated that the hemispherical assumption is often not 
present-especially in functional mitral regurgitation where 
it is often hemielliptical (Fig. 10.12). Adoption of a hemi-
sphere likely accounts for the underestimation of effective 
regurgitant orifice area in two-dimensional PISA methods 
of measuring effective regurgitant orifice area [76].

Fig. 10.10 Methodology to identify the vena contracta of the regurgi-
tant mitral jet using transesophageal 3DE color Doppler. The 3DE color 
Doppler is displayed in multislice mode. The upper (yellow dotted line 
showed by the red arrow) and the lower (yellow dotted line showed by 
the yellow arrow) cut plane are positioned in order to include the proxi-

mal isovelocity area and the proximal part of the jet, perpendicular to 
the direction of the jet, in order to have multiple slice in the proximal 
part of the jet (Video 10.3). The smallest among the color Doppler area 
displayed in the multislice will be the true vena contracta and its area 
can be planimetered (yellow asterisk)
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 Alternative Methods for Quantification 
of Mitral Regurgitant Volume

Another method to calculate the mitral regurgitant volume is 
the pulsed Doppler volumetric method, which determines 
the mitral regurgitant volume by subtracting the aortic for-
ward stroke volume from the total stroke volume through the 
mitral annulus [1, 65]. This method requires two non- stenotic 
valves without significant aortic regurgitation.

 Stress Echocardiography

Exercise stress echocardiography may also be useful in the 
assessment of FMR particularly in the context of determin-
ing clinical significance i.e. objective measure of exercise 
tolerance in a patient, worsening in the severity of mitral 
regurgitation, pulmonary pressure, and contractile reserve to 
exercise (Class IIa) [68]. Exercise may provoke hemody-
namically significant mitral regurgitation in patients who 

Fig. 10.11 3DE computerized reconstruction of the actual geometry 
of the proximal isovelocity surface are in three patients with various 
degrees and causes of functional mitral regurgitation. Actually, proxi-

mal isovelocity surface is almost never a hemisphere and calculations 
of its area based on a single diameter may be misleading

Fig. 10.12 3DE geometry of the actual proximal isovelocity surface area/volume in a patient with functional mitral regurgitation seen an face (left 
panel) and from a side (right panel)
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have a degree of exertional dyspnea is out of keeping with 
the extent of LV dysfunction or degree of regurgitation at rest 
and pulmonary edema without an obvious cause [89]. 
Furthermore, an exercise-induced increase in effective regur-
gitant orifice area of ≥13 mm2 is associated with increased 
morbidity and mortality [90]. Dobutamine stress echo may 
also be useful to determine the extent of viable myocardium 
that might recover with revascularization, effectiveness of 
medical treatment, or possibly resynchronization but is not 
so useful in assessing the severity of FMR as it has direct 
effects on loading conditions [91].
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Assessment During and After Surgery 
or Interventional Procedures 
on the Mitral Valve
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Abstract
This chapter provides an overview of the role of three- 
dimensional echocardiography (3DE) in surgical and per-
cutaneous mitral valve procedures. Throughout the 
chapter, numerous still images and videos are provided to 
illustrate the incremental values of 3DE in these proce-
dures. The chapter starts with the description of 3DE 
imaging of surgical mitral valve replacements and repairs. 
The 3DE appearance of major types of mechanical and 
bioprosthetic valves is given including Starr-Edwards, 
Medtronic Hall, St Jude, and Carpentier Edwards pros-
thetic valves. Thereafter, an overview of common surgical 
mitral valve repairs including the Alfieri stitch is dis-
cussed. Next, an overview of 3DE in percutaneous alter-
natives to surgical repairs of native and prosthetic mitral 
regurgitant lesions is provided including the mitral valve 
clipping and percutaneous closures of prosthetic paraval-
vular leaks. The chapter concludes with a description of 
the role of 3DE in percutaneous mitral balloon valvulo-
plasty of rheumatic mitral stenosis.

Keywords
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 Introduction

This chapter provides an overview of the role of three- 
dimensional echocardiography (3DE) in surgical and percu-
taneous mitral valve procedure. Surgical mitral valve 
replacement and repair procedures will be discussed first. 
Next, an overview of 3DE in percutaneous alternatives to 
surgical repairs of native and prosthetic mitral regurgitant 
lesions is provided. At the end of the chapter, the role of 3D 
echocardiography in percutaneous mitral balloon valvulo-
plasty of rheumatic mitral stenosis is discussed.

 Surgical Mitral Valve Replacement 
and Repair

 Historical Overview

Orthotopic replacement of diseased heart valves was first 
made possible following the advent of heart-lung machines 
in the 1950s. The development of mechanical and subse-
quently bioprosthetic valves was made possible through a 
close collaboration between surgeons and engineers. This is 
reflected in the naming convention of many prosthetic valves 
as in Starr-Edwards and Björk-Shiley valve; in each case the 
former name refers to the cardiac surgeon and the latter 
refers to the engineer. Historical timeline is outlined in 
Table 11.1.

Two- and 3DE are essential for in-depth diagnosis of val-
vular pathology prior to surgical or transcatheter interven-
tion, assessment of success during the procedure and for 
evaluation of possible complications after the procedure.
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 Transesophageal 3DE Imaging of Prosthetic 
and Repaired Mitral Valves

At the turn of the twenty-first century, 3DE was revolu-
tionized with the introduction of novel 3D matrix array 
transducers. Modern transesophageal 3DE probes have 
3000 imaging elements while a standard two-dimensional 
transesophageal probe typically has 64 imaging elements. 
With this novel transducer technology, real-time 3D echo-
cardiographic imaging became feasible for the first time 
(see also Chap. 3).

Transesophageal 3DE is capable of producing excellent 
views of the mitral valve apparatus (native or prosthetic 
mitral leaflets, annulus, subvalvular structures and various 
prosthetic materials) including the novel en face views [1]. 
Transesophageal 3DE has become indispensable for the 
diagnosis of mitral valve pathology, guidance of surgical and 
percutaneous intervention, and identification of potential 
complications, such as paravalvular or para-annular leaks, 
with unprecedented clarity [2].

Native mitral valves, mitral bioprostheses and repairs can 
easily be visualized from both left atrial and left ventricular 
perspectives. However, mechanical mitral prostheses are 
best imaged from the left atrial perspective as left ventricular 
aspects of mechanical prostheses are often obscured by shad-
owing and reverberation artifacts.

Transesophageal 3DE images of the mitral valve in this 
chapter are displayed primarily from the left atrial perspec-
tive in the so-called ‘surgical’ view. In this view, the mitral 
valve resembling an analog clock face is placed in the center 
of the image in such a way that the aortic valve is seen at 12 
o’clock, the left atrial appendage at 9 o’clock, and the inter-
atrial septum at 3 o’clock.

 Alternatives to Echocardiography: 
Radiography and Fluoroscopy

Despite major advances in 3DE, radiographic imaging plays 
an important role in evaluating the appearance of prosthetic 
valves and complements the information obtained by echo-
cardiography. Radiopacity of the prosthetic occluders, sew-
ing rings and other components of prosthetic valves and 
valve repairs allows for visualization with relative clarity and 
ease on chest X rays, fluoroscopy or computed tomography. 
Based on the characteristic radiographic appearance, the 
type and location of a prosthetic valve or valve repair can be 
deduced [3]. Furthermore, radiographic imaging is essential 
for percutaneous mitral valve procedures.

Fluoroscopy is still the preferred modality for real-time 
assessment of the mobility of mechanical prosthetic valve 
occluder. Furthermore, on fluoroscopy one can measure the 
opening and closing angles of the mechanical prosthetic 
valve leaflet which are defined as the angles between the two 
leaflets in the fully open and completely closed position, 
respectively. By measuring these angles one can determine if 
the prosthesis function is normal or abnormal. The opening 
and closing are listed in Table 11.2.

In addition to fluoroscopy, computed tomography (CT) 
and cardiac magnetic resonance (CMR) imaging are playing 
an ever increasing role in valvular assessment before, during 
and after surgical and transcatheter interventions.

 Mechanical Valves

 Starr-Edwards Ball-in-Cage Mechanical 
Prosthesis
In 1957, Dr. Albert Starr, then a young cardiac surgeon at the 
University of Oregon, met Miles Lowell Edwards, an already 
retired engineer. Inspired by the design of a nineteenth cen-
tury bottle stopper [4], they developed a ball-in-cage 
mechanical prosthesis which was implanted in 1960 in the 
first human patient [5].

In 1965, after multiple design adjustments, the standard 
6120 mitral valve model was established [6]. This mitral 
model has a barium-impregnated silastic ball and a 4-strut 
cobalt-chromium stellite alloy cage. In contrast, the aortic 
Starr-Edwards prosthesis has three struts [7]. Despite its 
bulky design and relatively high thrombogenicity, the 
Starr- Edwards mechanical valve became a cost-effective 
option for surgical valve replacement in several parts of 
the world [8].

As it passes through the sewing ring, flow through the 
Starr-Edwards valve first converges and then deviates cir-
cumferentially as it passes around the ball-shaped occluder. 
Because of a relatively inefficient flow around the ball, the 

Table 11.1 Historical timeline of mitral valve surgeries and repairs

Mechanical valves
1960 Starr-Edwards ball-in-cage
1969 Björk-Shiley single tilting disc
1977 Medtronic-Hall single tilting disc

St. Jude Medical bileaflet tilting disc
1978 Omniscience single tilting disc
1986 CarboMedics bileaflet tilting disc
Bioprosthetic valves
1975 Carpentier-Edwards porcine
1984 Carpentier-Edwards bovine pericardial
Surgical mitral valve repairs
1971 Annuloplasty ring
1983 Carpentier’s ‘French correction’
1995 Annuloplasty band
2001 Edge-to-edge surgical repair (Alfieri stitch)
Percutaneous mitral valve repairs and replacements
2013 Mitral clip
2015 Valve-in-valve
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effective orifice area of a Starr-Edwards valve is smaller and 
its transvalvular gradients higher compared to more modern 
mechanical prostheses [9]. Early systolic retrograde flow, 
which is necessary for normal valve closure, creates a char-
acteristic color Doppler pattern [10].

The Starr-Edwards valve, including its 3DE appearance, 
is depicted in Fig. 11.1 and Video 11.1.

 Björk-Shiley Tilting Disk Mechanical Prosthesis
After the introduction of the Starr-Edwards prosthesis, sev-
eral single tilting disc valves were developed. Björk-Shiley 
valve, introduced in 1969, was one of the first commercially 
successful tilting disc valves. It was invented by the Swedish 
cardiac surgeon Viking Björk and the American engineer 
Donald Shiley [11, 12].

a b c

Fig. 11.1 Starr-Edwards mechanical mitral valve. (a) Photograph of a 
mitral Starr-Edwards ball-in-cage valve; note the four struts surround-
ing the ball. (b) Left atrial aspect of a mitral Starr-Edwards valve 

(arrow). AV aortic valve, LAA left atrial appendage (Video 11.1). (c) 
Fluoroscopic appearance of a mitral Starr-Edwards valve (arrow)

Table 11.2 Imaging parameters of mechanical mitral valves

Opening 
angle Closing angle Valve size

Valve type

Peak gradient
Mean 
gradient Peak velocity

Pressure 
half-time

Effective 
orifice area

degrees degrees mm mm Hg mm Hg m/s ms cm2

Not 
applicable

Not 
applicable

26 Starr-Edwards 
caged ball

10 1.4
28 7 ± 2.75 1.9 ± 0.57
30 12.2 ± 4.6 6.99 ± 2.5 1.7 ± 0.3 125 ± 25 1.65 ± 0.4
32 11.5 ± 4.2 5.08 ± 2.5 1.7 ± 0.3 110 ± 25 1.98 ± 0.4
34 5 2.6

60–70 0 23 Björk-Shiley 
tilting disk

1.7 115
25 12 ± 4 6 ± 2 1.75 ± 0.38 99 ± 27 1.72 ± 0.6
27 10 ± 4 5 ± 2 1.6 ± 0.49 89 ± 28 1.81 ± 0.54
29 7.83 ± 2.93 2.83 ± 1.27 1.37 ± 0.25 79 ± 17 2.1 ± 0.43
31 6 ± 3 2 ± 1.9 1.41 ± 0.26 70 ± 14 2.2 ± 0.3

70 0 27 Medtronic 
Hall tilting 
disk

1.4 78
29 1.57 ± 0.1 69 + 15
31 1.45 ± 0.12 77 + 17

85 25–30 23 St. Jude 
Medical 
bileaflet

4 1.5 160 1
25 2.5 ± 1 1.34 ± 1.12 75 ± 4 1.35 ± 0.17
27 11 ± 4 5 ± 1.82 1.61 ± 0.29 75 ± 10 1.67 ± 0.17
29 10 ± 3 4.15 ± 1.8 1.57 ± 0.29 85 ± 10 1.75 ± 0.24
31 12 ± 6 4.46 ± 2.22 1.59 ± 0.33 74 ± 13 2.03 ± 0.32

78 25 23 CarboMedics 
bileaflet

1.9 ± 0.1 126 ± 7
25 10.3 ± 2.3 3.6 ± 0.6 1.3 ± 0.1 93 ± 8 2.9 ± 0.8
27 8.79 ± 3.46 3.46 ± 1.03 1.61 ± 0.3 89 ± 20 2.9 ± 0.75
29 8.78 ± 2.9 3.39 ± 0.97 1.52 ± 0.3 88 ± 17 2.3 ± 0.4
31 8.87 ± 2.34 3.32 ± 0.87 1.61 ± 0.29 92 ± 24 2.8 ± 1.14
33 8.8 ± 2.2 4.8 ± 2.5 1.5 ± 0.2 93 ± 12
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A Björk-Shiley mechanical prosthetic valve consists of a 
single tilting disc held in place by an inlet strut and an outlet 
strut [7]. The disc is 1 mm thick with a graphite core sur-
rounded by either pyrolytic carbon or low-temperature- 
isotropic carbon [13]. The closing angle of the Björk-Shiley 
tilting is 0° while the opening angle varies from 60° to 70° 
depending on the model. Two holosystolic backflow jets 
through a small space between the disc and housing are nec-
essary for normal disc closure [14].

In 1986, the United States Food and Drug Administration 
(FDA) recalled the Björk-Shiley valve after several hundred 
valves having the convexo-concave design fractured result-
ing in disc embolization. Although the Björk-Shiley valve is 
no longer implanted, echocardiographers should be familiar 
with its appearance and function since patients with this 
prosthesis can still be encountered in clinical practice.

The Björk-Shiley valve, including its 3DE appearance, is 
depicted in Fig. 11.2 and Video 11.2.

 Medtronic-Hall Single-Tilting Disk Prosthesis
Karl Victor Hall, a Norwegian cardiac surgeon, working with 
the engineer Robert Kaster developed the Hall-Kaster single- 
tilting disc valve that served as the blueprint for the subse-
quent Medtronic-Hall prosthesis [7]. This prosthetic valve 
consists of radiopaque titanium housing, a radiolucent 
carbon- coated disc, and a Teflon sewing ring. The disc is 
mounted on a sigmoid strut with an opening angle of 70° and 
a closing angle of 0° [15].

When the valve opens, two antegrade jets pass through a 
major orifice and a minor orifice [16]. The disc design 
enhances washing of the valve and eliminates regions of low 
velocity flow [17]. During valve closure, gaps between the 
disc and the housing create regurgitant jets. The most charac-
teristic is the central regurgitant jet around the sigmoid strut. 
Additional smaller peripheral regurgitant jets may also occur 
around the rim of the disc, although not necessarily around 
the entire circumference [8].

The Medtronic-Hall mechanical valve, including its 3DE 
appearance, is depicted in Fig. 11.3 and Video 11.3.

 Omniscience Single-Leaflet Mechanical 
Prosthesis
The Omniscience single tilting-disc mechanical prosthesis, 
which became available in 1978, is an improved version of 
the Lillehei-Kaster disc valve [10]. Inside a titanium cage, 
there is a curvilinear disc made of pyrolytic carbon sur-
rounded by a polytetrafluoroethylene sewing ring. The disc 
pivots to a maximum opening angle of 80° and a closing 
angle of 12° [7].

The low-profile design of the Omniscience prosthesis 
enables a central antegrade flow with a trans-prosthetic gra-
dient that is somewhat elevated compared to those of the 
other mechanical disc valves. Multiple studies have demon-
strated decreased opening angles leading to decreased 
 hemodynamic performance and predisposing to clot forma-
tion. A revised version of the Omniscience prosthesis was 
introduced in 1982, resulting in decreased complication 
rates [18].

During leaflet closure, there is normally minimal regurgi-
tation [19]. The Omniscience mechanical valve is depicted in 
Fig. 11.4 and Video 11.4.

 St. Jude Medical Bileaflet Mechanical Prosthesis
The St. Jude bileaflet mechanical valve was the result of the 
collaboration between Xinon C. Posis, an engineer, Demetre 
Nicoloff, an American cardiovascular surgeon, and Manny 
Villafaña, the founder of Cardiac Pacemakers, Inc. With the 
introduction of the St. Jude prosthesis in 1977, the notion of 
unimpeded central flow within mechanical prostheses was 
pioneered. Since its introduction, there were several modifi-
cations. Currently, St. Jude is the most commonly implanted 
mechanical prosthesis.

The bileaflet tilting-disc design consists of two semicir-
cular leaflets made of pyrolytic carbon; the leaflets are 
impregnated with tungsten to make them radiopaque. Two 
pivot housings are also made of pyrolytic carbon and are 
positioned on the inflow side of the prosthesis (that is on 
the left atrial side when the prosthesis is implanted in the 
mitral position). The semicircular discs of the St. Jude 
prosthesis have an opening angle of 85° and a closing angle 
of 25–30°.

Upon leaflet opening, three orifices are created which 
allows for less turbulent and more central forward flow when 
compared to the mechanical prostheses with a ball-in-cage or 
single-tilting disc design [20]. The two lateral orifices are 
significantly larger than the central orifice of a St. Jude 
prosthesis.

During valve closure, a complicated array of regurgitant 
jets is created. When viewed in the plane parallel to the leaf-
let axes, regurgitant jets are seen originating from the valve 
periphery and converging toward the center of the valve in 
the shape of an inverted letter V. On the other hand, when 
viewed in the plane orthogonal to the leaflet axes, regurgitant 
jets diverge from the central axis toward the periphery of the 
valve to form an upright letter V. In addition to these periph-
eral jets, a small regurgitant jet from the central orifice is 
seen in all planes [8]. The St. Jude valve is depicted in 
Fig. 11.5 and Video 11.5.
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a

b c

Fig. 11.2 Björk-Shiley 
mechanical mitral  
valve. (a) Photograph of a 
Björk-Shiley valve; note the 
appearance of inlet and outlet 
strut surrounding the tilting 
disc. (b) Left atrial aspect of a 
mitral a Björk-Shiley valve. 
The inlet strut (asterisks) and 
the tilting disc (arrow) are 
visible. LAA left atrial 
appendage (Video 11.2).  
(c) Fluoroscopic appearance 
of a mitral and an aortic 
Björk- Shiley valve

a b c

Fig. 11.3 Medtronic Hall mechanical mitral valve. (a) Photograph of 
a Medtronic Hall valve; note the tilting disc mounted on a sigmoid 
shaped central shaft. (b) Left atrial aspect of a mitral Medtronic Hall 
prosthesis. The tilting disc (asterisk) and the sigmoid shaft (arrows) are 

clearly delineated. AV aortic valve, LAA left atrial appendage (Video 
11.3). (c) Fluoroscopic appearance of a mitral and an aortic Medtronic 
Hall prosthesis
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 CarboMedics
The CarboMedics bileaflet mechanical valve, which was 
developed by Jack Bokros, was approved in 1993 for com-
mercial use [21]. The design of the CarboMedics valve is 
very similar to that of the St. Jude Medical mechanical 
bileaflet prosthesis. The CarboMedics prosthesis consists of 
two carbon-coated discs having an opening angle of 78° and 
a closing angle of 25°. The CarboMedics valve housing can 
rotate within the sewing ring and thus allows for orientation 
adjustments during implantation. The trans-prosthetic ante-
grade pressure gradient across the CarboMedics prosthesis is 
somewhat higher than that of the St. Jude valve [6].

Despite design differences, closing regurgitant volumes 
and backflow patterns between these two prostheses are 

similar [22]. The rates of survival, bleeding, thromboem-
bolism, and prosthetic valve dysfunction at 10 years after 
valve implantation were similar for the two prostheses 
[21].

 Bioprosthetic Mitral Valves

The French cardiovascular surgeon Alain Carpentier was 
instrumental in the development of bioprosthetic valves. He 
also coined the term “bioprosthesis”. Bioprosthetic valves 
with characteristics similar to those of Carpentier-Edwards 
valves are marked by other manufacturers, including 
Medtronic, St. Jude Medical and LivaNova.

a b c

Fig. 11.4 Omniscience mechanical mitral valve. (a) Photograph of a 
Omniscience valve. Note the absence of any central struts or shafts. 
Instead, the disc’s hinge mechanism is located at the disc periphery. 
(b) Left atrial aspect of a mitral Omniscience prosthesis during early 

diastole. The disc (asterisk) is partly open. AV aortic valve, LAA left 
atrial appendage (Video 11.4). (c) Fluoroscopic appearance of a mitral 
Omniscience valve. Arrows point to the peripherally located hinges

a b c

Fig. 11.5 St. Jude mechanical mitral valve. (a) Photograph of a St. 
Jude prosthesis. (b) Left atrial aspect of a mitral St. Jude prosthesis in 
the so-called anti-anatomic orientation with a left disc and a right disc. 
(This is in contrast to the so-called anatomic orientation in which one 

disc is anterior and the other is posterior.) Note the smaller central ori-
fice and two larger peripheral orifices. AV aortic valve, LAA left atrial 
appendage (Video 11.5). (c) Fluoroscopic appearance a mitral St. Jude 
prosthesis in a fully open position during diastole
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Typically, bioprosthetic valves are either porcine or bovine 
in origin. The porcine bioprostheses are chemically preserved 
pig aortic valves while bovine bioprostheses are fashioned 
from bovine pericardial tissue to resemble the native aortic 
valve. These original bioprostheses were all stented but some 
stentless bioprostheses have recently been developed.

The Carpentier-Edwards porcine valve is the prototypical 
bioprosthesis and has been commercially available since 
1975. Carpentier and colleagues, fixed the porcine valves 
with glutaraldehyde and encased them in an asymmetric wire 
stent made of elgiloy [23]. The stent, which is radiopaque, is 
covered with polytetrafluoroethylene cloth to facilitate tissue 
ingrowth [24]. The Carpentier-Edwards bovine pericardial 
valve, introduced in 1984, is one of the first biomechanically 
engineered prostheses. Bovine bioprostheses typically have 
superior hemodynamics to the porcine ones.

Trans-prosthetic regurgitation may occur with normally 
functioning bioprostheses, especially the bovine ones. This 
physiologic regurgitation typically consists of a single, cen-
tral jet. The stentless prostheses are more likely to exhibit 
this trans-prosthetic regurgitation than stented valves [25].

A bioprosthetic mitral valve is depicted in Fig. 11.6 and 
Video 11.6.

 Mitral Valve Repairs

Surgical mitral valve repairs can be performed with or with-
out an annuloplasty ring. Ringless annuloplasty for mitral 
valve repair was first introduced in 1957. Alain Carpentier 
pioneered the use of an annuloplasty ring 12 years later. 
Currently there is a variety of mitral annuloplasty rings on 
the market. Rings may be either complete (D-shaped rings) 
or partial (C-shaped rings, also referred to as annuloplasty 
bands). At present, an annuloplasty ring or band is used for 
most surgical repair of the mitral valve.

A special form of ringless mitral valve repair is known as 
the edge-to-edge technique and colloquially referred to as 
the Alfieri stitch [26]. The Alfieri technique requires suturing 
the anterior and posterior mitral valve leaflets, typically in 
the central portion of the mitral valve, creating a valve with 
two orifices [27]. As discussed in the section below, percuta-
neous mitral valve clipping is a transcatheter procedure emu-
lating the surgical Alfieri procedure.

Complete mitral annuloplasty ring is depicted in Fig.11.7 
and Video 11.7. Partial annuloplasty ring (band) is shown in 
Fig. 11.8 and Video 11.8. A mitral repair using the Alfieri’s 
surgical edge-to-edge technique is depicted in Fig. 11.9 and 
Video 11.9.

 Mitral Valve Clip

It is over 20 years since Alfieri, an Italian surgeon, demon-
strated that a stitch suturing the free edges of the middle 
mitral scallops (A2 and P2) resulted in better approximation 
of the mitral leaflets and improved results of surgical repair 
of mitral regurgitation due to flail anterior mitral leaflet [28, 
29]. Later, in a series of 260 patients, those who underwent 
traditional mitral annuloplasty repair, the addition of the now 
called “Alfieri stitch”, had better long term results with lower 
5 years need for reoperation [30, 31].

During the last decade, a system capable of transcutane-
ous implantation of mitral clip for edge-to-edge repair was 
developed and used. The MitraClip valve repair system 
(Abbott Laboratories, Abbott Park, IL, USA), delivers a 
cobalt chrome clip via a large peripheral vein to the right 
atrium and then across the interatrial septum into the left 
atrium. Thereafter, the catheter is placed across the mitral 
valve. The clip is used to grab and connect the free middle 
edges (A2 and P2) of the ventricular side of the regurgitant 
mitral valve, thus creating two mitral valve orifices [32].

a b c

Fig. 11.6 Carpentier-Edwards (CE) bovine pericardial bioprosthetic 
mitral valve. (a) Photograph of a mitral CE bioprosthesis. (b) Left atrial 
aspect of a mitral CE bioprosthesis with three leaflets clearly visible 

during systole. AV aortic valve, LAA left atrial appendage (Video 11.6). 
(c) Fluoroscopic appearance of a mitral CE bovine pericardial valve
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After successful deployment, the degree of mitral regur-
gitation is expected to decrease or disappear, without new 
mitral stenosis. By now, this procedure has been performed 
on nearly 20,000 high risk or inoperable patients world-
wide, with very encouraging clinical results. This includes 
superior safety profile when compared with surgical repair, 
based mainly on a lower risk of transfusions, decrease of 
mitral regurgitation, improvement of New  York Heart 
Association functional class and improved quality of life 
[33–35].

Cardiac imaging is an important part of this procedure. 
Fluoroscopy and transesophageal echocardiography are rou-
tinely used in each patient. Real time 3DE is now available 
and is used to assess, guide and monitor most stages of the 
procedure. It has been shown to improve the results, shorten 

the procedure duration and better identify complications and 
failure [36].

Transesophageal 3DE is useful in the pre-procedure eval-
uation. It can better assess the anatomy of the mitral valve 
and the detailed mechanism of the mitral regurgitation, 
functional or degenerative [37] (see also Chaps. 9 and 10). 
Furthermore, it is useful in identifying conditions which 
may lead to a less successful procedure (e.g. mitral valve 
area of less than 4 cm2, or presence of multiple jet of mitral 
regurgitation).

During the early part of the procedure, 3DE imaging can 
identify the correct site of the transseptal puncture. This site 
is generally between 4 and 5 cm above the mitral annulus. 
However, may be lower in cases of functional mitral regurgi-
tation (where tethering displaces the mitral line of coaptation 

a b c

Fig. 11.7 Complete mitral annuloplasty ring. (a) Photograph of a 
complete (D-shaped) mitral annuloplasty ring. (b) Left atrial aspect of 
a complete mitral annuloplasty ring (arrow) during early diastole. 

Asterisk denotes the partly open anterior mitral leaflet. AV aortic valve, 
LAA left atrial appendage (Video 11.7). (c) Fluoroscopic appearance of 
a complete mitral annuloplasty ring (arrow)

a b c

Fig. 11.8 Mitral annuloplasty band. (a) Photograph of a partial 
(C-shaped) annuloplasty ring (band). (b) Left atrial aspect of a C-shaped 
annuloplasty band (arrow) during diastole. Asterisk denotes the partly 

open anterior mitral leaflet (Video 11.8). (c) Fluoroscopic appearance 
of a mitral C-shaped annuloplasty band
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towards the apex) or higher in cases of severe prolapse 
(where the coaptation line is displaced superiorly).

Transesophageal 3DE is helpful in the identification and 
the manipulation of the clip delivery system in the left atrium 
and in the positioning of the MitraClip above the mitral 
valve. The clip is then opened and oriented perpendicular to 
the mitral coaptation line and then advanced into the left ven-
tricle, in order to grasp the free edges of the opposing leaf-
lets. The clip position and function are carefully monitored. 
Possible residual mitral regurgitation, new mitral stenosis 
and complications are carefully evaluated [38].

The steps of the MitraClip procedure are depicted in 
Figs. 11.10 and 11.11 and Video 11.10.

 Mitral Paravalvular Leak Closure

Mitral paravalvular leaks (PVLs) are not an uncommon com-
plication after mitral valve replacement. PVL is defined as an 
abnormal communication between the left ventricle and left 
atrium, occurring outside the prosthetic ring. PVLs can be 
small and asymptomatic; however, can also present with 
debilitating symptoms of heart failure or intravascular 
hemolysis.

Difficulties in estimating the exact prevalence of PVL 
stem from variability in reported incidence; various tech-
niques can be used to diagnose PVL (transthoracic echo, 
transesophageal echo, computed tomography), different 
reports include clinically insignificant PVLs as well as clin-
ically important PVLs, and many reports include all types 
of valves (aortic, mitral, bioprosthetic, mechanical pros-

thetic and percutaneous valves). Currently, it is estimated 
that  clinically significant PVLs occur in approximately 
3–5% of patients who underwent mitral valve replacement 
or repair [39–42].

Until recent years, mitral PVLs were treated surgically. 
As these surgeries are by definition re-operation, the inherent 
surgical risk is elevated, even for the lowest risk patients. 
Over the past several years, percutaneous treatment of mitral 
PVL has become an increasingly acceptable alternative, 
allowing avoidance of re-operation for a selected group of 
patients. The developments of the percutaneous treatment 
options for mitral PVLs were made possible by the concomi-
tant advancements in 3DE imaging.

3DE, and in particular transesophageal 3DE is paramount 
for the diagnosis, treatment and monitoring of patients with 
mitral PVL. Transesophageal 3DE is used for the accurate 
diagnosis of PVL, guidance of the percutaneous closure pro-
cedure and short and long-term follow up for procedure suc-
cess or complications.

 The Role of Transesophageal 3DE 
in the Diagnosis of Mitral PVL

Transthoracic echocardiography with Doppler evaluation 
is considered the test of choice for initial evaluation of 
patients suspected to have a mitral PVL.  Transthoracic 
echocardiography can be useful is assessing chamber size 
and function, gradient across the mitral valve and for eval-
uation for presence of “rocking motion” of the prosthetic 
valve. However due to acoustic shadowing and reverbera-

a b

Fig. 11.9 Alfieri edge-to-edge repair. (a) Left atrial aspect of a native mitral valve repaired an Alfieri stitch (arrow) (Video 11.9). (b) Mitral valve 
of the same patient seen from the left ventricular perspective. AML anterior mitral leaflet, PML posterior mitral leaflet
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tion artifacts, a transesophageal study is invariably 
required for proper anatomic and functional evaluation of 
a PVL [43].

When transesophageal echocardiography is used for 
assessment of mitral PVL it is essential to combine data 
obtained by all the available modalities; two-dimensional, 
3D and Doppler echocardiography. The mitral valve is visu-
alized from multiple angles, and color Doppler interrogation 

is performed at all angles as well. When visualizing the valve 
on 3DE, typically it is displayed in a “surgical view”; assum-
ing the mitral annulus is a clock face, the valve is positioned 
such that the aortic valve is at 12 o’clock position, the left 
atrial appendage at 9 o’clock, and the interatrial septum is at 
3 o’clock (Fig. 11.12). This allows for unified description of 
PVL location and proper communication between the differ-
ent heart-team members [44, 45].

a b

c d

Fig. 11.10 Guidance of mitral clip procedure. (a) Photograph of the 
mitral clip. (b) Zoom 3D TEE image during transseptal puncture dem-
onstrates tenting of the interatrial septum. LA left atrium, RA right 
atrium. (c) Deliver sheath carrying the mitral clip assembly is seen 

crossing the interatrial septum into the left atrium. AV aortic valve, LAA 
left atrial appendage, MV mitral valve. (d) Mitral clip is open and is 
being oriented perpendicular to the mitral coaptation line. AML anterior 
mitral leaflet, AV aortic valve, PML posterior mitral leaflet
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Transesophageal 3DE is necessary for defining the 
anatomic characteristics of all PVLs identified [46–48]. 
The number, location and size of all PVLs can be accu-
rately assessed (Figs.  11.13 and 11.14). It is crucial to 
combine the anatomical data with Doppler data, in order 
to avoid diagnosing a drop out artifact as a PVL. Presence 
of color flow through a defect positively establishes the 
diagnosis of a PVL. 3DE color Doppler imaging can fur-
ther be used to accurately quantify the severity of a mitral 
PVL, for example by measuring the paravalvular effective 
regurgitant orifice area based on transesophageal 3DE 
color Doppler.

 The Role of Transesophageal 3DE During 
Percutaneous Closure of Mitral PVL

Percutaneous closure procedures are always performed under 
transesophageal 3DE surveillance and guidance. While other 
imaging modalities are used as well during these complex 
trans-catheter procedures, only transesophageal 3DE allows 
for real time monitoring of all catheters, wires and devices with 
appropriate spatial resolution. Transesophageal 3DE guidance 
is paramount at every stage of the procedure [49, 50].

 Access
There are several methods by which a mitral PVL can be 
accessed: antegrade transvenous access and a trans-septal 
puncture, retrograde approach through a femoral artery 
puncture, and a trans-apical puncture. Which approach is uti-
lized is determined based on the location of the PVL treated, 
as well as underlying anatomical considerations (e.g. course 
of the left anterior descending coronary artery or presence of 
concomitant other valve disease).

Initial evaluation for trans-septal puncture requires echo-
cardiographic assessment of the interatrial septum for suit-

ability. In many instances the interatrial septum may be 
thickened, patched, or scarred from prior manipulation, 
which must be taken into account when planning the trans- 
septal access. Next, the appropriate location for the puncture 
must be determined. Depending on the PVL site, a proper 
puncture site needs to be chosen (e.g. a more posterior- 
inferior site for medially located PVLs to allow for catheter 
steering and manipulation in the left atrium).

While the interventionalist pulls down the trans-septal 
needle against the septum, the septum is visualized 
simultaneously in two planes, utilizing the echocardio-
graphic biplane mode. Pushing the needle against the sep-
tum will first result in tenting of the septum, which can be 
visualized echocardiographically. Having the biplane 
view allows immediate assessment of the position of the 

a b c

Fig. 11.11 Completion of mitral clip procedure. (a) Fluoroscopy dur-
ing mitral clip procedure. (b, c) Demonstrate completely deployed 
mitral clip across the A2/P2 coaptation line from the left atrial (b) and 

left ventricular side (c). AML anterior mitral leaflet, AV aortic valve, 
LAA left atrial appendage, PML posterior mitral leaflet (Video 11.10)

Fig. 11.12 Surgical view of the mitral valve. By convention, the mitral 
valve is rotated on the Z axis until the aortic valve (AV) is at 12 o’clock, 
the left atrial appendage (LAA) is at 9 o’clock
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needle both in the anteroposterior axis, as well as the 
superior-inferior axis (Fig.  11.15). Once the tenting is 
observed in a satisfactory location, puncture is performed. 
Occasionally radiofrequency or electrocautery may be 
used to facilitate puncture of a thicker, scarred septum.

During a trans-apical or retrograde aortic approach trans-
esophageal echocardiography is utilized to monitor catheter 
location and manipulation within the heart.

 Crossing the PVL
Once the access to the left heart has been established, the 
PVL has to be crossed. A wire is manipulated within the 
heart (either via an antegrade or retrograde approach to the 
mitral valve) and directed towards the PVL. Transesophageal 
3DE imaging is crucial at this point. It is the only imaging 
modality that can reliably determine whether the wire has 
been passed through the PVL, through the prosthetic valve, 

Fig. 11.13 PVL in a bioprosthetic valve. A large, lateral PVL (arrow) in a patient with a bioprosthetic valve. Left panel shows the anatomic depic-
tion of the defect on a 3D zoom mode, right panel shows severe mitral regurgitation through the defect

Fig. 11.14 PVL in a mechanical valve. A lateral PVL (arrow) in a patient with a mechanical valve. Left panel shows the anatomic depiction of 
the defect on a 3D zoom mode, right panel shows severe mitral regurgitation through the defect
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or into other structures (e.g., pulmonary vein, left atrial 
appendage).

The en face view of the mitral valve is particularly useful 
for this assessment, allowing for direct visualization of the 
wire and its course (Fig. 11.16). If there is any doubt, two- 
dimensional color Doppler may be utilized; if a wire is 
passed through the mitral valve, significant mitral regurgita-
tion can nearly always be seen, confirming the need to re- 
adjust wire positioning. In many instances, once the PVL is 
crossed snaring of the wire is done (e.g. via a retrograde aor-
tic approach) such that a rail is created. This further secures 
wire positioning and allows for safer catheter and device 
manipulations (Fig. 11.17).

Guide catheters are then advanced through the defect and 
occlusion devices are introduced via these catheters. Currently 
there is no FDA approved device for PVL closure; the ones 
used, are utilized by off-label manner. The choice of which 
device to use is based on the size and shape of the PVL, as 
assessed by 3DE and often by pre-procedure computed tomog-
raphy scan. After the closure device is advanced into the PVL, 
echocardiographic interrogation is performed while the device 
is still connected to the delivery system. The anatomical posi-
tion of the device is checked both by 3DE imaging and two- 
dimensional imaging. The device should fit securely into the 

PVL, however without compromising the leaflets or discs 
motion (Fig. 11.18).

Color Doppler interrogation from multiple angles is per-
formed to evaluate the success of the closure. If the regur-
gitation is adequately decreased and no valve dysfunction 
is identified, the device can be deployed. Repeat interroga-
tion of the device should be performed again, to ascertain 
that no movement has occurred, the device is secure and the 
result is satisfactory. In many cases the PVL may be large, 
however not continuous (likely separated by sutures). In 
these cases, the PVL needs to be re-crossed after placing 
the closure devices. Guidance is similar for every crossing 
attempt.

Depending on clinical characteristics and other co- 
morbidities (e.g. presence of severe tricuspid regurgitation or 
severe pulmonary hypertension), closure of the trans-septal 
puncture may be desired. RT3D guidance is performed simi-
larly to atrial septal defect closure procedures described else-
where in this book. Closure of trans-apical puncture site can 
be done surgically (if surgical cut down was utilized for the 
access), or utilizing a closure device. When device closure is 
performed, echocardiography is used to confirm positioning 
of the plug within the myocardium and proper seal of the 
puncture site.

Fig. 11.15 Tenting of the interatrial septum. Biplane view showing 
trans-septal needle causing tenting of the interatrial septum (arrow). 
The biplane views allow for simultaneous depiction of the location of 

the tenting both in the superior-inferior axis (left panel) and the anterior 
posterior axis (right panel)
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Echocardiographic monitoring during the procedure is 
also paramount for rapid assessment of any possible intra- 
procedural complications. Immediately following device 
deployment, the device may move or shift and may need to 

be recaptured and repositioned. Echocardiographic surveil-
lance after device deployment, as described above, is essen-
tial for confirming proper device positioning after it has been 
released from the delivery system.

Device embolization is an infrequent complication that 
may occur if the device was undersized. This can be seen by 
echocardiography. However, if the device embolizes distally, 
it will be located utilizing fluoroscopy. Pericardial tampon-
ade can occur at any stage of the procedure; real time echo-
cardiographic monitoring allows for the rapid identification 
of pericardial fluid and cardiac compression such that imme-
diate pericardiocentesis can be performed.

 The Role of Transesophageal 3DE After 
Percutaneous Closure of Mitral PVL

Data regarding long term follow up after percutaneous closure 
of mitral PVL are somewhat limited as the technique is rela-
tively new [51–53]. It appears that there is no significant pro-
gression of the treated PVL at a mid-term follow up of 90 days 
to a year. However, as data are still incomplete, patients who 
develop recurrent symptoms after a PVL percutaneous closure 
procedure should undergo thorough evaluation, including 
transesophageal 3DE. All devices previously placed should be 
identified, assessment of any interference between the devices 
and the prosthetic valve leaflets should be performed, and 
color Doppler interrogation looking for recurrent PVL at the 
same site or a new site should be meticulously carried out.

Fig. 11.16 Guidance of wire across PVL. 3D zoom mode showing clear depiction of the position of the wire as attempts to cross the PVL are in 
place. Left panel shows the wire crossing the PVL as desired (yellow arrow). Right panel shows the wire through the mitral valve (red arrow)

Fig. 11.17 Snaring and creation of a rail. After crossing the PVL (uti-
lizing a trans-apical puncture) the wire is snared by a lasso catheter 
(asterisk) that is brought into the left atrium via a trans-septal approach
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 Valve-in-Valve Procedure

Mitral valve replacement is considered the treatment of 
choice for selected patients with severe, symptomatic mitral 
valve disease which cannot be treated by mitral valve surgi-
cal repair or by balloon mitral valvuloplasty as discussed 
earlier in this chapter. Surgical valve replacement or repair 
usually requires open heart surgery.

The prosthetic valves used are less than optimal. There are 
two types of prosthetic mitral valves, namely, mechanical 
prosthetic valves and tissue (biological) prosthetic valves. The 
mechanical valves are durable and can potentially last for a 
lifetime. However, they are associated with clot formation and 
therefore require full, lifelong anticoagulation. The tissue 

valves may not require anticoagulation, however, tissue valves 
may degenerate over time. Over time, tissue prostheses can 
develop prosthetic valve dysfunction, which includes prosthe-
sis stenosis, insufficiency or both. Interestingly, the degenera-
tion rate is faster in children and young patients compared to 
adults [54, 55].

In today’s practice, the tissue prostheses are used for 
patients in whom the use of anticoagulation is not desired 
and in those who have relatively short life expectancy (and 
therefore will be less likely to be exposed to valve degen-
eration and the need for another valve replacement). In 
these patients, the repeated valve replacement by open 
heart surgery is associated with high mortality and mor-
bidity [56].

Fig. 11.18 Complication of device closure of PVL.  A device was 
placed in a lateral PVL (arrow). However, the ventricular portion of the 
device was angulated in such a way that it interfered with the motion of 

one of the bioprosthetic leaflets (asterisk). This resulted in a significant 
gradient across the mitral valve (mean 13 mmHg) so the device had to 
be removed
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Mitral valve-in-valve implantation is a new transcatheter 
procedure that has been recently used in patients with degen-
erated tissue valve with significant stenosis and/or insuffi-
ciency [57, 58]. In selected patients this procedure may be an 
alternative to surgical valve re-replacement. At present, this 
procedure requires the presence of previously installed pros-
thetic mitral ring (either the ring of a prosthetic tissue valve 
or even a mitral annuloplasty ring [59]. This rigid ring will 
help maintain the deployment of the new prosthetic implanted 
valve. The procedure should be distinguished from trans-
catheter aortic valve replacement, in which the implanted 
prosthetic valve is deployed in the native aortic ring, and pre-
vious rigid ring installation is not required.

Mitral valve-in-valve procedure is no longer an inves-
tigational procedure. The percutaneous Sapien 3 valve 
(Edwards, Irvine, CA, USA), and the CoreValve Evolut 
R valve (Medtronic, Minneapolis, MN, USA) are now 
approved for valve-in-valve implantation to treat patients 
with malfunctioning prosthetic mitral tissue valves 
who are considered high risk for surgical mitral valve 
replacement.

 Imaging During Valve-in-Valve Procedure

Cardiac imaging is critical in the pre-procedural evaluation, 
during the procedure and in the follow up after the proce-
dure. Two-dimensional and 3DE are essential, and provide 
important information about the mitral valve anatomic 
pathology. Information about the size, shape and perimeter 
of the mitral annulus and the mitral orifice is crucial for the 
prosthesis selection. The leaflets thickness, motion, and the 
degree of mitral stenosis (including mitral valve area by pla-
nimetry and assessment of transmitral diastolic gradient) are 
all carefully measured.

The degree of mitral regurgitation, the magnitude, shape 
and location of the regurgitant orifice and the presence of 
paravalvular leak in addition to valvular regurgitation are 
checked. The degree of regurgitation is assessed by echocar-
diographic and Doppler techniques as suggested by the 
American Society of Echocardiography [60]. The echocar-
diographic examination also includes comprehensive evalua-
tion of the other valves, the cardiac chambers and the great 
vessels. Finding of left atrial thrombus or other intracardiac 
masses may be a contraindication for the procedure, because 
of the risk of systemic embolism.

Cardiac computed tomography (CCT) can also provide 
high resolution imaging of the heart and other intrathoracic 
structures. Fusion imaging techniques are quite helpful. 
These sophisticated technologies are able to superimpose 
different imaging modalities and provide a simultaneous 
fluoroscopy and echocardiography (Echo Navigator), or 

Fluoroscopy and CCT (Cardiac Navigator; both by Philips, 
Best, The Netherlands). These technologies provide better 
orientation with accurate localization of cardiac structures, 
catheter and devices [61].

 Procedural Guidance

The dysfunctional mitral tissue valve can be approached in 
an antegrade fashion. This is done after femoral vein cannu-
lation, and transseptal puncture which is frequently per-
formed under two- or 3DE surveillance. In cases of tissue 
mitral stenosis balloon dilatation may be performed.

Another approach utilizes transcutaneous left ventricular 
apical needle puncture with retrograde crossing of the dys-
functional bioprosthetic mitral valve.

Under fluoroscopic and transesophageal echocardio-
graphic surveillance, the dysfunctional valve is crossed. A 
catheter with a collapsed new valve on a deflated balloon is 
then advanced and deployed across the dysfunctional mitral 
orifice. After echocardiography and fluoroscopy suggest 
proper positioning, the balloon is inflated, to expand the new 
valve. The new valve is thus supported in place by the dys-
functional prosthetic valve, which keeps it in a secure, stable 
position. Doppler echocardiography is used to evaluate the 
function of the newly implanted valve, and to ascertain no 
residual mitral regurgitation and no significant mitral 
stenosis.

A combined approach utilizing both transseptal and trans-
apical access can also be used. The apical wire is used to 
snare the transseptal wire, creating a continuous rail from the 
left to the right heart. With the catheters across this rail, the 
apical wire helps to maintain the new valve in place. At the 
end of the procedure the iatrogenic puncture-holes are oblit-
erated by closure devices. This includes closure of the inter-
atrial septal puncture as well as the apical puncture. 
Echocardiography is used to confirm closure and rule out 
bleeding and new pericardial effusion.

 Complications

Occasionally, mitral paravalvular leaks may be present. 
When present, they are obliterated by a closure device as 
outlined previously [62]. Complications include dehis-
cence of the new valve, which rarely may be completely 
detached such that it can move freely within the left atrium. 
Cardiac punctures or tears may result in cardiac tampon-
ade. Large iatrogenic atrial septal defect may require 
device closure.

The steps of the valve-in-valve procedure are depicted in 
Figs. 11.19 and 11.20 and Video 11.11.
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Fig. 11.19 Fluoroscopy of valve-in-valve procedure. (a–d) Demonstrate deployment steps of a percutaneous valve inside a failed surgical mitral 
bioprosthesis. MV mitral valve. Courtesy of Dr. Mathew Williams, NYU Langone Medical Center

a b c

Fig. 11.20 3D TEE of valve-in-valve procedure. (a) Prior to valve-in- 
valve procedure, the left atrial aspect of a surgical bioprosthesis demon-
strates a flail prosthetic leaflet (arrow). AV aortic valve, LAA left atrial 
appendage. (b) 3D TEE color Doppler demonstrates severe mitral 

regurgitation of the failed mitral bioprosthesis (seen in Panel a) from 
the left atrial perspective. (c) Post valve-in-valve (ViV) procedure, a 
well-positioned percutaneous valve (black arrow) is seen inside the sur-
gical mitral valve prosthesis (MVR) (Video 11.11)

 Percutaneous Mitral Balloon Valvuloplasty

Rheumatic mitral valve disease is a progressive life-long 
autoimmune-like disorder triggered by and further exacer-
bated by recurrent group A streptococcal infections (typi-
cally pharyngitis). Rheumatic mitral stenosis is the most 

common form of valvular disease in developing parts of the 
world. This is in contrast to, North America, Japan and 
Northern and Western Europe where rheumatic mitral ste-
nosis is typically seen only among immigrants from coun-
tries where the disease is endemic. Percutaneous mitral 
balloon valvuloplasty is the preferred means of treating 
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mitral stenosis in patients with suitable mitral valve anat-
omy [63].

Rheumatic mitral stenosis is notable for several ‘firsts’: it 
was the first valvular heart disease to be treated surgically 
(using initially commissurotomy and subsequently valve 
replacement with a prosthesis); it was the first heart disease 
to be diagnosed by echocardiography and it was the first 
acquired valvular disease to be treated with a percutaneous 
procedure.

In the 1980s, Kanji Inoue of Japan developed the inge-
nious balloon (Inoue balloon, Toray Industries (America) 
Inc., San Mateo, CA, USA) and the technique of percutane-
ous mitral balloon valvuloplasty (PMBV) which remains the 
preferred treatment for the relief of rheumatic mitral stenosis 
in eligible patients.

In the absence of contraindications, PMBV is recom-
mended in following clinical scenarios:

 1. Symptomatic patients with moderate or severe mitral 
stenosis.

 2. In asymptomatic patients with moderate or severe mitral 
stenosis, PMBV is indicated when there is pulmonary 
artery systolic pressure is >50 mmHg at rest or >60 mmHg 
with exercise, or when there is new onset atrial 
fibrillation.

 3. PMBV may also be considered in symptomatic patient 
with less than severe mitral stenosis (valve area 
>1.5  cm2) when pulmonary artery systolic pressure 
greater >60 mmHg, pulmonary artery wedge pressure 
>25 mmHg, or mean mitral valve gradient >15 mmHg 
during exercise.

Contraindication for PMBV include: the presence of an 
intracardiac thrombus, a high mitral valve Wilkins score 
(greater than or equal to 10; see below) and more than mod-
erate mitral regurgitation.

Two- and 3DE imaging is important for the following: 
confirmation of the diagnosis of mitral stenosis, possible 
refinement of the mitral valve Wilkins score and guidance of 
the PMBV procedure itself.

 Diagnosis of Mitral Stenosis

Mitral valve planimetry by 3D transthoracic or transesopha-
geal echocardiography may be considered the gold standard 
for calculating the mitral valve area. The mitral valve has a 
funnel shape; its narrowest portion is located in the left ven-
tricle in a plane that is not typically parallel with standard 

imaging planes of two-dimensional echocardiography. Using 
multiplane reconstructions techniques of 3DE data sets, one 
can measure the area of at the very tip of the mitral valve 
funnel. Additionally, the mitral valve area can be measured 
on zoomed en face views of the mitral valve either semi-
quantitatively using either calibrated grids or direct on-image 
planimetry (Fig. 11.21 and Video 11.12).

Furthermore, transesophageal 3DE may also refine the 
mitral valve Wilkins score, an essential prerequisite for 
PMBV. The Wilkins score was originally developed in the 
late 1980s using two-dimensional transthoracic echocar-
diography; the score takes into account mitral leaflet thick-
ness, calcifications and mobility as well as the thickness of 
the subvalvular apparatus. Each of the four categories is 
graded on a scale ranging from 0 (normal) to 4 (severely 
abnormal). A normal mitral valve has a score of 0. The most 
diseased valve has a score is 16.

Typically, PMBV is contraindicated when mitral score is 
>10. High Wilkins scores are characterized by marked thick-
ening, calcifications and immobility of mitral valve leaflets 
and well as significant thickening of the mitral subvalvular 
apparatus. The higher the Wilkins scores, the higher the risk 
of mitral valve leaflet tear during PMBV; a tear may lead to 
significant de novo mitral regurgitation. Transesophageal 
3DE may enhance the Wilkins scoring through better visual-
ization of leaflet mobility and the details of the subvalvular 
mitral apparatus compared to two-dimensional 
echocardiography.

Transesophageal 3DE may also be used to guide PMBV 
procedure. After venous access is obtained (typically using 
the femoral vein), transseptal puncture of the interatrial sep-
tum is performed under echocardiographic guidance. 
Thereafter, a deflated Inoue valvuloplasty balloon is threaded 
into the left atrium through the transseptal puncture. Using 
3DE en face views of the mitral valve, precisely guide 
 positioning of the valvuloplasty balloon across the mitral 
valve can be achieved. Once placed across the mitral valve, 
the balloon is inflated under 3D TEE and fluoroscopy guid-
ance in order to separate the mitral valve leaflets along the 
commissures (Fig. 11.22 and Video 11.13).

PMBV outcomes are assessed in real time by transesoph-
ageal 3DE; en face views of the left ventricular side of the 
mitral valve are particularly important. A controlled com-
missural tear which enlarges the mitral valve orifice and 
does not create de novo or worsens pre-existing mitral 
regurgitation is the preferred outcome. Complications of the 
procedure, namely a non-commissural leaflet tear often 
leading to significant de novo acute mitral regurgitation, can 
also be well visualized by transesophageal 3DE (Fig. 11.23 
and Video 11.14).
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Fig. 11.21 Mitral valve area by 3D echocardiography in rheumatic 
mitral stenosis. (a) Left ventricular appearance of commissural fusions 
(arrows) in a patient with severe rheumatic mitral stenosis (Video 

11.12). (b–d) Demonstrates various 3D echocardiographic methods of 
calculating anatomic mitral valve area. MPR multi-plane reconstruc-
tion, MV mitral valve
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The Normal Aortic Valve Complex

Rebecca T. Hahn

Abstract
The aortic valve (AV) complex involves the left ventricu-
lar outflow tract (LVOT), aortic annulus, AV leaflets, and 
the aortic root (to the sinotubular junction). Three- 
dimensional imaging studies have advanced our current 
understanding of the AV anatomy. Acquisition protocols 
and standardized imaging planes allow for more accurate 
descriptions of anatomy.
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 Introduction

The aortic valve (AV) complex involves the left ventricular 
outflow tract (LVOT), aortic annulus, AV leaflets, and the 
aortic root (to the sinotubular junction). Knowledge of nor-
mal anatomy is essential to the understanding of both con-
genital and pathologic states. Three-dimensional 
echocardiography (3DE) has been integral to our under-
standing of the normal AV anatomy. Recent imaging studies 
have advanced our current understanding of the AV complex 
anatomy: the shape of the left ventricular outflow tract 
(LVOT) and annulus [1–7], aortic root [8, 9] and AV leaflets 
[10, 11]. Planimetry of the AV and LVOT area by 3DE meth-
ods has been shown to be accurate and reproducible [12–14] 
and compare favorably to multislice computed tomography 

[15, 16]. This chapter will describe 3DE acquisition proto-
cols and imaging displays for the AV complex as well as 
describe the normal anatomy of this cardiac structure.

 Aortic Valve Complex Functional Anatomy

The AV is a more complex functional unit than just its three 
semilunar cusps may suggest. The aortic root, including the 
Valsalva sinuses and the fibrous interleaflet triangles, pro-
vides support for the three leaflets that are semilunar in shape 
(also called cusps). The cusps are inserted into a fibrous con-
nective sleeve attached to the aorta media above the Valsalva 
sinuses (the sinotubular junction). Therefore, both the 
Valsalva sinuses and the sino-tubular junction are integral 
part of the AV complex and any significant dilatation of these 
anatomical structure will result in AV regurgitation. The cusps 
are named left coronary, right coronary and non- coronary 
according to the location of coronary artery ostia. They are 
thicker towards the free margin and meet at three commis-
sures that are equally spaced along the circumference of the 
sleeve at the supra-aortic ridge. In normal AV, the cusps are 
symmetrical, mobile, and free at the commissures, with equal 
overlap on closure. The basal attachments of the aortic cusps 
extend within the LV, below the anatomic ventriculo- aortic 
junction. Therefore, the actual anatomic aortic annulus is not 
the ring projected at the most basal leaflet insertion—as con-
ventionally defined and measured by the various imaging 
modalities—but a crown-like 3D structure [17].

The aortic root is centrally located within the heart and it 
has complex spatial relationships with the surrounding car-
diac structures. The aortic root lies on the right and posterior 
to the sub-pulmonary infundibulum. Approximately, one 
third of the ventriculo-anatomic junction (in correspondence 
to the non-coronary and left cusps) is in continuity with the 
anterior mitral leaflet via a fibrous structure (aortic-mitral 
curtain). The remaining two thirds of its circumference are 
muscular and correspond the interventricular septum [18]. 
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The size of aortic annulus and root is influenced by inner 
pressure and changes dynamically during the cardiac cycle 
by 12% and 16%, respectively [7, 19, 20]. Therefore, timing 
of measurements will be highly relevant to compare mea-
surements performed with different imaging techniques.

 3DE Aortic Complex Acquisition Modes

Qualitatively adequate 3DE data sets of the AV using trans-
thoracic approaches are more difficult to obtain than of the 
atrio-ventricular valves. Particularly in healthy subjects and 
in patients with functional aortic regurgitation, because, due 
to suboptimal spatial resolution of current transthoracic 3DE 
technology, the thin AV cusps result in frequent drop-out 
artifacts. On the other end, heavily calcified aortic annuli 
and/or cusps can also present drop-outs artifacts because of 
shadowing. However, the continuous improvement of 3DE 
transducer technology and of the acquisition techniques have 
greatly increased the feasibility of good quality 3DE render-
ing of the AV using the transthoracic approaches. As with 
any other cardiac structure, there is no a priori preferred 
transthoracic approach from which to acquire the data sets of 
the AV.  The acoustic window (either parasternal, apical or 
subcostal) which provides the best definition of the AV 
throughout the cardiac cycle in that particular patient is usu-
ally taken. The acquisition volume should be the smallest 
able to encompass the AV and, at least partially, some sur-
rounding structures (e.g. the anterior leaflet of the mitral 

valve and the interatrial septum) in order to allow proper 
anatomical orientation of the AV. To properly size the acqui-
sition volume, two orthogonal tomographic planes (one 
showing the axial and azimuthal dimensions and the other 
one showing the elevations) are conventionally used 
(Fig.  12.1, Video 12.1). For the morphological analysis of 
AV, the acquisition modes may be real-time or multi-beat 
(either full-volume or zoom modes) (see also Chap. 2) and 
the temporal resolution should be between 10 and 15 vps.

Transesophageal 3DE acquisition from mid-esophageal 
probe position provides superior spatial resolution and image 
quality for AV and LVOT assessment and should be used 
when a definite diagnosis cannot be made by transthoracic 
3DE.  Inter-commissural distance and free leaflet edge 
lengths, which can be measured by 3DE, are used to choose 
the tube graft size in valve-sparing root operations [19, 20].

The superior spatial and temporal resolution of real-time 
3DE narrow sector acquisitions permits accurate diagnoses 
of complex pathologies while preserving optimal temporal 
resolution. This acquisition mode is typically most useful for 
intra-procedural monitoring since the easy display method 
and high temporal resolution is ideal for accurate and rapid 
decision-making in this setting. However, the narrow volume 
of acquisition rarely captures the entire aortic valve complex 
and thus limits its use for comprehensive evaluation of AV 
and aortic root morphology. Depending on the anatomy of 
interest, the initial 2D image of the aortic valve at the 60° 
mid-esophageal, short-axis AV view or the 120° mid- 
esophageal, long-axis AV view can be used (Figs. 12.1 and 

Fig. 12.1 Zoom acquisition 
of the aortic valve by 
transesophageal three- 
dimensional 
echocardiography (Video 
12.1). Using two orthogonal 
two-dimensional views (upper 
and lower left panels), the 
region of interest is positioned 
in order to include the whole 
aortic valve in the data set. 
The volume renderd aortic 
valve (right panel) is shown 
from the aortic perspective as 
indicated by the position of 
the cropping plane (dotted 
orange line) and the yellow 
arrow in the left lower panel. 
L left coronary cusp,  
NC non-coronary cusp,  
R right coronary cusp
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12.2). After the two-dimensional image is optimized, the size 
of the acquisition volume itself can be changed; narrowing 
the volume will increase both temporal and spatial resolution 
while increasing the volume will reduce them. In general, the 
primary use of the real-time acquisition is to acquire 3DE 
data sets in patients in whom the multibeat acquisition is not 
possible (arrhythmias, non-cooperative patients, etc.) and to 
monitor interventional procedures.

The “zoom” mode allows acquisition of a focused, wide 
sector view of the AV complex. To optimize the acquisition 
volume, simultaneous biplane imaging should be used to 
center the AV complex in both the reference view and eleva-
tion planes. The user-defined ROI for the 3D acquisition 
should cover the regions of interest in both planes and 
throughout the cardiac cycle (Figs. 12.1 and 12.2). Prior to 
acquisition, the AV can be viewed either just as a volume 
rendered display, as simultaneous volume rendering with 
multiple orthogonal two-dimensional imaging planes. The 
latter is particularly useful to check the image quality of the 
entire data set, to check for the absence of artifacts and to 
ensure that all the structures of interest have been imaged. 
3DE data sets in zoom mode can be obtained either in single- 
or multi-beat. Because the volume of acquisition is typically 
larger than the real-time mode, the volume rate and temporal 
resolution may be lower when the zoom mode data set is 
acquired in single-beat. In general (but depending on the 
heart rate), a minimum volume rate of 10 volume per second 
(Hz) is desirable in order to clearly distinguish systolic and 

diastolic components of the cardiac cycle. If area or perime-
ter measurements of the annulus or LVOT are being per-
formed, it is of upmost importance that the 3DE data set is 
free of stiching artifacts since even small artifacts could sig-
nificantly affect the measurements (see also Chap. 2).

Once a wide-angle acquisition 3DE dataset of the AV 
complex is obtained the AV is displayed in the surgical view 
with the right coronary cusp located inferiorly (far field), 
regardless of whether the aortic or the LV outflow tract per-
spective is presented (Fig. 12.3). To manipulate the volume 
for measurements, vendor-specific tools may be used to crop 
the volume in any plane. Measurements directly on the 3DE 
volume can be performed, but should always be verified 
using reconstructed tomographic cut planes to be sure that 
structures at a different depth are not mistakenly measured.

Full Volume, gated 3DE acquisition yields the largest 
3DE data sets. However, to obtain adequate temporal resolu-
tion a gated, multi-beat acquisition is required. This acquisi-
tion modality is typically used to obtain larger data sets that 
allow measurement of additional parameters of the AV com-
plex such as the distance of the coronary ostia from the hinge 
points of the aortic cusps, size and geometry of the Valsalva 
sinuses etc. (Fig. 12.4, Video 12.2).

Transesophgeal color Doppler 3DE imaging may be use-
ful for quantifying the severity of aortic regurgitation. High 
volume rates (15–25 Hz) are even more important for these 
measurements. Although 3DE color flow Doppler ideally 
should be acquired with a single beat acquisition, now 

Fig. 12.2 Zoom acquisition 
of the aortic valve by 
transesophageal three- 
dimensional 
echocardiography using the 
long-axis view as reference 
plane (upper left panel).  
L left coronary cusp,  
NC non- coronary cusp,  
R right coronary cusp
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 possible with some ultrasound vendors, other vendors require 
multi-beat, gated acquisitions. Cropping of 3DE color 
Doppler data sets is determined mainly by the analysis 
required. For regurgitant jets, planimetry of short-axis view 
of the jet at the level of the vena contracta are feasible for 
native regurgitant valve disease [21–24] as well as following 
surgical [25] or transcatheter interventions [26]. Identification 
of the vena contracta of the regurgitant jet can be obtained 
using either a selective slicing of the jet or using the mul-
tislice display modality. The former method requires using 

two orthogonal long-axis views of the jet to identify its neck 
that will be sliced by a third, transversal cut plane to display 
the cross sectional area, of the vena contracta. The vena con-
tracta is then directly planimetered from this short-axis view 
(Fig. 12.5).

Calculation of regurgitant volume in native valvular dis-
ease using the proximal isovelocity surface area (PISA) 
method [27] has known technical limitations, primarily the 
geometric assumptions of PISA shape required to calculate 
effective regurgitant orifice area. Multiple studies have vali-

Fig. 12.3 Volume rendering of the aortic valve acquired using the 
transesophageal approach. En face views from the ventricular (left 
panel) and aortic perspective (right panel). The position of the corre-

sponding cropping planes (dotted colored lines) and view directions 
(coored arrows) are shown on the two-dimensional view (central panel). 
L left coronary cusp, NC non-coronary cusp, R right coronary cusp

Fig. 12.4 Anatomical study of the aortic complex and measurement of 
the aortic cusp hinge point to coronary ostia distance using a data set 
acquired using the transesophageal approach. Left panel (Video 12.2), 
volume rendering of the aortic complex with the left main coronary 
ostia (white arrow). Right panel, the data set is sliced at the level of the 
left main coronary ostial (green line in the right upper quadrant) shown 

by the white arrow in order to obtain a longitudinal cut plane showing 
the left main and the aortic cusps. The linear distance is shown by the 
white double arrow line. AA ascending aorta, L left coronary cusp, LV 
left ventricle, NC non-coronary cusp, STJ sino-tubular junction, T inter-
cusp triangle

R. T. Hahn



185

dated the use of single-beat 3DE color Doppler imaging 
allows the direct measurement of PISA without geometric 
assumptions for aortic, mitral and tricuspid regurgitation 
assessment [28–31].

Newer methods of determining relative flows within the 
heart make use of the velocity and direction of flow informa-
tion inherent in color Doppler. Off-line software has been 
developed which uses two-dimensional color Doppler 
images to determine the velocity, flow rate and flow volume 
in any given region of the heart [32]. Extension of this tech-
nology to 3DE color Doppler volume sets is now possible 
and allows rapid, accurate and reproducible quantitation of 
relative stroke volumes [33, 34]. Thavendiranathan et al. [34] 
used the velocity information encoded in the volume color 
Doppler data, targeting the appropriate region of interest by 
using the simultaneous 3DE imaging of the mitral annulus 
and LVOT. Color Doppler velocity is multiplied by a known 
area of this cross-section (a voxel area) and the resulting spa-
tially averaged flow rates used to generate flow-time curves 
that resemble those obtained by magnetic resonance imag-
ing. The temporal integration of the flow-time curve gener-
ates the stroke volume. There was excellent correlation 
between the automated measured mitral inflow and aortic 
stroke volumes, and magnetic resonance imaging stroke vol-
ume (r = 0.91, 95% CI, 0.83–0.95, and r = 0.93, 95% CI, 
0.87–0.96, respectively, P  <  0.001) and very low interob-
server variability. Automation of the measurement process 
allowed calculations of mitral inflow and aortic stroke vol-
umes to be performed very rapidly. This methodology will 
likely become the standard for measurement of regurgitant 
volumes in the future (Fig. 12.6).

Fig. 12.5 Planimetry of the area of the vena contracta using 3DE color 
Doppler data set. Left panel, the longitudinal (upper, right quadrant) 
and coronal (lower, right quadrant) planes are placed in the center of the 
jet, oriented parallel to the jet direction. A trasversal cut plane (lower, 
left quadrant) has been positioned at the level of the vena contracta, 
perpendicular to lungitudinal and coronal planes. The area of the vena 
contracta can be planimeterd on the transversal cut plane. Right panel, 

multislice display of the proximal portion of the regurgitant jet obtained 
by placing the most proximal cut plane (Aorta) in the aortic root at the 
lel of the PISA and the most distal (Left ventricle) in the outflow tract, 
immediately below the vena contracta. Both planes are oriented perpen-
dicular to the direction of the jet in order to obtain a series of transversal 
cut planes of the proximal part of the jet. The one with the smallest 
color Dopple area will be the actual vena contracta

Fig. 12.6 Three-dimensional echocardiography color Doppler mea-
surement of aortic regurgitant volume using the automated cardiac flow 
measurement. Left panel, measurement of the mitral inflow volume 
during the diastolic period. Right panel, measurmeent of the left ven-
tricular outflow volume during the systolic period. The regions of inter-
est are shown in yellow (mitral annulus) and blue (aortic annulus). Flow 
volume is obtained by the temporal integration of the flow volume rate 
obtained by spatial profile integration of the velocity profile. AO aorta, 
LA left atrium, LV left ventricle
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 Anatomy of the Normal Aortic Valve 
Complex

 Left Ventricular Outflow Tract

Although echocardiographic guidelines recommend a single 
diameter measurement of the LVOT to calculate aortic valve 
area [35], 3DE measurements of the LVOT area and perim-
eter may be more reproducible and accurate [5, 36]. 
Numerous studies have shown that the LVOT is often ellipti-
cal [13, 36, 37] and the long-axis (sagittal) plane diameter 
derived from two-dimensional echocardiography may under-
estimate the true LVOT dimensions (Fig. 12.7, Right panel). 
Compared to computed tomography, two-dimensional echo-
cardiography may underestimate LVOT area and thus aortic 
valve area [38, 39]. Studies comparing conventional two- 
dimensional linear measurements to 3DE planimetry of 
LVOT area show a 10–23% underestimation of cardiac out-
put [40] or effective aortic orifice area using both transtho-
racic and transesophageal two-dimensional echocardiography 
modalities [5, 6] On the other hand, other studies suggest 
that computed tomography overestimates LVOT area com-
pared to magnetic resonance imaging or 3DE [41]. Thresholds 
for excess mortality differ however between imaging modal-
ities: aortic valve area ≤1.0 cm2 for echocardiographic meth-
ods versus ≤1.2  cm2 for computed tomography methods 
[42]. Thus in the presence of strong outcomes data using 
conventional two-dimensional methods of measuring LVOT 
and calculating AVA [42, 43], we may continue to use a sin-
gle sagittal plane LVOT dimension to calculate AVA as per 
the recent AHA/ACC guidelines [44].

 Aortic Annulus

The aortic annulus is the plane at the level of the hinge-point 
(lowest attachment site) of the three cusps [18]. There is no 
anatomic demarcation between the LVOT and the annulus 
which is why it is referred to as a virtual annulus. Between 
these leaflet hingepoints and scalloped aortic leaflets, is the 
fibrous tissue of the interleaflet triangles (Fig.  12.4, Left 
panel). Measurement of the diameter of this virtual ring is 
thus difficult because: (1) with a tricuspid aortic valve, any 
long-axis plane bisecting a cusp hinge-point on one side, will 
not image a hinge-point on the other side but rather a region 
of fibrous tissue between the scalloped cusps; (2) the annulus 
is often asymmetric and oval with annular diameters largest 
in the coronal plane and shortest in the sagittal plane [2, 4, 
45] (Fig. 12.7, Right panel).

The traditional measurement for sizing the annulus has 
been the systolic diameter in the long-axis (sagittal) plane. 
Multiple imaging studies however have documented not only 
the oval shape, but the dynamic anatomy of the aortic annu-
lus [2, 7, 45, 46]. Because of the dynamic nature of the annu-
lar shape which becomes less elliptical (i.e. more round) in 
systole [7, 46] measurements in the long-axis plane in this 
part of the cardiac cycle typically yield a larger measurement 
than in diastole. The correct long-axis imaging window 
should bisect the maximum diameter of the aorta and simul-
taneous multiplane imaging using 3D technology allows 
imaging of both the short-axis and long-axis planes to ensure 
imaging of the correct plane (Fig. 12.7). The right coronary 
cusp hinge-point is imaged anteriorly, and the fibrous inter-
leaflet trigone posteriorly. Because there is no anatomic 

Fig. 12.7 Direct planimetry of aortic annulus. Left panel, after having 
selected the correct frame, the sagittal (right, upper box) and the coro-
nal (left, lower box) axes are aligned in the center of the aortic valve, 
parallel to the long axis of the aorta. The transversal cut plane is at the 
level of the aortic cusps to allow to rotate the data set in order to aling it 
in the center of the right coronary aortic cusp and in the commissure 

between the left and the non-coronary cusps. Right panel, The transver-
sal cut plane is moved towards the left ventricle at the level of the hinge 
point of insertion of the cusps to see the aortic annulus en-face and 
planimeter its contour. Notice that, even in normal subjects, the shape 
of the aortic annulus is oval and the anterior-posterior diameter (L2) is 
significantly shorter than the transverse one (L1)
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marker for the virtual annular plane within the interleaflet 
trigone, the correct annular diameter is measured by assum-
ing the virtual annulus is perpendicular to the long-axis of 
the aorta. Calcification of the scalloped lines of leaflet attach-
ment within the sinuses (and defining the borders of the 
interleaflet trigone) should not be mistaken for the hinge- 
point of the aortic cusps.

Multi-slice computed tomography (MSCT) annular 
perimeter or area measurements have repeatedly been shown 
to improve the accuracy of transcatheter aortic valve implant 
(TAVI) sizing algorithms, [2–4, 7, 45, 47, 48] and has become 
the standard imaging modality to measure the aortic annulus 
and characterize the landing zone. 3DE however can also 
accurately measure the annular aortic annulus [41, 49–53]. 
3DE measurements of aortic annulus geometry are highly 
reproducible and compare favorably to MSCT [16, 49]. 
Altiok et al showed high agreement between transesophageal 
3DE and MSCT for coronal diameters (23.60  ±  1.89 vs. 
23.46 ± 2.07 mm) and sagittal diameters (22.19 ± 1.96 vs. 
22.27 ± 2.01 mm) with high correlation [2]. Khalique et al. 
showed similar high agreement and correlation with trans-
esophageal 3DE and MSCT measurements of annulus 
perimeter (74.8  ±  7.0 vs. 75.8  ±  6.6  mm) and area 
(434.9 ± 81.3 vs. 442.8 ± 78.9) [16]. Advantages of the 3DE 
technique include real time imaging of the hinge-points and 
elimination of hand-tracing errors of direct planimetry, and 
averaging measurements from multiple cardiac cycles. 
Although echocardiographic imaging (whether two- or 3DE) 
may be limited by blooming and side-lobe artifacts as well as 
acoustic drop-out, MSCT also suffers from artifacts gener-
ated by annular and valve calcification. Consequently, these 
techniques require expertise and practice. Advances in soft-
ware packages are currently being developed which should 
automate many of the steps outlined above and reduce 
interobserver variability of echocardiographic measurement 
of the aortic annulus.

Currently two manual methods can be used; direct pla-
nimetry of the annulus, and indirect planimetry. In the setting 
of a non-calcified valve with minimal acoustic shadowing or 
noise, either can be used, however in the setting of a calcified 
aortic valve apparatus, direct planimetry has its limitations. 
The first uses commercially available software packages 
which manipulates the 3D volume using a multi-planar 
approach (Fig.  12.7). The short-axis (transverse) annular 
plane is obtained using the orthogonal long-axis views (sag-
ittal and coronal) as a guide and the annulus is directly pla-
nimetered for area, or the minimum and maximum diameters 
can be measured [54]. Using this method, Jilaihawi et  al 
showed that transesophageal 3DE significantly underesti-
mated MSCT measurements of the aortic annulus but was 
better than 2D TEE in predicting significant paravalvular 
regurgitation [15]. The second method of measuring the 
annulus avoids direct planimetry of the transverse plane thus 

eliminating hand-tracing errors and allowing the use of ana-
tomic structures in the long-axis planes to identify the annu-
lus. This indirect planimetry method uses vendor-specific 
software originally designed for the mitral valve (Fig. 12.8), 
and “tricks” the program into measuring the aortic annulus 
instead of the mitral annulus [49]. This method has inherent 
advantages over direct planimetry: using the long-axis planes 
allows the use of anatomic structures such as the mitral leaf-
let, aortic root and septum, to help define the annulus; acous-
tic noise (side-lobes) are identifiable on the long-axis images 
and not mistaken for the annulus; acoustic shadowing can be 
managed using the short-axis annular plane as a reference 
and making sure to keep the annular points consistent with 
their neighboring points and reflective of the shape of the 
“virtual” annulus. Validation of this method has been 
described above with no significant difference in area and 
perimeter measurements compared to MSCT [16].

Current automated measurements of the annulus are in 
development but require further validation (Fig. 12.9). These 
automated packages should help reduce variability and 
improve accuracy for annular measurements.

 Aortic Valve Leaflets

The AV is a semilunar valve with three cusps located close to 
the center of the heart. The aortic cusps are identified by the 
presence or absence of the coronary arteries arising from the 
corresponding sinuses of Valsalva (left coronary, right coro-
nary and non-coronary cusps). These three semilunar cusps 
form part of the sinuses of Valsalva, and the fibrous inter- 
leaflet triangles. Each semilunar cusp is attached to the aortic 
wall in a curved manner, with the basal attachment located in 
the left ventricle below the anatomic ventriculo-aortic junc-
tion and the distal attachment at the sinotubular junction 
[17]. The sinuses of Valsalva and the sinotubular junction are 
integral parts of the valvular mechanism, such that any sig-
nificant dilatation of these structures will result in aortic 
valve incompetence. Overall, when tracking the curved path 
of the aortic leaflet insertion points, the 3D spatial configura-
tion of the AV resembles a crown [18]

The primary pitfall of 3D imaging the aortic valve and the 
aortic valve complex is the orientation of this structure rela-
tive to the insonation beam. From the mid-esophageal views, 
portions of the AV complex in the sagittal plane are perpen-
dicular to the insonation beam and thus have good axial reso-
lution. However, the coronal plane is parallel to the insonation 
beam and thus, the inferior lateral resolution of this plane are 
difficult to overcome. This issue is even more prominent for 
the AV leaflets which are not only thinner and more mobile 
than other AV complex structures, but large portions of the 
leaflets are again parallel to the insonation beam particularly 
in diastole, resulting in large areas of echo-dropout 
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Fig. 12.8 Multiplanar reconstruction with off-label use of Q-Lab 10 
(Philips Healthcare, Andover, MA) for assessment of annular dimen-
sions and area using transesophageal 3DE data set of the aortic valve 
according to Hahn RT et al. [49]. A step-by-step approach will require 
to: (1) position of a short-axis view of the annulus in the “blue” plane 
(right lower box) using a double oblique technique; (2) select an early 
systolic frame; (3) use the blue plane to center the orthogonal green and 
red long-axis planes on the annulus; (4) use the green and red planes as 
references to move the blue plane at the most caudal attachments of the 
aortic valve leaflets (hinge points); (5) rotate the green and red orthogo-
nal planes in the blue plane to confirm it is at the level of the annulus; 

(6) return the green and red planes to position on the blue plane in order 
to bisect the minimal diameter (Minimum) and maximal (Maximal) 
diameters, respectively. (7) Initialize the the MVQ package by selecting 
four orthogonal points on the red and green planes and the software 
package will automatically approximate the annulus; (8) edit the con-
tour of the annulus using the eight-slice protocol by which the annular 
plane contour is confirmed for eight pairs of orthogonal segments in the 
green and red planes; (9) exclude ectopic calcifications, with the points 
measured outside the calcifications so as not to underestimate the annu-
lar area

Fig. 12.9 Automated quantitation of aortic annulus (left panel: 4DAuto AVQ, EchoPac, GE Vingmed, Horten, N) and aortic root geometry (Auto 
Valve Analysis, Siemens Healthineer, CA) using 3DE data set of the aortic root acquired from the transesophageal approach
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(Fig. 12.10, Video 12.3). Understanding this ultrasound pit-
fall is essential to correct interpretation; not infrequently 
changing the orientation of the valve by utilizing the deep 
transgastric view, will help define pathologic from normal 
dropout.
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Aortic Valve Congenital Abnormalities 
and Stenosis

Rebecca T. Hahn and Alex S. Felix

Abstract
The spectrum of congenital anomalies of the aortic valve, 
which typically result in significant outflow obstruction, 
include subaortic stenosis, aortic valve anomalies (most 
commonly a bicuspid aortic valve) and supravalvular aor-
tic stenosis. Although the latter is typically seen in the 
pediatric population, both congenital subaortic and aortic 
valvular abnormalities will commonly be seen in adults. 
This chapter will review the congenital anomalies leading 
to left ventricular outflow obstruction at the level of out-
flow tract and aortic root.

Keywords
Aortic stenosis · Subaortic stenosis · Bicuspid aortic 
valve · Supravalvular stenosis

 Introduction

Congenital obstruction of left ventricular outflow in the adult 
can occur at any level within the aortic valve (AV) complex; 
the left ventricular outflow tract (subvalvular stenosis), AV 
leaflets (valvular stenosis) and aorta (supravalvular stenosis) 
[1]. In the pediatric population, supra-valvular stenosis typi-
cally in association with Williams-Beuren syndrome, may 
also result in significant outflow obstruction [2]. This chapter 

will review the echocardiographic diagnosis of congenital 
anomalies involving subaortic, aortic valve and supravalvu-
lar stenosis.

 Subaortic Stenosis

Fixed subaortic stenosis may occur in the setting of a dis-
crete, thin fibrous membrane, a discrete fibromuscular collar, 
or a tunnel-type muscular narrowing of the left ventricular 
outflow tract (LVOT) [3]. The prevalence of subaortic steno-
sis in adults with congenital heart disease is estimated to be 
about 6.5%, with a male-to-female ratio of 2:1 [4]. The fibro-
muscular collar is most common and is caused by a crescent 
shaped or circumferential ridge of fibromuscular band in the 
LVOT (Fig.  13.1, Videos 13.1a and 13.1b). However, the 
tunnel- type narrowing of the LVOT has been associated with 
a greater degree of stenosis [1, 5]. Not infrequently these 
congenital abnormalities may be associated with other con-
genital abnormalities such as ventricular septal defect and 
coarctation of the aorta, as well as with a series of lesions 
such as in Shone’s complex (parachute mitral valve, mitral 
stenosis, bicuspid aortic valve, and coarctation of the aorta) 
[1, 6]. Tunnel-type stenosis has been associated with small 
aortic annulus, small mitral orifice, and asymmetric septal 
hypertrophy [7]. There has been some controversy over 
whether this entity is a true congenital disease or an acquired 
disease. Many studies have suggested that in the setting of 
the right anatomic and hemodynamic substrate, alterations in 
basal septal shear stress may stimulate cellular proliferation 
[6, 8–10]. These theories may explain the recurrence of 
obstruction in patients who have undergone prior surgical 
resection [11–13]. Higher recurrence rates have been 
reported in patients with tunnel-type stenosis, higher resting 
pre-operative gradients (>40  mmHg) and a residual post- 
operative gradient of >10 mmHg.

In the setting turbulent systolic flow, trauma to the aortic 
valve may result in aortic stenosis [14] or aortic regurgitation 
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[4, 12, 15, 16]. LVOT gradients ≥50 mmHg are associated 
with a higher risk of developing aortic regurgitation [17]. 
Despite surgical repair, some patients may continue to 
develop aortic regurgitation. This may be related to a persis-
tent LVOT gradient.

 Congenital Aortic Stenosis (AS)

Congenital AS occurs as a unicuspid aortic valve (Fig. 13.2a, 
Video 13.2a), bicuspid aortic valve (Fig.  13.2b, c, Videos 
13.2b and 13.2c), or aortic annular hypoplasia. Rarely, a 
quadricuspid valve may develop stenosis (Fig. 13.2d, Video 
13.2d). The bicuspid aortic valve (BAV) anomaly occurring 
is 1–2% of the population [18] with male:female prevalence 
ratio is 3.7:1 [19]. Although BAV is a congenital anomaly, 
complications associated with this anomaly develop in adult-
hood making early diagnosis important. A number of differ-
ent classification systems have been used in the past, most 
based on the fusion of cusps and orientation or number of the 
raphe [20–22]. Some of these classification systems then 
identified patients with no raphe as “pure” BAV or type 0 
[22] (Fig.  13.2b). A recent classification system identifies 
just two BAV phenotypes: fusion of the right and left coro-
nary cusps (BAV-AP) (Fig. 13.3, Video 13.3) and fusion of 
the right or left coronary cusp and non-coronary cusp 
(BAV-RL, Fig. 13.2c) [23]. These two phenotypes have some 
support in recent animal studies identifying defective devel-
opment of different embryological structures [24]. 
Morphology may provide valuable data regarding risk strati-
fication of BAV patients [23, 25, 26]. Kang et al. showed in a 
small population of 167 patients, that moderate-to-severe 
aortic stenosis is more prevalent in patients with BAV-RL 

(66.2% vs. 46.2% in BAV-AP; p = 0.01), and moderate-to-
severe aortic regurgitation in BAV-AP (32.3% vs. 6.8% in 
BAV-RL; p < 0.0001).

In addition, the association with BAV and dilatation of the 
ascending aorta has been well-established [27–29]. Aortopathy 
type (0–3), type 0, normal aorta; type 1, dilated aortic root; 
type 2, aortic enlargement involving the tubular portion of the 
ascending aorta; and type 3, diffuse involvement of both the 
entire ascending aorta and the transverse aortic arch. Some 
authors have suggested that the aortic abnormality is unrelated 
to the valvular pathology [27, 29] and thus a primary anomaly 
associated with this entity. More recent studies using advanced 
imaging techniques have suggested that regional wall stress in 
the setting of eccentric outflow patterns contributes to the pat-
tern of aortic dilatation [30–33]. Overall outcomes for BAV 
are related not only to valvular pathology (stenosis or regurgi-
tation) but also to aortopathy. Tzemos et al. [25] identified the 
following cardiac event risk factors: age >30 years, moderate 
or severe aortic stenosis, and moderate or severe aortic incom-
petence. Although fatal events are rare, surgical intervention is 
not uncommon. Most surgical procedures involve aortic valve 
and aortic root replacements with the 25-year rate of aortic 
surgery as high as 25% [25, 34, 35].

Although valvular disease may present in the fourth and 
fifth decades, in a series of operatively excised, stenotic aor-
tic valves (isolated aortic valve surgery) from 932 patients 
(mean age of 70 ± 12 years) 54% of patients had congenital 
abnormalities commonly BAV, with the median age at sur-
gery of 67 years [36]. Another series of excised aortic steno-
sis valves in patients greater than 80 years of age showed a 
prevalence of bicuspid aortic valve in 22% [37]. Importantly, 
although current transcatheter aortic valve devices are 
designed for use in tricuspid aortic valves, numerous case 

Fig. 13.1 Fixed subaortic stenosis. Left panel. A discrete fibromuscu-
lar collar (white arrow) is visualized in the left ventricular outflow tract 
by tow-dimensional echocardiography. The aortic valve shows a mild 
regurgitation (Video 13.1a/left). Right panel: volume rendering of a 
3DE data set of the left ventricular outflow tract and aortic root allowing 

an en-face view of the membrane and its orifice (white arrow) from the 
ventricular perspective (Video 13.1b/right). AV aortic valve, LA left 
atrium, LV left ventricle, MV mitral valve, RA right atrium, RV right 
ventricle
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reports and two reports of transcatheter aortic valve (TAVR) 
in a series of BAV patients have shown that, compared to 
matched trileaflet aortic valve patients, there was no differ-
ence in acute procedural success, valve hemodynamics, or 
short-term survival [38, 39].

Echocardiography remains the most validated imaging 
modality for the diagnosis, phenotyping, and hemodynamic 
assessment of BAV dysfunction and the initial assessment of 
the thoracic aorta. With conventional echocardiography, the 
diagnosis is typically made using the short-axis views of the 

valve. Although in diastole, the raphe may be mistaken for a 
commissure, particularly in calcified valves, in systole in the 
short-axis view there is a typical “fish-mouth” appearance of 
valve opening and absence of opening at the raphe. In 
patients with good-quality transthoracic images who do not 
have dense BAV calcification, diagnostic sensitivity and 
specificity are >70% and >90%, respectively [40, 41]. 
However, diagnostic uncertainty may remain in 10–15% of 
patients after echocardiogram [35]. Particularly in the setting 
of calcification, color Doppler in systole may be helpful in 

a

c d

b

Fig. 13.2 Congenital abnormalities of the aortic valve. Volume ren-
dered en face views of the valve from the aortic perspective. (a) 
Transesophageal 3DE acquisition of unicuspid aortic valve (Video 
13.2a); (b) transthoracic 3DE acquisition of a pure bicuspid aortic valve 

with typical fish mouth opening appearance (Video 13.2b); (c) transtho-
racic 3DE acquisition of a bicuspid aortic valve with calcified rafe 
between the left and the non-coronary cusps (Video 13.2c); (d) trans-
esophageal acquisition of a quadricuspid aortic valve (Video 13.2d)
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distinguishing immobile trileaflet aortic valves without com-
missural fusion from bicuspid valves with fusion. Diagnostic 
and phenotyping accuracy can be significantly improved 
with the use of higher-resolution imaging techniques such as 
transesophageal echocardiography (TEE) and 3DE imaging 
[42–45]. Using longitudinal cut-planes of 3DE data sets of 
the aortic root, the presence or absence of interleaflet trian-
gles (the anatomical landmark for the diagnosis of BAV) can 

be diagnosed (Fig. 13.4, Videos 13.4a and 13.4b). 3DE has 
also been utilized to quantify BAV function. For stenotic 
valves, direct planimetry of the orifice [46–49] has been vali-
dated. Machida et al. in fact showed that in the bicuspid AS 
group, the planimetered aortic valve area (AVA) by 3D TEE 
significantly correlated with AVA calculated by the Doppler 
continuity equation (r  =  0.83, mean difference 
0.10 ± 0.18 cm2, P < 0.001), whereas AVA by two- dimensional 
TEE did not (r  =  0.42, mean difference 0.48  ±  0.32  cm2, 
P = 0.066) [49].

Particularly in the setting of concomitant subvalvular ste-
nosis when the continuity equation may be erroneous, direct 
planimetry of the AVA may be the primary means of quantify-
ing valvular stenosis. Acquisition of the 3D volume to accu-
rately assess valvular morphology and function requires using 
the higher volume rate, thus smallest volume that images the 
entire aortic valve and proximal aortic root (Fig. 13.5, Videos 
13.5a and 13.5b). The orientation of the valve may vary sig-
nificantly depending on the number of cusps and the size, 
shape and orientation of the aortic root which is the main 
advantage of using 3D imaging to assess the aortic valve. 
Because longitudinal, lateral and elevational resolution are 
different, structures most perpendicular to the insonation beam 
will have the best linear definition. Thus acquiring 3DE vol-
umes from multiple imaging planes is always recommended. 
For transthoracic imaging, acquire a user-defined volume 
from both parasternal long-axis and short-axis views as well 
as from both apical 5-chamber and 3-chamber views. Similarly, 
mid-esophageal TEE volumes should be acquired from short-
axis view (~60°) and long- axis (~120°) views as well as trans-
gastric 5-chamber (~0°) and 3-chamber views (~120°).

Once the 3D volume has been acquired, the standard ori-
entation of the aortic valve on TTE is with the right coronary 

Fig. 13.3 Volume rendered image of a bicuspid valve with rafe (white 
arrow) between the right and left coronary cusps. The 3DE data set has 
been acquired from transesophageal approach and the valve is seen en 
face from the aorta perspective (Video 13.3). L left coronary cusp, NC 
non-coronary cusp, R right coronary cusp

Fig. 13.4 Anatomical diagnosis of bicuspid aortic valve. Left panel, 
anatomical specimen of the aortic root showing the aortic cusps, coro-
nary ostia (white arrows) and interleaflet triangles (white dashed trian-
gles). Central panel, volume rendered 3DE cut plane of the aortic root 
showing the left main ostia (white arrow) and the interleaflet triangle 

between the left and non-coronary cusps (Video 13.4a). Right panel, 
volume rendered 3DE cut plane of the aortic root showing the right 
coronary ostia (white arrow) and the rafe (yellow arrow) between the 
left and the right coronary cusps (Video 13.4b)
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cusp in the near field. From the aortic side, the left coronary 
cusp is in the far field and to the right with the noncoronary 
cusp in the far field and to the left. From the ventricular side, 
the left coronary cusp is in the far field and to the left with the 
noncoronary cusp in the far field and to the right (see also 
Chap. 12). On TEE however the image is flipped with the 
right coronary cusp in the far field. From the aortic side, the 
left coronary cusp is in the near field and to the right with the 
noncoronary cusp in the near field and to the left. From the 
ventricular side, the left coronary cusp is in the near field and 
to the left with the noncoronary cusp in the near field and to 
the right. Planimetry of the orifice may be performed either 
on volume rendered images or using multi-planar recon-
struction, first ensuring that the cropping plane is positioned 
at the level of the smallest orifice (Fig. 13.5).

 Supravalvular Aortic Stenosis

Supravalvular aortic stenosis is the most common cardiac 
finding associated with Williams-Beuren syndrome (also 
known simply as Williams syndrome), and is rarely seen out-
side of this patient population [2]. This syndrome is a result 
of a deletion on the long arm of chromosome 7 and affects 
the encoding of the elastin protein and causing major sys-
temic arteries to become rigid. It typically presents in child-
hood with a number of phenotypic abnormalities, including 
a distinct facial appearance, developmental delay, behavioral 
changes, and hypercalcemia. Other common cardiac anoma-
lies include hypoplasia of the aortic arch and pulmonary 
artery stenosis. Less common associated cardiac anomalies 

include: coarctation of the aorta, ventricular septal defect, 
patent ductus, subaortic stenosis, and hypertrophic cardio-
myopathy. The stenosis occurs at the sinotubular junction, 
distal to the coronary ostia, resulting in abnormal flow within 
the coronaries. In the setting of significant outflow obstruc-
tion severe left ventricular hypertrophy may occur. These 
patients are at high risk for sudden death and surgical inter-
vention is usually required. Echocardiography remains the 
initial diagnostic modality for supravalvular stenosis [50] 
however the constellation of cardiac anomalies may be best 
evaluated by computed tomography [51]. Newborns with 
supravalvular aortic stenosis should be followed for rapid 
progression. Although right ventricular outflow obstruction 
may regress in some patients, supravalvular aortic stenosis 
may develop in others with right ventricular outflow obstruc-
tion. Patients with right ventricular outflow obstruction (at 
the valvular, supravalvular, or peripheral pulmonary arterial 
level) should be evaluated carefully for development of 
supravalvular aortic stenosis at follow-up [52].
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Aortic Regurgitation
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Abstract
Conventional two-dimensional and Doppler echocardiog-
raphy (2DE) are widely used to establish the pathophysiol-
ogy and to assess the severity of aortic regurgitation. 
However, due to its tomographic nature, 2DE has important 
limitations to appreciate the geometry and the dynamics of 
the aortic valve complex. Conversely, three-dimensional 
echocardiography (3DE) can assess the aortic valve com-
plex without geometrical assumptions about the shape of 
its different components and offer unprecedented, anatomi-
cally sound, images of the aortic valve.

The different components of the aortic valve com-
plex can be visualized from any perspective using a 
single acquired full-volume data set allowing a com-
plete understanding of their anatomy and function. The 
following chapter describes the additional value of 3DE 
over 2DE for the assessment of patients with aortic 
valve regurgitation, with respect to etiology, mecha-
nisms and severity of the disease, as well as planning of 
future procedures.
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 Introduction

Two-dimensional and Doppler echocardiography is the most 
widely used imaging technique to perform a non-invasive 
assessment of the aortic valve morphology and function in 
humans. Echocardiography is essential to establish the etiol-
ogy, to assess the mechanisms and to quantify the severity of 
the aortic regurgitation (AR). However, the inherent tomo-
graphic nature of two-dimensional echocardiography poses 
some limitations to appreciate the anatomy and function of 
the different components of the aortic valve complex [1]. 
Conversely, recent advances in three-dimensional echocar-
diography (3DE) combined with the use of dedicated soft-
ware packages allow a more accurate assessment of the aortic 
valve complex in the beating heart. Important advantages of 
3DE derive from the possibility to visualize the various com-
ponents of the aortic valve complex from any perspective and 
to perform measurements independent on geometric assump-
tions about the shape of the cardiac structures [2]. Moreover, 
the use of transesophageal 3DE has provided images of the 
aortic valve in motion of unprecedented quality [3].

This chapter describes the additional role of 3DE to assess 
morphology and function of the aortic valve complex in 
patient aortic regurgitation, to establish the mechanisms and 
to quantify the severity of the regurgitation.

 Aortic Valve Morphology

To understand the pathophysiology of AR we should con-
sider anatomical and functional changes occurring in all the 
components of the so-called aortic root complex. The aortic 
root complex is composed of the sinuses of Valsalva, the 
fibrous inter-leaflet triangles and the aortic valve leaflets [3]. 
A normal function of the aortic root complex complex 
requires normal geometry and dimensions of all its compo-
nents, and a proper coupling of the aortic and mitral valve 
function [4, 5] (see also Chap. 12).
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AR may be caused by primary disease of the cusps, con-
genital abnormalities of aortic valve, or by distortions of the 
aortic root [6], which lead to insufficient closure of the cusps. 
Two-dimensional echocardiography is the primary technique 
used to orientate the etiology and to establish the mecha-
nisms and severity of the aortic regurgitation. However, two- 
dimensional echocardiography is a tomographic technique 
and a parallel alignment of the cut-plane to the aortic valve to 
visualize the valve en-face is sometimes impossible in hearts 
with enlarged aortic roots or a horizontal position [3]. 
Moreover, the through-plane motion of the aortic annulus 
due to the longitudinal shortening of the left ventricle during 
the cardiac cycle often hampers adequate visualization of the 

aortic valve orifice opening. Conversely, 3DE allows infinite 
cut-planes inside the acquired full-volumes. An en face 
alignment of the cut-plane with the aortic annulus can be 
easily obtained, irrespective of the aortic root spatial orienta-
tion, and a comprehensive evaluation of the aortic valve 
complex can be performed in the beating heart [3].

3DE evaluates all aspects of the aortic valve leaflets, includ-
ing height, width, surface area, and volume of the sinuses of 
Valsalva [7]. 3DE cut-planes positioned above and below the 
aortic cusps and longitudinal planes at the level of the aortic 
valve and left ventricular outflow tract allow the identification 
of the different lesions leading to aortic regurgitation: bicuspid 
valve [8, 9] (Fig. 14.1), quadricuspid valve [10] (Fig. 14.2), 

a

b

Fig. 14.1 Bicuspid aortic 
valve by three-dimensional 
transoeshophageal 
echocardiography. The aortic 
valve is visualized from the 
aortic perspective. This 
cut-plane is used to analyze 
the number and the 
morphology of the leaflets. 
(a) Shows the aortic valve 
closed, when it might seem 
tricuspid due to the median 
rafe; (b) shows the aortic 
valve opened in a “fish 
mouth” orifice, typical for the 
bicuspid morphology. AV 
aortic valve
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degeneration, vegetations (Fig. 14.3), tumors (Fig. 14.4), per-
foration [11] (Fig. 14.5), or prolapse [12] (Fig. 14.6).

Bicuspid aortic valve, one of the most important causes of 
AR, is better identified with 3DE than with two-dimensional 
echocardiography [8, 9] (Fig. 14.1), 3DE allows discriminat-
ing between bicuspid and tricuspid valve by avoiding the 
confusion created by the raphe between two aortic valve leaf-
lets associated with inadequate aortic valve cross-section by 
using two-dimensional echocardiography [3]. In addition, 
transesophageal 3DE provides images of unprecedented 
quality, allowing a detailed analysis of the congenital abnor-
malities and the “fish-mouth” opening of the bicuspid aortic 
valve [7] (Fig. 14.1). Transthoracic 3DE has been validated 
against anatomic examination of autopsy specimens, demon-
strating a reliable morphological characterization of the aor-
tic valve [9].

For the assessment of aortic valve endocarditis, 3DE is 
capable of defining the size and shape of vegetations, their 
mobility, and insertion [3] (Fig. 14.3). Moreover, the use 
of 3DE helps to assess the presence of complications in 
patients with aortic valve endocarditis, such as perfora-
tions, aneurisms, and abscesses [13]. Complications after 
interventional procedures, such as perforation of one of 
the aortic valve cusps, can be best visualized with 3DE 
(Fig. 14.5).

Visualization of the normal thin or heavily calcified aor-
tic cusps is usually difficult when using 3DE transthoracic 
approach. Therefore, transesophageal 3DE from upper 
esophageal views provides superior spatial resolution and 
image quality [3, 14], which allows a more accurate analy-
sis of the aortic cusps morphology, and the aortic valve 
opening and closure. This applies also for AR of rheumatic 
etiology, where the commissures are thickened and fused, 
with restricted opening and closure (Fig.  14.7a, b). 
Moreover, color transesophageal 3DE has a complemen-
tary role to assess the size, shape, and location of the AR jet 
(Fig. 14.7d). By acquiring the mitral and the aortic valves 
in the same full- volume dataset, associated with the use of 

a bFig. 14.2 Quadricuspid aortic valve. Three-
dimensional echocardiography reveals quadricuspid 
aortic valve in a young patient with moderate aortic 
regurgitation. (a) Shows the closed aortic valve 
with four cusps (1, 2, 3, and 4), the pulmonary 
artery and the right ventricle outflow tract in a short 
axis view. (b) Shows the aortic valve when opened. 
PA pulmonary artery, RVOT right ventricular 
outflow tract

a

b

c

Fig. 14.3 Endocarditis at the level of the aortic valve with flail of a leaf-
let. The patient had a history of Ross procedure, with the pulmonic valve 
implanted in the aortic position. Three years after the procedure he devel-
oped fatigue and anemia. Two-dimensional echocardiography revealed 
severe aortic regurgitation and a mobile mass at the level of the left ven-
tricular outflow tract. Three-dimensional echocardiography showed the 
voluminous mobile mass in both long axis and short axis view, at the level 
of the left ventricular outflow tract, at the top of the anterior mitral valve. 
AMV anterior mitral valve, Ao aorta, LA left atrium, LV left ventricle, 
LVOT left ventricular outflow tract, MV mitral valve, RV right atrium, the 
vegetation on both 2D and 3D images is marked with asterisk
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a

c d

b

Fig. 14.4 Fibro-elastoma attached to the sinus of Valsalva in a patient 
with moderate aortic regurgitation. Two-dimensional echocardiography 
(a, b) reveals a small mass (yellow arrow), highly mobile through the 
left ventricular outflow tract with the opening of the aortic valve. Three- 

dimensional echocardiography (c, d) shows the real shape and size of 
the mass and its insertion inside the aorta, at the level of Sinus of 
Valsalva. Ao aorta, LA left atrium, LV left ventricle, LVOT left ventricu-
lar outflow tract, RA right atrium, RV right ventricle
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dedicated software package, one can analyze the coupling 
between the aortic and the mitral valve during the cardiac 
cycle [14] (Fig.  14.7). After aortic valve replacement, a 
decrease in mitral regurgitation is noted [15], while the 
motion of the mitral annulus is affected by prosthesis 
implanted in the aortic position [4].

In patients with AR, aortic valve repair is a desired alter-
native to replacement, due to lower risks for endocarditis 
and complications related to prostheses [3]. In this setting, 
echocardiography is essential for patient selection and pro-
cedure planning, which is technically more challenging 
than aortic valve replacement. 3DE allows the reconstruc-
tion of the aortic valve complex into realistic models, visu-
alized in both static and dynamic fashion, on which 
measurements of different parameters important for the 
surgeon can be performed and used to ensure a successful 
procedure (Fig. 14.8).

 Severity Assessment of Aortic Regurgitation

Two-dimensional and Doppler echocardiography assessment 
of valvular regurgitations is based on PISA measurements, 
which is assumed to have a perfect hemispherical shape, due 

to a planar and circular regurgitant orifice. This assumption 
is seldom met into real life [16], where the regurgitant orifice 
has an irregular, three-dimensional, and dynamic shape. 
Complementary use of color 3DE allows a more accurate 
assessment of the vena contracta dimension and shape by 
cropping the AR jet in a perpendicular fashion at multiple 
levels, in order to identify and measure the smallest color jet 
area [17] (Fig. 14.7). This method showed good accuracy in 
animal models [18, 19] and in patients [17, 20] when com-
pared with angiography, cardiac magnetic resonance and 
conventional two-dimensional echocardiography and 
Doppler measurements.

Other 3DE methods to quantify the AR severity, such as 
deriving regurgitant volume from the difference of the left 
and right stroke volumes [19] are still experimental and 
 further studies are needed in this direction. Recently, dedi-
cated software package has been developed to measure the 
true volume of PISA and to offer a more accurate estimation 
of the regurgitant volume, but at present, it has been vali-
dated only for the mitral and tricuspid regurgitation [21]. 
Similar software might be accustomed also for the AR jet 
quantification, but this remains to be to be validated.

 Clinical Cases

 Case 14.1

Thirty-eight-year-old woman presenting for routine two- 
dimensional echocardiography. Conventional two- 
dimensional echocardiography reveals dilated ascending 
aorta and asymmetrical closure of the aortic valve in a para-
sternal long axis view. Mild AR is visualized. In a short 
axis view, the aortic valve seems tricuspid when closed, but 
with an apparent “fish-mouth” orifice when opened. 
Dilation of the ascending aorta prevented from obtaining a 
clear cut-plane of the aortic cusps, in order to identify 
bicuspid aortic valve. Conversely, a full-volume of the aor-
tic valve was acquired and multiple cut-planes were 
attempted, until they revealed the bicuspid morphology. A 
complete raphe between the aortic “pseudo-cusps” was 
visualized. Even though no significant aortic regurgitation 
was noted, the dilation of the ascending aorta of more than 
52 mm in the presence of bicuspid aortic valve prompted 
the indication for aortic surgery in this young patient 
(Fig 14.1).

 Case 14.2

Fifty-four-year-old man presenting with ST-elevation acute 
anterior myocardial infarction, Killip I. Emergency coronary 
angiography is performed, with successful stenting of the 
left anterior descending coronary artery. Even though the 

a

b

Fig. 14.5 Perforation at the level of the aortic left coronary cusp after 
angioplasty in a patient presented with unstable angina. The aortic 
valve is visualized in a short axis view, in which a round orifice is seen 
during diastole (both in a, b), when the valve is closed. LCC left coro-
nary cusp, NCC non-coronary cusp, RCC right coronary cusp
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c d

b

Fig. 14.6 Aortic regurgitation in a patient with aortic valve prolapse. (a) 
Shows an eccentric jet of aortic regurgitation. (b) Shows the Doppler 
curve of the aortic regurgitation. (c, d) Show the three-dimensional echo-

cardiographic images of the aortic valve, with the evident prolapse 
revealed in the long axis view (c) and the regurgitant orifice in the short 
axis view (d). Ao aorta, AV aortic valve, LVOT left ventricular outflow tract

a b

c d

Fig. 14.7 Two- and three-dimensional echocardiography images of a 
rheumatic aortic valve in a patient with severe aortic regurgitation and 
moderate mitral regurgitation. (a) Shows the aortic side of the AV, with 
thickened and fused commissures; (b) shows the ventricular side of the 

AV, with the regurgitant orifice during proto-diastole; (c) shows the 2D 
color view of the aortic regurgitation jet from a parasternal long axis view; 
(d) shows the 3D color view of the aortic regurgitation jet, between the 
right and non-coronary cusps. AV aortic valve, AR aortic regurgitation
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a

c d

b

Fig. 14.8 Realistic model of the aortic valve complex obtained with 
three-dimensional echocardiography and dedicated software package. 
(a, b) Shows the reconstruction of a dilated aortic valve, with a regur-
gitant orifice due to dilation of the aortic annulus. Coronary ostia can 

be seen in (a, c), while right (R), left (L), and non-coronary (NC) 
aortic cusps are shown in (b). (c, d) Shows the reconstruction of a 
normal aortic valve and aortic root, with normal closure of the cusps

procedure was successful and the ECG changes were regres-
sive, the patient developed progressive dyspnea. 
Echocardiography performed after the procedure revealed 
new onset of severe AR. However, the aortic valve did not 
show pathological features by two-dimensional echocar-
diography in both parasternal long and short axis views. A 
3DE full volume, of the aortic valve was acquired from the 
parasternal short axis view and cropped below and above the 
aortic valve. The images showed a small “hole” in the left 
coronary cusp (Fig. 14.5). Complementary assessment using 
color 3DE showed that the orifice in the aortic cusp matched 
with the aortic regurgitant flow. Therefore, 3DE was pivotal 
to identify the true cause of the AR: a perforation of the aor-
tic cusp during the procedure.

 Case 14.3

Thirty-five-year-old man, with history of Ross procedure for 
bicuspid aortic valve 3 years prior, presenting with weight 
loss, anemia and exhertional dyspnea. Two-dimensional 
echocardiography revealed severe regurgitation of the bio-
prosthesis (Fig. 14.9) and a mobile mass attached to one of 
its cusps. 3DE revealed the true dimensions of the vegeta-
tion, its protrusion into the left ventricular outflow tract, and 
the flail of one of the valve cusps that causes severe regurgi-
tation (Fig. 14.3). Moreover, 3DE showed a para-prosthetic 
abscess, which communicates with the left ventricular out-
flow tract and an inter-ventricular septal defect at the level of 
the membranous septum (Fig. 14.9).

14 Aortic Regurgitation



208

References

 1. Badano LP, Boccalini F, Muraru D, Bianco LD, Peluso D, Bellu R, 
et al. Current clinical applications of transthoracic three-dimensional 
echocardiography. J Cardiovasc Ultrasound. 2012;20(1):1–22.

 2. Lang RM, Mor-Avi V, Sugeng L, Nieman PS, Sahn DJ.  Three- 
dimensional echocardiography: the benefits of the additional 
dimension. J Am Coll Cardiol. 2006;48(10):2053–69.

 3. Muraru D, Badano LP, Vannan M, Iliceto S. Assessment of aortic 
valve complex by three-dimensional echocardiography: a frame-
work for its effective application in clinical practice. Eur Heart J 
Cardiovasc Imaging. 2012;13(7):541–55.

 4. Mahmood F, Warraich HJ, Gorman JH 3rd, Gorman RC, 
Chen TH, Panzica P, et  al. Changes in mitral annular geom-
etry after aortic valve replacement: a three-dimensional 
transesophageal echocardiographic study. J Heart Valve Dis. 
2012;21(6):696–701.

 5. Veronesi F, Caiani EG, Sugeng L, Fusini L, Tamborini G, Alamanni 
F, et  al. Effect of mitral valve repair on mitral-aortic coupling: a 
real-time three-dimensional transesophageal echocardiography 
study. J Am Soc Echocardiogr. 2012;25(5):524–31.

 6. Joint Task Force on the Management of Valvular Heart Disease 
of the European Society of Cardiology, European Association 
for Cardio-Thoracic Surgery, Vahanian A, Alfieri O, Andreotti F, 

Antunes MJ, et al. Guidelines on the management of valvular heart 
disease (version 2012). Eur Heart J. 2012;33(19):2451–96.

 7. Lang RM, Tsang W, Weinert L, Mor-Avi V, Chandra S. Valvular 
heart disease. The value of 3-dimensional echocardiography. J Am 
Coll Cardiol. 2011;58(19):1933–44.

 8. Sadron Blaye-Felice MA, Seguela PE, Arnaudis B, Dulac Y, 
Lepage B, Acar P.  Usefulness of three-dimensional transtho-
racic echocardiography for the classification of congenital bicus-
pid aortic valve in children. Eur Heart J Cardiovasc Imaging. 
2012;13(12):1047–52.

 9. Espinola-Zavaleta N, Munoz-Castellanos L, Attie F, Hernandez- 
Morales G, Zamora-Gonzalez C, Duenas-Carbajal R, et  al. 
Anatomic three-dimensional echocardiographic correlation of 
bicuspid aortic valve. J Am Soc Echocardiogr. 2003;16(1):46–53.

 10. Burri MV, Nanda NC, Singh A, Panwar SR. Live/real time three- 
dimensional transthoracic echocardiographic identification of 
quadricuspid aortic valve. Echocardiography. 2007;24(6):653–5.

 11. Longobardo L, Coluccia V, Azzu A, Scarfo IS, Alfieri O, La Canna 
G. Three-dimensional echocardiography diagnosis of double per-
foration of bicuspid aortic valve. J Cardiovasc Med (Hagerstown). 
2017;18(10):841–2.

 12. Szymanski T, Maslow A, Mahmood F, Singh A. Three-dimensional 
echocardiographic assessment of coaptation after aortic valve 
repair. J Cardiothorac Vasc Anesth. 2017;31(3):993–1000.

 13. Nemes A, Lagrand WK, McGhie JS, ten Cate FJ.  Three- 
dimensional transesophageal echocardiography in the evaluation of 
aortic valve destruction by endocarditis. J Am Soc Echocardiogr. 
2006;19(3):355 e13–4.

 14. Veronesi F, Corsi C, Sugeng L, Mor-Avi V, Caiani EG, Weinert 
L, et al. A study of functional anatomy of aortic-mitral valve cou-
pling using 3D matrix transesophageal echocardiography. Circ 
Cardiovasc Imaging. 2009;2(1):24–31.

 15. Khosravi A, Sheykhloo H, Karbasi-Afshar R, Saburi 
A.  Echocardiographic changes after aortic valve replacement: 
Does the failure rate of mitral valve change? ARYA Atheroscler. 
2015;11(2):147–52.

 16. Shiota T, Jones M, Delabays A, Li X, Yamada I, Ishii M, et  al. 
Direct measurement of three-dimensionally reconstructed flow 
convergence surface area and regurgitant flow in aortic regurgi-
tation: in  vitro and chronic animal model studies. Circulation. 
1997;96(10):3687–95.

 17. Fang L, Hsiung MC, Miller AP, Nanda NC, Yin WH, Young 
MS, et  al. Assessment of aortic regurgitation by live three- 
dimensional transthoracic echocardiographic measurements of 
vena contracta area: usefulness and validation. Echocardiography. 
2005;22(9):775–81.

 18. Mori Y, Shiota T, Jones M, Wanitkun S, Irvine T, Li X, et al. Three- 
dimensional reconstruction of the color Doppler-imaged vena 
contracta for quantifying aortic regurgitation: studies in a chronic 
animal model. Circulation. 1999;99(12):1611–7.

 19. Li X, Jones M, Irvine T, Rusk RA, Mori Y, Hashimoto I, et al. Real- 
time 3-dimensional echocardiography for quantification of the dif-
ference in left ventricular versus right ventricular stroke volume 
in a chronic animal model study: improved results using C-scans 
for quantifying aortic regurgitation. J Am Soc Echocardiogr. 
2004;17(8):870–5.

 20. Chin CH, Chen CH, Lo HS.  The correlation between three- 
dimensional vena contracta area and aortic regurgitation 
index in patients with aortic regurgitation. Echocardiography. 
2010;27(2):161–6.

 21. Grady L, Datta S, Kutter O, Duong C, Wein W, Little SH, et  al. 
Regurgitation quantification using 3D PISA in volume echocardiogra-
phy. Med Image Comput Comput Assist Interv. 2011;14(Pt 3):512–9.

a

b

Fig. 14.9 Severe aortic regurgitation a patient with history of Ross 
procedure, due to endocarditis of the prosthesis. Two-dimensional 
echocardiography color Doppler of the aortic regurgitation (a), and the 
mobile mass seen into the left ventricular outflow tract (b). Three- 
dimensional images of the vegetation are shown in Fig. 14.3. LA left 
atrium, RA right atrium, RV right ventricle

S. M. Baldea et al.



209© Springer Nature Switzerland AG 2019
L. P. Badano et al. (eds.), Textbook of Three-Dimensional Echocardiography, https://doi.org/10.1007/978-3-030-14032-8_15

Assessment After Surgery 
or Interventional Procedures 
on the Aortic Valve

Rebecca T. Hahn

Abstract
This chapter will cover the post-operative assessment of 
surgical and transcatheter aortic valves. Complications of 
surgical prostheses including paravalvular regurgitation 
and the use of three-dimensional imaging for guidance of 
prosthetic paravalvular regurgitation closure will also be 
discussed. Finally, the intra-procedural monitoring of 
transcatheter aortic valve replacement will be reviewed 
with case examples.

Keywords
Surgical aortic valve replacement · Bioprosthetic · 
Mechanical prosthesis · Transcatheter aortic valve 
replacement

 Introduction

Three-dimensional echocardiography (3DE) has signifi-
cantly changed the assessment of valvular pathology and has 
revolutionized not only patient selection for surgical repair 
but also for newer transcatheter procedures. This chapter will 
cover the post-operative assessment of surgical aortic valves, 
and the intra-procedural monitoring of transcatheter aortic 
valve replacements as well as of transcatheter treatment of 
aortic prosthetic paravalvular regurgitation.

 Surgical Aortic Valve Replacement

The post-operative assessment of the aortic valve will 
depend on the primary valve lesion (i.e. stenosis versus 
regurgitation) and the surgical procedure performed (i.e. 
repair or replacement) as well as prosthetic valve type 
(mechanical or biologic). For surgical aortic valve replace-
ment there has been a trend toward replacement with bio-
prosthetic valves, not only because randomized trials 
comparing biologic and mechanical valves in patients 
undergoing aortic valve replacement have shown no signifi-
cant survival differences [1–3], but also with growing data 
showing the feasibility of transcatheter aortic valve implan-
tation in failed bioprosthetic valves [4, 5]. If a biologic 
valve is appropriate, a number of options exist: stented and 
stentless valves, aortic homografts, and cadaveric recov-
ered autografts.

The sutureless aortic bioprosthesis is another alternative 
to high risk surgical aortic valve replacement [4–7]. These 
valves use a self-expanding anchoring device into which the 
bioprosthetic valve is attached. There is no suture line, simi-
lar to the transcatheter aortic valve replacement (TAVR) 
devices. There are a number of advantages of this device 
over a TAVR: valve excision and annular decalcification and 
precise positioning. The advantages over traditional surgical 
aortic valve replacement include: reduced operative time and 
trauma, and the option for minimally invasive approaches 
[8]. Although some reports suggested a higher incidence of 
paravalvular regurgitation, a recent propensity matched com-
parison of the sutureless valve compared to transapical 
TAVR shows a lower incidence of paravalvular regurgitation 
but higher incidence of atrial fibrillation [6].

For aortic valve replacement in the setting of aortic steno-
sis, the pre-surgical evaluation should include a calculation of 
the ideal valve area for body surface area to avoid prosthesis- 
patient mismatch [9]. This requires a determination of annu-
lar area and determination of the maximum valve area with 
implantation of a specific size/type of prosthesis. If the esti-
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mated effective orifice area indexed to body surface area is 
<0.85 cm2/m2, then aortic root enlargement or TAVR which 
yields typically larger valve areas for any given annular size, 
should be strongly considered. Although sizing for surgical 
aortic valve replacement has relied on surgical sizers, the 
TAVR literature clearly shows the accuracy of computed 
tomography and 3DE for measurement of the aortic annulus 
and sizing of the prosthesis [10, 11]. As new valve designs, in 
particularly the sutureless valves, are perfected, this compli-
cation of surgical aortic valve replacement may decrease.

 Post-operative Assessment of Surgical 
Interventions

The immediate post-cardiopulmonary bypass assessment of 
the aortic valve includes an assessment of prosthesis seating 
and stability, prosthesis (or native if repaired) leaflet motion, 
impingement or trauma to adjacent structures (i.e. aorta), and 
an assessment of valve function. A comprehensive Doppler 
evaluation follows the same principles as for native valve ste-
nosis and regurgitation assessment [12, 13]. Color Doppler, 
pulsed wave Doppler and continuous wave Doppler should 
be performed from multiple windows in order to minimize 
insonation angle, optimize imaging and accurately assess 
valve gradients and valve area, as well as the presence of 
aortic regurgitation. For calculations of effective orifice area 
or Doppler velocity index which require measurement of 
stroke volumes from different cardiac cycles and measure-
ment of peak transvalvular velocity-time integral, matching 
the respective cycles lengths to within 10% is advised [14].

Increase velocities or gradients across the aortic valve 
may not always indicate prosthesis stenosis. Similarly, low 
gradients across the aortic valve, although comforting, may 
not always be normal. A flow-independent measure of valve 
area should always be performed to confirm that a low (or 
high) gradient is associated with normal function of the 
valve. In the setting of a high gradient, a standard algorithm 
should be followed to determine the etiology. First, the valve 
area should be calculated. If the effective orifice area is 
within the expected range for the valve type and size, then 
confirmation by a close evaluation of the prosthesis occlud-
ers (discs for a mechanical valve, and leaflets for a biopros-
thetic valve) should confirm normal opening and closure. In 
addition, indexing the effective orifice area to body size may 
help determine if patient-prosthesis mismatch may be the 
cause of the high gradient. In the absence of patient- 
prosthesis mismatch, other etiologies of a high gradient but 
normal valve area should be sought, including a high output 
state, subvalvular obstruction or aortic regurgitation [15, 16].

Double envelope spectral Doppler profiles may often be 
seen in the setting of mechanical prostheses [17]. This is 
related to different flow characteristics of the mechanical ori-

fices. In the setting of a single tilting disc, a large major and 
small minor orifice may create a dense and typically lower 
velocity jet arising from the major orifice, and a faint, higher 
velocity jet from the minor orifice. Similarly, the bileaflet 
disc mechanical valve generates a dense, lower velocity jet 
arising from the lateral orifices, with a faint, higher velocity 
jet from the central orifice. The faint, higher velocity profiles 
are created by pressure-recovery and do not represent flow 
from the main orifice(s); the dense, lower velocity jet should 
be used to assess function and calculate effective orifice area 
by continuity equation.

Long-term follow-up is required to determine the pres-
ence of prosthetic valve dysfunction. Prosthetic valve dys-
function may be categorized as structural or non-structural 
[18]. Structural valve dysfunction includes dysfunction or 
deterioration intrinsic to the valve, including calcification, 
leaflet tear or flail. This complication is more common in 
biologic valves, and may occur earlier in younger patients. 
Other patient comorbidities such as renal failure may 
increase the risk of calcification. Nonstructural valve dys-
function characteristically is seen early following implanta-
tion and is defined as any abnormality not intrinsic to the 
valve itself. These complications are usually related to tech-
nical issues and include suture dehiscence with associated 
paravalvular regurgitation, problems related to retained 
native mitral apparatus and prosthesis-patient mismatch. For 
the aortic prosthesis, motion discordant with the motion of 
the adjacent aortic root and native annulus usually indicates 
significant (40–90% of the annular circumference) dehis-
cence [19]. Other nonstructural problems such as pannus for-
mation are late complications.

Significant complications that are not included in this sim-
ple classification system are thrombosis and endocarditis. 
Distinguishing pannus from thrombus may be difficult [14, 
20]. Occurring almost exclusively on mechanical valves, 
thrombi are generally large, tissue-density masses which may 
interfere with occluder motion. The clinical history may give 
further clues since a short duration of symptoms (typically 
dyspnea or an embolic event) and inadequate anticoagulation 
or cause for increased coagulability are commonly associated 
[14, 21]. Lin et al. [22] formalized a grading scheme for pre-
dicting thrombus versus pannus. In this study of 53 patients 
with surgical confirmation, the transesophageal predictors of 
thrombus including: mobile mass [tissue- density], attachment 
to occluder, elevated gradient (peak aortic gradient ≥50 mmHg, 
mean mitral valve gradient ≥10 mmHg) and INR ≤2.5. The 
prevalence of thrombus was 14% with ≤1 predictor, 69% with 
2 predictors, and 91% with ≥3 predictors. For the aortic posi-
tion, pannus is more common than thrombus.

Echocardiography is an integral tool for the diagnosis and 
management of prosthetic valve endocarditis (Fig.  15.1, 
Video 15.1, Fig. 15.2, Videos 15.2a and 15.2b). Vegetations, 
valve dysfunction and periannular extension are the primary 
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Fig. 15.1 Biplane display of aortic bioprosthesis endocarditis. Left panel, 
short axis view of a bioprosthetic valve in aortic position showing a mass 
(white asterisk) on the non-coronary sinus leaflet. By positioning the cursor 

on the mass, it is possible to see it in an orthogonal plane (Right panel) to 
increase our confidence in the diagnosis and better appreciate vegetation 
size and mobility (Video 15.1). AO aorta, LA left atrium, RA right atrium

Fig. 15.2 Transesophageal volume rendering display of a vegetation (red 
asterisk) attached to the non-coronary sinus leaflet of the aortic bioprosthe-
sis. Left panel, transversal cut-plane to visualize the prosthesis en face from 
the aortic perspective (Video 15.2a/left). Right panel, longitudinal cut-

plane to appreciate vegetation’s length and point of attachment. Three-
dimensional echocardiography allows a better appreciation of the vegetation 
size (volume vs. linear dimensions) and mobility (no out-of-plane motion) 
(Video 15.2b/right). AO aorta, LVOT left ventricular outflow tract
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findings. The diagnosis of a mitral-aortic intervalvular 
fibrosa pseudoaneurysm deserves special mention. Although 
most frequently a complication of aortic prosthetic valve 
endocarditis, it can be seen with mitral prosthetic valve 
endocarditis as well as in native valve endocarditis. The aor-
tic root and mitral annulus are connected by a fibrous region 
called the “subaortic curtain” or “intervalvular fibrosa”. This 
is not an uncommon site of infection following prosthetic 
valve implantation. The diagnosis of an abscess with fistula 
formation is made by visualization of an echo-free space in 
the mitral-aortic intervalvular fibrosa with systolic expan-
sion and diastolic collapse with prominent pulsatility from a 
communication with the left ventricular outflow tract [23].

Further fistula formation between the pseudoaneurysm 
and the aorta or left atrium may reduce the pulsatility.

 Monitoring Interventional Procedures: 
Paravalvular Closure and Transcatheter 
Aortic Valve Replacement

 Prosthetic Paravalvular Regurgitation Closure

Peri-prosthetic paravalvular leak occurs in 2–10% of aortic 
prosthetic valves and 7–17% of mitral prosthetic valves [24]. 
Whereas most of these patients are asymptomatic, 1–3% of 
patients present clinically as heart failure if the regurgitant vol-
ume is large, hemolysis or both. Hemolysis with peri- prosthetic 
paravalvular leak has been ascribed to three basic mecha-
nisms: fragmentation of erythrocites, collision and accelera-
tion of the jet [25]. In symptomatic patients with severe 
paravalvular regurgitation the risk of adverse outcome with 
repeat surgery is up to 16% [2, 26] increasing with each re-
operation [26]. Studies have shown that percutaneous closure 
of peri- prosthetic paravalvular leak is not only possible using 
a number of different devices [27–31], but successful in treat-
ing both heart failure and hemolysis with high procedural suc-
cess rates [32–35]. Clinical success is determined by the 
 procedural success and the presenting symptom. Improvement 
in heart failure symptoms is typically limited to patients with 
no or mild residual regurgitation following closure [34]. 
Patients with hemolytic anemia however, often fail to improve 
despite successful closure. Hein et al. [36] observed that 33% 
of patients requiring transfusions had worsening hemolysis 
after the procedure, and there was newly developed hemolysis 
in 10% of all patients. Persistent or worsening hemolysis may 
be due to the typical off-label use of devices used to close 
these leaks which are woven from a larger-caliber nitinol mesh 
which fail to conform to the irregular shapes of the paravalvu-
lar defects. More recently the Amplatzer vascular plug (AVP II 
and IV) devices have been used which have a smaller profile 

and conform to the shape of the defect allowing them to fit into 
the small, irregular paravalvular defects resulting in reduced 
para-device leak.

Transesophageal echocardiography and in particular 
3DE, have been essential to procedural guidance of peri- 
prosthetic paravalvular leak closure, particularly for the 
mitral position [33, 37–39]. Intra-procedural transesopha-
geal 3DE is used to: determine the exact number and location 
of the defect(s) in particular in relation to the prosthesis 
occluders, determine the exact size/dimensions of the defect, 
help determine the appropriate closure device and number, 
guide catheter positioning and device deployment, and deter-
mine the effectiveness of the procedure. For the aortic posi-
tion, acoustic shadowing of much of the anterior sewing ring 
frequently limits the ability of echocardiographic guidance 
for peri-prosthetic paravalvular leak in this location, although 
off-axis (deep esophageal) or transgastric views can be also 
used. Alternatively intracardiac 3DE can be used, but the 
experience with this imaging modality during paravalvular 
leak closure is more limited.

 Transcatheter Aortic Valve Replacement (TAVR)

Although many TAVR procedures are currently being per-
formed under conscious sedation and fluoroscopic or trans-
thoracic echocardiographic guidance only, the majority of 
patients in the randomized trials required transesophageal 
echocardiography guidance during valve implantation [40–
43]. Transesophageal echocardiography has likely been 
instrumental in the reduction of complications such as para-
valvular regurgitation [44], reduced use of contrast [45] and 
improved outcomes [46].

Prior to transcatheter valve deployment, a comprehensive 
transesophageal echocardiography study as recommended by 
the American Society of Echocardiography [47] should be 
performed to document baseline valvular and ventricular size 
and function. Pre-implant imaging is also used to  confirm the 
annular and thus transcatheter valve size, as well as evaluate 
the “landing zone” of the transcatheter valve. The latter assess-
ment will allow for anticipation and avoidance of complica-
tions such as paravalvular regurgitation (Fig. 15.3, Video 15.3, 
Fig. 15.4, Videos 15.4a and 15.4b), annular or aortic rupture 
(Fig.  15.5), or coronary occlusion. During the procedure, 
transesophageal echocardiography can be used to precisely 
position wires/catheters (i.e. pacing wires and left ventricular 
stiff wire) (Fig. 15.6, Videos 15.5a and 15.5b). Imaging during 
balloon aortic valvuloplasty may be enormously helpful in 
further procedural planning (Fig.  15.7, Video 15.6). Precise 
transcatheter valve positioning can be performed, also utiliz-
ing transesophageal echocardiography (Fig. 15.8, Video 15.7). 
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Fig. 15.3 Assessment of 
paravalvular regurgitation in a 
patient with poor parasternal 
acoustic window who 
received a TAVR (Video 
15.3). The transthoracic 3DE 
color data set acquired from 
the apical approach can be 
sliced using a cut plane 
(broken yellow line) oriented 
perpendicular to the 
prosthesis stent (arrows) and 
passing through the distal part 
of it (left panel) in order to 
obtain an en face view of the 
valve from the ventricular 
perspective (right panel) 
which allows to assess the 
circumferential extension of 
the para-valvular leak 
(asterisk)

Fig. 15.4 Volume rendering of a severe para-valvular leak in a 
patients who received a TAVR. Left panel, five-chamber two-dimen-
sional echocardiography with color Doppler showing multiple para-
valvular leaks (asterisks) (Video 15.4a/left). Right panel, 
transthoracic volume rendered 3DE color acquisition showing the 

TAVR prosthesis en face from the ventricular perspective. There are 
two para-valvular leaks at 12 o’clock (asterisk) and from 1 to 3 
o’clock (double asterisk). The prosthesis stent is indicated with 
arrows (Video 15.4b/Right). AO aorta, LA left atrium, LV left ven-
tricle, RV right ventricle
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Fig. 15.5 Aortic annulus rupture after TAVR and pseudo aneurysm 
(asterisk) imaged by two-dimensional color echocardiography (left 
panel) and 3DE volume rendering of prosthesis and the pseudoaneu-

rysm from the aortic perspective (right panel). The arrow shows the 
fistula between the aortic root and the pseudoaneurysm

Fig. 15.6 Wire position check using real-time 3DE during TAVR pro-
cedure. Left panel, 3DE can help the interventional cardiologist to 
shorten the time needed to cross the stenotic aortic valve in difficult 
patients by imaging the wire (white arrow) and the valve orifice (Video 

15.5a/Left). Right panel, after having crossed the valve, 3DE is also 
useful to check the wire (white arrow) position (Video 15.5b/Right) and 
the absence of wire related complications such as cardiac tamponade. 
AV aortic valve, LA left atrium, LVOT left ventricular outflow tract

Following valve deployment, transesophageal echocardiogra-
phy provides rapid and accurate assessment of valve size/
shape, position and function (Fig. 15.9, Video 15.8). But per-
haps more importantly, transesophageal echocardiography 
can rapidly diagnose the etiology of acute hemodynamic com-
promise: acute valvular dysfunction (aortic or mitral regurgi-
tation), tamponade  physiology (chamber perforation or 
annular rupture), ventricular dysfunction (acute coronary 
obstruction or ischemic dysfunction) and aortic root catastro-
phe (aortic dissection or rupture).

 Wire and Cannulation Position

The position of wires and catheters can easily be assessed by 
3D TEE (Fig. 15.3, Video 15.3).

For transfemoral cases, the curve of the J-wire is ideally 
positioned in the apex of the ventricle and free of entangle-
ment in the chordae, which on fluoroscopy may not be easily 
identified. The transapical TAVR approach requires addi-
tional imaging of the left ventricular apex (mid-esophageal 
view) to ensure optimal location of the apical puncture and 
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avoidance of the right ventricle, interventricular septum and 
papillary muscles.

3D imaging may help localize the cannulation site and 
guide the wire path within the ventricle.

 Balloon Aortic Valvuloplasty

Imaging during balloon aortic valvuloplasty (Fig. 15.7, Video 
15.6) is used not only to confirm annular sizing, but also to 
predict the displacement of calcium (i.e. near the annulus or 
left ventricular outflow tract) or calcified native structures (i.e. 
the left coronary cusp in relation to the left main coronary 
ostium) with valve deployment [48–50]. During balloon aortic 
valvuloplasty, the simultaneous multi- plane imaging mode is 
frequently utilized with imaging of the mid-esophageal long 
axis as the reference view, and short axis views view of the 
aortic valve or aortic root in the orthogonal lateral plane, 
depending on the specific high risk feature requiring imaging.

Adjustment of the imaging depth and sector size should be 
performed to ensure a frame rate of at least 10 Hz. It is important 
to remember that complications from balloon aortic valvulo-
plasty occur in up to 16% of patients [51] and echocardiographic 
imaging can help diagnose acute coronary occlusion, severe aor-
tic regurgitation and tamponade. Finally, imaging following bal-
loon aortic valvuloplasty should document an increase in leaflet 
opening after balloon aortic valvuloplasty, no significant change 
in mitral or aortic regurgitation, and no pericardial effusion.

 Transcatheter Valve Positioning

Precise positioning the transcatheter heart valve is essential for 
procedural success and reduction in complications [52, 53]. 
Transesophageal echocardiography can play an important 

Fig. 15.7 Real-time volume rendering transesophageal 3DE of bal-
loon valvuloplasty. In adjunct to fluoroscopy, echocardiography is use-
ful to control the position of the balloon (B) before and during balloon 
inflation, and to check the effects of it on cusp mobility and calcium 
mobilization (Video 15.6). AV aortic valve, LA left atrium, LVOT left 
ventricular outflow tract

Fig. 15.8 Real-time volume rendering transesophageal 3DE to check 
prosthesis position before its release. In adjunct to fluoroscopy, echocar-
diography is useful to control the position of the prosthesis (P) before its 
release. In the case shown, the prosthesis (P) is too low in the LVOT and 
should be retracted at the level of the aortic valve (Video 15.7). AV aortic 
valve, LA left atrium, LVOT left ventricular outflow tract, P prosthesis

Fig. 15.9 Volume rendering transesophageal 3DE of a Sapien 3 pros-
thesis after it release. The arrows show the proximal and distal edges of 
the stent, the leaflets are indicated with the asterisks (Video 15.8)
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adjunctive role to fluoroscopy in this regard [54]. The crimped 
stent can typically be differentiated  echocardiographically 
from the underlying balloon by both reducing overall gain, 
and angulating the transducer to identify an echodense, sharp-
edged structure (as opposed to the heterogeneous appearance 
of the underlying deflated balloon) (Fig.  15.8, Video 15.7). 
When two-dimensional imaging is not sufficient, 3DE in the 
live, narrow- sector mode should be used since the additional 
depth of imaging may help differentiate the crimped valve and 
underlying balloon catheter.

The positioning of other valve designs may similarly be 
aided by the use of transesophageal 3DE however, the fol-
lowing discussion will be limited to the balloon-expandable 
SAPIEN 3 valve, and the self-expanding Evolut R valve.

Positioning of the SAPIEN 3 valve is different than prior 
iterations of the balloon-expandable valve. The cell design of 
this valve results in shortening of the valve only from the 
ventricular side with early anchoring of the outflow portion 
of the valve during balloon inflation. Thus positioning should 
focus on primarily the aortic or outflow end of the valve with 
the distal edge of the stent covering the native leaflets and 
below the sino-tubular junction.

Transesophageal 3DE may be useful in  localizing cal-
cium in the aortic root or left ventricular outflow tract which 
can then be avoided with fine-tuning. During valve deploy-
ment, transesophageal echocardiography offers the addi-
tional benefit of continuous, uninterrupted imaging of the 
pre-identified high risk features. When the aortic root or 
annulus appears stretched, balloon inflation can be slowed or 
even stopped, in order to avoid rupture of these structures.

Positioning of the self-expanding valve is primarily per-
formed under fluoroscopic guidance however transesopha-
geal echocardiography can be used as an adjunctive imaging 
modality which could reduce contrast use and reduce para- 
valvular regurgitation. Importantly, the optimal imaging 
plane of fluoroscopy is not the same as the sagittal (long- 

axis) transesophageal imaging plane. The posterior edge of 
the trans-catheter heart valve imaged on transesophageal 
echocardiography is typically the edge between the noncoro-
nary and left coronary cusp, whereas the posterior edge of 
the trans-catheter heart valve on fluoroscopy is the edge adja-
cent to the left coronary cusp. Because of the curvature of the 
aorta, the transfemoral and often the transaortic approaches 
will typically result in the tip pointing posteriorly and to the 
left, such that when initial deployment begins, the posterior 
edge of the trans-catheter heart valve is “higher” (more aor-
tic) than the anterior edge however as the valve is deployed, 
there is typically an operator-independent re-orientation of 
the valve to align more parallel to the long-axis of the aorta. 
A right subclavian approach however results in the tip point-
ing more medially and the “higher” edge of the valve is the 
medial aspect of the valve. The angle of deployment may 
influence the final non-coaxial position of the valve

 Post-procedural Echocardiographic Imaging

Immediately following valve deployment, echocardiographic 
imaging provides rapid and accurate assessment of valve 
position, valve shape, leaflet motion (Fig. 15.9, Video 15.8) 
and gradients. Color Doppler imaging provides prompt and 
precise feedback to the interventionalists about the presence, 
location and qualitative severity of aortic regurgitation as well 
as coronary patency and mitral valve function (Fig. 15.10). In 
the setting of hemodynamic compromise, potential etiologies 
such as left and/or right ventricular dysfunction or aortic root 
catastrophe can be assessed within seconds.

Assessing para-valvular regurgitation is a major role of 
intra-procedural transesophageal echocardiography. There are 
a number of obvious differences between surgical and trans-
catheter prosthetic valves which may result in significant dif-
ferences in regurgitant jet anatomy and physiology. 

Fig. 15.10 Too low implant of a Sapien 3 valve which interferes with 
the motion of the anterior leaflet of the mitral valve. Left panel, the 
valve is too low in the left ventricular outflow tract (white arrows point-
ing at the distal edges of the stent), and interferes with the motion of the 

anterior leaflet causing mitral regurgitation. Right panel, volume ren-
dering of the mitral valve seen en face from the atrial perspective. The 
stent position impacts on the morphology of the anterior mitral leaflet in 
the half open position
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Fig. 15.11 Multislice display of a transthoracic 3DE color data set acquired from the apical approach to identify the origin and circumferential 
extension of multiple para-valvular leaks (arrows) (Video 15.9)

Transcatheter (and sutureless surgical) valves have no sewing 
ring and “dehiscence” by traditional definitions, will not occur 
although malposition or migration may. With transcatheter 
valves, the native aortic valve cusps and annulus are intact, 
reducing the space around the stent. Typically, there are multi-
ple small paravalvular jets following TAVR, most commonly at 
the commissures of the native aortic valve leaflets [55]. In addi-
tion, the skirt at the proximal end of the transcatheter valve is 
specifically designed to reduce para- valvular regurgitation and 
only jets which extend beyond the skirt and into the left ven-
tricle should be considered “real”. Finally, para-valvular regur-
gitation jets frequently take an eccentric course with some jets 
directed perpendicular to the left ventricular outflow tract 
(instead of the typical parallel direction in the left ventricle). 
The goal of the imager must be to precisely document the ori-
gin, course and spatial extent of regurgitant jets and use multi-
parametric and multi-planar imaging.

Current echocardiographic guidelines [26] do not recom-
mend using color Doppler jet length or vena contracta width 
to assess the severity of para-valvular regurgitation but in the 
acute setting post-TAVR, this is an even more important 
caveat. The aortic stenosis patient typically has a 
concentrically- hypertrophied ventricle with reduced ventric-

ular compliance and/or diastolic dysfunction. In addition, 
with advanced age and high prevalence of hypertension, 
there is in addition significant reduction in aortic compli-
ance. This complex physiology in addition to intra-operative 
hemodynamic changes, may significantly affect the color 
Doppler jet within the left ventricular outflow tract. Thus, 
3DE may become the method of choice for directly measur-
ing effective regurgitant orifice area and calculating aortic 
regurgitant volume (Fig.  15.11, Video 15.9). Validation of 
this technology for quantitating native aortic regurgitation is 
growing [56–58] and the utility of 3DE for the assessment of 
prosthetic regurgitation promising [59, 60]. Although a com-
prehensive, integrative approach must always be used when 
assessing regurgitation [14], 3D color Doppler can quickly 
be acquired from the mid-esophageal or deep transgastric 
views. With the use of off-line analysis packages, two 
orthogonal long-axis views of the jet, one with the narrowest 
and one with the broadest width of the jet, to identify plane 
of the vena contracta (Fig. 15.11, Video 15.9). The vena con-
tracta is then directly planimetered from this short-axis view 
and a regurgitant volume can be calculated if a complete 
regurgitant spectral Doppler velocity-time-integral can be 
traced (Fig. 15.11, Video 15.9).

15 Assessment After Surgery or Interventional Procedures on the Aortic Valve



218

References

 1. Oxenham H, Bloomfield P, Wheatley DJ, Lee RJ, Cunningham 
J, Prescott RJ, et  al. Twenty year comparison of a Bjork-Shiley 
mechanical heart valve with porcine bioprostheses. Heart. 
2003;89(7):715–21.

 2. Hammermeister K, Sethi GK, Henderson WG, Grover FL, Oprian 
C, Rahimtoola SH. Outcomes 15 years after valve replacement with 
a mechanical versus a bioprosthetic valve: final report of the veter-
ans affairs randomized trial. J Am Coll Cardiol. 2000;36(4):1152–8.

 3. Stassano P, Di Tommaso L, Monaco M, Iorio F, Pepino P, Spampinato 
N, et al. Aortic valve replacement: a prospective randomized evalu-
ation of mechanical versus biological valves in patients ages 55 to 
70 years. J Am Coll Cardiol. 2009;54(20):1862–8.

 4. D’Onofrio A, Messina A, Lorusso R, Alfieri OR, Fusari M, 
Rubino P, et al. Sutureless aortic valve replacement as an alterna-
tive treatment for patients belonging to the “gray zone” between 
transcatheter aortic valve implantation and conventional surgery: 
a propensity-matched, multicenter analysis. J Thorac Cardiovasc 
Surg. 2012;144(5):1010–6.

 5. Flameng W, Herregods MC, Hermans H, Van der Mieren G, 
Vercalsteren M, Poortmans G, et  al. Effect of sutureless implan-
tation of the Perceval S aortic valve bioprosthesis on intraopera-
tive and early postoperative outcomes. J Thorac Cardiovasc Surg. 
2011;142(6):1453–7.

 6. Martens S, Sadowski J, Eckstein FS, Bartus K, Kapelak B, Sievers 
HH, et al. Clinical experience with the ATS 3f enable(R) sutureless 
bioprosthesis. Eur J Thorac Cardiovasc Surg. 2011;40(3):749–55.

 7. Phan K, Tsai YC, Niranjan N, Bouchard D, Carrel TP, Dapunt OE, 
et al. Sutureless aortic valve replacement: a systematic review and 
meta-analysis. Ann Cardiothorac Surg. 2015;4(2):100–11.

 8. Gilmanov D, Farneti PA, Miceli A, Bevilacqua S, Glauber 
M. Perceval S sutureless aortic valve prosthesis implantation via a 
right anterior minithoracotomy. Multimed Man Cardiothorac Surg 
[Video-Audio Media]. 2013;2013:mmt012.

 9. Pibarot P, Dumesnil JG.  Hemodynamic and clinical impact of 
prosthesis- patient mismatch in the aortic valve position and its pre-
vention. J Am Coll Cardiol. 2000;36(4):1131–41.

 10. Achenbach S, Delgado V, Hausleiter J, Schoenhagen P, Min 
JK.  Leipsic JA.  SCCT expert consensus document on computed 
tomography imaging before transcatheter aortic valve implanta-
tion (TAVI)/transcatheter aortic valve replacement (TAVR). J 
Cardiovasc Comput Tomogr [Consensus Development Conference]. 
2012;6(6):366–80.

 11. Leipsic J, Gurvitch R, LaBounty TM, Min JK, Wood D, Johnson M, 
et  al. Multidetector computed tomography in transcatheter aortic 
valve implantation. JACC Cardiovasc Imaging. 2011;4(4):416–29.

 12. Zoghbi WA, Enriquez-Sarano M, Foster E, Grayburn PA, Kraft CD, 
Levine RA, et al. Recommendations for evaluation of the severity 
of native valvular regurgitation with two-dimensional and Doppler 
echocardiography. J Am Soc Echocardiogr. 2003;16(7):777–802.

 13. Baumgartner H, Hung J, Bermejo J, Chambers JB, Evangelista 
A, Griffin BP, et  al. Echocardiographic assessment of valve ste-
nosis: EAE/ASE recommendations for clinical practice. J Am Soc 
Echocardiogr. 2009;22(1):1–23; quiz 101–2.

 14. Zoghbi WA, Chambers JB, Dumesnil JG, Foster E, Gottdiener JS, 
Grayburn PA, et al. Recommendations for evaluation of prosthetic 
valves with echocardiography and doppler ultrasound: a report 
From the American Society of Echocardiography’s Guidelines 
and Standards Committee and the Task Force on Prosthetic Valves, 
developed in conjunction with the American College of Cardiology 
Cardiovascular Imaging Committee, Cardiac Imaging Committee 
of the American Heart Association, the European Association of 
Echocardiography, a registered branch of the European Society 
of Cardiology, the Japanese Society of Echocardiography and the 

Canadian Society of Echocardiography, endorsed by the American 
College of Cardiology Foundation, American Heart Association, 
European Association of Echocardiography, a registered branch 
of the European Society of Cardiology, the Japanese Society of 
Echocardiography, and Canadian Society of Echocardiography. J 
Am Soc Echocardiogr. 2009;22(9):975–1014; quiz 82–4.

 15. Pibarot P, Dumesnil JG.  Prosthesis-patient mismatch: definition, 
clinical impact, and prevention. Heart. 2006;92(8):1022–9.

 16. Pibarot P, Dumesnil JG.  Prosthetic heart valves: selection of the 
optimal prosthesis and long-term management. Circulation. 
2009;119(7):1034–48.

 17. Gadhinglajkar S, Namboodiri N, Pillai V, Sreedhar R.  Double- 
envelope continuous-wave Doppler flow profile across a tilting-disc 
mitral prosthesis: intraoperative significance. J Cardiothorac Vasc 
Anesth. 2011;25(3):491–4.

 18. Akins CW, Miller DC, Turina MI, Kouchoukos NT, Blackstone EH, 
Grunkemeier GL, et al. Guidelines for reporting mortality and mor-
bidity after cardiac valve interventions. J Thorac Cardiovasc Surg. 
2008;135(4):732–8.

 19. Effron MK, Popp RL. Two-dimensional echocardiographic assess-
ment of bioprosthetic valve dysfunction and infective endocarditis. 
J Am Coll Cardiol. 1983;2(4):597–606.

 20. Roudaut R, Serri K, Lafitte S.  Thrombosis of prosthetic heart 
valves: diagnosis and therapeutic considerations. Heart. 
2007;93(1):137–42.

 21. Tong AT, Roudaut R, Ozkan M, Sagie A, Shahid MS, Pontes 
Junior SC, et  al. Transesophageal echocardiography improves 
risk assessment of thrombolysis of prosthetic valve thrombosis: 
results of the international PRO-TEE registry. J Am Coll Cardiol. 
2004;43(1):77–84.

 22. Lin SS, Tiong IY, Asher CR, Murphy MT, Thomas JD, Griffin 
BP.  Prediction of thrombus-related mechanical prosthetic valve 
dysfunction using transesophageal echocardiography. Am J 
Cardiol. 2000;86(10):1097–101.

 23. Sudhakar S, Sewani A, Agrawal M, Uretsky BF. Pseudoaneurysm 
of the mitral-aortic intervalvular fibrosa (MAIVF): a comprehen-
sive review. J Am Soc Echocardiogr. 2010;23(10):1009–18; quiz 
112.

 24. Taramasso M, Maisano F, Latib A, Denti P, Guidotti A, Sticchi 
A, et  al. Conventional surgery and transcatheter closure via sur-
gical transapical approach for paravalvular leak repair in high- 
risk patients: results from a single-centre experience. Eur Heart J 
Cardiovasc Imaging. 2014;15(10):1161–7.

 25. Garcia MJ, Vandervoort P, Stewart WJ, Lytle BW, Cosgrove DM 3rd, 
Thomas JD, et al. Mechanisms of hemolysis with mitral prosthetic 
regurgitation. Study using transesophageal echocardiography and 
fluid dynamic simulation. J Am Coll Cardiol. 1996;27(2):399–406.

 26. Echevarria JR, Bernal JM, Rabasa JM, Morales D, Revilla 
Y, Revuelta JM.  Reoperation for bioprosthetic valve dysfunc-
tion. A decade of clinical experience. Eur J Cardiothorac Surg. 
1991;5(10):523–6; discussion 7.

 27. Hourihan M, Perry SB, Mandell VS, Keane JF, Rome JJ, Bittl JA, 
et al. Transcatheter umbrella closure of valvular and paravalvular 
leaks. J Am Coll Cardiol. 1992;20(6):1371–7.

 28. Moore JD, Lashus AG, Prieto LR, Drummond-Webb J, Latson 
LA. Transcatheter coil occlusion of perivalvular mitral leaks asso-
ciated with severe hemolysis. Catheter Cardiovasc Interv [Case 
Reports]. 2000;49(1):64–7.

 29. Eisenhauer AC, Piemonte TC, Watson PS.  Closure of prosthetic 
paravalvular mitral regurgitation with the Gianturco-Grifka vas-
cular occlusion device. Catheter Cardiovasc Interv [Case Reports]. 
2001;54(2):234–8.

 30. Webb JG, Pate GE, Munt BI.  Percutaneous closure of an aor-
tic prosthetic paravalvular leak with an Amplatzer duct occluder. 
Catheter Cardiovasc Interv. 2005;65(1):69–72.

R. T. Hahn



219

 31. Nietlispach F, Johnson M, Moss RR, Wijesinghe N, Gurvitch 
R, Tay EL, et  al. Transcatheter closure of paravalvular defects 
using a purpose- specific occluder. JACC Cardiovasc Interv. 
2010;3(7):759–65.

 32. Sorajja P, Cabalka AK, Hagler DJ, Rihal CS. Percutaneous repair of 
paravalvular prosthetic regurgitation: acute and 30-day outcomes in 
115 patients. Circ Cardiovasc Interv. 2011;4(4):314–21.

 33. Ruiz CE, Jelnin V, Kronzon I, Dudiy Y, Del Valle-Fernandez R, 
Einhorn BN, et al. Clinical outcomes in patients undergoing per-
cutaneous closure of periprosthetic paravalvular leaks. J Am Coll 
Cardiol [Comparative Study]. 2011;58(21):2210–7.

 34. Sorajja P, Cabalka AK, Hagler DJ, Rihal CS.  Long-term follow-
 up of percutaneous repair of paravalvular prosthetic regurgitation. J 
Am Coll Cardiol. 2011;58(21):2218–24.

 35. Moscucci M, Deeb GM, Bach D, Eagle KA, Williams DM. Coil 
embolization of a periprosthetic mitral valve leak associated 
with severe hemolytic anemia. Circulation [Case Reports]. 
2001;104(16):E85–6.

 36. Hein R, Wunderlich N, Robertson G, Wilson N, Sievert H. Catheter 
closure of paravalvular leak. EuroIntervention. 2006;2(3):318–25.

 37. Rihal CS, Sorajja P, Booker JD, Hagler DJ, Cabalka AK. Principles 
of percutaneous paravalvular leak closure. JACC Cardiovasc Interv. 
2012;5(2):121–30.

 38. Bogunovic N, Faber L, Scholtz W, Mellwig KP, Horstkotte D, 
van Buuren F.  Real-time three-dimensional transoesophageal 
echocardiography during percutaneous transcatheter occlusion 
of mitral periprosthetic paravalvular leak. Eur J Echocardiogr. 
2011;12(3):E27.

 39. Hoffmann R, Kaestner W, Altiok E.  Closure of a paravalvular 
leak with real-time three-dimensional transesophageal echocar-
diography for accurate sizing and guiding. J Invasive Cardiol. 
2013;25(11):E210–1.

 40. Leon MB, Smith CR, Mack M, Miller DC, Moses JW, Svensson 
LG, et  al. Transcatheter aortic-valve implantation for aortic ste-
nosis in patients who cannot undergo surgery. N Engl J Med. 
2010;363(17):1597–607.

 41. Smith CR, Leon MB, Mack MJ, Miller DC, Moses JW, Svensson 
LG, et al. Transcatheter versus surgical aortic-valve replacement in 
high-risk patients. N Engl J Med. 2011;364(23):2187–98.

 42. Popma JJ, Adams DH, Reardon MJ, Yakubov SJ, Kleiman NS, 
Heimansohn D, et  al. Transcatheter aortic valve replacement 
using a self-expanding bioprosthesis in patients with severe 
aortic stenosis at extreme risk for surgery. J Am Coll Cardiol. 
2014;63(19):1972–81.

 43. Adams DH, Popma JJ, Reardon MJ.  Transcatheter aortic-valve 
replacement with a self-expanding prosthesis. N Engl J Med. 
2014;371(10):967–8.

 44. Oguri A, Yamamoto M, Mouillet G, Gilard M, Laskar M, 
Eltchaninoff H, et al. Clinical outcomes and safety of transfemo-
ral aortic valve implantation under general versus local anesthesia: 
subanalysis of the French Aortic National CoreValve and Edwards 
2 registry. Circ Cardiovasc Interv. 2014;7(4):602–10.

 45. Bagur R, Rodes-Cabau J, Doyle D, De Larochelliere R, Villeneuve 
J, Lemieux J, et al. Usefulness of TEE as the primary imaging tech-
nique to guide transcatheter transapical aortic valve implantation. 
JACC Cardiovasc Imaging. 2011;4(2):115–24.

 46. de Brito FS Jr, Carvalho LA, Sarmento-Leite R, Mangione JA, 
Lemos P, Siciliano A, et al. Outcomes and predictors of mortality 
after transcatheter aortic valve implantation: Results of the Brazilian 
registry. Catheter Cardiovasc Interv. 2015;85(5):E153–62.

 47. Hahn RT, Abraham T, Adams MS, Bruce CJ, Glas KE, Lang 
RM, et  al. Guidelines for performing a comprehensive trans-

esophageal echocardiographic examination: recommendations 
from the american society of echocardiography and the society 
of cardiovascular anesthesiologists. J Am Soc Echocardiogr. 
2013;26(9):921–64.

 48. Babaliaros VC, Liff D, Chen EP, Rogers JH, Brown RA, Thourani 
VH, et al. Can balloon aortic valvuloplasty help determine appro-
priate transcatheter aortic valve size? JACC Cardiovasc Interv. 
2008;1(5):580–6.

 49. Kasel AM, Cassese S, Bleiziffer S, Amaki M, Hahn RT, Kastrati 
A, et al. Standardized imaging for aortic annular sizing: implica-
tions for transcatheter valve selection. JACC Cardiovasc Imaging. 
2013;6(2):249–62.

 50. Patsalis PC, Al-Rashid F, Neumann T, Plicht B, Hildebrandt HA, 
Wendt D, et  al. Preparatory balloon aortic valvuloplasty during 
transcatheter aortic valve implantation for improved valve sizing. 
JACC Cardiovasc Interv. 2013;6(9):965–71.

 51. Ben-Dor I, Pichard AD, Satler LF, Goldstein SA, Syed AI, Gaglia 
MA Jr, et al. Complications and outcome of balloon aortic valvulo-
plasty in high-risk or inoperable patients. JACC Cardiovasc Interv. 
2010;3(11):1150–6.

 52. Dvir D, Lavi I, Eltchaninoff H, Himbert D, Almagor Y, Descoutures 
F, et  al. Multicenter evaluation of Edwards SAPIEN position-
ing during transcatheter aortic valve implantation with correlates 
for device movement during final deployment. JACC Cardiovasc 
Interv. 2012;5(5):563–70.

 53. Athappan G, Patvardhan E, Tuzcu EM, Svensson LG, Lemos 
PA, Fraccaro C, et  al. Incidence, predictors, and outcomes of 
aortic regurgitation after transcatheter aortic valve replace-
ment: meta-analysis and systematic review of literaturemeta-
analysis and systematic review of literature. J Am Coll Cardiol. 
2013;61(15):1585–95.

 54. Hahn RT, Little SH, Monaghan MJ, Kodali SK, Williams M, 
Leon MB, et al. Recommendations for comprehensive intraproce-
dural echocardiographic imaging during TAVR. JACC Cardiovasc 
Imaging Dent Rev. 2015;8(3):261–87.

 55. Pibarot P, Hahn RT, Weissman NJ, Monaghan MJ.  Assessment 
of paravalvular regurgitation following TAVR: a proposal of 
Unifying Grading Scheme. JACC Cardiovasc Imaging Dent Rev. 
2015;8(3):340–60.

 56. Fang L, Hsiung MC, Miller AP, Nanda NC, Yin WH, Young 
MS, et  al. Assessment of aortic regurgitation by live three- 
dimensional transthoracic echocardiographic measurements of 
vena contracta area: usefulness and validation. Echocardiography. 
2005;22(9):775–81.

 57. Pirat B, Little SH, Igo SR, McCulloch M, Nose Y, Hartley CJ, et al. 
Direct measurement of proximal isovelocity surface area by real- 
time three-dimensional color Doppler for quantitation of aortic 
regurgitant volume: an in vitro validation. J Am Soc Echocardiogr. 
2009;22(3):306–13.

 58. Poh KK, Levine RA, Solis J, Shen L, Flaherty M, Kang YJ, et al. 
Assessing aortic valve area in aortic stenosis by continuity equa-
tion: a novel approach using real-time three-dimensional echocar-
diography. Eur Heart J. 2008;29(20):2526–35.

 59. Singh P, Manda J, Hsiung MC, Mehta A, Kesanolla SK, Nanda NC, 
et al. Live/real time three-dimensional transesophageal echocardio-
graphic evaluation of mitral and aortic valve prosthetic paravalvular 
regurgitation. Echocardiography. 2009;26(8):980–7.

 60. Singh P, Inamdar V, Hage FG, Kodali V, Karakus G, Suwanjutah T, 
et al. Usefulness of live/real time three-dimensional  transthoracic 
echocardiography in evaluation of prosthetic valve function. 
Echocardiography. 2009;26(10):1236–49.

15 Assessment After Surgery or Interventional Procedures on the Aortic Valve



221© Springer Nature Switzerland AG 2019
L. P. Badano et al. (eds.), Textbook of Three-Dimensional Echocardiography, https://doi.org/10.1007/978-3-030-14032-8_16

Left Atrium

Wendy Tsang, Kirk T. Spencer, and Roberto M. Lang

Abstract
The left atrium is a critical cardiac structure. 
Abnormalities in left atrial function affect not only left 
ventricular function but also predict poor cardiovascular 
outcomes. Depending on the population, increased rates 
of atrial fibrillation, stroke and hospitalization have been 
associated with increased left atrial size. The left atrium 
is best assessed with transthoracic echocardiography 
using dedicated two-dimensional imaging views. While 
three- dimensional echocardiography-derived volumes 
are more accurate, current use is limited by lack of nor-
mal values and automated analysis packages that allow 
rapid measurement in clinical practice. Available left 
atrial cut-offs are based on maximum volumes indexed 
for body-surface area and do not differ between genders. 
While much of the available data is on maximum left 
atrial volume, other measurements may provide more 
important information on pathological processes and 
better prognosticate outcomes. These measurements 
include: changes in left atrial volumes during the cardiac 
cycle; left atrial contractile function measured through 

strain; and left atrial shape. Finally, monitoring of left 
atrial changes and recognition of reverse remodelling 
may lead to the use of left atrium as therapeutic target in 
clinical practice and trials.

Keywords
Left atrium · Function · Volume · Normal · Strain · 
Two-dimensional echocardiography · Three-dimensional 
echocardiography · Measurement

 Introduction

The left atrium plays an important role in normal left ven-
tricular function. It not only acts as a contractile pump that 
delivers 15–30% of the entire left ventricular filling vol-
ume but also acts as a reservoir that collects pulmonary 
venous return during ventricular systole allowing passage 
of the atrial stored blood into the left ventricle during early 
ventricular diastole (Fig. 16.1) [1, 2]. Given its important 
role, changes to normal left atrial size or function have 
been associated with adverse cardiovascular outcomes [3–
8]. For example, enlargement of the left atrium is associ-
ated with a higher incidence of atrial fibrillation and stroke 
[1, 9–11]. As well, patients with enlarged left atriums have 
a higher risk of hospitalization, major cardiac events or 
mortality if they experience either a myocardial infarction, 
dilated cardiomyopathy or diabetes mellitus [12–16]. 
These adverse outcomes develop because, in the absence 
of mitral valve disease, an increase in left atrial size most 
commonly reflects increased wall tension as a result of 
chronic augmentation of left atrial pressure [17–19]. This 
increase in left atrial size also results in impaired left atrial 
function due to atrial myopathy [20]. Thus, left atrial 
enlargement is both a marker of severity and chronicity of 
diastolic dysfunction and magnitude of left atrial pressure 
elevation [7, 17–19, 21].
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 Imaging of the Left Atrium

Left atrial size assessment is best accomplished with 
transthoracic echocardiography, which allows complete 
visualization of the left atrium. With transesophageal 
echocardiography, the entire left atrium frequently cannot 
be fit in the image sector thereby precluding the ability to 
measure left atrial size (Fig. 16.2). Care should be taken 
to avoid foreshortening the left atrium when acquiring 
images to measure left atrial size and volume. As the lon-
gitudinal axis of the left atrium often lies in a different 
plane from the left ventricle, dedicated acquisitions of the 
left atrium from the apical transducer position should be 
obtained for accurate left atrial measurements (Fig. 16.3) 
[22–24]. In the correct plane and time of the cardiac cycle, 
the base of the left atrium should be at its largest size, 
indicating that the imaging plane passes through the max-
imal short-axis area. The left atrial length should also be 
maximized to ensure alignment along the true long axis of 
the left atrium.

Measurements should be taken at the end of left ven-
tricular systole, as this is when the left atrial chamber is 
at its greatest dimension (Fig.  16.4). When using the 
biplane disc summation method to calculate left atrial 
volumes, the length of the long-axes measured in the 2- 
and 4-chamber views should be similar. When tracing the 
borders of the left atrium, the confluences of the pulmo-
nary veins, and left atrial appendage should be excluded. 
The atrio-ventricular interface should be represented by 
the mitral annulus plane and not by the tip of the mitral 
leaflets.

 Left Atrial Measurement

There are three measurements of left atrial size that are fre-
quently reported: left atrial antero-posterior dimension, left 
atrial area and left atrial volume. Of these, the recom-
mended parameter by current guidelines is left atrial vol-
ume [25]. However, for years, the most reported parameter 
has been the linear antero-posterior left atrial measurement 
obtained from the parasternal long-axis view using M-mode 
or two- dimensional transthoracic echocardiography [1, 9, 
14, 26–28]. This was due to the fact that the antero-poste-
rior dimension is highly reproducible. However, caution 
must be advised when interpreting antero-posterior dimen-
sions as they may not represent an accurate metric of left 
atrial size [29, 30]. This is because the antero-posterior 
diameter assumes that, when the left atrium enlarges, all of 
its dimensions change similarly, which is often not the case 
during left atrial remodelling, especially when the enlarge-
ment is eccentric [31, 32]. Therefore, antero-posterior lin-
ear dimension should not be used as the sole measurement 
of left atrial size.

Left atrial area measurements can be obtained by planim-
etry in the apical 4- and 2-chamber views. Measurements 
should be obtained by contouring orthogonally around the 
long-axis of the left atrium from good quality images that 
avoid left atrial foreshortening [25]. These tracings should 
exclude the pulmonary veins and left atrial appendage. Once 
the left atrial areas have been traced in these views, all soft-
ware packages will automatically compute left atrial volume, 
by either the method of disks or by the area-length technique. 
Thus, given the ease with which left atrial volumes can be 

Reservoir Conduit Booster Pump

Fig. 16.1 Function of the left 
atrium through the cardiac 
cycle
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obtained in clinical practice, it has been recommended that 
left atrial volumes be reported over left atrial area.

The preference for reporting left atrial volume over area 
or dimension is because left atrial volumes accounts for 

alterations in left atrial chamber size in all directions and 
consequently has been shown to be a more powerful prog-
nostic variable in a variety of cardiac disease states when 
compared with antero-posterior diameter or area. Overall, 

a

c
d

b

Fig. 16.2 The left atrium (LA) is best assessed through imaging tests due to its location in the chest as seen on chest X-ray (a, b). With echocardiog-
raphy, measurement is best performed on transthoracic imaging (c), as the entire left atrium is not seen with transesophageal echocardiography (d)
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left atrial volume measurements better reflect the burden and 
chronicity of elevated left ventricular filling pressures and 
are stronger predictors of outcomes [12, 13, 15, 33–38].

Four different methods can be used to measure left atrial 
volumes: (1) prolate ellipse method, (2) biplane area-length 
method, (3) biplane Simpson method, and (4) three- 
dimensional echocardiography (3DE). With two- dimensional 

echocardiographic images, left atrial volume should be 
measured using the Simpson method. The left atrial endo-
cardial border is traced and volume computed by adding 
the volume of a stack of 20 cylinders of length (L) and 
area calculated by orthogonal minor and major transverse 
axes (ai and bi) assuming an oval shape (Fig.  16.4): 
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The left atrial endocardial borders should be traced in 
both the apical 4- and 2-chamber views. A single plane 
approach based on the geometric assumption that the left 
atrium is circular in the short axis cut plane has also been 
used. While this assumption may not be always accurate, this 
approach could be used in cases when performing planime-
try in both views is difficult [39].

Alternatively, a biplane calculation could also be performed 
using the LA areas and length measured from both the apical 
4- (A1) and 2-chamber (B1) views. LA volume is calculated as: 
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L is the shortest distance between the mid-line of the 
plane of mitral annulus to the opposite superior side (roof) of 
the left atrium measured in either the 4- or 2-chamber views. 
As well, it is assumed that the difference between L mea-
sured in the 2- and 4-chambers views is less than 1 cm. While 
the area–length method still assumes an ellipsoidal left atrial 
shape, it has the advantage of reducing linear dimensions to 
a single measurement [7, 40]. It must be noted that measure-
ments obtained using the area-length method are not inter-

Fig. 16.3 The long-axis of the left atrium is not in the same plane as 
the long-axis of the left ventricle. This is best seen in the parasternal 
long-axis view. Here the long-axis of the left ventricle (red arrow) is in 
a different plane from the long-axis of the left atrium (yellow arrow). 
Thus, dedicated apical views of the left atrium focused to obtain the 
longest axes are required to measure the left atrium accurately

a b c

Fig. 16.4 Left atrial volume should be measured using the Simpson’s method on dedicated left atrial 4- and 2-chamber views (a, b). 3D echocar-
diography allows more accurate measurements of left atrial volume (c) but normal values have not been established. LV left ventricle
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changeable with the Simpson’s method and different normal 
values exist for each method [41]. However, the prognostic 
power of left atrial volumes calculated with both two- 
dimensional algorithms is similar [42].

The prolate ellipse method requires measurement of left 
atrial dimensions from the parasternal long-axis view (D1) 
and the long-and short-axis (D2, D3) from the apical 4- chamber 
view. Left atrial volume is calculated as D1 × D2 × D3 × 0.523. 
Overall, this method is not recommended due to the relative 
inaccuracy of the linear measurements required for its 
calculation.

If 3DE is possible, left atrial volumes are more accurate 
when measured using 3DE dataset than calculated from con-
ventional two-dimensional echocardiography views [22, 24, 
43]. This avoids errors in measuring left atrial volumes (i.e. 
geometrical assumptions about left atrial shape and/or fore-
shortening of the two-dimensional views) that come from 
using two-dimensional echocardiographic images. This is 
because the shape of the left atrium in cross-section perpen-
dicular to the left atrial long-axis is not circular but ellipsoid 
and that the two-dimensional views used for calculations 
may not cut through the correct major and minor axis of the 
left atrium. However, measurement by 3DE requires dedi-
cated quantitative software packages (Fig.  16.5) and was 
time-consuming [44–46]. Recently, new, fully automated 
algorithms have been developed to provide quick and repro-
ducible measurement of maximal left atrial volume [47]. 
Clinically, 3DE measurements of left atrial volume have 
been demonstrated to have a stronger and additive prognostic 
value [48–50]. Therefore, with the development of auto-
mated 3DE chamber quantification software packages [47], 

the integration of 3DE left atrial volume measurements into 
practice will be more practical and add clinical value.

Finally, it must be noted though that two-dimensional 
echocardiography derived left atrial volumes are typically 
smaller than those reported from computed tomography, car-
diac magnetic resonance imaging or 3DE [22, 51, 52].

 Normal Values

Left atrial size is dependent on gender. However, the gen-
der differences in left atrial size are generally accounted 
for when adjusting for body size. Several indexing meth-
ods have been proposed [38, 53], but indexing to body-
surface area has yielded the most available data. Thus, 
only the indexed value should be reported [2, 38]. A nor-
mal indexed left atrial volume, calculated with two-dimen-
sional echocardiography, is 25 ± 4  mL with an upper 
normal volume based on two standard deviations of 
33 mL. This is supported by studies documenting increased 
morbidity in patients with left atrial volumes >32–34 mL 
and with American Society of Echocardiography/European 
Association Cardiovascular Imaging guideline document 
on evaluation of diastolic function, which recommends the 
use of an indexed left atrial volume >34 mL/m2 as abnor-
mal [16, 36, 37, 54]. Although not recommended by cur-
rent guidelines [25], there is growing evidence to support 
the use of 3DE to measure left atrial volume based on its 
superior accuracy. If 3DE is used to measure left atrial vol-
umes, the upper limit of normal is larger than the one used 
for two dimensional echocardiography (Table 16.1).
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Fig. 16.5 Comparison of left 
atrial volumes calculated with 
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 Left Atrial Function and Volume

As mentioned earlier, the left atrium has three major functions 
during the cardiac cycle: a “reservoir”, a “conduit” and a 
“booster pump”. During these phases, left atrial volume will 
vary to reflect the mechanical function of the left atrium [55]. 
While maximal left atrial volume is routinely measured in 
clinical practice, changes in left atrial volumes more accu-
rately describe left atrial phasic function (Fig. 16.6). Reservoir 
volume is estimated by measuring the total left atrial emptying 
volume. This is calculated from the difference between the 
maximum left atrial volume just before mitral valve opening 
and minimal left atrial volume when the mitral valve closes. 
Total left atrial emptying fraction is determined by dividing 
the total left atrial emptying volume by left atrial maximal vol-
ume. Conduit volume is estimated by measuring the left atrial 
passive emptying volume, which is the difference between the 
maximal left atrial volume and the left atrial volume preceding 
atrial contraction. Left atrial passive ejection fraction is calcu-
lated by dividing left atrial passive emptying volume by the 
maximum left atrial volume. The contractile or booster func-
tion volume is measured through the left atrial active emptying 
volume, which is the difference between the left atrial volume 
measured pre-atrial contraction and the minimum left atrial 
volume. The difference between left ventricular stroke volume 
and the total left atrial emptying volume is left atrial passive 
conduit volume. Finally, a novel measure that incorporates left 
atrial emptying fraction, left ventricular outflow tract velocity 
time integral and maximal left atrial volume indexed to body 

surface area is left atrial functional index [56]. This parameter 
has been demonstrated to predict heart failure hospitalization 
in patients with coronary artery disease and preserved left ven-
tricular ejection fraction.

It must be noted that left ventricular diastolic properties 
affect the contribution of left atrial phasic function to left 
ventricular function. As age affects diastolic function, age 
also affects the relationship between left atrial and left ven-
tricular function. When diastolic function is normal, the rela-
tive contribution of left atrial reservoir, conduit and 
contractile functions to left ventricular filling is 40%, 35% 
and 25%, respectively [55]. With abnormal LV relaxation, 
the contribution of the left atrial reservoir and contractile 
function increases and conduit function decreases. However, 
with advanced LV diastolic dysfunction, the left atrium func-
tions predominantly as a conduit.

 Assessment of Left Atrial Function

Left atrial function can also be assessed using pulsed-wave 
Doppler interrogation of the transmitral and pulmonary 
venous blood flow velocities (Table 16.2). Normally, the pul-
monary venous flow pattern from the pulmonary veins to the 
left atrium consists of an early ventricular systolic wave fol-
lowed by a late ventricular systolic/isovolumic relaxation 
wave and then an early ventricular diastolic wave and finally 
reversal of flow from the left atrium to the pulmonary veins 
during atrial systole. Note that the early ventricular systolic 

Table 16.1 Comparison of normal values and upper limits of normality of left atrial volumes measured with three-dimensional echocardiography 
and calculated with two-dimensional echocardiography [22, 44–46, 50]

Reference Study characteristics
Left atrial 
volume

3DE 
(mL/m2)

2DE 
(mL/m2)

Upper limit of 
normality 3DE  
(mL/m2)

Upper limit of 
normality 2DE 
(mL/m2)

Aune et al. [44] Prospective. 166 healthy subjects. Non 
dedicated software package (Q-Lab®, 
Philips Medical Systems)

Maximum 41

Minimum 22
Badano et al. [22] Prospective. 244 healthy volunteers. 

Dedicated software package (4D LA 
function, TomTec Imaging Systems, 
Unterschleissen, D)

Maximum 32 ± 7 24 ± 6 46 34

Minimum 11 ± 3 8 ± 3 17 14
Pre-A 18 ± 5 15 ± 5 28 25

Azar et al. [45] Prospective. 63 healthy volunteers. Non 
dedicated software package (Q-Lab®, 
Philips Medical Systems)

Maximum 24 ± 6

Minimum 10 ± 4
Russo et al. [50] Prospective. 142 elderly (66 ± 9 years) 

healthy volunteers. Non dedicated 
software package (Q-Lab®, Philips 
Medical Systems)

Maximum 34 36

Minimum 21
Sugimoto et al. [46] Prospective. 371 healthy subjects. 

Non-dedicated software package (4D 
Cardio View, TomTec Imaging Systems, 
Unterschleissen, D)

Maximum 41 ± 1
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wave is only distinctly seen in 30% of transthoracic studies 
[55]. Overall pulmonary vein systolic waves are indicators of 
left atrial reservoir function and diastolic waves are an indi-
cator of left atrial conduit function.

Factors that affect phasic left atrial pressure affect pulmo-
nary vein waves. For instance, left ventricular systolic func-
tion and left atrial relaxation affects the magnitude and 
velocity-time integral of the early pulmonary vein systolic 
wave. Whereas, left atrial compliance affects both pulmo-
nary vein systolic waves. Late systolic pulmonary wave 
reflects propagation of the right ventricular pressure pulse 
through the pulmonary circulation and so right ventricular 
stroke volume affects it. Pulmonary vein diastolic wave is an 
indicator of conduit function and so factors affecting left 
atrial afterload (left ventricular relaxation, mechanical mitral 
valve obstruction) affect it.

Left atrial booster pump function can be assessed by exam-
ining flows caused by left atrial contraction into the left ven-
tricle. Transmitral flow waves such as the A-wave velocity, 
A-wave velocity time integral and the atrial-filling fraction) all 
provide information of left atrial booster pump function.

Other methods that can provide assessments of global and 
regional atrial contractile function include two-dimensional 
pulsed wave and color tissue Doppler echocardiographic 
imaging as well as speckle tracking strain. It must be noted 
that the choice of zero baseline for reporting left atrial strain 
may cause some confusion. If the ventricular cycle is used, 
ventricular end-diastole is the zero reference and the peak 
positive longitudinal strain corresponds to atrial reservoir 
function and the strain during early and late diastole 
 correspond to conduit and atrial booster function (Fig. 16.7). 
In contrast, if the atrial cycle is used where the atrial end- 

Reservoir

MV closure
(min. LAV)

MV open
(max. LAV)

Pre-atrial
contraction

Conduit Booster Pump

Contractile/
Booster Pump

Function

Global Function LA EF = (Max. LAV – Min. LAV)/Max. LAV

LA Passive Emptying Volume = (Max. LAV – LAV pre-atrial contraction)

LA Active Emptying Volume = (LAV pre-atrial contraction – Min. LAV)

Total LA Emptying Volume = (Max. LAV – Min. LAV)Reservoir

Calculation

Conduit

Fig. 16.6 Determination of 
left atrial function through 
volume assessment. EF 
emptying fraction, LA left 
atrial, LAV left atrial volume, 
Max maximal, Min minimum, 
MV mitral valve

Table 16.2 Spectral and tissue Doppler indices of left atrial function

LA function Transmitral flow
Pulmonary 
venous flow Composite indices

Tissue 
velocity Strain Strain rate

Global 
function

•  LA functional index =  
(LA EF × LVOTVTI)/(LAV/BSA)

Reservoir • S wave vel
• S wave VTI

• S′ • Systolic strain
• Total strain

•  Ventricular systolic 
strain rate

Conduit • E wave vel
• E wave VTI
• E/A

• D wave vel
• D wave VTI

• E′ •  Early diastolic 
strain

• Positive strain

•  Early ventricular 
diastolic strain rate

Booster 
pump

• A wave vel
• A wave VTI
• E/A
•  Atrial filling 

fraction
•  LA appendage 

velocity

•  Pulmonary 
venous reversal 
velocity

• Ejection force
• Left atrial kinetic energy

• A′ •  Late diastolic 
strain

• Negative strain

•  Late ventricular 
diastolic strain rate

BSA body surface area, EF emptying fraction, LA left atrial, LAV left atrial volume, LVOT left ventricular outflow tract, VTI velocity-time integral
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diastole at the onset of the p-wave is the zero reference, the 
first negative peak strain represents the atrial booster pump 
function. Peak positive strain represents the conduit function 
and the sum is reservoir function.

Left atrial strain from two-dimensional echocardiography 
is subjected to the limitations of tomographic imaging. It is 
unable to capture the true 3D motion of the left atrial myo-
cardium. Three-dimensional speckle tracking echocardiog-
raphy may address issues such as through-plane motion that 
occurs with two-dimensional imaging. In addition to allow-
ing measurement of longitudinal and circumferential strain, 
three-dimensional strain will allow evaluation of left atrial 
endocardial area strain. However, similar to two-dimensional 
left atrial strain, the clinical utility of these measurements is 
unclear at this time.

3DE has been used to measure left atrial phasic func-
tion (Fig.  16.8, Video 16.1) and normative values have 
been reported [22, 46].

 Left Atrial Remodeling

Left atrial remodeling occurs in response to two conditions: 
pressure and volume overload. Left atrial enlargement from 
volume overload occurs in those with valvular regurgitation or 
high output states such as anemia or athlete’s heart. Generally, 
myocyte relaxation is normal under these conditions.

Pressure overload typically results in left atrial enlarge-
ment due to increased left atrial afterload such as in mitral 
valve disease or left ventricular dysfunction and often results 
in abnormal myocyte relaxation. Overall, there is strong cor-
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Fig. 16.7 The zero reference point determines strain nomenclature. 
The QRS complex (a) or the electrocardiographic p-wave (b) can be 
used as the zero reference point

Vmin
(VpostA)

VMIN

VMIN SI

VMAX SI
VpreA

VpostA

ASV

TrueEF

VMAX
TOTAL SV
TOTAL EF

Vmax VpreA

23.58 ml

72.47 ml
48.89 ml
67.46%
79.11%

90.04%
30.69 ml

23.58 ml

7.11 ml

23.16 %

Fig. 16.8 Measurement of phasic left atrial volumes (minimum, maximum 
and pre-A) using 3DE. Electrocardiographic tracing and mitral valve inflow 
Doppler tracing are shown as time references. The table shows the volumes 

at different timing and calculated function indexes (Video 16.1). EF empty-
ing fraction, SV stroke volume, Vmax Left atrial maximal volume, Vmin left 
atrial minimal volume, VpreA left atrial volume pre-atrial contraction
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relation between the severity of left ventricular diastolic 
 dysfunction and left atrial volume in the absence of mitral 
valve disease, atrial fibrillation and conditions with higher 
cardiac output. During ventricular diastole, the left atrium is 
exposed to left ventricular pressure. In the case of left ven-
tricular diastolic dysfunction, with increased left ventricular 
stiffness, left atrial pressures increases to maintain adequate 
left ventricular filling. The increase in left atrial pressure 
leads to chamber dilatation and stretching of the atrial myo-
cardium. Thus, left atrial volume increases both with severity 
of diastolic dysfunction and chronicity of the dysfunction 
and therefore can serve as a marker of long-term control of 
diastolic filling pressures. One exception to the relationship 
between left atrial size and diastolic function exists when 
atrial fibrillation is present.

In addition to conditions where left atrial afterload is 
increased, there is a clinical scenario called “stiff left atrium 
syndrome” where pressure overload from left atrial fibrosis 
and/or calcification results in left atrial enlargement [57]. 
This is due to decreased left atrial compliance resulting in an 
increase in left atrial and pulmonary pressures and right heart 
failure.

Left atrial enlargement is often found in patients with 
atrial fibrillation. However, it has been difficult to establish a 
relationship between atrial fibrillation and left atrial enlarge-
ment [58]. Studies have demonstrated that sustained atrial 
tachyarrhythmias can result in atrial structural, contractile 
and electrical remodeling but this may also be the result of 
high ventricular rates and high ventricular filling pressures 
[59, 60].

 Reverse Remodeling

Reverse remodeling occurs when the left atrial size and func-
tion improves and reverses to a more normal form. This has 
been demonstrated to be feasible with the use of medical 
therapy independent of changes to blood pressure [61, 62]. 
While the clinical implication of these changes is unclear, it 
suggests the possibility of using left atrial size as a therapeu-
tic target.

 Assessment of Left Atrial Shape

Left atrial dilatation does not occur in a uniform manner. Thus, 
left atrial shape may be a better measure of left atrial remodel-
ing. With 3DE, left atrial shape can be assessed. This has pro-
vided insight into the mechanism that determines blood stasis, 
which predisposes to embolic events in patients with mitral 
stenosis. It has been reported that patients in whom the left 

atrium remodels from an ellipsoidal to a more spherical shape 
are at greater risk of embolic events independent on the car-
diac rhythm [63]. Spherical remodeling is felt to result in an 
increase in atrial wall tension that: (1) predisposes patients to 
atrial fibrillation; and (2) is less effective for atrial contraction. 
While this information is physiologically important, at this 
time the clinical utility of left atrial shape is still unclear.

 Prognostic Value of Left Atrial Size

Left ventricular size is a strong predictor and prognosticator 
of outcomes in many clinical disease processes. Increased 
maximal and minimal left atrial size have been demonstrated 
to be associated with the development of adverse cardiovas-
cular outcomes such as death, heart failure, and stroke in 
patients without a history of atrial fibrillation or significant 
valvular disease [55]. For those with dilated cardiomyopa-
thy, minimal left atrial volume predicts mortality and the 
need for cardiac transplantation [55]. Increased left atrial 
size also predicts outcomes associated with atrial fibrillation. 
It predicts the development of a first or recurrent episode of 
atrial fibrillation, the likelihood of maintaining sinus rhythm 
post-cardioversion/ablation/heart failure [64]. When com-
pared, left atrial volume is a stronger predictor of these 
adverse outcomes compared to left atrial area or diameter 
measurements [65]. Generally, left atrial volumes ≥32 mL/
m2 are associated with increased risk of first stroke or heart 
failure independent of age and other risk factors [33, 36]. It 
must be noted though that left atrial volume is a continuous 
variable and the larger the size the greater the risk [66].

 Summary

Left atrial size assessment is important in routine clinical 
practice as it has important clinical and prognostic signifi-
cance. Left atrial volumes should be measured using dedi-
cated optimized views and reported indexed to body-surface 
area. While two dimensional echocardiographic methods for 
measuring left atrial volumes are recommended, 3DE meth-
ods are likely more accurate. However, the use of three- 
dimensional echocardiography to obtain left atrial volume 
values is limited by the time required to analyze the dataset 
to obtain this measurement and the lack of large population 
based normal values. These issues will be addressed by the 
development of automated chamber quantification programs 
for 3DE data and large 3D echocardiographic studies on left 
atrial size in normal and abnormal patients. Finally, further 
study is needed into understanding the clinical value of mea-
surements left atrial contractile function.
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Fig. 16.9 Apical 4-chamber view optimized for left atrial size mea-
surement. The left atrium appears large. LA left atrium, LV left ventri-
cle, RA right atrium, RV right ventricle

Fig. 16.10 Multislice (triplane) display of a 3DE data set including 
the left atrium. The right lower panel shows the positions of the 
three longitudinal cut planes (4-, 2-chamber and long axis views) on 
a transversal cut plane of the left atrium to appreciate the asymmet-
ric shape of it, the non-orthogonal position of the 4- and 2-chamber 

views and the fact that the narrow long-axis view (flattened left 
atrium) has not been taken into account by the two-dimensional 
algorithm. 2CH two-chamber view (right upper panel), 4CH four-
chamber view (left upper panel), LAX longitudinal axis (left lower 
panel)

 Clinical Case 16.1

Fifty-four-year-old woman with no history of cardiovascular 
disease and no cardiovascular risk factor. Echocardiographic 
study indicated as part of her pre-operative work-up before 
undergoing abdominal surgery.

The conventional two-dimensional echocardiographic 
study was normal except a moderately enlarged left atrium 
(64 mL, 43 mL/m2) when volume was computed using the 
biplane discs’ summation algorithm (Fig.  16.9). However, 
when a 3DE data set of the left atrium was acquired and the 
left atrial volume was measured, it was found to be normal 
(52  mL, 34  mL/m2). Figure  16.10 shows the asymmetric 
shape of the left atrium of this lady that is not accounted by 
the two-dimensional algorithm.
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Assessment of the Right Ventricle

Denisa Muraru, Monica Luiza de Alcantara, 
Elena Surkova, and Basma Elnagar

Abstract
Right ventricular (RV) size and function have been 
found to be important predictors of cardiovascular mor-
bidity and mortality in patients with various clinical 
conditions. However, assessment of the RV using con-
ventional two- dimensional echocardiography is a chal-
lenging task due to the complex anatomy and the 
location of the RV in the chest. Although cardiac mag-
netic resonance is considered a “gold standard” for RV 
assessment, the development of three-dimensional 
echocardiography (3DE) opened new exciting opportu-
nities in RV imaging. 3DE has proven accurate in mea-
suring RV volumes and ejection fraction when compared 
with cardiac magnetic resonance. During the last 
decade, the added prognostic value of using 3DE to 
assess RV geometry and function over conventional 
two-dimensional and Doppler echocardiography has 
been increasingly reported.

Keywords
Right ventricular volume · Right ventricular ejection 
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Right ventricular (RV) volumes and ejection fraction (EF) are 
independent determinants of patient clinical status and 
adverse outcome [1–4]. Specifically, RV dysfunction has 
been associated with increased morbidity and mortality in 
patients with congenital heart disease, valvular disease, coro-
nary artery disease, pulmonary hypertension, and heart fail-
ure. The assessment of RV size and function is pivotal for the 
diagnostic and therapeutic strategy in many clinical situa-
tions, such as arrhythmogenic cardiomyopathy, right-sided 
valvular heart disease, congenital heart disease, candidates 
for cardiac surgery, heart transplantation or left ventricular 
assist device therapy.

Transthoracic echocardiography is the primary imaging 
modality for the assessment of RV size and systolic func-
tion. As a result of the complex shape of the RV, the use of 
simple geometric modeling for the calculation of RV vol-
umes and EF from two-dimensional echocardiographic 
images remains challenging. Conventional assessment of 
RV chamber function is commonly based on regional anal-
yses applied only on a single slice of the RV (i.e. the apical 
4-chamber view of the RV inflow), which may not always 
reflect the true global RV systolic performance. Three-
dimensional echocardiography (3DE) enables accurate and 
reproducible measurements of RV volumes and EF [5]. The 
3DE-derived RVEF is the only true global measure of RV 
pump function that can be measured by echocardiography. 
Albeit affected by inherent limitations (i.e. load depen-
dency), EF is an established standard measure of chamber 
function, easy to use and interpret by clinicians, as it is rou-
tinely employed in practice for  reporting left ventricular 
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systolic function using two-dimensional echocardiography, 
as well as both left and RV systolic function using different 
imaging modalities. 3DE quantitation of RV size and func-
tion is not affected by plane position error or unverified 
geometric assumptions, and therefore it is more accurate 
and reproducible than two-dimensional echocardiography 
indices when image quality is adequate [6]. Moreover, 
3DE-derived RV systolic function has shown prognostic 
value [7, 8], and age-and gender-specific normative values 
of RV volumes and EF have been identified [9]. Accordingly, 
the current ASE/EACVI guidelines on cardiac chamber 
quantification recommend that any echocardiography labo-
ratory with proper 3DE equipment and expertise should 
consider using 3DE to assess RV size and function [5].

In this chapter, we will review the basics of 3DE acquisition 
and analysis, the clinical applications, with a special emphasis 
on the added value and limitations of current 3DE technology.

 Acquisition and Display of RV Data Sets

In general, the 3DE assessment of the RV is performed at the 
end of a standard echocardiographic examination. The 
matrix-array probe is usually placed in the apical position or 
on the left anterior axillary line, and oriented towards the 
right heart in order to obtain the “RV-focused” view (with the 
RV in the center of the image sector and the apex-forming 
left ventricle on the right) (Fig.  17.1). For RV acquisition 
from “RV-focused view” approach, the use of a scanning bed 
with an apical cut is extremely useful, since it allows to posi-
tion the patient in the left lateral position (almost forming 
90° angle with the bed) and to accommodate more easily the 
probe in the correct position (more lateral than the usual 
position used to acquire the left ventricle) in order to obtain 
higher quality images. When the apical window is unsatis-
factory, a low parasternal or subcostal window can be used, 

Fig. 17.1 Correct probe 
orientation (right upper 
panel) to obtain of the right 
ventricular focused apical 
4-chamber views (right lower 
panel) compared to the 
conventional probe position 
(left upper panel) to obtain 
the classic apical 4-chamber 
view (left lower panel). Note 
that, using the conventional 
4-chamber view, the right 
ventricular anterior wall and 
the right ventricular outflow 
tract cannot be acquired in the 
3DE data set because of the 
interference of the sternum 
and lungs (see charts in mid 
panels). To obtain complete 
3DE data sets of the right 
ventricle the patient should be 
in a forced left lateral 
decubitus (laying at almost 
90° with the bed) and the 
probe should be placed more 
laterally and more anteriorly 
oriented than it is usually 
positioned when acquiring the 
left ventricle. AO aorta, PA 
pulmonary artery, RA right 
atrium, RV right ventricle
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provided that the entire RV can be included in the pyramidal 
data set with good endocardial definition.

In order to maximize the temporal resolution, the volume 
depth and the volume size (in both lateral and elevation direc-
tions) should be minimized to include only the RV and the 
tricuspid valve throughout the cardiac cycle, and to exclude 
the basal part of the right atrium. For instance, a normal-sized 
RV can be usually imaged adequately using a 60° × 60° vol-
ume size; conversely, dilated RVs and/or with rounded apex 
require a larger volume size (up to 90° × 90°, at the expense 
of a lower temporal resolution). In any case, it is recom-
mended that the left ventricle should be at least partially 
included in the RV dataset, since the available software analy-
sis tools require the identification of left ventricular apex and 
mitral valve landmarks for spatial orientation purposes.

Routinely, the RV is imaged using a multi-beat full- 
volume 3D acquisition from 4 to 6 consecutive cardiac 
cycles. In specific situations when multi-beat RV acquisition 
is not feasible (irregular heart rhythm, dyspnea, lack of coop-

eration for breathhold, etc.), single-beat RV data sets can be 
also used, particularly if the 3D ultrasound system is 
equipped with high volume-rate real-time scanning capabili-
ties [10]. However, it should be kept in mind that an accurate 
assessment of RV EF relies on a sufficient temporal resolu-
tion (at least 20–25  vps), which on most systems can be 
achieved using only a multi-beat acquisition mode.

The acquisition of an optimal RV 3D data set is more 
challenging than of the LV, and requires skill, coordination 
and patience. The key is to optimize the image quality and to 
stabilize it just before initiating the multi-beat acquisition. 
With few exceptions, this requires the application of respira-
tory maneuvers, changes of the probe position, orientation 
and pressure, or a steeper lateral position of the patient, until 
the entire RV walls are adequately visualized within the data 
set. While performing these maneuvers, we prefer to check 
their effect on the image quality by visualizing the RV in 
multiple slices (preferably short-axes), displayed side-by- 
side in real-time (Fig. 17.2, Video 17.1). If the 3DE system 

Fig. 17.2 Multislice (12-slice) display of 3DE data set of the right ven-
tricle. The right ventricle has been acquired from the apical approach 
using the right ventricular focused view as reference (left upper panel). 
To check that the whole right ventricle is included in the data set, the 
data set has been sliced in three longitudinal views (the reference one 

and the views at 60° and 120° from the reference one) and nine trans-
versal slices. The position and the orientation of the apical and the basal 
transversal slices can be controlled by adjusting the dashed lines on the 
longitudinal slices, the other seven are automatically sliced at equidis-
tant space (Video 17.1)
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does not allow for multi-slice display in real time, the RV 
image quality can be verified also after the acquisition and, if 
unsatisfactory, the acquisition sequence should be repeated.

Some ultrasound systems provide the possibility of 
obtaining three equidistant apical views of the RV (triplane 
imaging), which can be also steered manually around the 
central long-axis of the RV for a more complete evaluation of 
RV regional and global function than possible by conven-
tional two-dimensional echocardiography (Fig. 17.3, Video 
17.2). This is a viable alternative to the full volume multi- 
beat acquisition of the RV, whenever the latter cannot be per-
formed (irregular atrial fibrillation, dyspnea, lack of 
cooperation, etc.). Of note, the presence of atrial fibrillation 
itself is not a contraindication to attempt the multi-beat 
acquisition (particularly on 3DE scanners performing a con-
tinuous multi-beat acquisition), as a set of relatively regular 
four consecutive beats can be stitched together sometimes 
without visible stitching artifacts.

3DE imaging of the RV should not be performed in 
patients with poor acoustic windows or large amounts of 
dropout. While the use of contrast is recommended for 
enhancing the endocardial definition of RV in two- 
dimensional echocardiography, for 3DE imaging of RV it is 
only rarely used at present due to unsatisfactory results due 
to partial volume effect. These patients should be addressed 
to other imaging modalities for RV quantification (Cardiac 
magnetic resonance, Computed Tomography, etc.).

 RV Anatomy

Knowledge of the RV anatomy and of its spatial relationships 
with the other cardiac structures is pivotal for an accurate ori-
entation and interpretation of the 3D images. For a detailed 
description of RV anatomy and physiology, the reader may 
consult some excellent reviews dedicated to this topic [11, 12].

Briefly, the normal RV is more triangular in shape when 
viewed from the front (Fig. 17.4a, Video 17.3a), and crescent- 
shaped when viewed in cross-section (Fig. 17.4b, Video 17.3b). 
Under normal loading conditions, the septum is concave towards 
the LV in both systole and diastole (Fig. 17.4). In adults, the RV 
volume is larger than the left ventricular volume, while the 
stroke volume of RV and the left ventricle are similar.

The RV outflow tract presents a “cross-over” relationship 
with the left ventricular outflow tract when the RV and left 
ventricular outflow tracts lack this characteristic “cross- 
over”, this can be a sign of congenital heart disease, such as 
complete transposition.

The RV chamber has three component parts: inlet, apical 
trabecular and outlet. Because of the complex shape of the 

RV, commonly the three components cannot be seen simulta-
neously in a single cross-sectional view with two- dimensional 
echocardiography (Fig. 17.5a, b, Video 17.3b). The recogni-
tion of apical trabecular part, together with several other ana-
tomical characteristics is of particular significance in 
congenital patients, for the distinction of morphologically 
RV versus morphologically left ventricle:

 1. The septal insertion of the tricuspid valve is located more 
apically than the mitral valve.

 2. Apical trabecular component of the RV has coarser tra-
beculations than the left ventricular apex.

 3. The ventriculo-infundibular fold separates the tricuspid 
from the pulmonary valve, while in the left ventricle, 
there is the mitral-aortic fibrous continuity.

 4. The moderator band, which continues the septomarginal 
band, is characteristic for RV, being absent in the left 
ventricle.

 Regional Function

The assessment of RV regional function by echocardiogra-
phy is important for diagnosis and therapy, particularly in 
ischemic heart disease, pulmonary embolism, cardiomyopa-
thies, and athletes. Localized RV dyskinesia or aneurysm is 
an important diagnostic criterion for arrythmogenic RV car-
diomyopathy [13]. Hypokinesia of the RV free wall com-
bined with the normal contraction of the RV apex (McConnell 
sign) in presence of RV pressure overload is a typical echo-
cardiographic sign of acute pulmonary embolism [14]. RV 
wall motion abnormalities could be also seen in patients with 
RV myocardial infarction, chronic pulmonary hypertension, 
sarcoidosis and congenital heart disease. Although clinically 
important, imaging the RV wall motion remains challenging 
because of its myocardial fiber orientation, complex anat-
omy that prevents the visualization of the same segments 
from orthogonal views, thin myocardial wall and peculiar 
myocardial mechanics. RV wall motion and shape some-
times is interpreted in a way similar to LV counterpart, which 
may be misleading: while the LV is symmetric and ellipsoi-
dal, the geometry of the RV is complex; tethering of the free-
wall by the moderator band and a nonlinear shape of the RV 
significantly contribute to a lack of understanding of the nor-
mal and pathological RV wall motion patterns [15].

Due to the thinness and limited visualization of RV walls, 
standard two-dimensional echocardiography has a rather lim-
ited sensitivity in comparison with cardiac magnetic resonance 
for detecting local abnormalities, such as hypokinetic segments, 
small aneurysms or bulging. Often these abnormalities are not 
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Fig. 17.3 Triplane display of the right ventricle (Video 17.2). The refer-
ence plane is shown in the left upper panel (yellow plane). The second-
ary planes are set by default at 60° (white plane, right upper panel) and 

120° (green plane, left lower panel). The position and the orientation of 
the cut planes is shown in the right lower panel. Orientation of secondary 
planes can be adjusted only during acquisition (see also Chap. 2)

a b

Fig. 17.4 Volume rendering of the right ventricular data set showing a frontal (a, Video 17.3a) and a trasversal (b, Video 17.3b) views of the cavity 
to appreciate its complex geometry
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confined to standard two-dimensional  echocardiography views 
of the RV, requiring skill and experience to perform multiple 
scans from off-axis views of RV. By its ability to acquire the 
entire RV walls within a single data set, that can be sliced in 
unlimited number of longitudinal or transversal slices 
(Fig. 17.3), 3DE is likely to improve the sensitivity of echocar-
diography to detect regional RV abnormalities.

 Quantitative Analysis of RV Geometry 
and Function

Because of its complex shape, there is no geometrical model 
that can allow a reliable calculation of RV volumes and EF by 
standard two-dimensional echocardiography. For this reason, 
surrogate parameters of RV size (diameters and areas derived 
from standard two-dimensional views) and systolic function 
(TAPSE, tricuspid annulus plane systolic excursion; FAC, 
fractional area change; TDI S wave, systolic anterior wall 
myocardial velocity measure by tissue Doppler imaging; 
RIMP, Right ventricular Index of Myocardial Performance 
etc.) are routinely used. However, these parameters are 
affected by significant limitations, mainly related to their 
regional nature and view- and/or angle-dependency [16].

With the advent of 3DE, the accurate and reproducible quan-
tification of RV volumes and EF by echocardiography has 
finally become possible, as it is routinely done for the LV. While 
all 3DE systems are equipped with their own specific algorithms 
for LV quantitation, the RV analysis from 3DE data sets has 
been traditionally performed with a single software package 

able to post-process 3DE data sets in DICOM format from all 
3DE companies (i.e. 4D-RV Function 1.1/1.2 by TomTec 
Imaging Systems, Unterschlessheim, Germany) [17] (Fig. 17.6, 
Video 17.4). Recently GE Vingmed (Horten, N) has developed 
its own software package to measure RV volumes, EF and sev-
eral two-dimensional echocardiography parameters (diameters, 
TAPSE, RV fractional area change) using data sets acquired 
with GE ultrasound systems (Fig. 17.7).

 Feasibility

Feasibility depends on both acquisition and analysis issues. 
In general, the reported feasibility of multi-beat 3DE for the 
RV is around 85% (ranging from 52 to 93%, depending on 
how strict is the patient selection based on two-dimensional 
image quality) [9, 18] and lower than for the LV. As one may 
expect, single-beat real-time acquisition is more feasible 
(96–97%) than multi-beat [10, 19]. Feasibility of RV 3DE 
analysis is limited by the quality of the 2DE acoustic window 
(“bad 2D images lead to worse 3DE images…”), artifacts 
and dropouts affecting the RV anterior wall and the RV out-
flow tract. The overall image quality of RV data sets increases 
with the experience in 3DE and appears better in patients 
than in healthy subjects [19].

Image quality interpretation is inherently subjective; 
however if the ultrasound drop-out is present in more than 
one-half of the RV free wall in the coronal or short-axis 
views [20, 21], then the data set should be considered of poor 
quality and not feasible for quantitation.

a b

Fig. 17.5 Careful cropping of the 3DE right ventricular data set allows 
to assess the detailed anatomy of the right ventricular cavity and its 
three components: (1) Inlet; (2) apical trabecular; and (3) Outlet (b, 

Video 17.3b). On the left (a), anatomical specimen reproducing the 
same cut plane of the 3DE data set (Courtesy of prof Cristina Basso, 
Cardiovascular Pathology, University of Padua, Padova, Italy)
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a b

Fig. 17.6 Measurement of right ventricular volumes and ejection frac-
tion by 4D RV function 2.0 (TomTec Imaging Systems, Unterschleisse, 
D). (a) Initialization of the three-dimensional echocardiography data 
set of the right ventricle for the measurement of right ventricular vol-
umes. See text for details. (b) After the initialization of the data set a 
semiautomated endocardial border detection by the algorithm provides 
a first estimate of the beutel of the right ventricle on the left. The posi-
tion of endocardial border traced by the algorithm is displayed on mid- 
cavity (SAX (medial)) and basal (SAX (basal) transversal cut planes, 

and 4-chamber equivalent (4Ch) longitudinal cut plane, both at end- 
diastole and end-systole, for manual editing. 2Ch 2-chamber view- 
equivalent cut plane, 3CH apical long-axis view-equivalent cut plane, 
4Ch 4-chamber view-equivalent cut plane, AJL anterior junction of the 
right ventricular free wall with the interventricular septum, Ao aorta, AV 
aortic valve, EDV end-diastolic volume, EF ejection fraction, ESV end- 
systolic volume, LV left ventricle, PJL posterior junction of the right 
ventricular free wall with the interventricular septum, RV right ventri-
cle, RVLS right ventricular longitudinal strain, SAX short axis view

Fig. 17.7 Measurement of right ventricular volumes and ejection frac-
tion by 4D AutoRVQ (GE Vingmed, Horten, N). Left upper panel, ini-
tialization of the software package by positioning the yellow vertical 
line passing through the right ventricular apex and the center of the tri-
cuspid valve in the apical RV focused view (upper left quadrant) and its 
orthogonal view (lower left quadrant). The center of the tricuspid valve 
is also identified. The green line is positioned across the largest part of 
the cescentic transversal apical and basal views on the right. Left lower 
panel, Tricuspid annulus points at the insertion of septal and anterior 
tricuspid valve leaflets are localized as well as the right ventricular apex 
(left quadrant), and the anterior and posterior insertion points of right 
ventricular free wall on interventricular septum, and right ventricular 
free-wall endocardium (right quadrant. Right upper panel, the semiau-
tomatically detected endocardial border can be edited by the operator 
by clicking on the part of the border needing editing (highlighted in red) 

and dragging the line to the desired position by moving the mouse. The 
position of the two transversal cut planes: Sax-base and SAX-mid is 
shown by the corresponding blue and white lines on the 4 chamber 
view, respectively. They can be adjusted by the operator. Right lower 
panel, the final endocardial border detection is shown dynamically in 
both longitudinal and transversal cut-planes (left quadrants) and the 
surface rendering of the dynamic right ventricular cavity is shown in 
blue. Results are displayed as numerical values and also as a Volume- 
time curve (right lower quadrant). 4Ch 4-chamber view, Dd diastolic 
diameter, EDV end-diastolic volume, EF ejection fraction, ESV end- 
systolic volume, FAC fractional area contraction, Ld diastolic length, 
LV left ventricle, RA right atrium, RV right ventricle, SAX-base trans-
versal cut plane taken at the base of the right ventricle, SAX-mid trans-
versal cut plane taken at mid right ventricular length, SV stroke volume, 
TAPSE tricuspid annulus plane systolic excursion
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 Accuracy

In general, the 3DE provides accurate data on RV volumes 
and EF.  On average, there is a small negative bias with 
respect to end-diastolic volumes measure with cardiac mag-
netic resonance (−15 mL), while the agreement on RVEF is 
excellent, with negligible negative bias in the range of 1–4% 
[17, 21]. Larger bias between cardiac magnetic resonance 
and 3DE volumes were reported in congenital heart diseases 
[22]. In older subjects, 3DE overestimated RV volumes and 
underestimated RVEF. The accuracy of RV 3DE volumes is 
limited by the difficulty to include the RV outflow tract in the 
data set in case of very dilated RVs (end-diastolic volume 
>200 mL), and blurring of RV endocardial contour [17].

 Reproducibility

Intraobserver reproducibility of 3DE volumes and EF by 
3DE is excellent, and comparable with that reported for car-
diac magnetic resonance [21]. Intercenter, interobserver and 
test-retest reproducibility are good and acceptable for clini-
cal use, albeit they are generally lower than those reported 
for cardiac magnetic resonance [9, 19, 23, 24]. Poor image 
quality of 3DE data set and lower levels of experience in 
3DE may adversely affect reproducibility. This is due to the 
fact that current semi-automated software packages for RV 
3DE quantification still require a significant amount of man-
ual input from the operator for endocardial border correc-
tions, which may increase the measurement variability even 

when performed on the same images by different operators 
with different training or levels of experience [21].

 Reference Values

In healthy subjects, RV volumes increase with body size. 
Men have lower EF and larger RV volumes than women of 
similar age, even after indexing for body surface area. Older 
age is associated with smaller volumes and higher EF. These 
relationships were consistently demonstrated in large norma-
tive studies using both 3DE [9] and cardiac magnetic reso-
nance [25, 26] for RV analysis. The availability of normative 
tables and equations specifically developed for 3DE [5, 9] 
could allow for a more accurate and earlier detection of RV 
impairment, avoiding the confounding effects of age, sex and 
body size on RV 3DE measurements (Table 17.1). Both 3DE 
and cardiac magnetic resonance agree about the lower limit 
of normality for RV EF that is 45% [5, 9, 23].

Recently, reference values for RV volumes and EF have 
been derived from a population of 360 healthy children (136 
children <7 years of age), group II (106 girls and 118 boys 
7–18 years of age) [27].

 Clinical Significance of 3DE Volumes and EF

The superiority of 3DE for assessing the RV size and 
function in comparison with standard echocardiographic 
indices translates into a greater accuracy of detecting RV 

Table 17.1 Normative values for 3D echocardiographic right ventricular volumes and ejection fraction by gender and age decade [9]

Age (years) n (women, men)

RV end-diastolic volume (mL) RV end-systolic volume (mL)
All Women Men All Women Men

<30 114 (46,68) 105 (69,183) 88 (66,136) 122 (80,189) 46 (18,88) 35 (14,71) 51 (30,94)
30–39 98 (50,48) 92 (64,147) 85 (63,117) 114 (72,153) 36 (18,67) 31 (17,52) 45 (25,66)
40–49 98 (53,45) 90 (63,132) 82 (64,106) 101 (75,137) 35 (16,54) 30 (15,44) 40 (23,62)
50–59 91 (49,42) 90 (62,138) 79 (62,117) 101 (72,138) 33 (18,62) 29 (18,46) 37 (22,63)
60–69 69 (39,30) 85 (47,139) 79 (43,100) 98 (76,149) 32 (14,61) 30 (13,40) 37 (20,68)
≥70 37 (23,14) 77 (50, 125) 70 (51,86) 98 (64,129) 23 (11,53) 20 (12,32) 34 (18,54)
All 507 (260,247) 91 (61,150) 81 (58,120) 107 (74,163) 35 (16,72) 30 (15,52) 44 (22,80)

Age (years) n (women, men)

RV stroke volume (mL) RV ejection fraction (%)
All Women Men All Women Men

<30 114 (46,68) 63 (41,95) 56 (42,77) 69 (41,101) 58 (42,75) 60 (45,80) 56 (42,68)
30–39 98 (50,48) 60 (36, 93) 56 (38,72) 68(37,97) 61 (48,76) 63 (52,77) 60 (48,72)
40–49 98 (53,45) 56 (37,82) 51 (39,71) 63 (39,86) 63 (51,79) 65 (50,79) 61 (51,75)
50–59 91 (49,42) 56 (35,78) 50 (35,68) 63 (44,84) 62 (46,75) 62 (47,76) 62 (45,73)
60–69 69 (39,30) 52 (28,85) 49 (25,61) 64 (48,88) 61 (50,79) 61 (53,75) 63 (50,78)
≥70 37 (23,14) 54 (31,77) 49 (31,64) 61 (45,79) 68 (56,81) 71 (60,81) 65 (56,75)
All 507 (260,247) 57 (36,87) 52 (35,72) 66 (40,91) 62 (47,77) 63 (49,79) 60 (45,75)

Modified from Maffessanti F, Muraru D, Esposito R, et al. Age-, body size-, and sex-specific reference values for right ventricular volumes and 
ejection fraction by three-dimensional echocardiography: a multicenter echocardiographic study in 507 healthy volunteers. Circulation: 
Cardiovascular Imaging. 2013;6(5):700-10
Data expressed median (5th, 95th percentile)
RV right ventricular
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dysfunction (Fig. 17.8). Comparative studies have shown 
that TAPSE is the worst predictor of RV dysfunction (i.e. 
TAPSE <19  mm had 56% sensitivity to detect RVEF 
<50% by cardiac magnetic resonance), while RV frac-
tional area change having intermediate value and 3DE 
RVEF had the best ability (94% sensitivity) to identify RV 
dysfunction [19]. TAPSE is influenced by overall heart 
motion (rocking) and translation, being insensitive to 
reductions in RV radial function that typically occur in 
RV pressure overload. RV fractional area change is the 
only two-dimensional echocardiography parameter 
accounting for both longitudinal and radial function of the 
RV, however it is applied to RV inflow only. In patients 
after cardiac surgery, pulmonary thrombendarterectomy 
or heart transplant recipients, commonly TAPSE has low 

values and can no longer be used as a correlate of overall 
RV performance [28, 29]. In patients with thoracic defor-
mities (pectus excavatum), the interpretation of RV mor-
phology and function based on a single two-dimensional 
echocardiography 4-chamber slice can be misleading, as 
the RV free wall is often impressed by the deformed ster-
num [30]. In these settings, 3DE may have an important 
incremental role in assessing RV function by ultrasound.

Recently Nagata et  al. [31] reported the independent 
prognostic value of RV EF in predicting cardiac mortality 
and MACEs (including cardiac death, nonfatal myocardial 
infarction, ventricular fibrillation, and heart failure exacerba-
tion requiring hospitalization) in unselected consecutive 
patients undergoing echocardiography. Preliminary data 
from our laboratory confirmed the results of Nagata and 

Control

TAPSE 24 mm

EDV = 77 ml
ESV = 28 ml
RVEF = 64%

EDV = 140 ml
ESV = 68 ml
RVEF = 52%

EDV = 113 ml
ESV = 78 ml
RVEF = 31%

TAPSE 18 mm TAPSE 18 mm

Tricuspid Reg. PAH

Fig. 17.8 Comparison of TAPSE and 3DE data among a normal sub-
ject (on the left), a patients with right ventricular volume overload (in 
the center) and a patient with right ventricular pressure overload (on the 
right). Despite the fact that the TAPSE is reduced in both patients com-
pared to the normal subjects, TAPSE values in patients are still within 
normal ranges and do not tell much about the pathophysiologic condi-

tion. Conversely, 3DE measurements allow to understand the patho-
physiologic condition. In the normal subject, both right ventricular 
volumes and ejection fraction are normal. In the patient with right ven-
tricular volume overload, volumes are enlarged but ejection fraction is 
normal. In the patient with right ventricular pressure overload, volumes 
are normal but ejection fraction is reduced
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coworkers [31] showing that, among 412 consecutive, 
unselected patients followed for 3.7 years, those with reduced 
RV EF (i.e. RV EF < 45%) had significantly reduced survival 
(Fig. 17.9 data on file). Moreover, we were able to stratify 
RV function according to prognosis and provide cut-off val-

ues of RV EF able to identify group of patients with signifi-
cantly different and increasing risk of mortality and MACE 
(Fig. 17.10). Finally, in the same patients we showed that RV 
EF had an incremental prognostic value over left ventricular 
ejection fraction (Fig. 17.11).
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 Advanced RV Analysis from 3DE

 Longitudinal Versus Radial Shortening

Both longitudinal and radial (or transverse) displacements 
contribute to RV pump function, and their reciprocal inter-
play varies in different pathological conditions.

In heart transplant recipients and after cardiac surgery, it 
has been demonstrated that longitudinal function parameters 
(TAPSE, S wave velocity at tissue Doppler echocardiography) 
are reduced and may no longer be representative of overall RV 
systolic function [28, 32, 33]. It is not yet clear if impaired RV 
longitudinal systolic function as measured by TAPSE after 
heart transplant or cardiac surgery is reflective of true RV dys-
function or just a consequence of abnormal RV geometry and 
increased translation after pericardiectomy. This is a critically 
important issue, as RV failure is a common and much feared 
complication after heart transplant, being the single most 
important cause of death in the early post period.

In pulmonary hypertension patients, RV ejection fraction is 
better reflected by transverse rather than longitudinal wall 
motion (TAPSE) [34]. This abnormal RV wall motion in pul-
monary hypertension could be explained by impaired RV 
myocardial contractility due to altered fiber orientation, which 
become more transversally oriented as the chamber dilates.

Traditional echocardiographic parameters (TAPSE, frac-
tional area change, RV longitudinal strain, etc.) are not adequate 
to study these insights, since they lack a dedicated measure of 

RV radial shortening, and evaluate only the RV inflow. Thus, 
they underestimate the contribution of inward motion of entire 
RV free wall surface to the overall RV pump function.

Recently, a software package was developed and applied to 
the 3D beutel of the RV, allowing to discriminate between the 
relative contribution of the longitudinal and radial displace-
ment to the global RV pump function [35] (Fig. 17.12). Recent 
preliminary results showed that the impairment of RV pump 
function in pulmonary hypertension patients is mainly driven 
by the progressive reduction of RV radial function. Similarly, 
in HT patients, 3DE confirmed a shift in relative contribution 
of longitudinal and radial motion to global RV function in 
comparison with healthy RV (data on file) (Fig. 17.13a, b).

Separate quantification of the longitudinal versus radial 
component of RV shortening by 3DE may advance our under-
standing of RV adaptation to different pathological conditions 
and is likely to detect earlier the RV function impairment.

 RV Shape

RV remodeling involves not only changes in size and func-
tion, but also in shape. In pulmonary hypertension patients, 
septal curvature assessed by two-dimensional echocardiogra-
phy and cardiac magnetic resonance images has been corre-
lated with the severity of pulmonary hypertension and 
two-dimensional echocardiography-derived eccentricity indi-
ces have been shown to differentiate pressure from volume 
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Fig. 17.12 Assessment of the relative contribution of longitudinal and 
radial displacement to right ventricular ejection fraction by three- 
dimensional echocardiography. A 3DE data set of the right ventricle is 
post-processed to generate a right ventricular beutel (blue beutel) to 

quantitate global right ventricular ejection fraction. Then the longitudi-
nal and radial vectors of the knot points of the surface rendering can be 
measured to split the longitudinal (orange beutel) and radial (yellow 
beutel) components

Total

total

Longitudinal only

Healthy volunteer

longitudinal

Radial only

radial

48%

46%

a

Fig. 17.13 (a) In normal subjects the contribution of the longitudinal 
(orange dotted line) and the radial (purple dotted line) components to 
global right ventricular pump function is very similar. (b) In patients 

with pressure overload, the radial component is diminished whereas the 
longitudinal one is increased to maintain ejection fraction
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Fig. 17.14 Charts showing the changes of right ventricular curvature 
from end-diastole to end-systole. The gray mesh shows the right ven-
tricle in end-diastole and the blue solid frame the right ventricle in end- 
systole in a healthy subject. The apical free wall becomes more pointed 
(black arrows at apex), whereas the body free wall flattens, as do the 
right ventricular outflow (RVOT) and inflow (RVIT) tracts (see arrows 
at respective positions). Conversely, septal curvature does not change 

from end-diastole to end-systole [36]. Reprinted from Journal of the 
American Society of Echocardiography, Vol. 31, Issue 5, Morphologic 
Analysis of the Normal Right Ventricle Using Three-Dimensional 
Echocardiography-Derived Curvature Indices, Addetia K, Muraru D, 
singh A, Surkova E, Mor-Avi V, Badano LP, Lang RM, pages 614-623, 
© 2018, with permission from Elsevier/The American Society of 
Echocardiography
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Fig. 17.13 (continued)
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overload states. 3DE offers the unique opportunity to quan-
tify the true 3D RV shape from the same data set on which 
volumes and EF are measured [36] (Fig. 17.14). RV shape 
might provide outcome information that is independent of 
that predicted by size and function parameters [37]. 
Preliminary data showed that RV inflow curvature was a more 
robust predictor of death than RV ejection fraction, RV vol-
umes, or other regional curvature indices, suggesting that 
patients who die have more flat RV inflow regions. This is 
likely due to the presence of significant functional tricuspid 
regurgitation in these patients, which can cause annular dila-
tation, as well as dilatation and flatt of RV inflow [37].

Future studies in various clinical conditions leading to RV 
failure will allow to explore the clinical value of RV regional 
shape parameters derived from 3DE.

 RV Strain

3DE allows to derive several indices of RV systolic myo-
cardial deformation based on 3D speckle-tracking technol-
ogy, such as 3D longitudinal, circumferential, radial and 
area strain [38]. Confirming previous observations in pul-
monary hypertension patients, circumferential and area 
strain were more closely correlated with RV ejection frac-
tion than longitudinal strain [8]. Moreover, 3D strain 
parameters were able to predict survival in pulmonary 
hypertension patients. Present limitations relate to the 
scarce evidence on the added clinical value of 3D strain for 
RV function analysis and to the lack of an analysis tool 
dedicated for RV myocardial strain.

 Conclusions

Right ventricular function and mechanics have proven to be 
important parameters of overall cardiac function and strong 
predictors of cardiovascular morbidity and mortality. 
However, accurate evaluation of the RV geometry and per-
formance with conventional two-dimensional and Doppler 
echocardiography remains challenging due to existing limi-
tations of this imaging modality. Recent developments of 
3DE allows more accurate, anatomically sound, and repro-
ducible assessment of the RV geometry and functions and 
enables advanced assessment of RV function in this techni-
cally challenging cardiac chamber.
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The Normal Tricuspid Valve

Karima Addetia, Denisa Muraru, Andrada-Camelia Guta, 
Luigi P. Badano, and Roberto M. Lang

Abstract
The interest of both cardiologists (echocardiographers 
and interventional cardiologists) and cardiac surgeons 
about the tricuspid valve has been fueled by the associa-
tion of better understanding of the role of tricuspid regur-
gitation as an independent determinant of patients’ 
morbidity and mortality, and the advent of novel trans-
catheter devices to treat severe tricuspid regurgitation in 
high surgical risk patients. However, conventional two- 
dimensional echocardiography is unsuitable to study the 
anatomy and the pathophysiological mechanisms of the 
regurgitant tricuspid valve because of the complex three- 
dimensional geometry of the valve and its anterior posi-
tion in the mediastinum (just behind the sternum). 
Three-dimensional echocardiography has emerged as a 
very cost-effective imaging modality to: (1) Assess the 
anatomy of the tricuspid valve; (2) Measure the size/
geometry of the tricuspid annulus; (3) Identify the mecha-
nism of tricuspid regurgitation; (4) analyze the anatomic 
relationships between the tricuspid valve apparatus and 
the surrounding cardiac structures; (5) Measure the vol-
umes and function of the right atrium and right ventricle.

This chapter will describe the normal anatomy of the 
tricuspid valve apparatus and how to use three- dimensional 

echocardiography to acquire, display and perform quanti-
tative analyses of the tricuspid valve using both transtho-
racic and transesophageal approaches.

Keywords
Tricuspid valve · Tricuspid leaflets · Tricuspid annulus · 
Transthoracic three-dimensional echocardiography · 
Transesophageal three-dimensional echocardiography

 Introduction

Echocardiography is the first-line imaging modality for the 
assessment of the tricuspid valve (TV) anatomy and function. 
With respect to other imaging modalities, its low cost, imme-
diate access, safety and portability, and excellent temporal 
resolution represent significant advantages, enabling to assess 
the TV wherever necessary (e.g. in the echocardiography lab-
oratory, catheterization laboratory, operating room or at bed-
side). However, the use of two-dimensional echocardiography 
to assess the TV is rather challenging because of the complex 
non-planar geometry of the annulus, the highly variable anat-
omy of the valve and its position in the anterior mediastinum, 
just behind the sternum [1]. Moreover, with two-dimensional 
echocardiography, it is difficult to visualize all three leaflets 
simultaneously in a single tomographic view (Fig.  18.1, 
Videos 18.1a and 18.1b) and there are uncertainties about 
which leaflet can be visualized in any single two- dimensional 
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echocardiographic view [2–4]. Nowadays, three-dimensional 
echocardiography (3DE) allows to fully appreciate the TV 
complexity in the beating heart and has become the preferred 
imaging modality to assess the anatomy and function of the 
TV [5–7].

In this chapter, we will review the anatomy of the TV 
complex, strategies for 3DE acquisition and display, as well 
as describe the contemporary methods to perform a quantita-
tive assessment of the TV.

 Functional Anatomy of the Tricuspid Valve 
and Comparison with the Mitral Valve

The TV is larger and more caudally located than the mitral 
valve. Moreover, TV is quite complex and variable in mor-
phology (Fig. 18.2, Video 18.2). Compared to the two-leaflet 
mitral valve, the TV classically consists of three unequal 
leaflets named (according to their anatomical orientation) as 

the anterior (the largest, with quadrangular shape), the septal 
(the smallest, semicircular in shape) and the posterior (also 
named mural or inferior, intermediate in size, with triangular 
shape and scalloped indentations). However, the classic “tri-
cuspid” morphology of the valve does not apply to all 
patients since autopsy studies have reported quite a large 
variability in the number of TV leaflets (from 2 to 6, Fig. 18.3, 
Videos 18.3a and 18.3b) in up to 38% of patients [8]. Due to 
the lower atrio-ventricular pressure gradient, normal TV 
leaflets are thinner than mitral valve leaflets. The septal leaf-
let is attached to a part of the annulus which is relatively 
fixed, due to its position between the fibrous trigons, and its 
insertion is more apical than the insertion of the anterior leaf-
let of the mitral valve. Differently from the mitral valve, TV 
has a unique connection with the interventricular septum 
(multiple chordae from the septal leaflet are inserted directly 
on the septal myocardium) and no continuity with the semi-
lunar valve (i.e. the pulmonary valve) due to the interposition 
of the crista supraventricularis.

2D
3D

y

x

y

x

z

Less than 5% of pts Around 85% of pts

Fig. 18.1 Echocardiographic imaging of the tricuspid valve using 
transthoracic two-dimensional (left panel, Video 18.1a Left) and trans-
thoracic three-dimensional (central panel, Video 18.1b Right) tech-
niques with the corresponding estimated rates of successful visualization 

in routine patients. 2D TTE two-dimensional transthoracic echocar-
diography, 3D TTE three-dimensional transthoracic echocardiography, 
MV mitral valve, TV tricuspid valve

K. Addetia et al.



251

Competency of the TV depends on the structural integrity 
and functional coordination of the various components of the 
TV apparatus: annulus, papillary muscles, chordae tendin-
eae and ventricular myocardium. The normal tricuspid annu-
lus has a complex elliptical non-planar shape, with the 
antero-septal portion being the highest, close to the right 
ventricular outflow tract and the aortic valve, and the postero- 
lateral being the lowest (towards the right ventricle) 
(Fig. 18.4). The tricuspid annulus is about 20% larger and 
less symmetric than the “saddled-shaped” mitral annulus. 
Normal tricuspid annulus diameter depends on many factors 
including age, gender, right atrial and right ventricular size 

and loading conditions [9, 10]. Moreover, the shape and the 
size of the tricuspid annulus varies continuously throughout 
the cardiac cycle with a complex and constant changing seg-
mental movement evoking that of waves [11]. The diastolic 
opening of the leaflets along with the corresponding expan-
sion of the tricuspid annulus determines a tricuspid orifice 
area of 7–9 cm2. Differences in the anatomic structures sur-
rounding the tricuspid and the mitral annulus may explain 
the wide dynamicity of the former (approximately, its cir-
cumference and area change by 19% and 30%, respectively, 
during cardiac cycle). The mitral annulus has two major 
fibrous structures, the right and left fibrous trigones, whereas 

Fig. 18.2 Volume rendered display of the tricuspid valve acquired 
using transthoracic three-dimensional echocardiography side by side 
with anatomical specimens. Upper panels, tricuspid vale seen from the 
atrial perspective (Video 18.2). Lower panels, tricuspid valve seen from 
the ventricular perspective (Video 18.1b Right). A anterior tricuspid 
leaflet, Ao aortic valve, CS coronary sinus, LAA left atrial appendage, 

LVOT left ventricular outflow tract, MV mitral valve, P posterior tricus-
pid leaflet, RCA right coronary artery, RVOT right ventricular outflow 
tract, S septal tricuspid leaflet. Bottom left image—Courtesy of Dr. 
Stephen P. Sanders, Professor of Pediatrics, Harvard Medical School, 
Departments of Cardiology, Pathology and Cardiac Surgery. Boston 
Children’s Hospital, Boston

18 The Normal Tricuspid Valve
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the tricuspid annulus has only a single right fibrous trigone. 
The mitral annulus is not in contact with the myocardium 
along the base of the anterior mitral leaflet which is posi-
tioned between the fibrous trigones. Conversely, most of the 
circumference of the tricuspid annulus is directly in contact 
with the myocardium (Fig. 18.4), whose contractility affects 
tricuspid annulus size changes. Tricuspid annulus dilation is, 
together with leaflet tethering, one of the mechanisms lead-
ing to functional tricuspid regurgitation. Since the septal 
leaflet is fixed and the posterior leaflet id attached to the infe-
rior wall of the right ventricle (whose displacement is limited 

by the diaphragm), the tricuspid annulus can only dilate 
along the anterior leaflet attachment as the right ventricular 
free wall expands outward.

Differently form the mitral valve which is usually sup-
ported by two papillary muscles, each of them providing 
chordae to both mitral leaflets, the papillary muscles sup-
porting the TV are smaller, often multiple, widely separated, 
and carrying chordae only to the homolateral leaftet(s). In 
addition, there may be accessory chordal attachments to the 
right ventricuar free wall and to the moderator band 
(Fig.  18.5). This different arrangement of the subvalvular 

Fig. 18.3 Anatomical 
variants of the tricuspid valve 
displayed in volume rendering 
from the ventricular 
perspective: tricuspid valve 
(Video 18.1b Right); bicuspid 
valve (Video 18.3a Upper); 
quadricuspid valve (Video 
18.3b Lower)

Mitral
Valve

Tricuspid Valve

Pulmonary
Valve

Aortic Valve

Fig. 18.4 Non-planar geometry of tricuspid annulus. Left panel, 
Anatomical specimen showing the complex three-dimensional shape of 
the tricuspid annulus and its spatial relationships with the surrounding 
anatomical structures. Courtesy of Drs. Edgardo Bonacina and Horia 
Muresian, Clinical Pathology Unit, ASST Grande ospedale metropoli-

tano Niguarda, Milan, Italy. Right panel, computer reconstruction of the 
stereoscopic geometry of the annuli of the four cardiac valves. A ante-
rior tricuspid leaflet, Ao aorta, Cx circumflex branch of the left coronary 
artery, LCA left coronary artery, LV left ventricle, RCA right coronary 
artery, RV right ventricle, S septal tricuspid leaflet, TV tricuspid valve
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apparatus may explain the higher propensity to regurgitate of 
the TV compared to mitral valve. Whereas the separation of 
mitral leaflet caused by annular enlargement is limited by the 
crossing of the chordae tendineae (as each papillary muscle 
provides chordae to both leaflets), the connection of TV leaf-
lets to homolateral papillary muscles only allows wide sepa-
ration of the leaflets with TA and cavity enlargement.

However, due to the complexity of TV embryologic 
development, the anatomic arrangement of leaflets, chor-
dae tendineae, and papillary muscles is highly variable 
and may be “as unique to each individual as one’s finger 
print” [12]. Accordingly, there is a need of a detailed study 
of the anatomy of the regurgitant TV that cannot be 
obtained with a tomographic imaging technique like two-
dimensional echocardiography [3, 4] and requires a three-
dimensional imaging [1, 13, 14].

Last, but particularly important for devices targeting the 
tricuspid annulus, are the relationships of the TV with the 
surrounding structures. The right coronary artery runs in the 
atrio-ventricular groove separated only by 5–6 mm from the 
septal and posterior portion of the tricuspid annulus and 
7 mm by its anterior portion. However, the course of the right 
coronary artery in the atrio-ventricular groove is highly vari-
able and, with the emerging role of percutaneous approaches 
to functional tricuspid regurgitation repair, computed tomog-
raphy plays a pivotal role in visualizing the spatial relation-
ships between the right coronary artery and tricuspid annulus. 
Other relevant adjacent structures include the atrioventricu-

lar node, the ostium of the coronary sinus, and the tendon of 
Todaro which form the triangle of Koch.

 Impact of Knowledge Derived From 3D

As previously mentioned, the most valuable contribution of 
3D echocardiography for assessment of the tricuspid valve is 
the ability to simultaneously visualize all three TV leaflets 
(Fig. 18.1). This is extremely important for the correct ana-
tomic localization of leaflet pathology [5, 13].

Without the use of 3DE it is not possible to be sure which 
combination TV leaflets is being imaged in the standard two- 
dimensional TV views i.e. the right ventricular inflow, paraster-
nal short axis and apical four-chamber views [1, 3, 4, 15]. 
Multiple textbooks describe with certainty the specific leaflets 
that are seen in the standard two-dimensional echocardiography 
views. With some variations, it has been generally stated that the 
posterior and anterior TV leaflets are visualized in the right ven-
tricular inflow view, the septal and anterior leaflets in the para-
sternal short-axis view, and the anterior and septal leaflets in the 
apical four-chamber view [16–18]. With careful studies using 
3D and 2D acquisitions from the identical transducer position it 
had been shown that it is impossible to describe with certainty 
which leaflets are being imaged in each of the standard views [3, 
4]. However, when taking into account adjacent structures, it is 
possible to reliably predict specific leaflet combinations. For 
instance, in the apical transducer position, the septal leaflet is 
always adjacent to the septum. When the aortic valve is seen, as 
in the five-chamber view, the anterior and septal leaflets are 
being imaged. When the coronary sinus is visualized, the poste-
rior and septal leaflets are the ones being imaged. In the RV 
inflow view, when the septum is seen the anterior and septal TV 
leaflets are being imaged (Fig. 18.6). Also if a single leaflet is 
seen in the parasternal short axis view this leaflet is almost 
always the anterior TV leaflet. This form of targeted imaging 
allows localization of pathology on 2D echocardiography with 
subsequent confirmation using 3D [17, 18].

 3D Acquisition and Display of the Tricuspid Valve

Transthoracic 3DE acquisitions of data sets including the TV 
can be performed from any of the conventional acoustic win-
dows (parasternal, apical and subcostal). There is no a priori 
preferred acoustic window from which to acquire a transtho-
racic 3DE data set of TV. The acoustic window from which the 
TV is best visualized by conventional two-dimensional echo-
cardiography is usually used to acquire a 3DE data set of the 
TV. However, due to the close proximity of the TV and the 
right ventricle to the chest wall, and the spatial orientation of 
the leaflets perpendicular to the direction of ultrasound beams, 
an optimal transthoracic 3DE acquisition of the TV is often 
best achieved from the apical approach, using a right ventricu-

a

b

Fig. 18.5 Anatomic specimens showing the tricuspid valve and its sub-
valvular apparatus. (a) Schematic drawing showing the topographic posi-
tion of the tricuspid leaflets. (b) Tricuspid valve subvalvular apparatus is 
characterized by multiple, widely separated papillary muscles (yellow 
arrow) which carry chordae to a single tricuspid valve leaflet. Accessory 
chordal attachments to the right ventricular free wall can also be noted

18 The Normal Tricuspid Valve
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lar focused or a foreshortened 4-chamber view, which allows 
to include the entire TV in the data set. Often, a modified high 
parasternal view with the transducer angulated towards the 
right hip, or the parasternal short axis window can be also used 
to obtain good quality 3DE data sets of TV. With the paraster-
nal approaches, the TV is situated in the near field and the 
resulting 3DE images may have a better spatial resolution than 
images acquired from the apical approach. However, since the 
quality of apical window is usually better than parasternal 
window in many adult patients, both approaches are valid as 
long as all three TV leaflets are completely visualized.

To achieve the best spatial resolution, it is pivotal that the 
TV is located in the center of the pyramidal volume acquisi-
tion (see also Chap. 2). The acquisition volume size and shape 

will be adjusted in order to encompass the entire TV complex 
in the data set, including the leaflets, their attachment to the 
septum and to the anterior wall, and the annulus. The initial 
step for a good 3DE acquisition is to optimize the two-dimen-
sional image of the TV to ensure clear delineation of the valve 
structures with high tissue-blood contrast and absent/minimal 
noise. Next is to ensure that the TV complex is encompassed 
within the smallest possible acquisition volume during the 
entire cardiac cycle. Because of the complex anatomy of the 
valve, it is recommended that the acquisition volume encom-
passes also surrounding anatomical structures to help to inter-
pret TV anatomy: the right ventricular outflow tract/aorta to 
identify the anterior leaflet, the interatrial septum/mitral valve 
to identify the septal leaflet, and the coronary sinus to identify 

Fig. 18.6 Two-dimensional 
views obtained from the same 
3D data set to illustrate the 
effect of small changes of the 
position of the cut plane (i.e. 
two-dimensional view), 
shown by the green horizontal 
line on the 3DE images on the 
left, on two-dimensional 
visualization of the tricuspid 
leaflets. In the apical view 
with coronary sinus (CS) 
present (left, upper quadrant), 
the posterior (P) and the 
septal (S) tricuspid valve 
leaflets are shown in the 
two-dimensional vie. In the 
apical view with left 
ventricular outflow tract 
present (left, lower quadrant), 
the anterior (A) and the septal 
(S) tricuspid leaflets are 
visualized in the two- 
dimensional view
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the commissure between the septal and the posterior leaflet. 
Accordingly, the region of interest is usually sized and posi-
tioned using two orthogonal cut planes (Fig. 18.7).

Important limitations of the use of 3DE in imaging the 
cardiac valves are the difficulties to appreciate tissue charac-
teristics (i.e. presence of calcifications, fibrosis or vegeta-
tions, etc.) and to evaluate leaflet thickness. In 3DE, color 
maps are used to code the position (depth) of the voxels and 
not tissue texture abnormality. Moreover, 3DE usually shows 
leaflets thicker than they actually are [19]. This phenomenon 
is due to blurring or amplification artifacts. The different 
resolution in axial, lateral, and elevation direction of the 3D 
volumetric data set (with the axial resolution being higher 
than lateral, and lateral higher than elevation) actually pro-
duces 3D “non-isotropic voxels.” In the assembly process, if 
the system uses in one specific perspective prevalently the 
elevation resolution (i.e. en face view of the valves obtained 
from 3D data sets acquired using transthoracic approach and 
apical position), thin and long structures, such as tricuspid 
leaflets, may appear with increased thickness.

The right heart and the TV are located in the anterior medi-
astinum, quite far from the standard mid-esophageal position 
of the probe with the left heart structures interposed between 
the probe and the TV. Since images in the far field may be sub-
ject to beam widening and attenuation, often transesophageal 
3DE data sets from this position are of lower quality than trans-

thoracic 3DE data sets obtained in patients with good transtho-
racic acoustic window. Because the right heart structures in 
part rest on the diaphragm, the distance between the transducer 
and TV can be reduced by advancing the probe to the distal 
esophagus, proximal to the gastroesophageal junction to obtain 
unobstructed views of the TV and acquire an optimal trans-
esophageal 3DE data set. From this position, there is no left 
atrium in the near field and only the right heart structures are 
visualized (Fig. 18.8). However, this acquisition may provide 
good 3DE images of the valve leaflets only when they are in the 
closed position (during systole), when leaflets are perpendicu-
lar to the insonation beam, whereas the leaflets may be poorly 
visualized in the open position (during diastole) when they are 
parallel to the insonation beam. Conversely, acquisitions from 
the transgastric approach frequently allow good visualization 
of the TV leaflets in diastole, since they will be perpendicular 
to the insonation beam, but not in systole (Fig.  18.9). 
Accordingly, it is often necessary to obtain multiple trans-
esophageal 3DE data sets from different probe positions in 
order to fully assess the TV and the tricuspid annulus.

There are a number of limitations of transesophageal 3DE 
imaging of the TV.  First, the position of the esophagus in 
relation to the plane of the tricuspid annulus typically places 
the annular plane 0–45° to the insonation beam from every 
imaging plane. Differences in resolution in axial, lateral, and 
elevation direction of the 3DE volumetric data set (with the 

Fig. 18.7 Three-dimensional data sets of the tricuspid valve can be 
acquired using the transthoracic approach from the apical four-chamber 
view, parasternal long-axis right ventricular inflow views and parasternal 
basal short-axis view. In this figure, the transducer positions for both the 
parasternal short axis and the apical four-chamber acquisitions are appre-

ciated (left panel). Biplane positioning of the scan box prior to data acqui-
sition is illustrated in in the middle panel. At this stage it is important to 
ensure that the entire valve is included in the pyramidal dataset through-
out the cardiac cycle. The final 3DE image is positioned for assessment 
so that the septal leaflet is in the 6 o’clock position (right panel)
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axial resolution being higher than lateral, and lateral higher 
than elevation) actually produces 3D “non-isotropic voxels”. 
When the leaflets are more parallel to the insonation beam 
(i.e. at 0°), lateral and elevational gain resolution will limit 
structural definition. Patients with an annular plane perpen-

dicular to the insonation beam (i.e. at 90°) may have better 
imaging of the tricuspid leaflets in systole, whereas the 
reverse is true for imaging leaflets in diastole. Second, the 
tricuspid leaflets are much thinner than the mitral leaflets, 
resulting in poor echo definition of the body of the leaflets 

Fig. 18.8 Simultaneous 
biplane image from the 
low-esophageal position with 
only the right heart structures 
seen (Left panels). The septal 
(S) and anterior (A) leaflets of 
the tricuspid valve can be 
seen in the left upper 
quadrant. In the central left 
quadrant, which is the 
orthogonal view of the upper, 
the anterior and posterior (P) 
tricuspid valve leaflets are 
seen. From this position of the 
transesophageal probe, the 
three-dimensional data set of 
the tricuspid valve can be 
acquired (right quadrant), in 
this instance, shown from the 
atrial perspective and rotated 
into the “surgical” en face 
view with the septal leaflet at 
6 o’clock. Image courtesy of 
Dr. Rebecca T. Hahn. RA right 
atrium, RV right ventricle

Fig. 18.9 Simultaneous biplane image from the transgastric position 
(left panel). The short-axis view of the tricuspid valve (left quadrant, 
left panel) images all three leaflet tips; the septal (S), anterior (A), and 
posterior (P) leaflets whereas the long-axis orthogonal view (right 
quadrant of the left panel) images the anterior and posterior leaflets (see 

colors as reference). From this position of the transesophageal probe, 
the three-dimensional data set of the tricuspid valve can be acquired 
(right panel), shown from the atrial perspective and rotated into the 
“surgical” en face view with the septal leaflet at 6 o’clock. Image cour-
tesy of Dr. Rebecca T. Hahn. RA right atrium, RV right ventricle
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and significant echo-dropout. The thin leaflets and their 
oblique orientation respect to the ultrasound beam produce 
weaker and scattered than strong and specular echoes. The 
assembly algorithms therefore are unable to reconstruct 
valve leaflet surfaces without dropout artifacts [19].

However, if the system optimizes the elevational plane, 
then thin and long structures, such as tricuspid leaflets, may 
appear with indistinct edges and increased thickness. Third, 
the fibrous body of the heart as well as any prosthetic mate-
rial in the left heart (i.e. prosthetic valves) may cause acous-
tic shadowing or reverberations in the far field of imaging, 
commonly masking the TV. Although this can frequently be 
overcome by inserting the probe further into the esophagus 
(thus removing the near field left heart structure causing the 
artifact), this also changes the angle of insonation with the 
problems already mentioned. All of these issues become 
even more problematic for 3DE color Doppler imaging.

The two most commonly used 3DE acquisition modes are 
real-time and multi-beat full-volume [6]. The trade-offs between 
the two modes should be taken into consideration as per patient 
and according to the objectives of the 3DE acquisition.

 Real-Time 3DE Acquisition of TV

Real-time 3DE refers to a volume of information acquired 
over a single or multiple heart-beats. Real-time, single-beat 
3DE acquisition is not limited by motion artifacts (i.e. breath-
ing or patient movement) or R-R cycle variability (i.e. arrhyth-
mias). Since the TV in the parasternal views is in the near 
field, the scan sector can be increased with less reduction of 
volume rate due to the minimal depth required for the acquisi-
tion, and it is sometimes possible to visualize the complete TV 
with a single beat real-time transthoracic 3DE acquisition. 
Real-time single beat transesophageal 3DE, with and without 
color Doppler, may be most useful when assessing respiratory 
variations of the regurgitant orifice size and for intra-proce-
dural guidance of interventional procedures on the TV.

 Multibeat 3DE Acquisition of TV

Multibeat, full-volume data sets are composed of several sub-
volumes that are stitched together to create a single, larger 
volumetric data set with higher temporal and spatial resolution 
compared to the same volume acquired using single beat acqui-
sitions. Multi-beat 3DE data sets may be acquired with or with-
out color Doppler. The 3DE color Doppler acquisition is 
usually performed to obtain an assessment of the severity of 
tricuspid regurgitation independent of the geometric assump-
tions about the shape of the regurgitant orifice affecting the 
measurements of the diameter of the vena contracta or the cal-
culation of the effective regurgitant orifice area by proximal 
isovelocity surface area (PISA) [5]. However, multi-beat acqui-
sitions could be limited by stitching artifacts due to respiration, 

arrhythmias or patient’s movements. Stitching artifacts could 
be an issue that precludes accurate interpretation of the 3DE 
data set and can be avoided by acquiring the data set during 
relatively stable R-R intervals on the ECG, breath-holding, 
with the patient immobile and without moving the probe [6]. 
The number of cardiac cycles to acquire depends on patient’s 
characteristics (cardiac rhythm, ability to cooperate etc.), the 
size of the TV complex and the acquisition depth. However, for 
quantitative analyses, a data set should have a minimum tem-
poral resolution of 20 volumes per second, with higher frame 
rates needed for assessing normal annular dynamics or in pres-
ence of tachycardia. In order to capture the volume with mini-
mal stitching artifacts, imaging the elevational plane (either by 
two- or 3DE en face view) can be used (See Chap. 2).

 3DE Display and Quantitative Analysis of the TV

To assess the anatomy of the TV, 3DE data sets are typically 
displayed in volume rendering mode, visualizing the valve en 
face from both the ventricular and the atrial perspectives 
(Fig. 18.2). Usually, the atrial perspective (also called “surgical 
view” since it resembles the view of the surgeon when he/she 
opens the right atrium) is used to assess patients with primary 
TR (degenerative, traumatic, etc.). The ventricular perspective 
is mainly used to evaluate the commissures and the regurgitant 
or stenotic orifice in patients with functional TR or stenotic 
tricuspid valves. Additional longitudinal cut planes can be used 
to evaluate the motion of single leaflets, the chordae tendineae 
and the papillary muscle position (Fig. 18.10, Video 18.4).

Fig. 18.10 Transthoracic three-dimensional echocardiography. Volume 
rendering of the tricuspid valve complex (Video 18.4). Longitudinal cut 
planes of the data set allow the assessment of leaflet motion and of the 
anatomy of subvalvular apparatus. APM anterior papillary muscle, LA 
left atrium, LV left ventricle, Ch chordae tendineae, MB moderator band, 
RA right atrium, RV right ventricle, TV tricuspid valve
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Despite the fact that current recommendations (6) advocate 
orienting the 3D en face view with the TV septal leaflet placed 
inferiorly (at 6 o’clock position), regardless of the atrial or 
ventricular perspective, these recommendations were written 
at the end of the last decade, when interventional procedures 
on the TV were not available, and the proposed orientation of 
the TV was aimed to replicate the surgical view. Today, when 
3DE is mainly used to guide interventional procedures in the 
catheterization laboratory, we propose a more anatomically 
oriented display of the TV (Fig. 18.2). Alternatively, Hausleiter 
et al. [20] recently proposed orienting the en face volumes in a 
way similar to the orientation of a 2D transgastric image; sep-
tal leaflet between 12–5 o’clock and the aorta at 5 o’clock. 
This orientation eliminates the third step (rotation of the 

image) that is always required by current guidelines since the 
anterior leaflet (not the septal leaflet) is in the far field of imag-
ing from all imaging planes.

Since there is no commercially available, dedicated soft-
ware package to perform an echocardiographic quantitative 
analysis of either TV leaflets size and position, or annulus 
geometry, measurements are obtained from dedicated cut- 
planes obtained by slicing the 3DE data set. A transversal 
cut plane positioned at the level of the tricuspid annulus 
and oriented in order to cross the junction with TV leaflets 
in two orthogonal planes, will allow the planimetry of tri-
cuspid annulus area and perimeter, and to obtain anatomi-
cally sound measurements of its major and minor axis 
(Fig. 18.11). These measurements are likely to be relatively 

Fig. 18.11 Quantitative assessment of the geometry of the tricuspid 
annulus by slicing the transthoracic three-dimensional data set of the 
tricuspid valve. The 3DE data set (left upper panel) is sliced in two 
orthogonal cut planes: the four chamber (yellow right upper quadrant) 
and its orthogonal view (white lower left quadrant) crossing at the cen-
ter of the tricuspid annulus (white and yellow vertical lines). Then, the 

green plane (horizontal dashed line) is positioned at the level of the tri-
cuspid annulus in both views to obtain a transversal cut plane at the 
level of the annulus (green right lower quadrant) on which the diame-
ters, the perimeter and the projected 2D area of the tricuspid annulus 
can be measured. LA left atrium, LV left ventricle, RA right atrium, RV 
right ventricle
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accurate in patients with severe functional TR in whom the 
tricuspid annulus is flattened [21]. Conversely, in normal 
subjects and in patients in whom the 3D geometry of the 
tricuspid annulus is preserved, measurements obtained by 
3D reconstruction of the annulus are significantly different 
from those obtained by direct planimetry of tomographic 
cut planes [10]. A dedicated software package for a 3D 
reconstruction of the tricuspid annulus will allow initializa-
tion of the annulus in a series of rotated planes around it in 
order to factor the non-planar nature of the TV into the tri-
cuspid annulus measurements (Fig.  18.12, Videos 18.5a, 
18.5b, and 18.5c). This feature is not possible with the 
commercially available slicing method of TA assessment, 
which provides only planar tomographic views [22]. When 
performing annular measurements using the slicing method, 
the position of the annular plane is chosen by the operator. 

However, the choice of the position of this plane is quite 
difficult because of the non-planarity of the annulus. If the 
chosen annular plane is located at the hinge points of the 
annulus in one longitudinal view, it may not be possible to 
ensure that it is at the hinge points in the orthogonal plane. 
As a compromise, the plane is often placed above the annu-
lus, towards the right atrium. As a result: i. the operator 
measures a projected or planar area instead of the actual 
annular area; ii. part of the right atrial wall will be incor-
rectly identified as tricuspid annular boundary, results in 
smaller end-diastolic measurements, because at this time 
the right atrium is the smallest. These findings explain why 
there is a need for dedicated software packages that account 
for the non-planarity of the TV annulus to provide a more 
reliable and semi-automated quantification of tricuspid 
annulus size and dynamics [10, 23].

a b

c d

Fig. 18.12 Custom-made software package for anatomically sound 
quantitation of tricuspid annulus and leaflet geometry using 3DE 
data sets. Initialization starts with multi-planar reconstruction to 
allow the operator to identify the correct 4-chamber view (a) in com-
bination with the orthogonal longitudinal view (b). Then, initializa-
tion of the tricuspid annulus will be manually performed in the 
mid-systolic frame by marking valve leaflet hinge points at both end-
diastole and end-systole (Video 18.5a). This initialization will be 
performed in eight rotated planes around the tricuspid valve center 
point. Further editing will be allowed on any user-identified rota-
tional plane (Video 18.5b). Input from the user will be interactively 
resampled to 80 points along the annulus using smooth spline inter-

polation (c). These 80 points will then be automatically tracked 
throughout the cardiac cycle to obtain the following TA measure-
ments: area (computed as the sum of the triangles composing the 3D 
mesh connecting all the annulus points), instantaneous area change, 
perimeter (computed as the sum of the distances between consecu-
tive annulus points), long- and short-axis dimensions and circularity 
(ratio of short- to long-axis dimensions) (Video 18.5c). The three 
commissural points will then be manually identified on the 3D loop-
ing image with the superimposed annulus. Then, an automatic algo-
rithm will identify the surface defining the three TV leaflets using 
edge detection techniques. Finally, a surface rendering of the valve 
can be displayed and eventually printed (d)
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In addition, dedicated longitudinal cut planes positioned 
in the center of each leaflet will allow the measurements of 
the length of the leaflets (Fig. 18.13), the leaflet-to-annular 
plane tethering angle of each leaflet, and of the coaptation 
depth of TV leaflets (Fig.  18.14). Tenting volume of TV 
 leaflets by 3DE—accounting for both annulus dilation and 
leaflet tethering—is a predictor of residual TR following sur-
gical tricuspid annuloplasty [24].

Finally, the 3De data set of the TV can be printed [25] to 
appreciate valve morphology and perform qualitative and 
quantitative analysis useful for pre-procedural (surgical or 
interventional) planning and teaching (See Fig. 2.15, Chap. 2).

 Future Directions

Despite the growing need for better characterization of the 
tricuspid valve in patients considered for left valve surgery, 
there is no commercially available software package dedi-
cated to tricuspid valve geometry quantitation. With the 
advent of more studies showing the benefits of 3D imaging 
specifically as it relates to surgical outcomes and to guide 
interventional procedures perhaps there will be a greater 
push towards developing specific tools to be incorporated 
into daily routine.

Fig. 18.13 Slicing of the three-dimensional echocardiography data set 
of the tricuspid valve to obtain cut planes in the center of each tricuspid 
valve leaflet to measure their diastolic length. In the example, the cut 
planes have been oriented to pass through the center of the septal (yel-

low line and right upper quadrant) and the posterior (white line and left 
lower quadrant) leaflets as they are seen in the volume rendered image 
(left, upper quadrant)
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Fig. 18.14 Slicing of the three-dimensional echocardiography data 
set of the tricuspid valve to obtain cut planes in the center of each tri-
cuspid valve leaflet to measure their tethering angle (right panel) in 
systole. In the example, the cut planes have been oriented to pass 

through the center of the septal (yellow line and right upper quadrant) 
and the anterior (white line and left lower quadrant) leaflets as they are 
seen in the volume rendered image (left, upper quadrant)
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Tricuspid Valve: Congenital 
Abnormalities and Stenosis

Pei-Ni Jone and Shelby Kutty

Abstract
Three-dimensional echocardiography (3DE) has incre-
mental diagnostic value over two-dimensional echocar-
diography in the evaluation of the tricuspid valve. 3DE 
provides en face view of all leaflets of the tricuspid valve. 
The understanding of tricuspid valve leaflet morphology 
and mechanisms of valvular regurgitation from 3DE pro-
vides valuable insights into tricuspid valve function, and 
assists in the planning for surgical interventions. 
Congenital abnormalities of the tricuspid valve and illus-
trative clinical cases are presented in this chapter.

Keywords
Three-dimensional echocardiography · Tricuspid valve · 
Tricuspid valve dysplasia · Ebstein anomaly · Tricuspid 
valve prolapse · Functional abnormalities of the tricuspid 
valve · Tricuspid valve in corrected transposition · 
Tricuspid valve stenosis · Tricuspid regurgitation.

 Congenital Abnormalities of the Tricuspid 
Valve

The tricuspid valve is the largest of the four valves in the 
heart and has three leaflets [1–3]. The anterior leaflet is the 
largest of the three leaflets and is supported by a large papil-
lary muscle that attaches to the moderator band and a small 

papillary muscle of the conus. The septal leaflet of the tricus-
pid valve has chordae that insert directly into the septum 
with no papillary muscles. The posterior leaflet is probably 
the smallest leaflet and it is supported by the smaller, more 
posteriorly situated papillary muscle. The annulus of the tri-
cuspid valve is elliptical in shape.

Congenital anomalies of the tricuspid valve includes tri-
cuspid valve dysplasia, Ebstein anomalies, tricuspid valve 
prolapse, functional abnormalities of the tricuspid valve, tri-
cuspid valve in corrected transposition, and tricuspid steno-
sis from congenital tricuspid stenosis and from rheumatic 
heart disease. Evaluation of the tricuspid valve is limited 
from two-dimensional echocardiography, as the three leaflets 
cannot be displayed simultaneously. With three-dimensional 
echocardiography (3DE), evaluation of the leaflets is precise 
and accurate [4]. An en face view of the tricuspid valve from 
the right atrium allows accurate identification of the anterior, 
septal, and posterior leaflets (Fig.  19.1 and Video 19.1). 
Transthoracic 3DE has an equivalent diagnostic yield as 
transesophageal 3DE for the tricuspid valve in most subjects, 
especially the young. 3DE allows for several enface views of 
the tricuspid valve from the transthoracic approach including 
parasternal short axis view, apical four chamber view, and 
subcostal views. 3DE can readily define the morphologic 
features of the valve and the associated mechanism(s) for 
regurgitation, which are key pieces of information to the sur-
geon for pre-operative planning of valve repair. Each of the 
congenital tricuspid anomalies will be described in the clini-
cal cases below with its findings on 3DE.

 Clinical Cases

 Tricuspid Valve Dysplasia

In tricuspid valve dysplasia, there is no downward displace-
ment of the septal leaflet. This in an anomaly often observed in 
the neonate. The leaflets are usually thickened, deficient, and 
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have short chordae that tether the valve so that the leaflets do 
not have the ability to coapt. The anterior and posterior leaflets 
are tethered by the shortened chordae, and cannot abut against 
the septal leaflet, resulting in tricuspid valve regurgitation. A 
hypoplastic papillary muscle may be seen in conjunction with 
this lesion [5]. Tricuspid valve dysplasia can occur in isolation 
or can be associated with other congenital heart disease, such 
as pulmonary atresia with intact ventricular septum.

A 3-day-old neonate presented with cyanosis and a dysplas-
tic tricuspid valve. The leaflets are thickened and dysplastic 

that resulted in inability of the septal leaflet to coapt with the 
anterior or posterior leaflets, causing moderate to severe tricus-
pid valve regurgitation (Fig. 19.2, Videos 19.2a and 19.2b).

 Ebstein Anomaly

Ebstein anomaly of the tricuspid valve, first described in 
1866, comprises <1% of all congenital heart disease and 
occurs in 1 per 200,000 live births [6]. It involves the 

Fig. 19.1 3DE 
transesophageal image of the 
normal tricuspid valve 
looking down from the right 
atrium. (Video 19.1)

a b

Fig. 19.2 (a) Transthoracic three-dimensional echocardiography dem-
onstrates tricuspid valve dysplasia with septal leaflet tethered to the 
septum and thickened tricuspid valve leaflets in the left panel. (b) There 

is noncoaptation of the dysplastic tricuspid valve leaflets looking from 
the ventricle up. A anterior leaflet, P posterior leaflet, RA right atrium, 
RV right ventricle, S septal leaflet (Videos 19.2a and 19.2b)
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 apical (downward) displacement of insertion of the septal 
leaflet of the tricuspid valve (≥8 mm/m2), redundant elon-
gated anterior tricuspid valve leaflet, adherence of the 
septal and posterior leaflets to the underlying myocardium 
(failure of delamination), dilation of the atrioventricular 
junction, and right ventricular thinning, enlargement, and 
dysfunction [5, 7–9]. The anterior leaflet may have distal 
linear attachments to the anterior wall of the right ventri-
cle and in some cases can result in right ventricular out-
flow tract obstruction. There can be significant tricuspid 
valve regurgitation with right atrial and right ventricular 
volume overload. Altered electrical synchrony and Wolff-
Parkinson-White syndrome are associated with the dis-
ease [6, 10]. Progressive right heart failure can affect 
these patients early in life and many of these patients need 
surgery to correct this anomaly. With 3DE, the anterior 
leaflet of the Ebstein valve can be seen attaching to the 
anterior wall of the right ventricle and right ventricular 
outflow tract.

A 7-year-old female with Ebstein anomaly of tricuspid 
valve is shown. Note that the anterior leaflet is displaced 
anteriorly (Fig.  19.3, Videos 19.3a and 19.3b) into the 
right ventricular outflow tract with moderate to severe val-
vular regurgitation (Fig.  19.4 and Video 19.4). In an 
11-year-old male with Ebstein anomaly, the non-coapting 
tricuspid valve is viewed from the ventricular side 
(Fig. 19.5 and Video 19.5).

 Tricuspid Valve Prolapse

Congenital tricuspid valve prolapse is seen in patients with 
elastin abnormalities, whereas acquired tricuspid valve pro-
lapse occurs in the setting of anterior chest wall trauma, sec-
ondary to closure of ventricular septal defect, subendocardial 
ischemia, or papillary muscle dysfunction. Rarely, it presents 
as cleft of the anterior leaflet of the tricuspid valve with pro-
lapse, resulting in severe tricuspid regurgitation. Isolated 
congenital cleft of the anterior tricuspid valve leaflet is very 
rare with a reported incidence of 0.018% [11].

A 15-year-old female, diagnosed at 3 years of age with 
severe tricuspid valve regurgitation, presented to cardiology 
clinic with fatigue and palpitations. There was no prior his-
tory of infection or trauma to the chest. The two-dimensional 
echocardiogram showed severe prolapse of the tricuspid 
valve and severe regurgitation in addition to severe dilation 
of the right heart. There was mildly to moderately decreased 
systolic function. 3DE demonstrated a congenital cleft of the 
tricuspid anterior leaflet with severe prolapse and thickening 
(Fig. 19.6, Videos 19.6a and 19.6b). There were two septal 
papillary muscles; one attaching to the septal leaflet and the 
other attaching to the posterior leaflet. The chordal attach-
ment to the anterior leaflet was disrupted, with severe tricus-
pid regurgitation (Fig. 19.7 and Video 19.7). Intra-operative 
findings confirmed the diagnosis of cleft anterior tricuspid 
valve leaflet with significant prolapse and thickening.

Fig. 19.3 Transthoracic 
parasternal long axis view of 
the tricuspid valve in Ebstein 
anomaly. Note the septal 
leaflet displaced down to the 
right ventricle. RA right 
atrium and RV right ventricle 
(Videos 19.3a and 19.3b)
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 Functional Abnormalities of the Tricuspid 
Valve

Functional abnormalities of the tricuspid valve are encountered 
when there is secondary dilation of the tricuspid valve annulus 
from diverse etiology, including pulmonary valve regurgitation, 
pulmonary hypertension, orthotopic heart transplant, left-sided 
valvular heart disease, all forms of cardiomyopathy, or surgical 
damage to the valve at the time of the ventricular septal defect 
repair [12–17]. The underlying mechanism for functional tri-
cuspid regurgitation is likely annular dilatation and septal leaflet 
tethering [15]. In patients with pulmonary hypertension (idio-

pathic or secondary to left heart disease or cardiomyopathy), the 
mechanism of tricuspid regurgitation is possibly leaflet tether-
ing combined with alteration to a more circular annulus second-
ary to right ventricular pressure load [17]. In patients with 
low-pressure volume-loaded right ventricle, annular dilation is 
usually the mechanism of tricuspid regurgitation, resulting in 
poor coaptation of the valve leaflets. In hearts where ventricular 
septal defect has been repaired, the mechanism of tricuspid 
regurgitation is the result of damage to the anteroseptal commis-
sure or tethering of the septal leaflet. In patients with right heart 
endomyocardial biopsy after heart transplantation, bioptome 
induced injury and avulsion of the papillary muscle of the conus 
results in tricuspid valve prolapse and regurgitation, typically 
arising from the anteroseptal commissure. Finally, in patients 
with hypoplastic left heart syndrome (HLHS), the mechanism(s) 
of tricuspid regurgitation include annular dilation, increased tri-
cuspid valve tethering volume, increased prolapse volume, and 
flatter bending angle [18–21].

Tricuspid regurgitation is an important risk factor associ-
ated with morbidity and mortality in HLHS.  Using 3DE, 
Takahashi et al. elucidated that those patients with tethering 
of the tricuspid valve have flattened tricuspid valve annulus 
and a more laterally displaced papillary muscle, whereas 
patients with prolapse have dilated annulus and smaller sep-
tal leaflet [18]. Kutty et al. demonstrated that tricuspid valve 
prolapse evolves in patients with HLHS as leaflet growth is 
an important factor in maintaining normal leaflet coaptation 
[19]. Tricuspid valve failure in HLHS may represent an 
inability of the valve to adapt to the increase demand of teth-
ering, and rapid annular dilation that accompanies the vol-
ume and pressure loading stressors after stage one palliation 

TR FROM EBSTEIN ATRIAL VIEW

Fig. 19.4 Three-dimensional echocardiography color Doppler demon-
strating severe regurgitation of the tricuspid valve in Ebstein anomaly 
(right atrial view) (Video 19.4)

Fig. 19.5 Tricuspid valve 
non-coaptation in Ebstein 
anomaly shown from the 
ventricular side (Video 19.5)
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of this disease [19]. Regurgitation begets more regurgitation 
as demonstrated in the patient below. With increasing regur-
gitation, there is more annular dilation as the tricuspid valve 
becomes more circular, which compromises the normal 
function of the elliptical tricuspid valve.

A 20-month-old male with hypoplastic left heart syn-
drome, status-post bidirectional cavopulmonary shunt opera-
tion had progressive tricuspid valve regurgitation (Fig. 19.8).

 Tricuspid Valve in Corrected Transposition 
of the Great Arteries

The tricuspid valve in corrected transposition of the great 
arteries is dysplastic consisting of thickened leaflets and 
associated short chordae, which results in leaflet tethering. 
Occasionally one of the leaflets can be displaced, the poste-
rior leaflet being the frequently displaced leaflet. Moreover, 
the valve is under systemic pressure and has a more circular 
annulus. All these features, in combination with valve dys-
plasia and chordal abnormalities lead to progressive tricus-
pid regurgitation. Regurgitation causes more ventricular 
dilation which results in more annular dilation. This in turn 
causes inability of the leaflets to coapt, worsening regurgita-
tion and perpetuating a vicious cycle. Prolapse or straddling 
of the valve can also occur in some patients with correct 
transposition of the great arteries.

A 12-year-old male with corrected transposition has pro-
lapse of the tricuspid valve. This patient underwent a cardiac 
catheterization procedure for hemodynamic evaluation 
(Video 19.8a). A 5-day-old female with straddling tricuspid 
valve in corrected transposition (Fig. 19.9 and Video 19.8b).

 Tricuspid Stenosis

In congenital tricuspid stenosis, the valve annulus appears 
relatively large with leaflets that are thickened with com-
missural fusion and shortened chordae [22, 23]. This lesion 
is usually associated with other anomalies such as right ven-
tricular outflow tract obstruction or atresia secondary to 
hypoplasia of the right ventricle. Isolated congenital 
 tricuspid valve stenosis is extremely rare. In adults, tricus-
pid stenosis occurs as sequelae of rheumatic heart disease. 

a b

Fig. 19.6 (a) Cleft anterior tricuspid valve leaflet is demonstrated in en 
face view. There is also prolapse of the anterior leaflet above the tricus-
pid valve annulus. (b) Four-chamber view shows dilated right atrium 

(RA) and right ventricle (RV) with anterior leaflet prolapse. Image 
courtesy of Dr. Gerald Marx at Boston’s Children’s Hospital (Videos 
19.6a and 19.6b)

Fig. 19.7 Color Doppler demonstration of severe tricuspid regurgita-
tion (Video 19.7)

19 Tricuspid Valve: Congenital Abnormalities and Stenosis



268

Fig. 19.8 Transthoracic 
apical four-chamber 
three-dimensional 
echocardiography image 
demonstrating tricuspid valve 
prolapse in a patient with 
hypoplastic left heart 
syndrome

Fig. 19.9 Three-dimensional 
transthoracic subxiphoid 
image in a patient with 
corrected transposition of the 
great arteries. The straddling 
tricuspid valve is on the ‘left 
side’ of the heart. LV left 
ventricle, MV mitral valve, RV 
right ventricle, TV tricuspid 
valve (Videos 19.8a and 
19.8b)

Patients who have had porcine bioprosthetic valves in the 
tricuspid position for treatment of Ebstein anomaly may 
develop tricuspid stenosis over time [24].

 Clinical Case of Tricuspid Stenosis

An 8-year-old male with bioprosthetic valve in the tricus-
pid position, which became stenotic (Fig. 19.10 and Video 

19.9) requiring catheter mediated placement of Melody 
valve prosthesis (Fig. 19.11 and Video 19.10). Evaluation 
of the bioprosthetic tricuspid valve has been established 
in the adult literature but not in the pediatric population [25]. 
Doppler parameters of prosthetic tricuspid valve function 
in adults that would meet criteria for stenosis include peak 
instantaneous velocity of >1.7  m/s, mean gradient 
≥6  mmHg, and pressure half-time ≥230  ms [25–28]. 
There are currently no established indices for effective 
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orifice area quantification of the prosthetic tricuspid valve 
in children or adults. Further research in this area is 
needed.
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Organic Tricuspid Regurgitation

Denisa Muraru, Karima Addetia, Fabiana Jarjour, 
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Abstract
It is usually reported that only 10–15% of patients with 
tricuspid regurgitation have an organic (primary) etiology 
of the valve disease. However, it is likely that the actual 
prevalence of organic etiology of tricuspid regurgitation 
has been underestimated because of the technical limita-
tions of conventional two-dimensional echocardiography 
to visualize the anatomy and assess the function of the 
tricuspid valve. However, the correct diagnosis of tricus-
pid regurgitation etiology and the assessment of valve 
anatomy are pivotal either to plan surgery or to select the 
most appropriate device and approach in interventional 
cardiology in patients who need tricuspid valve repair.

In this chapter we will review the added value of three- 
dimensional echocardiography to assess the anatomy and 
the severity of the various forms of organic (primary) tri-
cuspid regurgitations.
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Carcinoid disease · Pacemaker interference · Infective 
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Despite the fact that, in the majority of patients, tricuspid 
regurgitation (TR) is secondary to diseases affecting the 
left side of the heart, pulmonary hypertension, atrial fibril-
lation or pulmonary diseases (functional TR, see also 
Chap. 21), there is a consistent number of patients with 
primary (organic) TR [1]. Prevalence of primary TR has 
been underestimated mainly due to the limited capability 
of conventional two-dimensional and Doppler echocar-
diography in visualizing tricuspid valve (TV) anatomy and 
diagnosing its defects [2–5] (see also Chap. 18). The 
advent of three- dimensional echocardiography (3DE), the 
relatively high feasibility of the acquisition of 3DE data 
sets of the TV from the transthoracic approach [1, 6], and 
the availability of transcatheter procedures to correct 
severe TR has completely changed our approach to patients 
with TR (Table 20.1).

Accurate anatomic characterization of the TV and of the 
underlying mechanism of dysfunction is the first step in the 
evaluation of patients with TR. The accurate identification 
of TV leaflets, orientation of the commissures, their spatial 
relationship with adjacent structures, correct anatomic and 
functional relationships with the other components of the 
TV complex, recognition of the anatomical right ventricle 
(RV) from the systemic ventricle and of the true congenital 
abnormalities of the TV from normal anatomic variants are 
key to diagnose primary TR and plan proper treatment. In 
this regard the possibility to visualize the whole TV from 
any perspective offered by 3DE has greatly enhanced our 
diagnostic accuracy

In this chapter we will review the added value of 3DE to 
diagnose and assess the severity of the main conditions 
determining primary TR.
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 Ebstein’s Anomaly

Among the congenital abnormalities of the TV, Ebstein’s 
anomaly is the most frequent (see also Chap. 19). Ebstein’s 
anomaly is a congenital defect of the TV in which the origins 
of the septal or posterior leaflets, or both, are displaced down-
ward into the right ventricle by more than 8 mm/m2, resulting 
in the atrialization of the right ventricular inflow (Fig. 20.1, 
Videos 20.1a and 20.1b). The leaflets are usually deformed 
and the commissure between the posterior and the anterior 
leaflet may be absent. A redundant, sail-like anterior leaflet 
with several fenestrations is generally present. There is a wide 
spectrum of the severity of TV malformation and the outcome 
of patients with Ebstein’s anomaly is mainly dependent on its 
severity (Fig. 20.2, Videos 20.2a, 20.2b, and 20.2c). Although 
two-dimensional echocardiography can visualize the charac-
teristic displacement of the septal leaflet attachment and the 
redundant and elongated anterior leaflet, the complex anatomy 
of the disease and the mechanisms of valve regurgitation are 
very difficult to assess using conventional tomographic views 
[7]. 3DE can provide a comprehensive morphological and 
quantitative assessment of anatomical abnormalities occurring 
in Ebstein’s anomaly in most of the patients [8–10].

In adult patients with Ebstein’s anomaly, 3DE is particu-
larly useful in delineating the chordal attachment of the 
three leaflets of the TV. Multiple systematic cropping and 
sectioning of the 3DE data sets of the TV will enable the 
visualization of the characteristic “bubble-like” appearance 
of the leaflets, resulting from the bulging of the nontethered 
leaflet areas. In addition, an en face view of the TV is easily 
obtainable with 3DE, to measure the leaflet surface areas 
and to visualize the regions of ineffective leaflet coaptation 
(Fig. 20.3, Videos 20.3a and 20.3b). The ability to measure 
the surface and the free leaflet margin length by 3DE are 
particularly noteworthy in view of the current repair tech-
niques that involve the reconstruction of a monocuspid TV 
using the tissue of the large anterior leaflet. Moreover, 3DE 
can be useful in evaluating the size of the functional right 
ventricle, and in estimating the severity of TR by measur-
ing the vena contracta area on cross-sectional planes placed 
at the narrowest region of the 3D color Doppler jet.

 Carcinoid Heart Disease

The TV is the most frequently affected valve in carcinoid heart 
disease [11, 12]. The valvular involvement consists of leaflet 
thickening with excessive fibrosis and markedly restricted 
motion. The fibrotic leaflets move in a stiff “board- like” fash-
ion rather than the normal undulating motion and their 
restricted opening leads to the RV inflow obstruction. The TV 

Table 20.1 Additive diagnostic value of three-dimensional echocar-
diography over current two-dimensional technique in various tricuspid 
valve diseases

Tricuspid valve disease Added diagnostic value of 3DE
Functional tricuspid 
regurgitation

– Exclusion of organic etiology of tricuspid 
regurgitation
– Measurement of size and shape of tricuspid 
annulus
– Right ventricular volumes and ejection 
fraction
– Right atrial volume
– Measurement of tricuspid valve tenting 
volume
– Estimation of regurgitation severity 
independent on geometric assumptions about 
regurgitant orifice geometry

Tricuspid valve prolapse – Precise identification of the prolapsing 
leaflet/s
– Extent of the prolapse/flail
– Estimation of regurgitation severity 
independent on geometric assumptions about 
regurgitant orifice geometry
– Right ventricular volumes and ejection 
fraction
– Right atrial volume

Traumatic tricuspid 
regurgitation

Visualization of papillary muscle and/or 
chordal rupture

Ebstein anomaly – Precise morphology of tricuspid leaflets, 
extent of development of their formation, level 
of their attachment, and degree of coaptation
– Visualization of the mechanism of 
regurgitation or stenosis
– Visualization of subvalvular apparatus
– Volume of the functional right ventricle

Interference from 
cardiac implantable 
electronic devices

– Precise identification of regurgitation 
mechanism:
  Valve injury during lead placement or 

manipulation (e.g. leaflet perforation or 
laceration)

  Mechanical interference of leads with 
normal leaflet excursion/coaptation

  Leaflet entrapment
  Subvalvular apparatus structure 

entanglement (e.g. transection of papillary 
muscles or chordae tendineae)

  Endocarditis
Infective endocarditis – Comprehensive assessment of TV anatomy

– Location of vegetation point of attachment
– Vegetation characteristics and sizing 
(volume)
– Regurgitation mechanism

Rheumatic heart disease – Detailed leaflet anatomy
– Extent of commissural fusion
– Leaflet shortening and thickening
– Involvement of subvalvular apparatus
– Direct planimetry of residual orifice area
– Right atrial volume

Carcinoid disease – Comprehensive assessment of TV anatomy
– Identification of the regions of ineffective 
leaflet coaptation and the lack of commissural 
fusion
– Better assessment of regurgitation severity
– Direct planimetry of residual orifice area

TV tricuspid valve
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Fig. 20.1 Ebstein’s anomaly. Left, two-dimensional echocardiogra-
phy (Video 20.1a left). Right, three-dimensional echocardiography 
(Video 20.1b right). Downward displacement of the septal leaflet of 
the tricuspid valve (double arrow dashed line). The position of the 

tricuspid annulus is also visible making possible to measure the extent 
of the atrialized portion of the right ventricle. AML anterior mitral 
leaflet, aRV atrialized right ventricle, RA right atrium, STL septal  
tricuspid leaflet

Fig. 20.2 Volume rendered en face view of the tricuspid valve from 
the ventricular perspective in three patients with Ebstein’s anomaly 
and various degrees of valve leaflet malformation from the left (the 
three leaflets are well visualized with a large coaptation gap, Video 
20.2a left), to the center (three leaflets with malformation of the pos-

terior one and very large coaptation gap, Video 20.2b center) to the 
right (large and grossly malformed anterior leaflet with large fenes-
trations, Video 20.2c right). ATL anterior tricuspid leaflet, LV left 
ventricle, PTL posterior tricuspid leaflet, STL septal tricuspid 
leaflet

Fig. 20.3 Volume rendering of a grossly deformed tricuspid valve in a patient with Ebstein’s anomaly. En face view of the valve from the atrial 
(left, Video 20.3a Left) and ventricular (right, Video 20.3b right) perspectives. ATL anteriori tricuspid leaflet, LV left ventricle, MV mitral valve
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leaflets are usually retracted and held partially open during 
both systole and diastole, thus resulting in a combined tricus-
pid stenosis and regurgitation, the latter being predominant [1, 
13] (Fig. 20.4a–d, Videos 20.4a, 20.4b, 20.4c, and 20.4d).

3DE allows an en face view of the valve from either atrial 
or ventricular side, as well as a detailed assessment of sub-

valvular apparatus (Fig. 20.5a–d, Videos 20.5a, 20.5b, 20.5c, 
and 20.5d). Because individual leaflet involvement can be 
highly variable and associated with various extents of sub-
valvular apparatus thickening and fibrosis, 3DE is particu-
larly valuable in assessing patients with carcinoid disease, 
due to its ability to visualize simultaneously all three TV 

a b

c d

Fig. 20.4 Tricuspid valve involvement in carcinoid disease. Left/(a) 
and right/(b) upper panels, two-dimensional 4-chamber and paraster-
nal long axis views showing the thickened and retracted leaflets of the 
tricuspid valve (white arrows), fixed in open position in systole and in 
diastole (Videos 20.4a and 20.4b). Left lower panel/(c) Two- 
dimensional color Doppler in parasternal long-axis view showing the 
cohesistence of both stenosis and massive tricuspid regurgitation (Video 

20.4c). Right lower panel/(d) 3D volume rendering of the tricuspid 
valve seen en face from the ventricular perspective, depicting the thick-
ened and retracted tricuspid leaflets with a large central orifice which 
shows little variation in size from systole to diastole (Video 20.4d). 
AML anterior mitral leaflet, ATL anterior tricuspid leaflet, PTL posterior 
tricuspid leaflet, RA right atrium, RV right ventricle, STL septal tricus-
pid leaflet

D. Muraru et al.



275

leaflets and their chordal attachments from unique perspec-
tives. Occasionally, the pulmonary valve is involved in carci-
noid disease as well (Fig. 20.5d, Lower right panel).

 Cardiac Implantable Electronic Devices 
and Tricuspid Regurgitation

It is now well established that: (1) a sizable number of 
patients with permanent pacemaker, cardiac resynhroniza-
tion therapy device or implantable cardioverter-defibrillator 
may present significant TR; (2) the leads of such devices 
may be the primary cause of symptomatic TR; and (3) mod-
erate or severe TR caused by cardiac implantable electronic 
devices is associated to increased mortality and heart failure 

hospitalization rates [14]. Structural damages to the TV dur-
ing implantation of cardiac electronic devices may occur by 
damaging the valve during lead placement or manipulation 
(e.g. leaflet perforation or laceration), mechanical interfer-
ence of leads with normal leaflet excursion/coaptation, leaf-
let entrapment, subvalvular apparatus structure entanglement 
(e.g. transection of papillary muscles or chordae tendineae), 
and endocarditis.

The diagnosis of lead-induced TR may be challenging 
using conventional two-dimensional echocardiography, 
because of the difficulties in identifying the anatomical rela-
tionship between the lead and the TV complex structures. 
Sensitivity of transthoracic two-dimensional echocardiogra-
phy for diagnosing a lead-related TR ranges between 12% 
and 17% [15, 16] and, till the advent of 3DE the diagnosis of 

a b

c d

Fig. 20.5 Three-dimensional echocardiography in a patient with carci-
noid disease and cardiac involvement. Volume rendering of the tricuspid 
valve seen from the ventricular (a)/left upper panel, Video 20.5a) and 
atrial (b)/right upper panel, Video 20.5b) perspectives. The leaflets are 
thickened, retracted and hypomobile. The mitral valve is thickened and 
hypomobile due to extension of the carcinoid to the left side through a 
patent foramen ovale. Longitudinal cut of the data set to assess the sub-
valvular apparatus (c)/left lower panel, Video 20.5c) showing thickening 

and retraction of the chordae (white arrows) with fibrous plaques. 
Transversal cut plane showing the involvement of the pulmonary valve 
which shows the same anatomo-pathological features of the tricuspid 
valve leading to steno-insufficiency. (d)/right lower panel, Video 20.5d) 
(Courtesy of Alex Felix, Rio de Janeiro, Brazil). Ao aortic valve, AML 
anterior mitral leaflet, ATL anterior tricuspid leaflet, PTL posterior tricus-
pid leaflet, MV mitral valve, PV pulmonary valve, RA right atrium, RV 
right ventricle, STL septal tricuspid leaflet, TV tricuspid valve
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lead-related TR was made, with few (intraoperative) excep-
tions, during post-mortem examinations.

The possibility offered by 3DE to obtain an en face view 
of all three TV leaflets in a single cut plane allows one to 
precisely identify the route of the lead across the right heart 
cavities, its position at the TV level, and its spatial relation-
ships with the individual leaflets (Fig. 20.6a–d, Videos 20.6a, 
20.6b, 20.6c, and 20.6d). Seo et  al. [16] reported that in 
almost all patients with mild to moderate tricuspid regurgita-

tion, the pacemaker lead position was in between the tricus-
pid leaflets, particularly between the posterior and the 
anterior or the septal leaflet. This may explain the poor per-
formance of 2DE for an accurate diagnosis in this clinical 
scenario, because the TV commissures cannot be visualized 
by 2DE, and the posterior leaflet can be usually seen in the 
parasternal RV inflow view only (especially challenging in 
the not so rare case of a poor parasternal acoustic window). 
The main mechanism of severe pacemaker lead-induced 

a b

c d

Fig. 20.6 Pacemaker lead interference with anterior leaflet mobility 
creating severe tricuspid regurgitation. (a)/Upper left panel, two- 
dimensional right ventricular focused view. Tricuspid annulus was 
mildly dilated (22 mm/m2) and there was no apparent abnormality of 
the tricuspid valve leaflets. The pacemaker lead (white arrow) is clearly 
visible, but presence/absence of interference with anterior leaflet 
motion was difficult to assess (Video 20.6a). (b)/Upper right panel, 
color Doppler shows significant tricuspid regurgitation in a patient with 

dilated atria (Video 20.6b). (c)/Lower left panel, Vena contracta and 
PISA radius (at 30 cm/s) were 8 and 9 mm, respectively (Video 20.6c). 
(d)/Lower right panel, Volume rendering of the tricuspid valve seen en 
face from the ventricular perspective showing the position of the pace-
maker lead (black arrow) which restricts the motion of the anterior tri-
cuspid leaflet (Video 20.6d). ATL anterior tricuspid leaflet, LA left 
atrium, LV left ventricle, PTL posterior tricuspid leaflet, RA right 
atrium, RV right ventricle, STL septal tricuspid leaflet
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 tricuspid regurgitation was the interference with the effective 
TV leaflet coaptation (7/12 patients), the posterior leaflet 
being obstructed in four patients, and the septal leaflet in 
three. Importantly, this study confirmed the findings of 
Schnabel et al. [17], who reported an easier visualization of 
the TV leaflets by transthoracic 3DE in patients with RV dys-
function than in healthy subjects.

Mediratta et al. [18] used transthoracic 3DE to examine 
121 patients with implanted cardiac devices and found that 
lead position was clearly identifiable in 90% of the patients. 
They showed that leads positioned against TV leaflets 
impinge upon or restrict leaflet motion and cause TR 
(Fig. 20.6). Conversely, leads positioned in one of the com-
missures (Fig.  20.7a,  b, Videos 20.7a and 20.7b) or those 
which remain mobile in the center of the TV orifice, do not 
interfere with leaflet mobility. Addetia et al. [19] used trans-
thoracic 3DE to study 100 patients before and after implanta-
tion of cardiac electronic devices. They found that device 
leads interfered with TV leaflet mobility in 45%, being the 
septal tricuspid leaflet the most frequently affected (in almost 
50% of the cases). On multivariable analysis, only pre- 
implantation vena contracta width of the TR flow and the 
presence of an interfering device lead were independently 

associated to post-device TR. Furthermore, the presence of 
an interfering device lead was the only factor associate to 
post-implant TR worsening.

 Traumatic Tricuspid Regurgitation

Traumatic TR is a rare cardiovascular complication that may 
occur as a consequence of blunt chest trauma, with disruption 
of chordal structures, or from internal (usually iatrogenic) 
trauma from a pacemaker lead, a stiff guidewire, a bioptome 
during RV endomyocardial biopsy, or during radiofrequency 
ablation for treatment of arrhythmias when devices can perfo-
rate TV leaflets or damage subvalvular chordal apparatus.

Injures of heart valves during blunt chest trauma are 
relatively rare. However, the TV is relatively often involved 
because the RV is situated just behind the sternum and has 
a predisposition to anteroposterior compression injuries. A 
sudden increase in RV pressure during the end-diastolic 
phase may cause a serious traction on both the valvular 
and subvalvular apparatus that may result in papillary 
muscle/chordal rupture or leaflet damage. Usually, the 
anterior papillary muscle is the most frequently involved 

a b

Fig. 20.7 Normal pace-maker lead position in a patient with mild tri-
cuspid regurgitation. (a)/Left, Two-dimensional apical 4-chamber view 
with color Doppler showing a mild tricuspid regurgitation after pace- 
maker implantation (Video 20.7a Left). (b)/Right, Volume rendering of 
the tricuspid valve seen en face from the ventricular perspective the 

black arrow shows the pace-maker lead positioned in the commissure 
between the posterior and the septal tricuspid leaflets with no interfer-
ence with valve leaflet motion (Video 20.7b Right). ATL anterior tricus-
pid leaflet, LA left atrium, LV left ventricle, PTL posterior tricuspid 
leaflet, RA right atrium, RV right ventricle, STL septal tricuspid leaflet

20 Organic Tricuspid Regurgitation



278

TV structure, but any of the components of the TV appara-
tus may be damaged. This complication may remain 
asymptomatic for years and traumatic TR remains unde-
tected for years in many patients until they undergo occa-
sional physical examination or echocardiography for other 
indications, or RV failure occurs. When echocardiography 
is performed many years after the trauma (often the 
patients do not remember it anymore) the etiology of the 

severe TR is difficult to identify with conventional two-
dimensional echocardiography. 3DE can accurately delin-
eate the anatomy of the TV and identify the flail leaflet(s) 
and the involvement of the subvalvular apparatus (ruptured 
chordae and/or papillary muscle), and may help in the 
decision making and in planning the surgical correction 
[20] (Fig. 20.8a–d, Videos 20.8a, 20.8b, 20.8c, and 20.8d, 
Fig. 20.9, Videos 20.9a and 20.9b).

a b

c d

Fig. 20.8 Conventional two-dimensional and color Doppler echocar-
diography in a patient with blunt chest trauma occurred 25 years before 
the echocardiographic study. (a)/Upper left panel, parasternal short- axis 
view of the tricuspid valve (Video 20.8a). (b)/Upper right panel, para-
sternal long-axis view of right ventricular inflow showing two tethered 

tricuspid leaflets and a large coaptation gap (Video 20.8b). (c)/Lower left 
panel, apical 4-chamber view (Video 20.8c). (d)/Lower right panel, 
same apical 4-chamber view as in the left panel with color Doppler show-
ing severe tricuspid regurgitation (Video 20.8d). LA left atrium, LV left 
ventricle, RA right atrium, RV right ventricle, TV tricuspid valve
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 Tricuspid Valve Diseases With Restricted 
Leaflet Mobility

Although the mitral and the aortic valve are the two most 
involved valves in rheumatic heart disease, the TV is fre-
quently involved too. A recent echocardiographic study per-
formed in Bangladesh reported that out of 173 patients with 
chronic rheumatic disease, 36 (21%) had evidence of TV 
involvement (15 patients with prevalent tricuspid stenosis 
and 21 with prevalent regurgitation) [21]. In addition to car-
cinoid heart disease (see above), valvulopathies associated 
with Fen-Phen and methysergide are also characterized by 
thickened fibrotic and hypomobile tricuspid leaflets, with 
various degrees of valve stenosis and regurgitation.

Conventional two-dimensional images show thickening 
and shortening of the TV leaflets, which may exhibit some 
doming in diastole. Doppler recordings of transtricuspid 
flow velocity allow the calculation of mean gradient and of 
the valve area by pressure half-time method, as described for 
the mitral valve. However, unlike what is routinely done for 
assessing mitral stenosis severity, neither transthoracic nor 
transesophageal two-dimensional echocardiography can 
provide en face views of the stenotic orifice and the fused 
commissures of the TV (Fig.  20.10a–d, Videos 20.10a, 
20.10b, 20.10c, and 20.10d). Using 3DE, the stenotic orifice 
of the TV can be clearly visualized from the ventricular side 
and planimetered [1, 22] (Fig. 20.11).

 Degenerative Tricuspid Valve Regurgitation

The same myxomatous changes that occur in mitral valve 
disease may also affect TV leaflets and chordae tendineae 
resulting in TV prolapse and regurgitation (Fig. 20.12, Video 
20.11). Prolapse of the mitral valve is usually present in 
these patients as well. Prolapse of the TV has been reported 
in about 20% of patients with mitral valve prolapse 
(Fig. 20.13, Video 20.12). TV prolapse may also be associ-
ated with atrial septal defect.

 Infective Endocarditis of the Tricuspid Valve

Vegetations or masses of the TV apparatus can be nicely 
characterized as location, shape and size more readily and 
accurate with 3DE (Fig. 20.14, Videos 20.13a and 20.13b, 
Fig. 20.15, Video 20.14). 3DE can also depict leaflet perfora-
tions/prolapse and color Doppler supports the diagnosis with 
information on the mechanism and the severity of TR. 3DE 
is particularly useful in patients with prosthetic devices (e.g., 
pacemaker or intracardiac defibrillator leads, or TV prosthe-
ses) to assess the precise location of the vegetations and their 
relationship with the prosthetic structures [23] (Fig. 20.16, 
Video 20.15).

It is a fact that two-dimensional echocardiography has a 
good sensitivity to detect pathologic masses and to assess 

Fig. 20.9 Transthoracic three-dimensional echocardiography with 
volume rendering of the same tricuspid valve illustrated in Fig. 20.8. 
Left panel, en-face view from the ventricular perspective showing 
that only the septal and posterior tricuspid leaflets are tethered, 
whereas the anterior leaflet is flailing (Video 20.9a left). Right 

panel, Longitudinal cut at the level of the anterior leaflet showing its 
flail and the ruptured chorda (white arrow, Video 20.9b Right). ATL 
anterior tricuspid leaflet, PTL posterior tricuspid leaflet, RA right 
atrium, RV right ventricle, RVOT right ventricular outflow tract, STL 
septal tricuspid leaflet
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a b

c d

Fig. 20.10 Rheumatic tricuspid valve diseases with prevalent 
regurgitation. (a)/Upper left panel, parastenal long axis view of 
right ventricular inflow (Video 20.10a). The doming of the thick-
ened tricuspid leaflets is visualized. (b)/Upper right panel, Apical 
4-chamber view showing the thickened and hypomobile tricuspid 
valve leaflets (Video 20.10b). (c)/Lower left panel, Apical 4-cham-
ber view with color Doppler showing the severe tricuspid regurgita-
tion with a large vena contracta width (Video 20.10c). (d)/Lower 

right panel, three-dimensional echocardiography with volume ren-
dering of the tricuspid valve from the ventricular perspective. The 
en-face view of the valve allows the visualization of the thickened 
leaflets, the fused commissures and the size of the residual opening 
orifice (Video 20.10d). ATL anterior tricuspid leaflet, LA left atrium, 
LV left ventricle, MV mitral valve, PTL posterior tricuspid leaflet,  
RA right atrium, RV right ventricle, RVOT right ventricular outflow 
tract, STL septal tricuspid leaflet, TV tricuspid valve
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Fig. 20.11 Quantitative assessment of the severity of the tricuspid ste-
nosis using three-dimensional echocardiography. Similarly to what is 
done for the mitral stenosis, a cut plane (green line) is positioned at the 
tip of the tricuspid leaflets in open position and oriented perpendicular 

to the opening axis of the valve (yellow line) to obtain a short axis view 
of the tricuspid orifice (right lower panel) that can be planimetered. RA 
right atrium, RV right ventricle, TV tricuspid valve

Fig. 20.12 Degenerative tricuspid regurgitation. Prolapse (white 
arrow) of the septal tricuspid leaflet (Video 20.11). Ao aortic valve, 
MV mitral valve

Fig. 20.13 Volume rendering of the tricuspid valve seen from the atrial per-
spective in a patient with Barlow disease. The bubble like morphology of the 
tricuspid valve leaflet and the enlarged tricuspid annulus were well visual-
ized (Video 20.12). Ao aortic valve, ATL anterior tricuspid leaflet, MV mitral 
valve, PTL posterior tricuspid leaflet, STL septal tricuspid leaflet
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Fig. 20.14 Infective endocarditis of the tricuspid valve in a drug 
abuser. Two large vegetation were visualized on the septal (red 
arrow) and anterior (white arrow) leaflets of the tricuspid valve. 
Transthoracic 3DE and volume rendering of the tricuspid valve dis-
played from the atrial perspective (left panel, Video 20.13a left) and 

using a longitudinal cut plane at the level of the valve (right panel, 
Video 20.13b right). The site of attachment and the size of the veg-
etations as well as their functional interference with the valve func-
tion can be appreciated. Ao aortic valve, MV mitral valve, RA right 
atrium, RV right ventricle

Fig. 20.15 Infective endocarditis localized at the origin of the superior 
vena cava after removal of infected pace-maker lead. Transesophageal 
3DE with the volume rendering of the right atrium and origin of the 
superior vena cava (Video 20.14). A long and floating vegetation is 
attached at the origin of the superior vena cava (with arrow). LA left 
atrium, RA right atrium, SVC superior vena cava

Fig. 20.16 Lead-dependent infective endocarditis. Transesophageal 
3DE and volume rendering display of a large endocarditis mass 
wrapped around the ventricular portion of the lead of an implantable 
intracardiac defibrillator (red arrows). A mobile vegetation attached to 
the tricuspid valve is also visualized (white arrow). (Video 20.15). Ao 
aortic valve, RA right atrium, RV right ventricle
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their mobility, due to its high temporal and spatial resolu-
tion. However, its tomographic nature and limited views 
induce the inherent risk of missing the diagnosis when the 
vegetations develop outside the standard two-dimensional 
views of the TV, as well as uncertainties and errors regard-
ing their true size and precise insertion. Vegetation size is 
an important predictor for embolic events and for response 
to treatment. The measurements of the maximum 
dimension(s) by two-dimensional echocardiography are 
routinely used to quantify the vegetation size. However, 
most vegetations are irregularly shaped and highly mobile, 
making it difficult to accurately image them in one tomo-
graphic view or select the largest diameter. The selection 
of a diameter that is not truly the largest may lead to the 
underestimation of the vegetation size and to the misinter-
pretation of patient prognosis. 3DE images the entire vol-
ume of the vegetation mass, allowing for accurate 
measurements from multiple planes, properly aligned to 
delineate the true largest dimensions.
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Abstract
Functional tricuspid regurgitation (FTR) is an important 
prognosticator in many cardiac diseases. Although surgi-
cal intervention has been being frequently applied, the 
success of current repair techniques is often uncertain and 
observation of residual or progressive FTR after tricuspid 
valve annuloplasty is not uncommon. Standard views 
obtained with two-dimensional transthoracic echocar-
diography, due to its inherent limitations, failed to evalu-
ate geometric changes associated with FTR accurately. 
Transthoracic three-dimensional echocardiography (3DE) 
has revolutionized our approach for better understanding 
the 3D geometry of the tricuspid annulus both in normal 
subjects and in patients with FTR. The tricuspid annulus 
was found to be a non-planar structure with a distinct 
bimodal or saddle-shaped pattern like the mitral annulus, 
whereas, in patients with FTR, the annular area was larger 
and the annulus was flatter with markedly decreased 
annular height, which diminished the saddle shape. 
Potential contribution of right ventricular or right atrial 
geometric changes to the tricuspid annulus remodeling in 
FTR can also be evaluated using transthoracic 3DE data 
sets. 3DE, performed before and after the tricuspid annu-
loplasty, can provide an excellent opportunity to evaluate 
geometric changes associated with persistent or progres-

sive FTR after the tricuspid annuloplasty. The current sur-
gical approach can achieve tricuspid annulus size 
reduction at the expense of aggravation of leaflet tenting, 
which can explain suboptimal surgical results. 3DE color 
Doppler images can be adequately used for cross- sectional 
images of the vena contracta using multiplanar recon-
struction images, which is useful to assess the severity of 
FTR.  Thus, comprehensive and accurate evaluation of 
FTR is possible using 3DE and its impact to improve clin-
ical outcome should be further tested.
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Functional tricuspid regurgitation (FTR) is frequently caused 
by increased right ventricular (RV) pressure overloading and 
associated with advanced stages of left-sided valve, myocar-
dial, or pulmonary diseases [1], and development of FTR has 
been proved to be an independent factor associated with 
increased mortality and morbidity [2–5]. Thus, there has been 
an increasing tendency to repair the tricuspid valve (TV) to 
abolish or decrease FTR at the time of concomitant surgery 
for left-sided disease [6, 7]. However, the outcome of the cur-
rent TV repair procedures is sometimes unpredictable and 
residual or progressive TR after TV annuloplasty is not 
uncommon [8–10]. Although it is generally believed that FTR 
results from a combination of tricuspid annular dilatation and 
valve apparatus deformation, the inherent limitations of con-
ventional two-dimensional imaging techniques used to assess 
patients with FTR have limited our understanding of the 
pathophysiology of this valve disease. Three- dimensional 
echocardiography (3DE), by allowing an anatomically sound 
visualization of the TV from any perspective as well as the 
measurement of the geometry of its components and of the 
size and function of the right atrium and RV, can contribute to 
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improve our understanding of the mechanisms leading to 
FTR in various cardiac conditions and thus providing better 
therapeutic options (Fig. 21.1).

 Geometric Changes of Tricuspid Valve 
Complex in Functional Tricuspid 
Regurgitation

3DE has revolutionized our approach to assess the TV appa-
ratus in normal subjects and in patients with FTR [11–13]. 
Transthoracic 3DE can visualize all three TV leaflets simul-
taneously (Fig. 21.2) and full volume datasets of the TV can 
be used to perform quantitative analysis of the various com-
ponents of the TV (see Chap. 18).

 Pathophysiology of Functional Tricuspid 
Regurgitation

The pathophysiology of FTR involves several mechanisms 
that may contribute, to different extents, in different cardiac 
conditions [1, 12]: (1) dilation of the tricuspid annulus sec-
ondary to RV and/or right atrial dilation; (2) distortion of the 
spatial relationships among leaflets, chordae and papillary 
muscles leading to leaflet tethering and malcoaptation; (3) 
changes in TA geometry (dilated, more circular and flatter) 
and dynamics (reduced area shortening and excursion).

The association between tricuspid dilation and FTR has 
been well established [14–18]. Tricuspid annulus dilation 
and right/left atrial enlargement are early and sensitive indi-
cators of FTR [15]. Right atrial enlargement occurs before 
RV dilation, which occurs late and is associated with more 
severe TR. Studies of patients with isolated TR (i.e. without 
left heart disease or pulmonary hypertension) associated 
with atrial fibrillation have shown a close correlation between 

tricuspid annulus area and right atrial volume (and lower cor-
relation with RV end-systolic volume), and between annular 
area and TR severity [18]. Despite the mounting evidence of 
the role played by the right atrium in determining tricuspid 
annulus dilation, the size and the function of the right atrium 
are almost systematically neglected when discussing the 
pathophysiology and management of FTR [19].

On the other hand, it is also a common observation that 
not all patients with tricuspid annulus dilation have FTR and, 
with the same extent of tricuspid annulus dilation, different 
degrees of FTR may be observed. This may be related to dif-
ferential TV leaflet remodeling. Afilalo et  al. [20] demon-
strated that, in patients with pulmonary hypertension, TV 
leaflets remodel by increasing their area and both the occur-
rence and severity of FTR are related to the extent of leaflet 
adaptation to increased tricuspid annulus area expressed as 
the ratio between TV leaflet area/closure area. Nonetheless, 
annular dilatation has recently been associated with out-
comes [21]. In 213 patients with moderate or severe TR sec-
ondary to left-sided valve diseases, nonvalvular disease, or 
isolated primary TR, an enlarged tricuspid annulus was posi-
tively associated with cardiovascular outcomes (composite 
of hospitalization for worsening heart failure, stroke, and 
cardiovascular death) irrespective of subgroups according to 
type or severity of TR.

Spinner et al. [14] demonstrated that both annular dilation 
and papillary muscle displacement contribute to 
FTR. Significant FTR occurs with only 40% dilation of tri-
cuspid annulus area (compared to a 75% annulus area dila-
tion needed to create functional mitral regurgitation). TA 
dilation caused the displacement of the anterior and posterior 
leaflets from the central coaptation line, with a progressive 
reduction of the leaflet coaptation surface until a gap 
occurred. In this experimental study, the minimum coapta-
tion length to prevent regurgitation was 5 mm. The anterior 
leaflet was found to be the most affected by tricuspid annulus 

Fig. 21.1 Example of comprehensive assessment of the mechanism of 
functional tricuspid regurgitation. On the left, quantitative analysis of 
right ventricular volumes, shape and function. In the center, morphol-

ogy of tricuspid leaflets and measurement of tricuspid annulus size and 
function. On the right, measurement of right atrial volumes and 
function
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dilation. The investigators demonstrated also that isolated 
papillary muscle displacement (i.e. without tricuspid annulus 
dilation) can cause FTR, and identified the septal as the most 
affected leaflet by papillary displacement. Of course, the 
concomitant presence of tricuspid annulus dilation and pap-
illary muscle displacement produced the largest FTR.

The importance of RV geometry in the generation of tri-
cuspid malcoaptation is supported by a number of other 
studies. Fukuda et al. [22] were one of the first to attribute 
changes in right-sided cavity size, RV sphericity and left 
ventricular function to tethering of the TV leaflets and con-
sequent TR.  These changes in ventricular geometry and 
function did not affect annular area. Topilsky et  al. [23] 
studied patients with idiopathic FTR and compared them to 
patients with pulmonary hypertension with TR.  Patients 
with idiopathic FTR had the largest basal RV diameter and 
annular area and lowest valvular/annular coverage ratio but 
normal valve tenting height and a conical RV shape. FTR 
associated with pulmonary hypertension had mild annular 
enlargement but excessive valve tenting height and an ellip-
tical/spherical RV shape. Valvular changes were linked to 
specific RV changes: the largest basal dilatation, and normal 
length (RV conical deformation) in idiopathic functional TR 
versus longest RV with elliptical/spherical deformation (i.e. 
dilatation of the mid-ventricle) in pulmonary hypertension 
TR. Song et al. [24] reported that RV inlet dimension were 
the main determinants of TV geometry and severity of 
FTR. In particular, septal-lateral RV inlet dimension was the 
main determinant of the extent of TV leaflet tethering and 
septal-lateral tricuspid annulus diameter, whereas antero-
posterior annulus diameter was determined by antero-poste-
rior RV inlet dimension.

Accordingly, we can hypothesize two different pathophysi-
ological models of FTR development in different cardiac con-

ditions: a first model, where the starting mechanism is TA 
dilation, typical of patients with significantly dilated right 
atrium and normal or mildly dilated RV (e.g. chronic atrial 
fibrillation) [17, 18, 25]; and a second model, where the start-
ing mechanism is the remodeling of the RV with the displace-
ment of the papillary muscles and the tenting of TV leaflets, 
typical of patients with pulmonary hypertension, dilated RV 
and normal or mildly dilated right atrium [26, 27]. Once initi-
ated, the RV and right atrium remodeling secondary to the vol-
ume overload may easily produce a further dilation of the 
tricuspid annulus, which aggravates the FTR starting a vicious 
circle in which FTR begets more FTR and both tricuspid annu-
lus dilation and leaflet tethering coexist in the same patient.

 Evaluation of Tricuspid Valve Apparatus

Evaluation of patients with FTR who are considered either 
for surgery or transcatheter procedures should include tricus-
pid annulus size, mode of leaflet coaptation, as well as the 
extent of leaflet tethering in addition to the severity of regur-
gitation [28].

 Tricuspid Annulus

Current guidelines [29, 30] recommend two-dimensional 
echocardiography to size the tricuspid annulus. A cut-off 
value of 40 mm (or 21 mm/m2 of body surface area) for the 
tricuspid annulus diameter obtained from an apical 
4- chamber view, in diastole, has been selected to indicate the 
need of concomitant procedures on the TV when the patient 
needs surgery for left-sided heart valve diseases. However, 

a b c

Fig. 21.2 The tricuspid valve obtained from transthoracic 3DE and visu-
alized from the right ventricular perspective in normal control (a, dias-
tole) and a patient with functional tricuspid regurgitation (b, c). Septal 

(S), anterior (A) and posterior (P) leaflets are simultaneously visualized. 
The coaptation gap in functional tricuspid regurgitation can be easily 
observed by comparing leaflet position during diastole (b) and systole (c)

21 Functional Tricuspid Regurgitation
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two-dimensional echocardiography has several limitations in 
sizing the tricuspid annulus diameter.

Using a single linear dimension to size the tricuspid annu-
lus is based on the assumptions that the tricuspid annulus is a 
flat structure, its shape is circular and the measured dimen-
sion is the actual diameter of the circle. In patients with severe 
FTR, the tricuspid annulus is more planar [31, 32]. However, 
in patients with mild or moderate FTR in whom surgical 
annuloplasty may be considered based solely on this mea-
surement, it is a complex three-dimensional (3D) non- planar 
structure (See Fig. 18.4 in Chap. 18). Moreover, both the 
shape and the spatial orientation of the tricuspid annulus are 
quite variable [33]. Dreyfus et al. [33] found that, although 
tricuspid annulus shape was generally oval (mean eccentric-
ity index = 1.35), there were large inter-individual differences 
from circular (eccentricity index  =  1.07) to severely oval 
(eccentricity index 2.04) tricuspid annulus. Taking the verti-
cal axis at the level of interventricular septum as the refer-
ence, the long axis of the tricuspid annulus can be positioned 
at a variable angle between 5° and 140° with a bimodal distri-
bution with the most frequent orientations located at 40° and 
140° [33]. Finally, the conventional apical 4-chamber view 
obtained with two-dimensional echocardiography does not 
have any anatomical landmark to allow a proper and repro-
ducible orientation of the view [34]. Comparisons between 
the tricuspid annulus diameter obtained with two-dimensional 
echocardiography in apical 4-chamber view and anatomically 
oriented tricuspid annulus long-axis from 3DE showed an 
underestimation of 4–9 mm of the former, with wide limits of 
agreement (7 mm), reflecting also the variability of the differ-
ences related to the different shapes and orientations of the 
tricuspid annulus [33, 35]. Accordingly, 3DE, which allows 
acquisition of anatomically oriented tricuspid annulus mea-
surements independent of assumptions about its shape and 
orientation, should be the first line imaging to size it. Tricuspid 
annulus measurements by 3DE are more accurate than those 
obtained by two- dimensional echocardiography, when com-
pared with cardiac magnetic resonance [36], and the correla-
tion between tricuspid annulus diameter obtained by 
two-dimensional echocardiography and severity of FTR is 
poor [35, 37]. In patients with insufficient acoustic window 
and in sinus rhythm, both 320-slices multislice computed 
tomography [38–40] and cardiac magnetic resonance [36, 41] 
can be used to measure the size of tricuspid annulus.

However, the current guidelines use a thresholds of 
≥40 mm (or 21 mm/m2 of body surface) obtained by two- 
dimensional echocardiography in the 4-chamber apical view 
in “diastole” without defining whether that measurement is 
taken in early, late or end-diastole. Tricuspid annulus area 
may change by 30% during the cardiac cycle [42, 43] and, 
within the diastolic time interval, the tricuspid annulus 
changes significantly [42–44] (Fig.  21.3). Current recom-
mendations comes from a single study that identified a cut- 

off value of the stretched diameter of the tricuspid annulus 
≥70 mm, measured intraoperatively, as an indication to per-
form concomitant tricuspid annuloplasty in patients under-
going mitral valve surgery independent on the severity of 
FTR [6]. Although this paper is consistently cited as support 
for the echocardiographically-measured tricuspid annulus 
end-diastolic 4-chamber diameter criteria of ≥40  mm [28, 
29, 45], there is no echocardiographic data about the tricus-
pid annulus size in the original paper [6]. Moreover, it is 
unclear how a 40 mm diameter measured by two- dimensional 
echocardiography, in the beating heart, from the mid-septal 
to the mid-anterior (or mid-posterior) annulus could corre-
spond to a 70 mm maximal diameter between the anterosep-
tal and anteroposterior commissure measured in the arrested 
heart. Finally, in healthy subjects the tricuspid annulus diam-
eter is correlated to subject age, gender, right atrial and RV 
volume [46], and, in patients with FTR, tricuspid annulus 
diameter is also influenced by RV loading conditions. Using 
a 40 mm cutoff for diastolic tricuspid annulus diameter in 
4-chamber view, 20% of healthy subjects would be classified 
as having “dilated” tricuspid annulus [46].

Since, 3DE is highly feasible and both the TV and the 
right heart are often better imaged by transthoracic than by 
transesophageal approach [11], we need dedicated software 
packages to measure the various components of the TV 
apparatus (Fig. 21.4). Then, outcome studies using 3DE to 
obtain anatomically sound measures, will be needed to iden-
tify the threshold of the tricuspid annulus dilation (taking 
into account patient age, gender, right heart chamber size and 
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Fig. 21.3 Time course of tricuspid annulus area change during the car-
diac cycle [43]. ED end-diastole, ES end-systole, LD late diastole. 
Modified from Addetia K, Muraru D, Veronesi F, et al. 3-Dimensional 
Echocardiographic Analysis of the Tricuspid Annulus Provides New 
Insights Into Tricuspid Valve Geometry and Dynamics. JACC 
Cardiovasc Imaging. 2019;12:401–412
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loading conditions) which can indicate the need of concomi-
tant tricuspid annuloplasty at the time of left heart surgery.

 Tricuspid Valve Leaflet Coaptation

The extent and mode of leaflet coaptation is another impor-
tant determinant of the presence and severity of FTR [28]. 
A coaptation of the body of the leaflet (body-to-body coap-
tation) guarantees TV sealing and absence of FTR. Normal 
coaptation of the TV leaflets takes place either at the TA 
level or more apically, just below it, with a 5–10 mm of the 
leaflets’ body surfaces in contact during systole. When the 
coaptation surface decreases due to tricuspid annulus dila-
tion and/or leaflets’ tethering, the coaptation takes place 
on the free edges of the leaflets and FTR occurs. Current 

recommendations [47] suggest measuring the distance 
between the leaflet coaptation point and the annular plane 
(tethering distance) and the area between the closed leaflet 
and the annular plane (tenting area) to estimate the extent 
of leaflet tethering (Fig. 21.5). When the tethering distance 
is >8 mm and the tenting area is >1.6 cm2, the extent of TV 
leaflet tethering is considered pathologic [10, 28]. 
However, these measurements obtained with two-dimen-
sional echocardiography are based on the assumptions that 
tethering of the TV leaflets is symmetric and that the apical 
4-chamber view allows the visualization of the highest 
coaptation point. Both conditions are unlikely to occur in 
patients with FTR and, not surprisingly, it has been 
reported that the tenting volume is a better predictor of 
FTR severity and of the occurrence of residual FTR after 
tricuspid annuloplasty [48] (Fig. 21.6).

Fig. 21.4 Results of the 3D reconstruction of the tricuspid annulus 
geometry in a normal subject (left) and in a patient with functional tri-
cuspid regurgitation (right) using a custom-made software package [43]. 
Normal tricuspid annulus is a non-planar structure with two high points 

(oriented superiorly toward the right atrium) and a bimodal or saddle-
shaped pattern like the mitral annulus. In patients with functional tricus-
pid regurgitation, the tricuspid annulus is characterized by increased 
annular area and decreased annular height diminishing the saddle shape

21 Functional Tricuspid Regurgitation
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Fig. 21.5 Two-dimensional echocardiography assessment of the extent 
of the tethering of tricuspid valve leaflets in functional tricuspid regur-
gitation. Compared to normal control (left), in patients with functional 
tricuspid regurgitation (right), the annulus is dilated (double arrow 

white dashed line), the coaptation depth (double arrow yellow line) is 
more apically displaced and the tenting area (blue triangle) is larger. RA 
right atrium, RV right ventricle

Fig. 21.6 Visualization and measurement of the tenting volume (V, 
green beutels) using three-dimensional echocardiography in two 
patients with similar dilatation of the tricuspid annulus (L). Upper pan-
els, patient with dilatation of the right ventricle and tethering of the tri-
cuspid leaflets. Lower panels, patient with dilatation of the right atrium, 
normal right ventricle and minimal tenting of tricuspid leaflets. From 
the left: two-dimensional echocardiography, apical 4-chamber view; 

transthoracic three-dimensional echocardiography, longitudinal cut- 
plane showing the right atrium (RA) and the right ventricle (RV); trans-
thoracic three-dimensional color Doppler acquisition showing the 
extent of the tricuspid regurgitation jet; three-dimensional echocardiog-
raphy, transversal cut-plane showing an “en face” view of the tricuspid 
valve from the ventricular perspective. A tenting area, RA right atrium,  
RV right ventricle

J.-K. Song et al.
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 Evaluation of Tricuspid Regurgitation 
Severity

Because of the complexity for TR evaluation with invasive 
methods, echocardiography has always played a central 
role for TR assessment. The parameters used for this pur-
pose range from qualitative to quantitative, and both of 
them are recommended by current American and European 
Guidelines [47, 49]. Among them, the measurement of the 
diameter of the vena contracta of the regurgitant jet and the 
calculation of the tricuspid effective regurgitation orifice 
area by the proximal isovelocity surface area (PISA) 
method are the most widely used, even if the final grading 
of the severity of TR should be further supported by other 
parameters.

The use of traditional quantitative parameters to assess 
the severity of TR is based on geometrical assumptions about 
the shape of the tricuspid regurgitant orifice and extrapola-
tion of concepts learned from studying the mitral valve [50]. 
As the TV has unique features, being highly dynamic, with a 
complex coaptation among its three leaflets which deter-
mines complex geometric configurations of the regurgitant 
orifice, there is an urgent need for these parameters to be 
questioned [51, 52].

The basic geometrical assumptions in using the diameter 
of the vena contracta of the regurgitant jet are that the proxi-
mal part of the jet has a circular cross section and that the 
two-dimensional echocardiography view used to measure its 
diameter is passing though the actual diameter of the cross- 
sectional area of the vena contracta. Both of them are unlikely 
to occur in clinical practice where the regurgitant orifice 
assumes complex and unpredictable shapes (Fig. 21.7).

In addition to the fluidodynamic considerations about the 
TR jet [53], accurate calculations of the effective regurgitant 
orifice area using the PISA method are based on the follow-
ing assumptions: (1) the regurgitant orifice is circular; (2) the 
regurgitant orifice is flat; (3) the PISA is a hemisphere and its 
area can be calculated by measuring the radius of the hemi-
sphere. However, the regurgitant orifice is unlikely to be cir-
cular in FTR (Fig. 21.7). The regurgitant orifice is not flat, 
since a variable degree of tenting of the TV leaflets occurs 
according to the main mechanism determining the regurgita-
tion (i.e. tricuspid annulus dilation and/or papillary muscle 
displacement) [14]. Finally, due to the variable shape of the 
regurgitant orifice of the TV, the large regurgitant orifice and 
relatively low velocity of regurgitant flow (when compared 
to mitral regurgitation) the hemispheric geometry of the 
PISA is unlikely to occur in real patients (Fig. 21.8).

Fig. 21.7 Variable geometry of the tricuspid regurgitation orifice in 
different patients with functional tricuspid regurgitation. Upper panels, 
transthoracic three-dimensional color Doppler echocardiography. The 
data set has been cut transversally to show the regurgitant orifice from 
the ventricular perspective. Lower panels, the data sets have been sliced 

to allow the planimetry of the area of the vena contracta. The yellow 
dashed line shows the position of the apical 4-chamber view to allow to 
appreciate the lack of relationship between the vena contracta diameter 
and its actual shape and area

21 Functional Tricuspid Regurgitation
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Interestingly, the partition values to define mild, moderate 
or severe the TR for the diameter of the vena contracta 
(<0.3 cm, 0.31–0.69 cm, and ≥0.7 cm, respectively) and the 
effective regurgitant orifice area (<0.2  cm2, 0.2–0.39  cm2, 
≥0.4  cm2, respectively) are similar to those identified to 
grade mitral regurgitation severity, despite the anatomical 
differences between the two valves and the different hemo-
dynamic environment in which they operate.

The diameter of the vena contracta of the TR jet was vali-
dated by Tribouilloy et al. [50] in 71 patients with various 
degrees of TR. They measured it from a single 4-chamber 
apical view and used the effective regurgitant orifice area by 
PISA and hepatic venous flow as reference, both parameters 
having suboptimal accuracy and a number of limitation in 
patients with TR [49]. They found that a vena contracta 
diameter >6.5 mm identified severe TR with 88.5% sensitiv-
ity and 93.3% specificity. However, they tested the accuracy 
of the parameter on the same study population from which 
the parameter was derived and no other study has ever tested 
this cut-off value on any different population.

The effective orifice area calculated by means of the PISA 
method (used as the reference for the vena contracta diame-
ter by Tribouilloy et al. [50]) was “validated” by Rivera et al. 
[54] in 45 patients using the Doppler 2DE volumetric method 
as reference. Notably, the Doppler 2DE volumetric method 
has shown to significantly overestimate the regurgitant vol-
ume and to have limited reproducibility in patients with 
mitral regurgitation [55], in whom the geometry of the annu-
lus is more predictable than in TR, and there is no evidence 
for the partition values used to grade TR severity. They just 
adopted them in analogy with the mitral valve. However, it is 
unlikely that the same amount of regurgitation may have the 
same hemodynamic impact on a “pressure pump” (i.e. the 
left ventricle) and on a “flow pump” (i.e. the RV). Conversely, 

it is likely that the RV can handle larger regurgitant volumes 
than its left counterpart. Indeed, the need for a new TR grad-
ing scheme has recently been advocated [56]. However, the 
proposed partition values for “massive” and “torrential” TR 
were based “…on the ranges of values for the current grades 
of mild or moderate”, with no outcome evidence supporting 
these cut-off values. Alternatively, we should consider the 
hypothesis that to be “clinically severe” (in terms of patient’s 
morbidity and mortality) TR requires a larger regurgitant 
volume than mitral regurgitation.

Moreover, even if both the diameter of the vena contracta 
and the effective regurgitant orifice area were accurate esti-
mates of TR severity in the frame they are calculated, it 
remains the problem of the actual hemodynamic and clinical 
significance of a static measure (in one frame) of a rapidly 
changing phenomenon throughout the cardiac systole like 
the TR. In patients with FTR, regurgitant flow is not constant 
(Fig.  21.9), but it varies continuously throughout systole, 
therefore a measurement taken in a single frame does not 
seem to be the ideal parameter to assess FTR severity.

Furthermore, both the regurgitant orifice area and the 
regurgitant volume across the TV are influenced by the respi-
ratory cycle (Fig. 21.10) and loading conditions. Compared 
to expiration, during inspiration, TR presents a decrease in 
driving forces while the size of the regurgitant orifice 
increases by 69% [57]. During inspiration, as venous return 
to the right side of the heart increases, the RV and right 
atrium expand their width to accommodate a higher volume, 
without significantly changing their longitudinal dimen-
sions. The increase in width of the right atrium and RV result 
in an increase of tricuspid annulus size. Moreover, the hori-
zontal displacement of the papillary muscles [38] and the 
anatomical particularities of the TV (with the insertion of 
chordae tendineae to multiple papillary muscles and the RV 

Fig. 21.8 Transthoracic 
three-dimensional color 
Doppler echocardiography 
obtained from a patient with 
functional tricuspid 
regurgitation. Three- 
dimensional reconstruction of 
the proximal isovelocity 
surface (green beutel shown 
by the white arrow in the 
magnified image) showing 
that its actual shape is quite 
far from that of a hemisphere
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Fig. 21.9 Time course of 
tricuspid effective regurgitant 
orifice area during cardiac 
systole obtained from 
three-dimensional 
reconstruction of the proximal 
isovelocity surface area. 
Effective regurgitant orifice 
area is larger in proto- and 
end-systole and smaller in 
mid-systole when the 
contraction of the right 
ventricle pushes leaflets 
towards the annulus

Expiration Inspiration

Fig. 21.10 En-face view of the tricuspid regurgitant orifice from the 
ventricular perspective obtained during quiet respiration by real-time 
transthoracic three-dimensional echocardiography showing the wide 
variation of the size of the regurgitant orifice from expiration (left) to 

inspiration (right) in a patient with functional tricuspid regurgitation. 
ATL anterior tricuspid leaflet, LV left ventricle, PTL posterior tricuspid 
leaflet, RVOT right ventricular outflow tract, STL septal tricuspid 
leaflet

free wall) determine an increase in leaflet coaptation height 
and tenting area. Consequently, tricuspid regurgitant orifice 
area increases (Fig. 21.10), ultimately resulting in an average 
increase in 20% of regurgitant volume during inspiration 
[57]. Currently, it remains to be determined which is the best 
moment to quantitate TR: during inspiration, during expira-

tion, during halted respiration or, maybe, integrating the 
regurgitant volume over time throughout the respiratory 
cycle.

Finally, assessment of TR is further complicated by the 
fact that the right heart is more sensitive to both preload and 
afterload than its left counterpart. Within physiological 
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 limits, RV contractility can increase with increasing end dia-
stolic volume, using the Frank Starling mechanism, 
translating in increased RV longitudinal function which can 
be measured using conventional two-dimensional echocar-
diography measurements [58]. Therefore, an increase in pre-
load during inspiration will also increase RV contractility. 
However, in patients with severe TR, because of the increase 
of TR during inspiration, right atrial pressure also increases, 
approximating RV systolic pressure. Consequently, TR peak 
velocity measured by Doppler echocardiography decreases 
as well, and this decrease of peak velocity can variably affect 
effective orifice area calculations. An inspiratory decrease of 
TR peak velocity by 0.6  m/s or more has high specificity 
(94%), and negative predictive value (92%) for severe TR 
[59]. RV preload is also affected by treatment. Effective 
diuretic treatment at the time of the echocardiography study 
may dramatically decrease the estimate of TR severity.

The role of RV afterload as a mechanism contributing to 
FTR is also worth noting. The high prevalence of FTR in 
patients with pulmonary hypertension has been documented. 
However, the cause-effect relationship between pulmonary 
pressure and FTR is not that clear. Mutlak et al. [60] studied 
in a large cohort of patients divided in three groups accord-
ing to pulmonary artery systolic pressure (<50  mmHg, 
50–70 mmHg, >70 mmHg). Despite the fact that pulmonary 
systolic pressure (per 10 mmHg increase) was independently 
associated with significant TR (Odds Ratio = 2.26), not all 
patients with pulmonary hypertension had significant 
FTR. Sixty-five percent of patients with pulmonary systolic 
pressure between 50 and 70 mmHg, and 45% of those with 
pulmonary systolic pressure higher than 70 mmHg had only 
mild TR [60]. Extent of right atrial and RV remodeling was 
strongly associated with severe TR (Odds Ratio = 6.34 and 
7.02, respectively) independent on pulmonary systolic pres-
sure. In addition, this data supports the concept that even if 
RV afterload is related to FTR, this relationship is modulated 
by various other factors that affect the size of the TA or the 
extent of leaflet tethering.

 Novel Echocardiographic Techniques 
to Assess Patients with Functional Tricuspid 
Regurgitation

3DE planimetry of the area of the vena contracta has been 
proposed as a method to overcome the problems related to 
the irregular shape of the regurgitant orifice in patients 
with FTR.  This method solves the issues related to the 
irregular contour of the regurgitant orifice (Fig.  21.11). 
However, the regurgitant orifice is a curvilinear surface 
and, using a planimetry on a tomographic plane to mea-
sure it, will include the errors due to the fact that, on the 
atrial side, part of the jet is not yet contracted, whereas, on 

the ventricular side, part of the jet is not contracted any-
more. Moreover, the size of the vena contracta is heavily 
dependent on color Doppler gain setting and does not 
overcome the fact that it is a static measure obtained in a 
single frame. In addition, a validated cut- off for the diag-
nosis of severe TR using 3DE planimetry of the vena con-
tracta is still lacking. Velayudhan et al. [51] showed that a 
planimetered regurgitant orifice area >75 mm2 was associ-
ated with severe TR, defined as a TR regurgitant jet larger 
than 10 cm2 or a TR jet area/right atrial area ratio >34%. 
This cut-off was selected because of its high sensitivity 
and negative predictive value of 95%. Chen et  al. [52] 
studied the role of 3DE planimetry of the vena contract to 
assess TR severity. In their study, both 3DE and 2DE 
acquisitions were performed during breath-holding. 
Influence of cardiac rhythm was also controlled by exclud-
ing patients with atrial fibrillation with more than 20% 
variation in R-R cycle length. They found a cut-off of 
36 mm2 to have a sensitivity of 89% and a specificity of 
84% for predicting severe TR [52] defined using a multi-
parameteric approach as indicated by ASE [49] and 
EACVI [47] guidelines. Another study in which 3DE pla-
nimetry of the area of the vena contracta has been explored 
identified a cut-off of >37 mm2 for moderate TR (sensitiv-
ity 100%, specificity 69%), and >57 mm2 for severe TR 
(sensitivity 100%, specificity 64%) defined using the 
effective regurgitant orifice area calculated with conven-
tional PISA method [61]. Lacking an accepted reference 
method to quantitate FTR, the reported studies used dif-
ferent definitions of severe FTR and, as expected, found 
different cut-offs of 3DE vena contracta area to define 
severe FTR.

Another proposed method to assess the severity of TR 
using 3DE is to try to reconstruct the actual 3D volume of the 
PISA and to measure it independent of any geometric 
assumptions (Fig. 21.8). This technique is based on real-time 
(single-beat) 3DE acquisition of color Doppler data set using 
a vendor-specific equipment and, since it is supposed to 
allow a frame-by-frame measurement of the PISA volume, it 
can be applied to patients in atrial fibrillation. However, flow 
velocity measurements by color Doppler (as with any 
Doppler technique) are angle-dependent and, due to this 
angle-dependency, color Doppler displays only the vector 
velocity component (towards or away from the probe) and 
not the actual flow velocity. Therefore, color Doppler cannot 
show the “isovelocity surface” but only the “iso-Doppler sur-
face” which cannot be a hemisphere and significantly under-
estimate the size of the proximal isovelocity surface [62, 63]. 
Thus, the 3DE PISA does not make any geometrical assump-
tion about the shape of the iso-Doppler shell, but it assumes 
that color Doppler is angle independent. Moreover, only the 
peak velocity of TR jet is included in the formula for the cal-
culation of the regurgitant orifice area. Therefore, the method 
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cannot allow an actual measurement of frame-by- frame 
effective regurgitant orifice area change.

Finally, the 3DE PISA method has never been tested 
against any independent reference method to grade TR. De 
Agustin et al. [64] tested it against the effective regurgi-
tant tricuspid orifice area calculated with 2DE and Doppler 
echocardiography volumetric method, and the 3DE pla-
nimetry of the vena contracta. Despite the known limita-
tions of the volumetric method [55], the Authors found a 
very close correlation (r = 0.97) among the effective tri-
cuspid regurgitant areas measured with the three echocar-
diographic methods [64], even higher than the correlations 
found during the in vitro testing of the 3DE PISA method 
(r = 0.91) [65].

Indeed, effective regurgitant orifice area may be a subop-
timal parameter to estimate the severity of FTR. For the same 
effective regurgitant orifice area, the regurgitant volume can 
be quite different with different pressure gradients and we 
have discussed how the gradient between the RV and the 
right atrium can change throughout cardiac systole in patients 
with TR. Between a TR with an end-systolic effective regur-
gitant orifice area of 0.4 cm2 and a TR with a holosystolic 
effective regurgitant orifice area of 0.3 cm2—which would be 
more severe? The key parameter that best accounts for the 
volume overload on the right heart chambers is most likely 

the regurgitant volume, and not the single-frame regurgitant 
orifice area measurement.

Recently, a new software package has been released 
allowing to measure the regurgitant volume by tracking color 
flow during the whole cardiac cycle using real-time 3DE 
color flow acquisitions. Acquiring data sets of 3DE color 
flow at the level of the tricuspid and the pulmonary valves 
over 5–10 cardiac cycles and averaging the results allows the 
actual measurement of the TR volume independent on geo-
metric assumptions about regurgitant orifice and/or proximal 
isovelocity surface shape, and taking into account intra-beat 
and respiratory variations of TR. Further studies about the 
feasibility and accuracy of these measurements are needed.

 Conclusion

FTR is characterized by geometric changes of TV apparatus 
including leaflets and tricuspid annulus with associated RV 
and right atrial enlargement. Comprehensive evaluation of 
geometric changes of anatomical structures potentially 
involved in the pathophysiology of FTR can be possible 
using transthoracic 3DE. Moreover, 3D color Doppler imag-
ing may help to overcome the limitations of conventional 
two-dimensional and Doppler echocardiography in the 

Fig. 21.11 Multislice display of a transthoracic 3DE color-Doppler 
data set of the regurgitant jet in a patient with functional tricuspid regur-
gitation. By slicing the proximal part of the jet with orientation of the 

cut planes perpendicular to the direction of the jet, the smaller cross- 
sectional area of the jet (vena contracta) can be identified and planime-
tered (see text for details). A area, C perimeter
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assessment of TR severity. Thus, transthoracic 3DE, includ-
ing 3DE color Doppler imaging, should be the recommended 
technique for routine clinical practice for patients with 
FTR. Further investigations are necessary to evaluate whether 
certain measurements obtained from 3DE data set can affect 
the clinical outcomes in these patients.
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Abstract
The association of better understanding of the role of 
tricuspid regurgitation (TR) as an independent predic-
tor of patients’ morbidity and mortality, and the advent 
of novel transcatheter devices to treat severe TR have 
contributed to increase the interest of cardiologists and 
cardiac surgeons about the tricuspid valve (TV). The 
number of transcatheter interventions for TR is grow-
ing, and procedural success relies significantly on the 
pre-procedural evaluation of the anatomy of the TV, 
etiology and severity of TR, right ventricular size and 
function, and importantly, the anatomic relationships of 
the TV. The role of three-dimensional echocardiography 
and multimodality imaging in patient selection and pro-
cedural planning for transcatheter TV repair is reviewed.
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 Introduction

Despite the fact that it is well known that tricuspid regur-
gitation can result in significant mortality and morbidity 
[1–7], it remains largely untreated [8]. Patients are rarely 
referred for isolated surgical repair, or replacement, and 
most surgeries are performed in the context of other 
planned cardiac surgeries. However, also surgical treat-
ment of functional tricuspid regurgitation in the context 
of left-sided heart valve diseases remains a controversial 
issue, particularly about indications to surgery, surgical 
techniques and the late outcomes of surgical interventions. 
Indeed, all recommendations on the management of tri-
cuspid valve disease in the 2014 joint ACC/AHA [9] and 
the 2017 joint ESC/EACTS [10] guidelines are based on 
expert opinions only.

 Surgical Treatment of Tricuspid Valve 
Disease

Several techniques are available for a tailored surgical treat-
ment of the tricuspid valve (Table 22.1). The “classic” De 
Vega annuloplasty consists of a plication of the posterior 
and anterior portion of tricuspid annulus with a double con-
tinuous suture, preserving the septal portion of the annulus 
which is inserted on the fibrous skeleton of the heart. Despite 
widely used, this technique is flawed by high incidence of 
regurgitation recurrence [11] (Fig. 22.1; Videos 22.1a, 22.1b, 
22.1c, and 22.1d). Therefore, the most frequently performed 
surgical procedure, to repair functional tricuspid regurgita-
tion secondary to annulus dilation, is undersized prosthetic 
tricuspid annuloplasty with devices such as flexible bands, 
rigid or semi-rigid annuloplasty prosthetic open rings. A fre-
quent complication of this technique is the prosthetic annulus 
detachment and recurrence of the regurgitation (Fig.  22.2, 
Videos 22.2a and 22.2b).
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The “clover technique” is similar to the Alfieri’s stitch to 
repair the mitral valve. The central parts of the free edges 
of the tricuspid leaflets are sutured together to produce a 
clover- shaped valve. The procedure is always completed 
with a prosthetic ring annuloplasty. In case of leaflet tether-
ing, in addition to tricuspid annulus dilation, as a cause of 
tricuspid regurgitation, the leaflet augmentation technique 
(enlargement of the anterior tricuspid leaflet by the use of 
an autologous pericardial patch) increases the surface of 
the leaflet coaptation by threefold and brings the coapta-

Table 22.1 Current surgical techniques employed to treat tricuspid 
valve disease

Approach Surgical techniques
Annuloplasty De Vega annuloplasty

Prosthetic band annuloplasty
Prosthetic ring annuloplasty

Leaflet repair Clover technique
Tricuspid leaflet augmentation

Other Double orifice valve technique
Posterior annular bicuspidisation

Valve replacement Prosthetic tricuspid valve replacement

a b

c d

Fig. 22.1 De Vega annuloplasty failure with severe tricuspid regurgita-
tion. (a) two-dimensional apical 4-chamber view showing lack of coap-
tation of the tricuspid leaflets (Video 22.1a); (b) two dimensional color 
Doppler showing a large vena contracta and regurgitant jet (Video 

22.1b); (c) transesophageal three-dimensional volume rendering of the 
tricuspid valve seen from the atrial perspective (Video 22.1c); (d) mul-
tislice display of a 3DE color data set to identify and planimeter the area 
of the vena contracta (Video 22.1d)
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tion zone down into the right ventricle at the level of the 
tethered posterior and septal leaflets. The suture bicuspi-
disation is obtained by placing a double pledget-supported 
mattress suture from the anteroposterior to the anterosep-
tal commissure along the posterior annulus to reduce the 
extent of the dilation of the posterior tricuspid annulus. 
The double orifice technique is performed by passing two 
pledget supported mattress sutures from the center of the 
anterior annulus to the two thirds of the septal annulus, 
measured from the antero-septal commissure, to avoid the 
His bundle [12].

When valve repair is unlikely or when the results of 
a repair attempt are suboptimal, the tricuspid valve has 
to be replaced. The use of mechanical valve prostheses 
in the tricuspid position in multivalvular procedures has 
been associated to increased mortality and also to high 
incidence of thrombotic complications, valve dysfunc-
tion from tissue ingrowth and, in the case of cage and 
ball valves, incorporation of the cage into the wall of 
the right ventricle [13]. Therefore, the use of large size 
biological prostheses is favored over valve replacement 
with mechanical valves [9, 10] Among the most fre-
quent complications of tricuspid valve replacement with 
bioprostheses, we can list: structural valve degeneration 
(Fig. 22.3), endocarditis (particularly frequent in intrave-
nous drug abusers) (Fig.  22.4, Videos 22.3a and 22.3b), 

leaflet thrombosis, and valve detachment with significant 
paravalvular leak.

 Transcatheter Approaches to Tricuspid 
Regurgitation

Despite the fact that tricuspid valve surgery combined 
with left heart surgery is not associated with a significant 
increase in mortality [14], re-operation, in patients with 
worsening or recurrent tricuspid regurgitation after previ-
ous surgery, is associated to high mortality [15]. Moreover, 
the increasing use of transcatheter procedures to treat left 
heart valve diseases leave a sizable number of high surgi-
cal risk patients with untreated tricuspid regurgitation who 
may eventually progress to severe regurgitation and right 
heart failure.

Accordingly, percutaneous transcatheter procedures are 
becoming more and more used as an attractive alternative for 
patients with symptomatic functional tricuspid regurgitation 
or severe deterioration of the tricuspid valve after surgical 
repair or replacement, and deemed to be high surgical risk 
candidates [16].

There are many issues that make the percutaneous implan-
tation of a bioprosthesis in the tricuspid position very chal-
lenging: the dimensions and the angulation of the tricuspid 

Fig. 22.2 Detachment of the prosthetic tricuspid annulus after surgical 
mitral and tricuspid annuloplasty. Left panel, three-dimensional volume 
rendering of the open prosthetic tricuspid annulus visualized from the 
atrial perspective with the site of detachment (asterisk) (Video 22.2a/

left). Right panel, three-dimensional color flow showing the double 
regurgitant flow through the annulus and also through the perinannular 
orifice (Video 22.2b/right)
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annulus in relation to the cava veins, the slow flow and the 
trabeculated structure of the right ventricle, the close rela-
tionship of the tricuspid annulus to atrtio-ventricular node 
and right coronary artery, and the lack of annular calcifica-
tion. Therefore, percutaneous implantation of a bioprosthesis 
is usually performed only as valve-in-valve or valve-in-ring 
procedures [17].

On the other end, the following percutaneous options are 
under development to treat native tricuspid valve regurgita-
tion [18]:

 1. Implantation of a bioprosthetic valve in both caval veins [19]
 2. Percutaneous tricuspid valve repair mimicking the surgi-

cal Kay procedure (TriCinch System, 4Tech Cardio Ltd, 
Galway, Ireland; Trialign System, Mitralign, Inc., Boston, 
MA) [20, 21]

 3. Percutaneous tricuspid valve repair targeting leaflets 
(MitraClip System, Abbott Vascular, Abbott Park, IL) 
[22]

 4. Direct percutaneous tricuspid annuloplasty (Cardioband, 
Edwards Lifesciences, Irvine, CA; Millipede, Millipede 
Inc., Santa Rosa, CA) [23]

 5. Transcatheter delivery of a spacer providing a surface for 
leaflet coaptation (FORMA Spacer, Edwards Lifesciences, 
Irvine, CA) [24]

 6. Tricuspid valve prosthesis implant

As for other transcatheter procedures, the role of imag-
ing is pivotal for preprocedural planning and intraprocedural 
monitoring [25–27].

Pre-procedural evaluation focuses on the selec-
tion of potential candidates and of the most appropriate 

a b

c d

Fig 22.3 Structural degeneration of a bioprosthesis in tricuspid posi-
tion. (a) Bioprosthesis in open position showing thickened leaflets and 
reduced anatomical orifice area; (b) Bioprosthesis in closed position; 

(c) continuous wave Doppler through the tricuspid valve to document 
high transprosthetic gradient; (d) planimetry of anatomical residual 
prosthetic orifice area
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 procedure/device. Pre-procedural planning mainly based 
on echocardiography and aims to: (1) define the mecha-
nism of tricuspid regurgitation; (2) characterize tricuspid 
valve morphology and localization of commissures; (3) 
measure the tricuspid annulus perimeters and diameters; 
(4). define the spatial relationships between the tricuspid 
valve and surrounding cardiac structures (i.e. right coro-
nary artery and atrio-ventricular node); and (5) size the 
inferior and superior vena cava. According to the concepts 
already discussed in Chaps. 18 and 21, it is clear the cru-
cial role of 3DE in pre-procedural planning of transcath-
eter procedure to treat functional tricuspid regurgitation. 
A computed tomography scan may provide additional data 
about tricuspid annulus structure and size, quality of tri-
cuspid annulus tissue, and spatial relationships with the 
right coronary artery.

Despite the relatively limited experience in treating 
functional tricuspid regurgitation has not allowed to define 
precise criteria for patient selection, suitable candidates 
with relatively high likelihood of clinical benefit seems to 
be patients with functional tricuspid regurgitation, normal 
 tricuspid leaflet morphology and mobility, in whom the 
predominant mechanism of the regurgitation is the annulus 
dilation with limited tethering of the leaflets which maintain 
some degree of coaptation. The right ventricular geometry 
and function should be relatively preserved and pulmonary 
pressure not severely increased.

In patients in whom the tricuspid annulus dilation is 
the prevalent mechanism of the regurgitation, procedures/
devices targeting the annulus emulating the surgical annu-
loplasty (Cardioband, Millipede) or the Kay procedure 
(Trialign, TriCinch) may be considered. In patients with 
normal or nearly normal annulus size, abnormal but rela-
tively preserved leaflet coaptation between the septal and 
anterior leaflets (which are the usual target leaflets [28]) 
to allow valid tissue grasping by the clip, the MitraClip 
system may be a suitable option (Fig. 22.5, Videos 22.4b, 
22.4c, and 22.4d).

In patients with severely enlarged annulus and wide leaf-
let coaptation gap, either the FORMA spacer or a biopros-
thesis implant may be considered (Fig. 22.6, Videos 22.5a, 
22.5b, 22.5c, and 22.5d).

A multimodality approach is usually needed to guide 
the procedure including two- and 3DE, fluoroscopy, angi-
ography and, in some cases, intracardiac echocardiogra-
phy. 3DE is pivotal to appreciate the spatial relationships 
between the tricuspid valve and surrounding structure, and 
to guide catheter navigation. In order to optimize the proce-
dure and facilitate the interventionalist work, it is important 
to maintain the same orientation of the volume rendered 
cut planes in all procedural steps. Since conventional 
 two-dimensional and biplane views have a higher spatial 
resolution than 3DE, they are used to visualize the devices 
and their fixation.

Fig. 22.4 Infective endocarditis on a bioprosthetic valve in tricuspid 
position. Left panel, transthoracic three-dimensional volume rendering 
of the prosthesis visualized from the atrial perspective. Extensive pan-
nus overgrowth (asterisks) and the vegetation prolapsing in systole 

(arrow) can be seen (Video 22.3a/Left). Right panel, the same prosthe-
sis visualized from the ventricular perspective showing multiple, large 
vegetations (arrows) (Video 22.3b/Right)
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Transthoracic approach is sometimes needed also for the 
intraprocedural monitoring, because of the anterior position 
of the tricuspid valve in the chest (see Chap. 18). However, 
transthoracic echocardiography is quite challenging during the 
procedure because of the patient position, radiation exposure 

of the echocardiographer, and interference with the C-arm 
rotations. Therefore, the transesophageal approach is used in 
most of the procedures (Fig. 22.7, Videos 22.6a and 22.6b).

To avoid problems during the procedure, the quality of 
the images of the tricuspid valve using both the transthoracic 

a b

c d

Fig 22.5 MitraClip transcatheter repair of severe tricuspid regurgita-
tion. (a) Transthoracic biplane view showing the positions of the clips 
(arrows). In the 4-chamber view, only one clip has been visualized. 
Conversely, in the orthogonal view two clips are visible. (b) 
Transthoracic color flow imaging to assess the severity of residual 
regurgitation after the procedure (Video 22.4b). (c) Transthoracic three- 
dimensional volume rendering showing the position of the clips and 

their stability (Video 22.4c). (d) Transthoracic three-dimensional vol-
ume rendering using a transversal cut plane to visualize the clips from 
the ventricular perspective. Proper rotation of the cut plane reveals that 
three clips (red asterisks) have been implanted: two on the commissure 
between the septal and anterior leaflets, and one between the septal and 
posterior leaflets (Video 22.4d). RA right atrium, RV right ventricle
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and transesophageal approach with the patient laying supine 
on the bed (mimicking the position he/she will have in the 
catheterization laboratory) should always be checked during 
the echocardiographic study which qualifies the patient for 
the procedure.

Recently, a new imaging technique (fusion imaging) 
allows to superimpose on the same monitor patient-specific 
imaging data from both two- and 3DE transesophageal 
images and fluoroscopic projections, and to align them in the 
3D space and in time (Fig. 22.8)

Echocardiographic-fluoroscopic fused images allow to 
put together the strengths of the two imaging modalities and 
reduce the impact of their limitations. The tissue of the vari-
ous components of the tricuspid valve apparatus is soft and 

transparent to X-rays and, in patients with severe tricuspid 
regurgitation, only exceptionally there are calcium deposits 
on the tricuspid valve. Accordingly, the interventional car-
diologist cannot rely on fluoroscopic imaging only to guide 
and monitor procedures on the tricuspid valve. However, 
fluoroscopy has its own strengths in the catheterization labo-
ratory: interventional cardiologists are more familiar with 
fluoroscopy than with other imaging modalities; wires, guide 
catheters and devices have been designed to be radiopaque 
in order to optimize fluoroscopic guidance (conversely, they 
create artifacts when imaged with echocardiography); the 
system has a large field of view allowing the operator to fol-
low long segments of catheters; the temporal resolution (up 
to 30 fps) is adequate to maneuver the catheters. On the other 

a

c

b

d

Fig 22.6 Transcatheter tricuspid valve implant using the Gate™ 
Tricuspid Valve Stent. (a) Biplane imaging of the implanted valve 
showing the metallic stents (arrows) and cusps (asterisks) (Video 
22.5a). (b) Transthoracic three-dimensional volume rendering of the 
valve seen en face from the ventricular perspective (Video 22.5b). (c) 

Multislice display with the region of interest confined at the level of the 
valve to visualize the shape of the stent (arrows) and the motion of the 
leaflets (asterisks) (Video 22.5c). (d) Transthoracic three-dimensional 
color Doppler of the valve seen en face from the ventricular perspective 
to visualize the origin of the mild intraprosthetic jet (Video 22.5d)
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Fig. 22.7 Transesophageal three-dimensional echocardiography imaging 
during MitraClip position in a patient with severe tricuspid regurgitation. 
Left panel, volume rendered longitudinal cut plane to assess the grasping of 
both leaflets and the stability of the clip (asterisk) (Video 22.6a/Left). Right 

panel, volume rendered en face view of the valve from the ventricular per-
spective to localize the position of the clips (asterisks) (Video 22.6b/Right). 
A anterior tricuspid leaflet, LV left ventricle, P posterior tricuspid leaflet, RA 
right atrium, RV right ventricle, S septal tricuspid leaflet

a b

Fig. 22.8 Fusion imaging. (a) Three-dimensional frontal view of tri-
cuspid valve superimposed on the antero-posterior fluoroscopic projec-
tion. (b) Three-dimensional en face view of the tricuspid valve 
superimposed on the left anterior oblique caudal fluoroscopic projec-
tion. The fused image shows the short axis of the TV, but from ventricu-
lar perspective. (c) Two-dimensional inflow-outflow view of the right 
chambers superimposed on the right anterior oblique cranial fluoro-
scopic projection during the transcatheter treatment of tricuspid regur-

gitation with MitraClip implantation. (d) Two dimensional 4-chamber 
view superimposed on left anterior oblique cranial fluoroscopic projec-
tion during the transcatheter treatment of tricuspid regurgitation with 
MitraClip implantation. (Courtesy of Dr. F. Ancona and Dr. E. Agricola, 
San Raffaele Scientific Institute, Milan, Italy). AL anterior leaflet, PL 
posterior leaflet, RA right atrium, RV right ventricle, RVOT right ven-
tricular outflow tract, SL septal leaflet, TA tricuspid annulus, TV tricus-
pid valve
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end, two- and 3DE can offer detailed anatomical assess-
ment of the tricuspid valve structures and are pivotal for 
guiding catheter navigation during transcatheter procedures 
[29]. However, when images obtained from fluoroscopy (to 
manipulate catheters and devices) and echocardiography (to 
visualize the components of the tricuspid valve apparatus) 
are shown on to separate screens, the anatomical relation-
ships between the position/orientation of the wires and cath-
eters and the anatomy of the TV can be lost (also because, 
particularly for the tricuspid valve, the projections of the 
fluoroscopy seldom mimic the views of echocardiography). 
Echocardiography and fluoroscopic fused images are par-
ticularly useful during interventional procedures because 
they provide: (1) an easier localization of the anatomical 
structures of interest; (2) an improved localization of devices 
and an easier navigation inside the right-heart chambers; (3) 
a facilitated assessment of trajectories and axial alignment 
of catheter and devices; (4) more precise localization of the 
landing zone of devices [26].
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The Right Atrium

Diletta Peluso and Marcelo Haertel Miglioranza

Abstract
Right atrium (RA) has been a neglected heart chamber 
for long time. Only recently, the recognition of its role 
in assisting right ventricular filling, the demonstration 
of the predictive value of RA size in various pathologi-
cal conditions, and the identification of the RA as a tar-
get and transit chamber for many interventional 
procedures have raised clinical interest in RA assess-
ment. Accordingly, three-dimensional echocardiogra-
phy (3DE) has acquired an important role in RA 
evaluation. It allows to visualize internal structures of 
the RA with a richness of details that is comparable 
with the anatomical specimens. This capability is used 
more and more in the electrophysiology and catheter-
ization laboratories and moreover it demonstrated to be 
useful in differentiating normal from pathological ana-
tomical structures.

Recently, the updated guidelines on cardiac chamber 
quantification by echocardiography have introduced the 
RA volume as the recommended parameter to report RA 
size. 3DE demonstrated its capability to accurately mea-
sure RA volume, indipendently from any geometrical 
assumption about its shape, overcoming the limitations 
of two-dimensional echocardiography. Furthermore, 
3DE enables measurement of RA volume in different 
moments of the cardiac cycle (maximum, minimum and 
pre-atrial contraction volumes), allowing evaluation of 
RA phasic function, in term of emptying volumes and 
fractions.

Keywords
Right atrium · Three-dimensional echocardiography · 
Right atrial volume · Right atrial function · Right atrial 
structures · Right atrial shape

Despite the fact that in 1628, William Harvey already iden-
tified the atrium as a “receptacle and store-house” and 
reported that the right atrium (RA) was “the first to live, and 
the last to die” [1], in modern clinical cardiology the RA has 
been a neglected heart chamber for long time.

Only recently, it has been realized the role of the RA to 
assist filling of the right ventricle by transferring a high vol-
ume of blood rapidly to the ventricle at low pressure, pre-
venting peripheral edema and hepatic congestion.

Similar to the left atrium, RA mechanics is complex and 
three components can be identified: i. reservoir function, 
storing blood when the tricuspid valve is closed; ii. conduit 
function, passive blood transfer directly from the coronary 
and systemic veins to the right ventricle when the tricuspid 
valve is open; and iii. booster pump function, active atrial 
contraction in late diastole to complete ventricular filling 
[2–5]. Gaynor and coworkers [6] demonstrated that the RA 
can adjust its ability to act more as a reservoir than a conduit 
in a dynamic manner. The RA conduit-to-reservoir ratio was 
directly related to the right ventricular pressure-RA pressure 
gradient at the time of maximum RA volume, with increased 
ventricular pressures favoring conduit function, but it was 
inversely related to cardiac output, with an increase in the 
reservoir contribution favoring improved cardiac output.

RA remodel in different ways in different cardiac con-
ditions [7] and, both in normal subjects and patients with 
atrial fibrillation, RA volumes measured with conventional 
two- dimensional echocardiography using the single-plane 
 area- length algorithm are significantly underestimated com-
pared with those measured by three-dimensional echocar-
diography (3DE) [8–10]. Finally, RA size has been reported 
to have an independent prognostic power in many diseases 
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such as pulmonary hypertension [11, 12], congenital heart 
disease, heart failure, and the RA is the target or the transit 
heart chamber for many interventional procedure.

At the same time, the growing interest in RA evaluation 
[13] has been paralleled by the realization of the limitions of 
two-dimensional echocardiography and of the potential of 
3DE to assess RA geometry and function.

 Acquisition and Display

3DE has been recently introduced for the evaluation of the 
RA size [10, 14] and morphology [15, 16]. To perform quan-
titative analysis of RA volumes and function, a full-volume 
3D data set is usually acquired from the apical approach, 
adjusting depth and sector width in order to encompass the 
entire RA cavity in the data set (Fig. 23.1). The RA can be 
displayed either in the multi-slice or volume-rendered dis-
pay modality. The multislice modality shows the RA data 
set as a series of orthogonal and parallel tomographic planes 
(Fig. 23.2) and it is mainly used to visualize the shape and 
the function of the RA.  The tomographic planes can be 
freely oriented in order to achieve anatomically corrected 

cross- sections of the RA.  Conversely, the volume-render-
ing modality displays the RA as a 3D structure (Fig. 23.3) 
and it can be cropped and oriented in order to visualize the 
anatomy of its internal structures and to assess their spatial 
relations. The management of the full-volume data set with 
a dedicated software package allows to measure RA phasic 
volumes and obtain functional parameters (e.g. emptying 
volumes and emptying fractions).

Real-time 3DE visualization of the RA is usually obtained 
by transoesophageal echocardiography and its main clinical 
application is the monitoring of electrophysiological and 
interventional procedures (Fig. 23.4).

 Morphological Analysis

3DE is able to provide anatomical images of the RA struc-
tures with a richness of details that is comparable with the 
anatomical specimens [15]. This capability is used more and 
more in the electrophysiology and caheterization laborato-
ries because the RA is the first entry point for most interven-
tional procedures and is the target heart chamber of many 
electrophysiological procedures.

a b

Fig. 23.1 Multi-beat full volume acquisition focused on the right atrium. (a) Two different apical planes were used as a reference to adjust the 
sector depth and width to encompass the entire right atrial cavity. (b) A full volume acquisition is displayed in volume rendering format and 
cropped at the tricuspid annulus plane
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a

b

Fig. 23.2 Multi-slice evaluation of the right atrium. (a) Apical acquisi-
tion displaying three different longitudinal planes and nine transversal 
tomographic and parallel planes. (b) Subcostal acquisition displaying 

the right atrium, obtained rotating the transversal cutting planes parallel 
to the tricuspid valve and the roof of the right atrium
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a b

c d

Fig. 23.3 Volume rendering allowing the complete analysis of the 
right atrial structure according to the posision of the cropping plane. (a) 
Transversal cropping plane at the level of the cavae veins displaying the 
right atrial roof; (b) Transversal cropping plane at the level of the cavae 

veins displaying the tricuspid valve; (c) Oblique cropping plane dis-
playing the inferior cavae vein and the Crista Terminalis; (d) 
Longitudinal cropping plane showing the Fossa Ovalis en face. ICV 
inferior cavae vein, SCV superior cavae vein

Normal anatomical structures that characterize the RA are 
the crista terminalis, the cavotricuspid isthmus, the Chiari’s 
network, the Eustachian valve, the ostium of the coronary 
sinus and the right side of interatrial septum.

Crista terminalis: it originates near the antero-medial 
wall of the RA, where it merges with the interatrial or 
Bachmann bundle. Then it passes along the anterior mar-
gin of the orifice of the superior vena cava, arcs later-
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ally, and descends towards the inferior vena cava, where 
it becomes rather indistinct as it branches into smaller 
bundles. Concern about this structure is related to its 
arrhytmogenic potential. Crista terminalis per se and the 
non-uniform architecture of myofibres at the junction 
of the crista with pectinate muscles is most likely the 
cause of the marked anisotropy observed, which may be 
the substrate for atrial arrhythmias [17]. 3DE allows to 
obtain an en-face view of the crista terminalis (Fig. 23.5). 
Sometimes, crista terminalis may appear in a conventional 
4-chamber view as a mass attached to the roof of the right 
atrium. In this scenario, 3DE permits to define size, exten-
sion and spatial relationship of this 2DE finding, solving 
any problems of differential diagnosis towards pathologi-
cal masses.

Cavotricuspid isthmus: it is a roughly quadrilateral- 
shaped endocardial region which is delimited anteriorly 
by the annular insertion of the septal and lateral leaflets 
of the tricuspid valve, posteriorly by the inferior cava 
vein border and the Eustachian valve/ridge. The lateral 
and medial borders are rather indistinctly marked by the 

final ramifications of the crista terminalis and the infe-
rior border of the coronary sinus orifice, respectively [18]. 
The cavotricuspid isthmus may have a variable anatomy 
and many of its anatomical variants may create difficul-
ties during ablation procedures [19]. Particularly, a pouch 
located in the middle part of the cavotricuspid isthmus 
may cause incomplete ablation of atrial flutter pathway 
for the difficulty to achieve an adequate catheter contact. 
Moreover, prominent pectinate muscles may encroach 
onto the cavotricuspid isthmus and cause the trapping of 
the catheter. 3DE enables the visualization of the cavotri-
cuspid isthmus anatomy (Fig.  23.6) as well as its vari-
ants in order to correctly plan the ablation procedure and 
anticipate any issues.

Chiari’s network: it is an embrionic remnant, first 
described in 1897  in an autopsy series, present in about 
2–3% of the population [20]. It appears as a fenestrated or 
unfenestrated freely-mobile membrane that derives from 
the incomplete regression of the right valve of the sinus 
venosus [21] (Fig.  23.7). It can be confused with other 
pathological findings, such as tricuspid valve flail or veg-

a b

c d

Fig. 23.4 Real-time three-dimensional visualization of the right atrium to monitor and guide interventional procedures. (a) and (b) Interatrial 
septal puncture; (c) and (d) Atrial flutter ablation. ICV inferior cavae vein, SCV superior cavae vein
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a b

c d

Fig. 23.5 Volume rendering of the right atrium, obtained by trans-
esophageal acquisition displaying the Crista Terminalis, right atrial 
appendage (RAA) and pectinate muscle with their relation to the supe-
rior cavae vein (SCV) from different perspectives according to the crop-
ping plane. (a) en face view of the superior cavae vein ostium showing 

the origin of the Crista Terminalis at the interatrial or Bachmann bundle 
on the antero-medial wall of the RA. Longitudinal views of the right 
atrial chamber visualizing the antero-medial wall (b), the anterior wall 
(c) and the lateral wall (d)

Fig. 23.6 En face view of the 
Cavo tricuspid isthmus and its 
relation with the tricuspid valve, 
inferior cavae vena (ICV) and 
coronary sinus
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etations. 3DE may help in differential diagnosis thanks 
to its ability to define morphological features and spatial 
relationship [22]. Moreover, its identification is important 
because it might entangle catheter insertion into the RA.

Eustachian valve: it is an embronic structure that during 
the fetal life directs the blood flow from the inferior cava vein 
towards the interatrial septum and then the systemic circula-
tion. After birth, it disappears or persists as thin filamentous 
structure originating fromt the inferior cava vein (Fig. 23.8). 
The degree of persistence is variable and sometimes it can 
appears as a large elongated structure mimicking the inter-
atrial septum [23]. A redundant Eustachian valve may cause 
problematic catheter manipulation during electrophysiologi-
cal procedures.

Coronary sinus ostium: it opens in the RA between the 
ostium of the inferior cava vein and the tricuspid orifice. 
In nearly 80% of cases, the ostium of the coronary sinus is 
guarded by a semilunar valve, the valve of the coronary sinus 
or the valve of Thebesius. The presence of this valve may 
make the cannulation of the coronary sinus very challenging. 
An ‘en face’ visualization of coronary sinus ostium from an 
atrial perspective is best achieved by 3D transoesophageal 
echocardiography (Fig. 23.9) [24] and can help in guiding 
coronary sinus cannulation.

Interatrial septum: its right side is characterized by the 
foramen ovale completely overlapped by its valve, which is 
a flap of tissue continuous with the left-atrial wall. The rim 
often appears as a thick or raised muscle that surrounds the 
oval-shaped depression of the foramen ovale. Because of this 
arrangement, the right side of the foramen ovale appears as a 
crater-like structure (Fig. 23.10). Two main anatomical vari-
ants of interatrial septum may make trans-septal crossing dif-
ficult: a small foramen ovale due to ‘lipomatous’ septum and 
large septal aneurysm [15].

 Quantitative Analysis: Volumes, Shape 
and Emptying Fraction

Many pathological conditions may affect the RA size. In 
pulmonay hypertension, the degree of RA enlargement 
appeared to reflect the right heart pressure overload and sub-
sequent RV remodeling and dysfunction [25]. Particularly, 
RA area demonstrated to be an outcome predictor in pul-
monary hypertension [11, 12] as well as in Eisenmenger’s 
syndrome [26]. Accordingly, in the current guidelines about 
pulmonary hypertension, RA area has been recognized as a 
prognostic determinants [27].Fig. 23.7 Chiari’s network

a b

Fig. 23.8 Eustachian valve displayed from a transthoracic subcostal acquisition, demonstrating its relation with the inferior cavae vena (ICV), 
Eustachian ridge, superior cavae vena (SCV) in a, and coronary sinus in b
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Fig. 23.9 En face view of the 
coronary sinus and its relation 
with the inferior cavae vena 
(ICV) and tendon of Todaro. 
SCV superior cavae vena

Fig. 23.10 En face view of 
the fossa ovalis and its 
anatomical relation with the 
superior cavae vena (SCV), 
inferior cavae vane (ICV), 
aorta and Eustachian ridge
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In the clinical routine, the conventional assessment of 
RA size includes the calculation of the RA volume using 
the single-plane area-length algoritnm in a dedicated 
two- dimensional four-chamber apical view at the end-
systolic frame, when the RA reaches its largest size [28]. 
However, two-dimensional calculation of RA volumes is 
limited by view dependency and geometric assumptions 
about its shape. A recent paper showed that the right atrial 
shape is related to the constitutional type, with the pyk-
nic constitution associated to a more elongated RA [29]. 
Furthermore, in pathological conditions atrial remodelling 
is often asymmetric, rendering conventional volume mea-
surements inadequate for the calculation of the real atrial 
size. Grapsa et al. [30] showed that in patients with pulmo-
nary hypertension the RA enlarges predominantly along 
the transversal axis then the longitudinal one, with an 
increase in RA sphericity. RA remodeling appeared to be 
more related than right  ventricular remodeling to clinical 
worsening [30]. Quraini et al. [31] applied 3DE to investi-
gate which is the minimum number of planes for optimal 
assessment of RA volume, using eight- plane measure-
ments as reference standard. They demonstated that the 
biplane method systematically underestimates RA volume 
size particularly in patients in whom atrial enlargement 
and remodeling occurred.

Despite the RA volume enlargement by two-dimensional 
echocardiography has been reported demonstrated to be an 
indipendent predictor of adverse outcome in chronic sys-
tolic heart failure [32], two-dimensional echocardiography 
underestimates RA volume. Due to its indipendence from 
any geometrical assumptions about RA shape, 3DE over-
comes the limitations of two-dimensional echocardiogra-
phy enabling accurate atrial volume measurement as well as 
quantitative assessment of RA shape [33–35] As shown in 
Fig. 23.11, even with an apparently correct apical 4-cham-
ber view the RA area could be not fully maximized because 
the longitudinal plane is not crossing the RA through its 
major diameter. This is the most frequent cause of RA size 
underestimation.

At present, a dedicated software for RA volume mea-
surements is not commercially available. Most of the 
authors who have investigated 3DE RA volumes have 
adapted to RA a vendor-specific software packages 
developed for left ventricular volume measurement [8, 
14, 31]. Peluso, et  al. [10] analyzed 3DE RA dataset 
using a dedicated non-vendor specific software designed 
for volumetric analysis of the left atrium (LA analysis, 
Tomtec Imaging Systems, Unterschleissheim, Germany). 

This software package has been validated against car-
diac magnetic resonance [36] and its application for RA 
volume measurements demonstrated to be feasible and 
 reproducible [10].

RA volumes obtained with 3DE demonstrated to be 
larger compared to 2DE derived volumes [10, 34], simi-
lar to RA volumes obtained with cardiac magnetic reso-
nance [34] and smaller compared to computed tomography 
derived volumes [37]. Moreno et al. [8] demonstrated a poor 
correlation between two- and 3DE RA volumes, underly-
ing the limitation of two-dimensional echocardiography 
in terms of RA shape assumptions and foreshortening. 
Accordingly, two- and 3DE derived RA volumes cannot be 
used inter-changeably.

In healthy subjects, 3DE RA volumes demonstrated to be 
larger in men than in women, even after indexing for body 
surface area (Table 23.1). Then, reference values of 3DE RA 
volumes should be different according to gender. Ageing 
demonstrated to significantly affect RA preA volume, with 
no influence on maximum and minimum volumes [10].

Very few data are available about prognostic impact of 
RA volume derived from 3DE. Patel et al. [38] demonstrated 
the accuracy of 3DE RA volume index in detecting high RA 
pressure in patients with acutely decompensated heart fail-
ure. More studies are needed to demonstrate the added value 
of RA sizing by 3DE in the clinical routine.

Moreover, 3DE allows to investigate RA function by a 
volumetric method. The measurement of maximum, pre- 
atrial contraction and minimum RA volumes is automati-
cally provided by the 3DE software package used to measure 
the atrial volumes (Fig.  23.12). It allows to calculate RA 
total, passive and active emptying volumes (EV) and frac-
tions (EF) (Fig. 23.13), corresponding to reservoir, conduit 
and booster pump functions respectively, using the following 
equations:

• RA total Emptying Volume = maximum Volume − mini-
mum Volume

• RA passive Emptying Volume = maximum Volume − PreA 
Volume

• RA active Emptying Volume = preA Volume − minimum 
Volume

• RA total Emptying Fraction = (maximum Volume − mini-
mum Volume)/maximum Volume

• RA passive Emptying Fraction = (maximum 
Volume − PreA Volume)/maximum Volume

• RA active Emptying Fraction = (preA Volume − minimum 
Volume)/preA Volume
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a

b

Fig. 23.11 Demonstration of how the two-dimensional planes position 
could affect the right atrial measurements. On (a) the longitudinal plane 
is positioned at the largest latero-medial diameter, resulting in a higher 

estimated right atrial area and volume whereas in (b) the longitudinal 
plane shortened the right atrial latero-medial diameter, resulting in a 
smaller right atrial size
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Normal values of all these three RA function components 
from a population of healthy volunteers have been provided 
by Peluso, et al. [10] and are summarized in Table 23.2. The 
authors showed that emptying volumes are larger in men 
than in women, but this difference disappeared after index-

ation for body surface area. Women showed higher values 
of emptying fraction. Conduit function appeared to decrease 
with ageing paralleled by a concomitant increase of booster 
pump function. Other data about normal values of RA func-
tion components are necessary for defining reference values.

Table 23.1 Studies reporting right atrial volume values in healthy subjects [8, 10, 14, 31]

Authors
N° healthy 
subjects Year Reference values (mL/m2) Echo system/software package for quantitation

Peluso et al. [10] 200 2013 All Male Female GE Vivid E9/4D LA function
Max V 29 ± 7 31 ± 8 27 ± 6
PreA V 16 ± 5 18 ± 5 14 ± 4
Min V 11 ± 4 12 ± 4 9 ± 3

Aune et al. [14] 166 2009 All Male Female Philips iE33/3D QLab
Max V 18–47 18–50 17–41
PreA V – – –
Min V 5–20 7–22 5–18

Moreno et al. [8] 60 2013 All Male Female Toshiba Artida system/Toshiba
Max V 19 ± 7 – –
PreA V – – –
Min V 12 ± 6 – –

Quraini et al. [31] 35 2012 All Male Female Philips iE33/4D LA function
Max V 23 (10–33) – –
PreA V – – –
Min V – – –

Max V maximum volume, Min V minimum volume, PreA V pre-atrial contraction volume

Minimum Maximum PreA

Fig. 23.12 Right atrial phasic volumes according with the cardiac cycle time
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Fig. 23.13 Right atrial surface rendering in two different perspectives 
(a and b) from which a specific software can create a volume curve (c) 
obtaining the maximum, pre-atrial contraction and minimum volumes. 
Applying simple equations total, passive and active emptying volumes 

can also be calculated. ActEV active emptying volume; PassEV passive 
emptying volume; TotEV total emptying volume; VMax maximum vol-
ume; VMin minimum volume; VpreA pre-atrial contraction volume
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The Role of 3DE in the Evaluation 
of Cardiac Masses
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Abstract
Echocardiography is the most frequently used imaging 
modality to assess intra-cardiac masses. Two-
dimensional echocardiography uses orthogonal tomo-
graphic planes obtained from several acoustic windows 
to try to mentally reconstruct a model of how the mass 
would actually appear in three dimensions and how it 
would relate to the adjacent cardiac structures. Three-
dimensional transthoracic and transesophageal echocar-
diography have revolutionized the echocardiographic 
assessment of intracardiac masses. A single acquisition 
of a three-dimensional data set can be post-processed to 
show the actual size and shape of the mass and charac-
terize its volume, location, point of attachment, relation-
ships with adjacent structures empowering the 
echocardiographer with a new level of confidence in the 
diagnosis, follow-up and management of patients with 
intracardiac masses.

In the first part of the chapter, we will describe how the 
most frequent benign and malign tumors appear on 3DE 
imaging. The second part of the chapter will cover non- 
tumor masses, in particular thrombi and vegetations. The 
last part will describe some normal intracardiac structures 
that may protrude in the heart cavities and appear as car-
diac masses when exuberant.

Keywords
Intracardiac masses · Primary cardiac tumors · 
Secondary cardiac tumors · Myxoma · Lamb’s excres-
cences · Non-tumor masses

 General Concepts

The term “cardiac masses” refers to a heterogeneous group of 
abnormal structures within or adjacent to the heart. Primary 
cardiac tumors (benign and malign), metastasis from extra-
cardiac tumors, and “non-tumor masses”, such as intracar-
diac thrombi and vegetations, are the most common types of 
cardiac masses.

Primary cardiac tumors are rare (less than 0.1% in a large 
series of autopsies) and nearly 75% of them are benign [1]. 
Cardiac myxoma is the most common in the adults account-
ing for more than 50% of benign tumors while rhabdomyoma 
is the most frequently encountered benign tumor in children 
[2]. Despite being “benign”, primary cardiac tumors may 
cause several functional impairments such as valve obstruc-
tion or regurgitation (due to interference of the tumor with 
valve function) impaired contractility, arrhythmias, conduc-
tion disorders (due to the extension of the tumor through the 
myocardium), pericardial effusion and systemic embolisms. 
However, more often, clinical findings and/or symptoms are 
vague or even completely absent. In such cases the tumor 
is occasionally discovered during an examination (usually 
echocardiography) required for other reasons.

The remaining 25% of cardiac tumors are malignant 
neoplasms. Among them, the most common are sarcomas 
and lymphomas. Malignant tumors from other organs may 
metastasize to the heart by continuity or through vascular 
channels. Their frequency is 20–40 times higher than pri-
mary tumors [3]. The most common extra-cardiac tumors 
invading the heart are lung cancer followed by melanoma 
and lymphoma.
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Two-dimensional transthoracic and transesophageal 
echocardiography are the first line imaging techniques in the 
diagnosis of cardiac masses. Sensitivity of transthoracic two- 
dimensional echocardiography in detecting cardiac tumors 
varies from 55 to 90% depending on size and site of the 
mass. Two-dimensional transesophageal echocardiography 
yields a higher sensitivity, approaching 97% [4].

Three-dimensional transthoracic and transesophageal 
echocardiography (3DE) has three advantages when com-
pared with two-dimensional imaging. First, 3DE provides a 
better understanding of the shape and location of the tumor 
along with its spatial relationship with the surrounding struc-
tures in a single perspective without the need of acquiring 
multiple tomographic planes from different acoustic win-
dows and performing a mental reconstruction of how the 
mass would actually appear in three dimensions and how 
it would relate to the adjacent cardiac structures. Second, 
3DE is more precise in defining the size of tumor since it 
can measure the volume of the mass independent on geo-
metric assumptions about its shape. The size of any cardiac 
mass (tumor, endocarditis or thrombi) is “per se” predictor 
of embolic events and death. Third, being included into a 
three- dimensional data set, the tumor can be visualized from 
different perspectives and “cropped” in any plane. This pos-
sibilities allows to identify the site of attachment, its exten-
sion and to explore the internal structure of the mass and 
distinguish between solid and cystic or mixed using a single 
acquisition.

In the first part of the chapter, we will describe how the 
most frequent benign and malign tumors appear on 3DE 
imaging. The second part of the chapter will cover non- 
tumor masses, in particular thrombi and vegetations. The 
last part will describe some normal intracardiac structures 

that may protrude in the heart cavities and appear as cardiac 
masses when exuberant.

 Acquisition and Display

There is no specific approach or acoustic window that can 
be recommended to acquire 3DE data sets of the various car-
diac tumors or masses. The acoustic window which allows 
to include the whole mass in the data set with the best image 
quality and border definition is usually used to acquire the 
3DE data set. Multislice display of the data set is used to 
ensure that the whole mass and surrounding structures are 
included in the data set. Since the mass are usually large and 
hypomobile, single- or multi-beat acquisitions with a lim-
ited number of heart beats are usually enough to obtain good 
quality data sets.

Different display modalities can be used for different 
purposes. Volume rendering, to visualize the shape of the 
mass, its motion, and its anatomical relationships with adja-
cent cardiac structures (Fig.  24.1a, Video 24.1a). Adding 
color will provide information about the impact of the mass 
on intracardiac hemodynamics (Fig.  24.1b, Video 24.1b). 
Multislice, to identify the point of attachment and (particu-
larly, for masses infiltrating the ventricular or atrial walls) 
to define their extension (Fig. 24.1c, Video 24.1c). Surface 
rendering, to visualize the shape of the mass and measure its 
volume (Fig. 24.1d).

Careful cropping and slicing of the 3DE data set can pro-
vide additional information about the structure of the mass 
and its anatomical relationships with the surrounding car-
diac structures (Fig. 24.2, Videos 24.2a, 24.2b, 24.2c, and 
24.2d).

a b

Fig. 24.1 Various display modes of cardiac masses (left atrial myxoma) imaged by three-dimensional echocardiography. (a) Volume rendering 
(Video 24.1a). (b) Color volume rendering (Video 24.1b). (c) Multiplane (biplane) (Video 24.1c). (d) Surface rendering. See text for details
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c d

Fig. 24.1 (continued)

a b

c d

Fig. 24.2 Left atrial myxoma. (a) Conventional two-dimensional 
image of left atrial myxoma (white arrows) in diastole occluding the 
mitral orifice and falling deep in the left ventricle seen from 4-chamber 
view (Video 24.2a). (b) Transthoracic 3DE and volume rendering of left 
atrial mixoma visualized in longitudinal cut plane to show the point of 
attachment to interatrial septum and its prolapse into the left ventricle 

through the mitral orifice (Video 24.2b). (c) Transthoracic 3DE and vol-
ume rendering of left atrial mixoma visualized from left ventricular per-
spective, using a transversal cut plane, to examine its protrusion through 
the mitral annulus (Video 24.2c). (d) The same mixoma visualized from 
the atrial perspective using a transversal cut plane to show the large stalk 
and the point of attachment to interatrial septum (Video 24.2d)
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 Cardiac Tumors

 Cardiac Myxoma

King, et  al. first described left atrial myxoma in 1845 
[5]. In 1952, Goldberg and al. first illustrated a left atrial 
myxoma in a patient presenting with a clinical diagnosis 
of mitral stenosis and peripheral emboli using angiogra-
phy [6]. Since then and for several years, angiography was 
the only imaging modality for the “in vivo” diagnosis of 
atrial myxoma. At the beginning of the echocardiography 
era, the “classic” M-mode image of a left atrial myxoma 
(a cloud of linear echoes filling the left cavity and fall-
ing in diastole through the mitral orifice behind the ante-
rior mitral leaflet) was so characteristic, that Feigenbaum 
chose it as the cover of the second edition of his book. 
Today two- and 3DE are the techniques of choice in the 
diagnosis of atrial myxoma providing a complete set of 
morphological and functional data.

Cardiac myxomas usually arise from atrial wall. Seventy- 
five per cent of myxomas develop in the left atrium (with a 
favorite site around the border of fossa ovalis), most of the 
remaining (18%) develop in the right atrium and very few 
(6%) in both left and right ventricles [7, 8].

Histologically myxoma is composed of neoplastic primi-
tive multipotential mesenchymal cells, often stellate, imbibed 
in a loose connective tissue composed of proteoglycans, col-
lagen, and elastin with a variable number of lymphocytes 
and plasma cells [9]. Macroscopically, cardiac myxoma may 
have a round or ovoid shape with a smooth or lobulated sur-
face or (more rarely) an irregular aspect consisting of very 
fine multiple villous excrescences. The tumor may be either 
pedunculated or sessile and often contains cysts or areas of 
necrosis and hemorrhage. The size varies from few millime-
ters to several centimeters and the mobility depends on the 
consistency of the tumor, on its attachment and on the length 
of the stalk [8].

Depending of the size, location, consistency and mobility, 
cardiac myxomas may present with a wide spectrum of clini-
cal findings ranging from the complete absence of symptoms 
to the sudden death. Small and sessile tumors may be com-
pletely silent.

Patients with a large ovoid or round compact myxoma 
may complain symptoms similar to that caused by the 
mitral stenosis and due to partial obstruction of the mitral 
orifice (Fig. 24.2). Complete obstruction of the valve ori-
fice may lead to syncope or even sudden death. Symptoms 
referred to mitral orifice obstruction are the most com-
mon, accounting for more than 50% of patients with car-
diac myxoma.

Myxomas with multiple excrescences are gelatinous and 
fragile and tend to break into small pieces that embolise. 
Hence, systemic embolisms are the second most common 
symptom of myxoma.

Not rarely patients with myxoma have a specific clini-
cal manifestations (constitutional symptoms) such as 
fatigue, fever, arthralgia, loss of weight, and laboratory 
abnormalities.

Transthoracic two-dimensional echocardiography is the 
first line imaging technique. For decades, this technique has 
provided an accurate diagnosis and essential morphologi-
cal and functional information (presence, location, size and 
mobility) for surgical management. Therefore, unless there 
is a suspicion of coronary artery disease, cardiologists avoid 
performing cardiac catheterization because of the risk of 
fragmentations of the tumor and patients with a diagnosis 
of atrial myxoma made by two-dimensional echocardiog-
raphy usually undergo successful surgical resection based 
only on echocardiography data. Transthoracic 3DE pro-
vides additional information on the size and shape. In fact, 
once acquired the volumetric data set, the technique is able 
to provide images of the mass from a countless number of 
 perspectives facilitating the assessment of its size and shape 
(Fig. 24.2).

Because of its superior spatial resolution, due to the 
higher frequencies used and proximity of tumor to the esoph-
agus two-dimensional transesophageal echocardiography 
provides images of excellent quality allowing an accurate 
assessment of shape, surface, size, site and attachment to the 
atrial or septal wall (Fig. 24.3).

However, in case the tumor presents an irregular 
shape, it may be difficult to reconstruct the three-dimen-
sional aspect of the mass, even using multiple planes. 
In fact, fringes of the tumor may appear and disappear 
during its motion through the echocardiographic plane 
(Fig.  24.4). Moreover, the size of an irregularly shaped 
tumor may be underestimate when using two-dimensional 
echocardiography.

3DE provides images of atrial myxoma of exquisite 
quality and, more important practically identical to the 
surgical or post-mortem specimen, allowing an immedi-
ate appreciation of its position, size and their macroscopic 
aspect (Fig. 24.5).

Since 3DE may show the myxoma from different per-
spectives, it provides a clear and immediate understanding 
of the shape, surface irregularity, maximum size and spatial 
relationships with the surrounding structures (Figs. 24.2 and 
24.6, Video 24.4).

Myxomas with multiple excrescences are usually fragile 
and gelatinous, changing continuously their shape during 
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a b

Fig. 24.3 Two-dimensional transesophageal echocardiography imag-
ing of left atrial myxomas. (a) A small, round sessile myxoma with a 
smooth surface. The shape, size, site (near the margin of the fossa ovalis 

(FO) are well defined. (b) A larger, near-elliptic, sessile myxoma with a 
more irregular surface

a b

c d

Fig. 24.4 Two-dimensional echocardiography of left atrial myxoma 
with irregular shape (a–d). Although the diagnosis of myxoma is 
unquestionable, the precise size and shape of the tumor is difficult to 

define since during the cardiac cycle parts of the tumor appear and dis-
appear as it moves through the echocardiographic plane (Video 24.3)
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the cardiac cycle. In such cases, 3DE provides in a single 
three- dimensional perspective the entire aspect of the mass 
showing the changes in shape occurring during the cardiac 
cycle in real time. By comparing the images in Figs. 24.4 and 
24.7 (Video 24.5) the echocardiographer can appreciate the 
added value of 3DE when imaging a myxoma with multiple 
excrescences.

Interestingly, despite the fact that 3DE has subopti-
mal utility in tissue characterization (in 3DE the different 
shades of color mainly represent different depths rather 
than different types of tissue, see also Chap. 2), marked 

differences in tissue compactness may produce detect-
able differences in color shades. The weak consistence of 
the gelatinous myxoma produces a brown color, which is 
clearly different from the beige/yellow color of the atrial 
wall. Conversely, the compact, ovoid myxoma produces 
shades of beige/yellow color indistinguishable from the 
atrial wall (Fig. 24.8).

Right atrial myxoma account for 15–20% of all cardiac 
myxomas and, like its left counterpart, the preferred location 
of right atrial myxoma is the atrial septum at the border of 
the fossa ovalis. When the tumor consists of multiple frag-

a b

Fig. 24.5 Transesophageal 3DE volume rendering (a) and surgical specimen (b) of the case illustrated in Fig 24.3a. 3DE provides anatomically 
sound images of exquisite quality and practically identical to the surgical specimen

a b c

Fig. 24.6 Transesophageal 3DE image showing volume rendering dis-
play of the same case of Fig.  24.3b from different perspectives. (a) 
Medial-to-lateral perspective that provides the maximum size (dashed 
lines) and the spatial relationship between the tumor, the left lateral 
ridge (LLR) and the left upper pulmonary vein (LUPV). (b) The tumor 

seen from above showing the margins (arrows) of the tumor attached on 
the atrial wall and its spatial relationships with the mitral valve (MV) 
(Video 24.4). (c) Same perspective as in (b) after having cropped along 
the white dashed line shown in (b). The cropped image shows the spa-
tial relationship of the tumor with the aortic valve (Ao)
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ile excrescencies, it tends to embolise causing pulmonary 
embolism with cyanosis and hypoxia. Massive right atrial 
myxoma may occlude the tricuspid orifice causing syncope 
or right heart failure (Fig. 24.9).

Conversely, small compact right atrial myxoma are usu-
ally asymptomatic and may be found accidentally on cardiac 
imaging (Fig. 24.10).

a b

Fig. 24.7 Transesophageal 3DE volume rendering of a myxomas with multiple excrescencies (a, b). These tumors are gelatinous and fragile, 
continuously changing their shape during the cardiac cycle (Video 24.5)

a b

Fig. 24.8 Transesophageal 3DE images of the two most frequent types 
of myxomas. (a) Round, compact myxoma. The consistence of this 
tumor is similar to the atrial wall and consequently the shades of colors 

are similar. (b) Irregular, gelatinous, high mobile myxoma. In this case, 
the myxomas has a lower compactness than the atrial wall resulting in 
different shades of color
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 Papillary Fibroelastoma

Papillary fibroelastoma is the third most common benign 
cardiac tumor (surpassed only by myxomas and fibromas) 
with a predilection for valvular endocardium: up to 75% of 

papillary fibroelastomas are located on one of the cardiac 
valves (50% on the aortic leaflets and 30–35% on mitral 
valve) while nearly 20% on “non valvular” endocardium. 
Over the years, this tumor has been increasingly detected, 
because of the improvement of resolution of transthoracic 

a b

Fig. 24.9 Huge and mobile right atrial myxoma visualized by trans-
esophageal 3DE. (a) Volume rendering of the tumor showing a huge 
cardiac myxoma (white arrows) almost occluding the tricuspid orifice 

and protruding in right ventricle in diastole. (b) During systole, the 
myxoma almost fills the entire right atrial cavity. Ra right atrium, RV 
right ventricle, TV tricuspid valve

a b

Fig. 24.10 Small and sessile right atrial myxoma visualized by transesophageal 3DE. Two- (a) and 3DE (b) transesophageal images of a small 
right atrial myxoma located on the hinge line of the tricuspid valve. RA right atrium, AO aorta, RVOT right ventricular outflow tract
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echocardiography and the introduction of transesophageal 
echocardiography. Histologically, papillary fibroelastoma 
has an inner dense fibrous core, covered by a layer of loose 
connective tissue and elastic fibers, walled by a monolayer 
of endothelial cell that is continuous with the endothe-
lium of underlying leaflet. Macroscopically the papillary 
 fibroelastoma tends to be relatively small, usually not larger 
than 20 mm in length and 15–20 mm in width. The papillary 
fibroelastoma is highly mobile with a pedunculated or stalk 
attachment to leaflets. The shape of papillary fibroelastoma 
may vary from ones with a well-defined “head” to ones 
with elongated, strand-like projections resembling to a “sea 
anemone” [10].

Often the tumor is asymptomatic and hence discovered 
incidentally during an echocardiographic examination (quite 
often during a routine intraoperative transesophageal echo-
cardiography in patients scheduled for cardiac surgery). 
More rarely, papillary fibroelastoma can result in life- 
threatening complications such as chest pain or ventricular 
fibrillation, due to transient occlusion of left main coronary 
artery or systemic embolism due to fragments of papillary 
fronds.

 Echocardiography
The two-dimensional transthoracic echocardiography 
appearance is usually that of a small round, ovoid or irregular 
mass with a homogeneous texture (Fig. 24.11a). 3DE may 
provide a better assessment of the position and the attach-
ment of papillary fibroelastoma (Fig. 24.11b, c).

However, two-dimensional transthoracic echocardiogra-
phy may fail to detect very small papillary fibroelastomas. 
In one of the largest echocardiographic series (48 patients 
with pathologically confirmed papillary fibroelastoma), 
the sensitivity and specificity of two-dimensional transtho-

racic echocardiography for detection of papillary fibroelas-
toma larger than 2 mm were 88.9% and 87.8% respectively, 
with an overall accuracy of 88.4%. When the papillary 
fibroelastoma was smaller than 2 mm were included in the 
analysis, the sensitivity of transthoracic echocardiography 
dropped to 61%. Because of its superior spatial resolution, 
two- dimensional transesophageal echocardiography may 
improve accuracy (indeed in the same series the sensitiv-
ity of two-dimensional transesophageal echocardiography 
in detecting papillary fibroelastoma smaller than 2 mm was 
76.6%). Transesophageal 3DE may provide a finer definition 
of the edges, size and location of the tumor [11] (Figs. 24.11 
and 24.12).

 Lambl’s Excrescences

Lambl’s excrescences are filiform fronds attached along 
the line of valve closure at the atrial surface of mitral 
valve and on the ventricular surface of aortic valve. Vilem 
Dusan Lambl first identified these valvular strands in 1856. 
Macroscopically Lambl’s excrescences may occur as single 
strand, in rows or even in clusters. They can vary in length 
from 1 to 10  mm and they are usually less than 1  mm in 
thickness. When larger and longer they take the name of 
“giant Lambl’s excrescences” and are difficult to distinguish 
from papillary fibroelastoma. Histologically LE consists of 
an acellular central elastic connective-tissue core that forms 
a continuum with the connective tissue of the valve, covered 
by a single layer of endothelium. Lamb’s excrescencies may 
occur either in normal or in calcified leaflets.

The most accepted hypothesis of their pathogenesis is that 
LE are simply organized thrombi. Along the line of coapta-
tion, wear and tear may cause endothelial damage that pro-

a b c

Fig. 24.11 Papillary fibroelastoma attached on the endocardium of the 
aortic root. (a) Classic transthoracic two-dimensional transesophageal 
echocardiography appearance (asterisk) (Video 24.6a). (b) 
Transesophageal 3DE volume rendering of the same case providing a 

better assessment of its shape and position (near the sino-tubular junc-
tion on the commissure between the non-coronary (NC) and left coro-
nary (LC) leaflets (Video 24.6b). (c) A slight rotation allows visualization 
the thin attachment of the mass to the aortic root (arrow) (Video 24.6c)
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motes fibrin and small thrombi formation, which eventually 
forms collagen filiform organization.

Typically, large Lambl’s excrescencies can be detected by 
transthoracic two-dimensional echocardiography, while the 
smaller ones can only be discovered in vivo by transesopha-
geal two-, 3DE (Fig. 24.13).

Usually asymptomatic and present in older individuals 
Lamb’s excrescencies are considered benign age-related 
variants. However occasionally, these excrescencies may 
embolise. In such cases, treatment consists on anticoagula-
tion while surgical excision may become a therapeutic option 
in patients suffering of multiple embolic strokes.

a b

Fig. 24.12 Papillary fibroelastoma attached on the aortic valve. 
Transesophageal 3DE longitudinal (a) and transversal (b) cut planes at 
the level of the aortic valve showing a small round fibroelastoma (white 

arrows) attached to the left coronary leaflet (LCL). NCL non-coronary 
leaflet, RCL right coronary leaflet

a b

Fig. 24.13 Transesophageal 3DE volume rendering display of Lambl’s excrescencies on aortic leaflets free margin (a, b white arrows)
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 Malignant Primary Cardiac Tumors

Nearly 25% of all tumors and cysts of the heart and peri-
cardium are malignant [1]. The most common is the 
angiosarcoma (33% of all malignant cardiac tumors are 
angiosarcomas). This tumor originates from the vascular 
endothelium and it is usually located in the right side of 
the heart. Often large and infiltrative, the tumor causes car-
diac failure or pericardial effusion. Rhabdomyosarcomas 
accounts for 20% of all malignant cardiac tumors. The 
majority of patients with rhabdomyosarcomas have aspecific 
findings. Other malignant cardiac tumors are mesothelioma 
and other sarcomas, which have the propensity to cause peri-
cardial involvement. Surgical excisions associated with che-
motherapy may prolong survival but the outcome is often 
disappointing.

 Metastatic Tumors

Metastatic tumors are more frequent than primary ones [12]. 
Nearly 9% of patients with known malignancies have cardiac 
metastases and up to 14% of patients with metastases have 
cardiac or pericardial involvement. Metastases may reach 
the heart through several pathways: vascular and lymphatic 
channels, transvenous or by direct extension. The ways used 
by the tumors to reach the heart may reveal their origin. 
Certain tumors such as renal cell or hepatocellular carcino-

mas can extend into the inferior vena cava and grow into the 
right atrium via transvenous extension (Fig. 24.14a, b, Videos 
24.7a and 24.7b). Epithelial pulmonary tumor may reach the 
left atrium through pulmonary veins. Mesothelioma usually 
invades the pericardium by continuity. Pericardium rep-
resents the most frequently involved site of cardiac metas-
tasis, followed by epicardial and myocardial involvement 
(Fig. 24.14c, d).

Symptoms depend on their location and tumor burden 
and invasiveness ranging from completely silent to life- 
threatening manifestations. For instance, involvement and 
disruption of conduction system may lead to lethal arrhyth-
mias; metastatic involvement of coronary arteries may result 
in angina or in acute coronary syndrome; invasion of peri-
cardial sack may cause pericardial effusion and cardiac tam-
ponade; fragmentation of intracardiac metastases may cause 
pulmonary or systemic embolisms.

Echocardiography is the initial imaging modality and 
allows obtaining data on localization, size and mobility 
of the mass. Posterior mass are better identified with two- 
dimensional transesophageal echocardiography. As for other 
non-tumor or benign masses, transesophageal 3DE allows a 
better assessment of site, size and shape.

The limited field of view of echocardiography allows 
exploring only the heart cavities and valves, while both 
computed tomography and cardiac magnetic resonance, 
having a larger field of view, may explore extra-cardiac 
tissue thus identifying direct extension from the mediasti-

a b

Fig. 24.14 Metastatic tumors. Renal cell carcinoma. The tumor is seen 
emerging from the inferior vena cava. (a) Transthoracic 3DE data set 
obtained from a subcostal approach with a longitudinal cut of the infe-
rior vena cava (Video 24.7a). (b) Same 3D data set rotated in “en face” 
view. The white arrow points at the part of the tumor protruding into the 

right atrium (Video 24.7b). (c) Metastasis of colon adenocarcinoma 
invading the apex of left ventricle and the entire lateral wall of the right 
ventricle (d). In (c), the arrows delimit the intracavitary borders of the 
tumors. In (d), the arrows delimit the tumors invading the entire wall of 
the right ventricle
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num or inferior vena cava. Moreover, the excellent tissue 
characterization of magnetic resonance imaging allows 
defining intra- myocardial masses not always visible with 
echocardiography.

 Non-tumor Masses

 Intracardiac Thrombi

Intracardiac thrombi may be located in any of the four car-
diac chambers in different clinical settings. All pathological 
conditions that promote blood stasis may cause thrombus 
formation. Thus, within atria, thrombi are usually located 
in the left atrial appendage in patients with atrial fibrilla-
tion and in left atrial appendage and left atrium in patients 
with mitral stenosis. Thrombi migrating from systemic 
veins may cross the right atrium and ventricle to reach 
the pulmonary arteries. Thrombi in the right atrium may 
also originate “in situ” in case of permanent intra-atrial 
devices. Within the left ventricle thrombi occur in patients 
with large myocardial infarction (both in acute and chronic 
phase) or in patients with end-stage dilated cardiomyopa-
thy. Thrombi may embolize causing severe morbidities and 
even death. Major clinical presentations of left side embo-
lisms are acute neurological attack (transient ischemic 
attack or stroke) and acute peripheral vascular obstruction. 
Right side clots usually lead to pulmonary embolism and 
pulmonary infarcts.

Left ventricular thrombi tend to occur in areas of blood 
stasis such as aneurysm, apical dyskinesia or in ventricles 
with diffuse hypokineasia and severe pump dysfunction. 
A combination of blood stasis, endothelial injury and a 
state of hypercoagulability predisposes thrombus for-
mation in a setting of acute myocardial infarction [13]. 
Actually, thrombus formation is a physiological response 
to the acutely infarcted myocardium and may play a pro-
tective role. In fact, a thick thrombotic layer acts as sup-
port to the infarcted myocardium protecting against wall 
rupture. The fibrin mesh favors the collagen fibers repair. 
Moreover, by restoring the wall thickness, the throm-
bus may limit myocardial expansion. On the other hand, 
the embolic potential of thrombus may have disastrous 
effects. For this reason, left ventricular thrombus is con-
sidered one of the most feared complications after acute 
myocardial infarction rather than a simple physiological 
response to injured myocardium [14]. Thrombi prone to 
embolization are those that protrude in the left ventricu-
lar cavity (in fact, these thrombi are exposed to the blood 
flow on several sides), and have a free mobility (which 
indicates thrombus friability) [15].

Usually, left ventricular thrombi are located at the apex, 
although they may also occur at the septal region and less 
frequently at the infero-posterior regions.

Left ventricular thrombi may also occur in presence of 
chronic ventricular aneurysm and in ischemic or idiopathic 
cardiomyopathies. In the latter cardiac conditions, thrombus 
formation is due to the blood stasis, as documented by the 

c d

Fig. 24.14 (continued)
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presence of spontaneous echo-contrast often visible in the 
apical and periapical regions.

The echocardiographic appearance of a thrombus is that 
of a discrete echo-dense mass with well definite margins. 
They can have different shape, size and mobility ranging 
from a thin layer of immobile mural thrombus to a large pro-
truding mass oscillating into the ventricular cavity. Usually 
they have a homogeneous texture with an echo density softer 
than that of myocardium. Occasionally they may have echo- 
lucent central areas, which suggest that the thrombus is rela-
tively recent and still “in a growing phase”.

When located in the apex probably transthoracic echo-
cardiography is the best technique, as with the transesoph-
ageal approach the LV apex is usually foreshortened and 
in the far field. 3DE has the advantage of a “panoramic” 
view, compared to the tomographic nature of two-dimen-
sional echocardiography, allowing a more precise assess-
ment of size, shape, mobility and number of thrombi 
especially when mobile and protruding. Moreover, crop-
ping and rotating the volumetric data set allow obtaining 
the perspective that best visualizes the thrombi and their 
attachment of the ventricular wall. Finally, the possibility 
to re-align the tomographic planes obtained from a 3DE 
data set reduces the risk of missing small apical thrombi 
due to foreshortening of apical views with two-dimensional 
echocardiography. However, while using two-dimensional 
echocardiography the texture of the thrombus appears 
softer than the surrounding myocardium, allowing an easy 
distinction between thrombus and myocardial tissue, it is 
known that with 3DE the different shades of blue/brown 
color give a visually perception of the depth of different 
structures rather than their texture. As consequence, both 
thrombus and surrounding myocardial tissue have similar 
shades of blue/bronze color if they are at the same distance 
from the transducer (Fig. 24.15, Video 24.8).

 Left Atrial Thrombi
Atrial fibrillation consists of rapid and uncoordinated con-
tractions of atrial fibers that cause blood stasis. Because of 
its complex anatomical configuration (multilobulated, nar-
row entry orifice), blood stasis is particularly marked within 
left atrial appendage. In fact, in patients with atrial fibril-
lation more than 90% of thrombi are located in left atrial 
appendage. However, patients with mitral stenosis may have 
thrombi both in left atrial cavity and in left atrial appendage 
even with sinus rhythm.

Discovering thrombi in left atrial appendage requires 
the transesophageal approach. As for the left ventricular 
thrombi, 3DE is unable to distinguish between thrombi and 
the surrounding atrial wall based on tissue characterization. 
In case of large thrombi, usually transesophageal 3DE pro-
vides a correct evaluation despite the lack of tissue char-
acterization. Moreover, the technique allows cropping and 

rotating the image in any direction, obtaining the most favor-
able perspectives (Fig. 24.16).

However, small or flat thrombi adherent to myocardial 
wall may be difficult to detect using transesophageal 3DE 
without the help of two-dimensional imaging (Fig. 24.17).

 Right Atrial Thrombi
Thrombus formation is less common in the right sided car-
diac chambers compared with the left counterpart. Right 
atrial thrombosis may occur in presence of atrial fibrillation. 
However, the relatively flat configuration of the right atrial 
appendage, with a large orifice opened in the right atrial 
cavity, the absence of tortuous lobes and the presence of 
the blood stream from the superior vena cava flow, (which 
flashes the right atrial appendage), are factors that prevent 
the formation of blood stasis due to atrial fibrillation. Thus, 
thrombus formation in right atrial appendage is less common 
than in its left counterpart (Fig. 24.18a–d).

Right atrial thrombosis is also relatively frequent in pres-
ence of foreign bodies such as central venous line or pace-
maker leads. The occurrence of thrombosis after implantation 
may occur in almost 20–40% of patients although most of 
them remain clinically silent [16].

Peripheral venous clots may lodge in the right atrial 
cavity on their way to the pulmonary arteries. This usually 
occurs in patients with a venous thromboembolic disease. 
These floating thrombi are accidentally discovered during an 
echocardiographic examination performed in a patient with 
suspected pulmonary embolism.

Both two- and 3DE are effective in diagnosis, although 
transesophageal 3DE may provide a better understanding of 
the site and size of thrombus (Fig. 24.19, Video 24.9).

 Infective Endocarditis

Infective endocarditis (bacterial or fungal) is an infection 
of the endothelial surface of the heart that occurs on val-
vular tissue (leaflets or chordae), mural endocardium, site 
of septal defects or arteriovenous shunts, or on parapros-
thetic tissue and is one of the most harmful diseases [17]. 
Several reasons may explain the difficulties in management 
of this, often fatal, condition. First, contemporary patients 
with infective endocarditis are older, sicker, and affected by 
other comorbidities than in the early antibiotics era. Second, 
bacteria are more virulent and resistant to antibiotics than 
they were decades ago. Third, degenerative heart valve dis-
eases, diabetes, intravenous drug abuse, immuno-deficiency, 
valve prostheses, permanent intracardiac foreign bodies, 
both electronic devices and catheters, have replaced rheu-
matic heart disease as the major predisposing factors [18]. 
Finally, establishing an accurate diagnosis early in the course 
of the disease, when an appropriate medical or surgical treat-
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ment would be more effective, is difficult. Thus, despite 
major advances in medical and surgical treatment, infective 
endocarditis remains a “malignant” disease, as defined by 
William Osler in his Gulstonian lecture in 1885, with high 
mortality rate and prolonged hospitalization.

Endothelium lesions associated with bacteremia, and an 
immunological predisposition to the disease are the primary 
causal factors. High-velocity turbulent jets that accom-
pany valvular dysfunction, valve prostheses and congenital 
defects, hitting against the endothelium leads to the endothe-
lial damage. This first lesion releases inflammatory tissue fac-

tors that in turn trigger the event cascade leading to a sterile 
platelets-fibrin-thrombus vegetation. Transient or persistent 
bacteremia is the events that ultimately converts the sterile 
vegetation into infective endocarditis. However not always 
the coincidence between bacteremia and endothelial lesions 
leads to infective endocarditis. Bacteria able to colonize ster-
ile vegetations must have a specific resistance to host defense 
and peculiar adherence capabilities [19]. Usually, a colony 
of bacteria embedded in a meshwork of fibrin, platelets and 
inflammatory cells forms a vegetation of variable shape, size 
and mobility is the patho-morphological hallmark of infec-

a b

c d

Fig. 24.15 Left ventricular thrombi. (a) Two-dimensional transtho-
racic echocardiography showing a round-shaped thrombus (arrows) 
in the apex in a patient with severe dilated cardiomyopathy. The cen-
tral part of the thrombus appear echo lucent being constituted by 
blood. (b) Magnified image of the apex showing in a different still 
frame three masses. Because of the thin slice of two-dimensional 

echocardiography, mobile masses may appear and disappear from the 
tomographic plane. (c) Transthoracic 3DE of the same case. 
Perspective is from above, slightly oblique. Three well-defined 
thrombi are visible (asterisks). (d) A slight modified perspective 
showing a thin peduncle (arrow) of one of the thrombi (Video 24.8)
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tive endocarditis. Although the endothelial damage is often 
the “primum mover”, particularly virulent microorganisms 
such as Staphylococcus Aureus may directly infect healthy 
valve tissue.

Currently the diagnosis of infective endocarditis is based 
on the modified Duke criteria that incorporate clinical find-
ings, microbiological analysis and imaging data, assigning 
at each one of these three domains minor or major diag-

nostic relevance [20]. A definitive diagnosis requires either 
two major, one major and three minor, or five minor criteria 
[21]. Although other imaging techniques such as computed 
tomography or cardiac magnetic resonance may contribute 
to the diagnosis and risk stratification of patients with infec-
tive endocarditis, both transthoracic and transesophageal 
two-dimensional echocardiography remain the first-line 
diagnostic techniques in patients with suspected infective 

a b

c d

Fig. 24.16 Huge thrombus (arrows) in left atrial appendage visualized 
by two-dimensional transesophageal echocardiography (a) and trans-
esophageal 3DE image. Volume rendering transversal cut plane from 

above (b) and oblique perspectives. (c, d) Volume rendered longitudinal 
cut planes showing how the thrombus is deep implanted into the left 
atrial appendage. LAA left atrial appendage, th thrombus
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a b c

Fig. 24.17 Flat thrombus (white arrows) that adheres to the posterior 
wall of the left atrium and extents to one of the prosthetic leaflets of a 
biological prosthesis in mitral position. (a) Two-dimensional trans-
esophageal image showing the different texture of the thrombus com-
pared with that of atrial wall which is a key feature for the diagnosis. (b) 
Transesophageal 3DE volume rendering to visualize the position and 

extension of the thrombotic mass. Arrows delimit the edges of the 
thrombus adhering to the atrial wall. Asterisk points at the portion of the 
thrombus extending to the prosthetic leaflet. The absence of differences 
in texture makes the differential diagnosis of thrombus difficult if based 
only on 3DE images. (c) A minimum cropping in z direction allows to 
better visualize the portion of thrombus on the prosthetic leaflet

a b

c d

Fig. 24.18 Thrombus in right atrial appendage. Left upper panel/(a), 
Transesophageal 3DE volume rendering of a large thrombus in the right 
atrium. Right upper panel/(b), slight rotation and cropping of the data 
set to show that the origin of the thrombus is from the right atrial 
appendage. Left lower panel/(c), Multislice display of the 3D data set to 
show anatomical relationships of the mass, its shape and size. Right 

lower panel/(d), slice and quantitative assessment of the mass (Courtesy 
of Alex Felix, MD, Department of Echocardiography, National Institute 
of Cardiology, Laranjeiras, Rio de Janeiro, Brazil). AO aortic, CS coro-
nary sinus, LA left atrium, RA right atrium, RAA right atrial appendage, 
SVC superior vena cava, TV tricuspid valve
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endocarditis. The echocardiographic appearance of an oscil-
lating intracardiac mass and/or valvular disruptions, as con-
sequence of bacteria invasiveness, such as annular abscesses, 
prosthetic valve partial dehiscence, or new valvular regurgi-
tations represent, in an appropriate clinical context, a major 
Duke criteria [22]. However, because a vegetation starts as 
a microscopic nidus, its presence may not be visualized at 
an early echocardiographic examination and additional, 
sequential studies may be needed to clarify the diagnosis.

At echocardiography, vegetations appear as irregularly 
shaped, low echogenic masses that can be either sessile or 
pedunculated, and are usually attached to the upstream side 
of valve leaflets. Their chaotic motion differs from that of 
the leaflets themselves. Their “shaggy” appearance may 
help distinguishing them from more organized and compact 
masses such as intracardiac tumors or thrombi. However, it 
must be emphasized that no a single echocardiographic char-
acteristic allows to label any mass as vegetation.

The term “endocarditis” may suggest that the infection 
involves only the endocardium. However, infective endocar-
ditis spreads through the entire thickness of the valve leaf-
let causing destructive effects such as leaflet perforation, 
chordal rupture or dissection of the mitral-aortic curtain.

Several echocardiographic features of infective endocar-
ditis may identify patients at risk for life-threatening com-
plications. Large and highly mobile vegetations are strong 
predictors of peripheral embolic events. Severe regurgita-
tion due to chordal rupture or leaflets perforation identifies 
patients at risk of heart failure. Para-prosthetic abscesses 
may cause prosthetic dehiscence, paravalvular fistulae and 
atrio-ventricular block.

Transesophageal 3DE refines the diagnosis providing a 
more precise assessment of the site, size and relationship 
with adjacent structures. Moreover, the volumetric data set 

may be cropped and rotated to obtain the most useful and 
diagnostic perspectives (Fig. 24.20, Video 24.10).

The term mitral “kissing” vegetation defines a propaga-
tion of a vegetation from the aortic leaflets to healthy mitral 
leaflet. The “kissing” effect occurs when an aortic vegeta-
tion attached to the ventricular side of the leaflet, protrudes 
into the left ventricular outflow tract, “physically” hitting 
the anterior mitral leaflet. This mechanism of propagation 
explains why the vegetation is attached on the ventricular 
surface of anterior mitral leaflet rather than on its atrial sur-
face (Fig. 24.21).

Paravalvular aortic and mitral abscesses are among the 
most feared complications of infective endocarditis. More 
often caused by aggressive bacteria such as staphylococci 
or enterococci, their presence complicates the course of 
the disease. Antibiotic therapy usually fails to sterilize the 
abscesses and once detected, surgical repair is mandatory. 
The most common sites of abscess are the annular regions.

From an echocardiography viewpoint abscess presents as 
an echo-lucent pocket, around the mitral or aortic annulus. 
Often its aspect is inhomogeneous being partially filled by 
echo-dense material and divided by fibrous septa in a multi- 
chambered cavity. An abscess may rupture allowing a com-
munication with one of the surrounding cavities. The rupture 
of a mitral annular abscess may cause a fistulous communi-
cation between right and left ventricle, while a rupture of an 
aortic abscess may result in a communication between aorta 
and left of right atrium or between the aorta and left ventricle 
(Fig. 24.22a, b). When the rupture occurs, the color flow may 
demonstrate flow within the abscess cavity. Particularly fre-
quent are abscesses localized around the aortic annulus in 
patients with aortic prosthesis. In such a case, the abscess 
dissects the intervalvular fibrosa, resulting in a pseudo 
 aneurysm formation. Transesophageal 3DE allows unusual 

a b c

Fig. 24.19 Thrombi in the right atrium. (a) Transesophageal 3DE vol-
ume rendering of a huge thrombus (white arrows) originating form 
superior vena cava, which appears obstructed, and protruding into the 

right atrium. (b) Small thrombus (white arrows) attached on a pace-
maker lead. (c) Residual thrombus (Th) attached to SVC endothelium, 
after having the pacemaker lead removed (Video 24.9)

24 The Role of 3DE in the Evaluation of Cardiac Masses



340

views: from an atrial perspective, the aortic abscess appears 
as a mass protruding into the left atrium and is indistinguish-
able from a dilatation of the Valsalva’s sinuses, which causes 
a similar bulging (Fig.  24.22c). From an aortic perspec-
tive, the shape and size of the communication between the 
abscess cavity and the left ventricular outflow tract is often 
visible (Fig. 24.22d).

 Right Side Infective Endocarditis

Right side infective endocarditis is today a well-defined clin-
ical entity in intravenous drug abusers or in patients having 
a pacemaker leads or other intracardiac device. The clini-
cal course is more favorable since patients with right side 
infective endocarditis can have a benign evolution with 
medical therapy alone or device extraction. Vegetations can 
be located on tricuspid and pulmonary leaflets or attached 
to the catheters/devices. Symptoms are similar to those of 
respiratory infection (fever, dyspnea, and pulmonary infil-
tration),  making diagnosis difficult. As for other left side 
masses, despite the fact that transthoracic echocardiog-
raphy can detect the majority of right side infective endo-
carditis, the transesophageal approach can increase the 

sensitivity of the technique due to its higher spatial resolu-
tion. Transesophageal 3DE allows more precise definition of 
the size and site of the mass and its relation-ship with sur-
rounding structures (Fig. 24.23).

 Aortic Atheroma

Protruding atheroma within the aorta may be source of cere-
bral and systemic embolization especially in the elderly 
[23–25]. The organ/s target of embolism is related to the 
positon of the plaque within the aorta. Plaques located in the 
ascending aorta will mainly cause cerebral embolism, while 
those located in the descending aorta will be more related 
to systemic embolism, respectively. However, Harloff, et al. 
[26] raised the hypothesis that, despite their distal position, 
atheromatous complex plaques in the proximal descend-
ing aorta may also be source of cerebral embolism. Using 
a special protocol magnetic resonance imaging sequence 
(multidirectional 3D velocity mapping), the authors found 
a significant retrograde diastolic flow and a strong associa-
tion between complex plaques in descending aorta and cere-
bral ischemic lesions. Further studies need to confirm this 
hypothesis.

a b

Fig. 24.20 Transesophageal 3DE volume rendering of a large endocarditis vegetation (white arrows) attached at the ventricular surface of the left 
coronary aortic leaflet. (a) Longitudinal cut plane. (b) Slightly oblique cut plane from the aortic perspective (Video 24.10)
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Atheroembolism may also occur during cardiac catheter-
ization. Large guide catheters may dislodge atherosclerotic 
debris from the aorta by physical abrasion. In one study 
of 1000 consecutive guiding catheter removed after PCI 
revealed the presence of macroscopic aortic debris within the 
guide lumen in more than 50% of cases [27].

Two-dimensional transesophageal echocardiography 
remains the first line and the most versatile technique for imag-
ing aortic atheromatous plaques. With the exception of aortic 

segment at the junction of the aortic arc and descending aorta 
(that is hidden by the tracheal air), two-dimensional trans-
esophageal echocardiography allow visualization of the entire 
thoracic aorta providing high-resolution “real time” images of 
aortic atheromatous plaques and allowing a fine characteriza-
tion of the shape and size of the atheroma. Complex plaques, 
i.e. plaques large more of 4 mm and those that with evidence 
of ulceration or mobile components, revealed by two-dimen-
sional transesophageal echocardiography have been shown 

a b

c d

Fig. 24.21 Kissing propagation of aortic valve infective endocarditis 
on the mitral valve. (a, b) Two-dimensional transesophageal echocar-
diography showing a mitral, oblong, highly mobile (note the position of 
the vegetation in two different still frames) vegetation (red arrow) 
attached on the ventricular surface of the anterior mitral leaflet. This 
atypical site id due to a “kissing” propagation from an apparently small 

vegetation on the ventricular site of the right coronary aortic cusp 
(white arrow). (c, d) Transesophageal 3DE volume rendering of the 
same case. Both mitral (white arrows, c) and aortic (white arrows, d) 
vegetations appear larger than it was supposed with two-dimensional 
imaging. Ao aorta, LA left atrium, LV left ventricle
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a b

c d

Fig. 24.22 Para-aortic abscess. (a) Two-dimensional transesopha-
geal long axis view showing an para-aortic abscess in a patient with 
a biological prosthesis in aortic position. The asterisk marks the cav-
ity. The arrow points at the hole on the mitral-aortic curtain. (b) 
Two- dimensional transesophageal short axis view showing the bi-
lobed configuration of the cavity (asterisks). (c) Transesophageal 

3DE volume rendering of the abscess from the atrial perspective. 
The abscess appears as a mass (arrows) protruding into the atrial 
cavity. (d) By cropping from the aortic perspective, the hole on the 
mitral aortic curtain (asterisk) can be visualized “en face”. Ao aorta, 
LA left atrium
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to be independent risk factors for ischemic stroke [24, 25]. 
Transesophageal 3DE provides a more accurate definition of 
irregularities, protrusions, ulcerations and mobile segments 
which are shown as in a topographic map (Fig. 24.24).

Moreover, since transesophageal 3DE provides a more 
“panoramic” view, it allows a more precise definition of the 
size, contours and irregularities of the plaque compared to 
the two-dimensional technique (Fig. 24.25).

a b

Fig. 24.23 Right side infective endocarditis. Transesophageal 3DE volume rendering of a large vegetation (a, b, arrows) attached on the atrial 
surface of tricuspid leaflet in patient with a permanent intracardiac catheter. Ao aorta, Cat intracardiac catheter, SVC superior vena cava

a b

Fig. 24.24 Transesophageal 3DE volume rendering of a huge and complex atheromatous plaque (a, b, arrows) in descending aorta seen from two 
different perspectives The asterisk points at one ulceration
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 Other Pseudo Masses

Knowledge the anatomy of normal intracardiac structures 
and normal variants is a prerequisite for correctly diagnos-
ing an intracardiac mass. Indeed, several normal intracardiac 
structures can mimic abnormal masses. In this paragraph, we 
will illustrate the 3DE features of normal variants of some 
anatomical structures that can be mistaken for abnormal 
masses (and indeed, in the early era of transesophageal echo-
cardiography this happened): the Eustachian valve, the crista 
terminalis or terminal crest, the lipomatous septum, and the 
left lateral ridge.

 Eustachian Valve

The Eustachian valve is an embryogenic remnant of the 
valve of inferior vena cava. In the fetal life, the inferior vena 
cava is partially partitioned from the remaining right atrium, 
by a large flap of tissue encircling the orifice of inferior vena 
cava extending into the right atrial cavity a sometimes con-
tinuing around the fossa ovalis as Eustachian ridge [28]. 
This valve directs the oxygenated blood returning via the 
umbilical veins into the left atrium and systemic fetal circu-
lation through the foramen ovalis. In the newborn or child-
hood period, the valve gradually regresses, disappearing or 
becoming a thin flap of tissue attached on the anterior-medial 
border of the orifice of inferior vena cava in adult life.

Absent resorption, lead to a prominent Eustachian valve 
while incomplete resorption to a reticular network of fine 
strands called Chiari’s network. Either large Eustachian 
valve or Chiari’s network can be mistaken for an abnormal 

mass [29]. Despite the fact that both of them are “benign” 
anatomical variants, they may be associated with vari-
ous clinical manifestations. A large Eustachian valve, for 
instance, by guiding the inferior vena cava flow against the 
fossa ovalis may interfere with the spontaneous closure of 
the patent foramen ovalis, facilitating the persistence of pat-
ent foramen ovalis. Both Chiari’s network and a large and 
rigid Eustachian valve may interfere with electrophysiologi-
cal procedures such as ablation of cavo tricuspid isthmus or 
with structural heart disease procedures such as percutane-
ous closure of patent foramen ovalis and atrial septal defect. 
Finally, Chiari’s network may predispose to thrombus for-
mation “in situ” or may capture transient thrombi formed 
elsewhere in the body (in that case acting like a filter).

Two-dimensional transthoracic and transesophageal echo-
cardiography show a prominent Eustachian valve as a thin 
“line” of tissue arising from the anterior border of inferior 
vena cava. Because of its ability to visualize the Eustachian 
valve from multiple perspectives, transesophageal 3DE pro-
vides an accurate imaging of the valve “en face” (i.e. a flap 
of tissue circling the anterior border of the inferior vena cava 
similar to the anatomical specimen (Fig. 24.26).

Probably the best perspective to imaging the entire exten-
sion of a large EV is an “en face view” from the right atrium 
(Fig. 24.27).

 Crista Terminalis

The internal aspect of the right atrium consists of several 
components particularly relevant for electrophysiologists. 
The crista terminalis or terminal crest is one of them. The 

a b

Fig. 24.25 Two- (a) and 3DE (b) visualization of an atheromatous plaque (arrows) in the descending aorta. In comparison to the two-dimensional 
view, the 3DE image provides a more precise assessment of the size, contours and irregularities of the atheromatous plaque
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terminal crest is a muscular ridge that divides the smooth 
wall of sinus venous from the trabeculated surface of the 
right atrial appendage. Externally the terminal crest corre-
sponds to the sulcus terminalis. The terminal crest originates 
from the anteromedial wall of the right atrium and descends 
towards the inferior vena cava, where ends into fine trabecu-
lations. When particularly hypertrophic two-dimensional 
transthoracic echocardiography may show a bump in four- 
chamber view that may be easily mistaken for an abnormal 
mass (Fig. 24.28a, Video 24.11a). In particularly echogenic 
cases, transthoracic 3DE may show the course of the termi-
nal crest from superior vena cava towards the tricuspid orifice 

(Fig. 24.28b, Video 24.11b). Transesophageal 3DE shows the 
terminal crest in “en face” perspective (Fig. 24.28c) where 
the terminal crest appears as an elongated protrusion, or in 
lateral perspective (Fig. 24.28d) where it shows its arcuate 
aspect.

 The Lipomatous Atrial Septum

One of the first necropsy descriptions dating back to 1964 
[28] describes the lipomatous infiltration of interatrial sep-
tum as an abnormal accumulation of fat inside the septum. 

a b

c d

Fig. 24.26 Eustachian valve. (a, b) Two-dimensional echocardiogra-
phy of a long Eustachian valver (arrow). (c, d) Transesophageal 3DE 
volume rendering of the same Eustachian valve. The Eustachian valve 

(white arrows) is much larger than hypothesized looking at the tomo-
graphic images. IVC inferior vena cava, LA left atrium, RA right atrium

24 The Role of 3DE in the Evaluation of Cardiac Masses



346

Since then and for several years the lipomatous interatrial 
septum was considered a benign tumor-like mass, similar to 
a lipoma.

A more modern anatomical approach describes the 
interatrial septum as a fibrous partition that separates 
the right and left atrial cavity. Based on this definition 
the interatrial septum appears to be limited to the fossa 
ovalis and to the immediate surrounding muscular rims. 
Indeed, the so-called “septum secundum”, is not a par-
tition between the two atria but rather an enfolding of  
the superior and posterior atrial wall. Externally, this 
enfolding, called Waterson’s groove is filled with epicar-
dial fat [30].

According to this specific atrial arrangement the lipo-
matous interatrial septum is nothing else than an unusual 
accumulation of epicardial fat within this enfolding as 
consequence of a generalized increased deposit of subepi-
cardial adipose tissue. Since both atrial wall and fat have 
similar acoustic impedance, both two and 3DE are unable 
able to delineate this specific septal arrangement. Thus, a 
lipomatous interatrial septum appears at two- and 3DE as a 

dumbbell- shaped structure well distinct from the thin flap of 
the fossa ovalis (Fig. 24.29).

 Left Lateral Ridge

A muscular ridge, currently called left lateral ridge, 
divides the orifices of the left upper pulmonary vein 
and left atrial appendage. This ridge may have different 
shapes ranging from a bulbous tip to large muscular band, 
to a thin partition between the left upper pulmonary vein 
and the left atrial appendage. When particularly promi-
nent, this ridge protrudes deeply on the left atrial cav-
ity. Because of this, in the early era of two-dimensional 
transesophageal echocardiography, it was frequently 
mistaken for a mass or for a thrombus. Thus, not rarely, 
the patient was treated with anticoagulant unnecessarily. 
For this reason, the left lateral ridge is also known as 
“Coumadin ridge”. In reality, the left lateral ridge is not 
a muscular crest arising from the atrial wall but rather 
an enfolding of lateral atrial wall extending into the left 

a b

Fig. 24.27 Transesophageal 3DE volume rendering of large Eustachian valve visualized “en face” from a right atrial perspective (a, b). The valve 
is a flap of tissue inserted of the anteromedial border of inferior vena cava. EV Eustachian valve, FO fossa ovalis, IVC inferior vena cava
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atrial cavity [31]. The epicardial site of this enfolding 
contains fat, nerve bundles, small atrial arteries, and the 
remnant of Marshal’s vein. Because of the presence of 
the Marshal’s vein, electrophysiologists named the left 
lateral ridge “ligament of Marshall”.

The enfold aspect of the ridge may be visualized with 2D 
TE (Fig. 24.30), However, more often, the space of the fold is 
virtual and the ridge appears as a compact muscular protrusion.

Transesophageal 3DE nicely shows the variable shape of 
the left lateral ridge [32] (Fig. 24.31).

a b

c d

Fig. 24.28 Crista terminalis or terminal crest. (a) Two-dimensional 
transthoracic four-chamber view showing an “abnormal” structure 
(arrow) that may easily be misdiagnosed for a tumor or thrombus 
attached to the superior wall of right atrium (Video 24.11a). (b) 
Transthoracic 3DE reveals that the “mass” is actually the terminal crest 
extending from the superior vena cava (not seen in the image) towards 

the tricuspid orifice (Video 24.11b). (c) Transesophageal 3DE volume 
rendering of a large and thick terminal crest (arrows) visualized “en 
face”. (d) Transesophageal 3DE image showing the terminal crest 
(arrows) from a lateral perspective. This perspective enables to appreci-
ate the “arcuate” aspect of the terminal crest
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a b

Fig. 24.29 Lipomatous atrial septum visualized using two- (a) and 
3DE (b) transesophageal echocardography. Both techniques are unable 
distinguishing the fat within the septum secundum). The dumbbell- 

shaped structure is well distinct from the thin fossa ovalis. FO fossa 
ovalis, SS septum secundum

a b

Fig. 24.30 Left lateral ridge with a bulbous tip (arrows, a). (b) Two- 
dimensional transesophageal image showing that the left lateral ridge is 
an enfolding of the atrial wall (arrows). The asterisk marks the space 

inside the enfolding that contains fat, nerves bundles, small atrial arter-
ies, and the remnant of Marshal’s vein
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 Conclusions

Since the days of the M-mode, echocardiography has had 
an essential role in the diagnosis of intracardiac masses. 
The appearance in the clinical arena of the two-dimen-
sional transthoracic first, and then of transesophageal have 
enhanced our ability in detecting and characterizing mass 
size, shape, location and motility. For many years, two-
dimensional echocardiography has been the first line tech-
nique in the diagnosis of cardiac mass, providing a complete 
set of information. However, the tomographic nature of the 
technique has always “forced” images of the mass within a 
thin white/gray cross-echocardiographic slice. We call this 
modality “section-oriented approach”. Only the advent of 
3DE in the recent years has made possible a new paradigm: 
shifting from “section-oriented approach” of two-dimen-
sional echocardiography to “anatomy oriented approach” 
of 3DE. Indeed, once acquired the 3DE data set, the opera-
tor are able to image the intracardiac mass from a countless 
number of perspective. Useful tools allow, on and off-line, 
rotating, angulating and removing the redundant tissues from 
the image. The result is a 3D volume rendering of mass that 
are similar to the anatomic specimen.
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Abstract
Currently, procedural guidance of catheter-based structural 
heart disease interventions depends on visual information 
obtained by fluoroscopy and echocardiography, which have 
their own projections and separate screens. The main disad-
vantage of this approach is the lack of precise temporal and 
spatial integration between catheter/devices, visualized in 
one screen, and the soft tissues of cardiac structures, visual-
ized in a second screen. Therefore, during each catheter 
manipulation, interventional cardiologists have the need of 
interrogating repetitively and sequentially the two moni-
tors. A novel imaging technique, called by the manufac-
tures Echo-navigator©, merges soft tissue information 
from two- and three- dimensional echocardiography with 
the excellent catheters and devices visualization of X-ray 
fluoroscopy, introducing a new concept: all (images) in one 
(screen). In this chapter, we will describe some basic con-
cepts about the X-ray/echocardiography fusion, potential 
role of the Echo-navigator© during SHD percutaneous 
interventions and current limitations

Keywords
Echo-navigator · Fusion imaging · X-ray- 
echocardiography fusion · Three-dimensional echocar-
diography · Two-dimensional echocardiography · 
Fluoroscopy

 Introduction

Developments of new high-performance catheters and 
devices along with increasing dexterity and expertise of 
interventional cardiologists have made possible percutane-
ous, catheter-based, interventions for a wide spectrum of 
structural heart disease (SHD). A growing number of SHD 
that would have required open-heart surgery only few years 
ago, can now be effectively treated using catheter-based 
interventions.

Fluoroscopy remains the primary imaging modality 
for guiding catheter-based interventions. Several reasons 
may explain this “supremacy”. Traditionally, fluoroscopy 
was the first (and, at that time, the only) imaging system 
used in the catheterization laboratory and the X-ray system 
was the “core” around which the catheterization labora-
tory was built and organized. The catheterization labora-
tory was the place where the original invasive cardiologists 
performed their first catheter-based procedures. In 1976, 
King et  al. first published the “non-surgical” closure of a 
secundum atrial septal defect during cardiac catheterization 
[1]. Consequently, the modern interventional cardiologists 
are very familiar with this X-ray imaging based approach. 
Manufacturers purposely design guide wires, catheters and 
implantable devices to be radiopaque for optimizing fluo-
roscopic guidance. The system is easy to use. The large 
field of view allows the visualization of long segments of 
catheters. Finally, the high frame rate (up to 30 frames per 
second) allows a “fluid” and natural representation of the 
motion of catheters and devices.

However, detailed catheter “navigation” through the heart 
chambers or septa requires a meticulous knowledge of cath-
eter position in a three-dimensional space. In this respect, 
there are several drawbacks to the sole use of X-ray fluoros-
copy. First, fluoroscopic images are only a two-dimensional 
representation of a complex three-dimensional heart. A single 
plane flattens heart anatomy and overlaps cardiac structures 
on each other. Second, with the exception of transcutaneous 
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aortic valve implantation and balloon mitral valvuloplasty, 
where leaflet calcification makes them partially visible to 
fluoroscopy, most of the targets of SHD interventions are soft 
tissues, which are almost invisible to fluoroscopy. Third, the 
so-called “tactile feedback” (i.e. resistance to catheter move-
ment felt by the operator as the catheter makes contact with 
the tissues) gives only an indirect awareness of the force of 
cardiac tissue contact, tissue proprieties and “environmental” 
conditions inside the heart. Fourth, although a skilled opera-
tor may use multiple projections and contrast angiography to 
mentally reconstruct the anatomy of cardiac structures and 
catheter localizations, in most cases interventional cardiolo-
gists, conduct these procedures using standard fluoroscopic 
angulations, without a precise knowledge of individual varia-
tions of the heart anatomy. Finally, the use of contrast may 
need to be limited in patients with renal insufficiency.

Today, the vast majority of interventional cardiologists 
agree that, at least for the most complex SHD interventions, 
a second imaging technique is necessary. For its real-time 
imaging capability, high spatial and temporal resolution, 
transesophageal echocardiography was the imaging tech-
nique most frequently used by interventional cardiologists 
as the companion of fluoroscopy. In 1996, Arora, et al. first 
described the role of two-dimensional transesophageal echo-
cardiography in the catheterization laboratory [2]. Since 
then, echocardiography has played a major role either in 
pre- procedural, post-procedural assessment and/or in intra- 
procedural guidance of interventional procedures.

Consequently, over the past decade, a new player has 
appeared in the “domain” of catheter-based percutaneous 
SHD interventions: the “interventional echocardiographer”. 
This new professional figure has novel and different compe-
tences: he/she has a clear notion of what an interventional 
cardiologist does at any step of a given procedure and which 
echocardiographic view must be used. He/she shares with the 
interventional cardiologist satisfaction for the success and 
responsibility for the failure of interventions and plays an 
important decision making role in the so-called “heart team”. 
On the other hand, most modern interventional cardiologists 
are familiar with the standard echocardiographic views and 
use echocardiographic images as the primary guidance tool 
in many steps of complex interventional procedures. In the 
last 5 years, three dimensional transesophageal echocardiog-
raphy (3D TEE) has gained acceptance amongst interven-
tional cardiologists as an additional imaging technique in 
specific SHD interventions. Indeed, 3D TEE has the unique 
ability to depict cardiac structures as they actually are, allow-
ing visualization of a panoramic three- dimensional view of 
the relevant structures with unprecedented anatomical accu-
racy and clarity. Moreover, a 3DE pyramidal data set easily 
visualizes relatively long segments of catheters and devices 
in a single real-time view, which facilitates catheter naviga-
tion [3]. There is therefore an increasing reliance on 3DE 

for the guidance of a growing number of catheter-based pro-
cedures. However, both echocardiographic techniques have 
their own limitations. Because of its tomographic nature, 
two-dimensional transesophageal echocardiography needs 
multiple views and adjustments to track catheter’s motion. 
On the other hand, 3D TEE suffers from limited spatial and 
temporal resolution. With both techniques, catheters and 
devices can produce several disturbing artefacts such as 
reverberation and shadowing. Both techniques have a limited 
field of view. Finally, the usefulness of 2D/3D TEE images 
during the procedure depends upon image quality and opera-
tor’s experience. Tables 25.1 and 25.2 summarize the advan-
tages and limitations of fluoroscopy and echocardiography 
respectively as imaging technique during SHD interventions.

 The Echo-Navigator©

 All (Images) in One (Screen)

A novel imaging technique, called Echo-navigator©, has 
been developed to combines soft tissue information from 
two-dimensional or 3D TEE with the excellent catheter and 
device visualization of X-ray fluoroscopy, thereby introduc-
ing a new concept: all (images) in one (screen) [4]. In other 

Table 25.1 Fluoroscopy

Advantages Limitations
Interventional cardiologists are familiar 
with fluoroscopic projections

Poor soft tissue resolution

Fluoroscopy provides optimal definition 
of wire, catheters and devices

Single plane displaying 
overlapping anatomy

Good definition of calcified structures 
and contrast filled cavities

Difficulties in 3D space 
orientation
No account of anatomical 
variability
Use of ionizing radiation 
and contrast

Table 25.2 2D/3D TEE

Advantages Limitations
Optimal visualization of soft 
tissue (2D and 3D TEE)

Narrow field of view

High frame rate and high 
spatial  resolution (2D TEE)

Some interventionalists are not 
familiar with echocardiographic 
images (especially 3D TEE 
perspectives)

3D representation of the 
cardiac structures as they are 
in reality (3D TEE)

Relatively low temporal and spatial 
resolution

Panoramic 3D view of the 
“terrain” where the procedure 
takes place (3D TEE)

Worse definition of catheters and 
devices (due to reverberations, 
shadowing and other artefacts)

Easy tracking of catheters 
and devices (3D TEE)

Depends upon image quality and 
operator’s experience
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words, this innovative technique merges in a single screen 
images provided by both modalities in a kind of “hybrid” 
image.

Both fluoroscopy and two-dimensional/3D TEE are well 
suited to “being displayed together” since both are real-time 
imaging modalities and have complementary abilities that 
offset their limitations: the larger field of view of fluoros-
copy, for instance, counterbalances the narrow one of the 
two-dimensional/3D TEE data set. Soft tissues of cardiac 
structures are visible within the cardiac silhouette. Long seg-
ments of catheters (visible on fluoroscopy) cross soft tissues 
(visible on two-dimensional/3D TEE). Theoretically, there 
would be an enormous potential benefit in using this tech-
nique during SHD catheter-based procedures.

 Basic Principles of the Echo-Navigator©

The success of the Echo-navigator© is based on so-called 
“co-registration” of the TEE probe within the fluoroscopy 
field. In order to determine the position of TEE probe in the 
fluoroscopic image, an image-based TEE probe-tracking 
algorithm localizes the spatial position and direction of the 
TEE probe within the X-ray coordinate system. This is done 
by computer recognition of the shape of the probe tip and the 
transducer elements, which are seen clearly on fluoroscopy. 
The co-registration algorithm automatically orients the 3D 

TEE volumetric data set within the fluoroscopic image. The 
boundaries of 3D data set, its location, orientation, and size 
are marked as a purple-violet 3D sector on the fluoroscopic 
image. A 3D digital green model of the probe, overlaying the 
live fluoroscopic image, ascertains that the co-registration is 
active and correct (Fig. 25.1). Whenever fluoroscopy is “on” 
the system overlaps the two- or 3DE images onto the fluoro-
scopic silhouette. Whenever the interventional cardiologist 
changes gantry angulation, the system immediately registers 
the new position of the gantry and updates the 3D image ori-
entation on the screen [4].

The interventional cardiologist or the echocardiographer 
may split the display screen into one, two or four panels 
showing multiple 3D TEE perspectives and the fused image 
simultaneously (Fig. 25.2).

Displaying the entire ultrasound data set on the fluoroscopy 
may not be easily understandable for both interventionalists 
and echocardiographers and therefore procedurally useless. 
Various tools make the fused image more understandable.

 (a) By means of a table-sided mouse, either interventional 
cardiologist or echocardiographer may “crop” the echo-
cardiographic image, removing portions of the 3D image 
that are redundant and may cover the target structures 
(Fig. 25.3).

 (b) Full opacity of the 3D TEE image may cover 
catheter(s) and device(s) and prevent their 

a b

Fig. 25.1 (a) Fluoroscopic image showing the position of the TEE 
probe (white circle). A purple 3D sector (arrows) marks the direction 
and size of 3D pyramidal data set in the fluoroscopic image. The lower 
left corner shows the “green” probe that ascertains that co-registration 

is active and correct. (b) 3D images correctly oriented onto the X-ray 
coordinate system. The 3D sector is partially marked with white dotted 
lines
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 visualization. Making soft structures (3D TEE images) 
more transparent relative to the fluoroscopic images 
allows one to follow the catheter or device movement 
(Fig. 25.4).

 (c) Landmarks positioned on the two-dimensional/3D 
images are instantaneously visible on fluoroscopic 
screen allows visualizing the location of soft targets such 

as the fossa ovalis, mitral leaflets or paravalvular leaks. 
A red circle marks the precise ultrasound-determined 
position (Fig. 25.5).

Slicing the 3DE data set to obtain a two-dimensional view 
may better visualize the position of catheter(s) inside vessels 
or cavities (Fig. 25.6).

Fig. 25.2 “Four panel” screen. The first panel (upper right corner) 
shows 3D TEE images from a slightly right anterior oblique (RAO 10°) 
and cranial (11°) projection. The image shows the fossa ovalis (FO) a 
longitudinal cut of the aorta (Ao). A segment of catheter (arrows) is 
seen in right atrium (RA) pointing against the FO; the second panel 
shows the same image from an opposite perspective. Indeed, the image 
shows a segment of catheter (white arrow) in the left atrium (LA). The 
red arrow points to a segment of catheter in RA. The third panel shows 

the same image oriented in the equivalent perspective of fluoroscopy 
(i.e. LAO 24° and cranial 1°). In the left lower corner, a green digi-
talized model of the probe (red circle) ascertains the correctness of the 
co-registration. Panel 4 shows the X-ray-echo fused image. Please note 
that the 3D echo data displayed in the fused image are not the same as 
that shown in the third panel because the operator cropped the dataset 
until the catheter (arrows) is seen crossing the fossa ovalis (FO), to 
make guidance easier

F. F. Faletra et al.



355

a b

Fig. 25.3 (a) Fused image displaying the entire 3D data set. The fused 
image is incomprehensible for both interventional cardiologists and 
echocardiographers and therefore procedurally useless. (b) Same image 

after having cropped in antero-posterior (z-axis) direction. A longitudi-
nal cut of the aorta (Ao) and the right atrium (RA) are clearly 
recognizable

a b

c d

Fig. 25.4 (a) Fused image showing the fossa ovalis (FO) “en face”. 
The full opacity of the 3D images covers the transseptal catheter. (b) 
Increasing the transparency of the tissue allows visualization of the tip 

of the catheter in the superior vena cava (arrow). (c, d) Two still frames 
showing the tip of the catheter (arrow) that moves in an up and down 
direction, eventually engaging the FO
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 Potential Role of Echo-Navigator© in SHD 
Interventions

There are very few papers describing the use of this system 
during percutaneous procedures [5, 6]. In the following para-
graphs, we therefore refer to our experience of the use of 
an X-ray-echocardiography fusion system in different pro-
cedures, underlining the advantages and current limitations.

 Interatrial Septum Puncture
Although experienced operators can safely perform inter-
atrial septum puncture with fluoroscopic guidance only, 
in patients with extreme rotation of cardiac axes, repeated 
transeptal punctores, small foramen ovalis, lipomatous or 
aneurysmal septum, the usual standard fluoroscopic pro-
jections, used alone, may be misleading and make the 
interatrial septum puncture potentially dangerous. In the 

a b c

Fig. 25.5 (a) 3D TEE image showing two paravalvular leaks (arrows). 
The locations of the leaks are marked on the 3D image using an inbuilt 
tool. (b) The marks are automatically transferred onto the fluoroscopic 

image precisely showing the location of the leaks on the fluoroscopic 
plane. (c) A guide catheter (arrows) crossing one of the leaks

a b

Fig. 25.6 (a) An X-ray-echo fused image showing the aorta in long 
axis view with a catheter (arrow) that crosses the aortic leaflets. 
However, the opacity of 3D image and the blooming artifact of catheter 
make this fused image difficult to understand. (b) The same image after 

having shifted from a 3D to 2D image derived from the 3D data set. The 
catheter (arrows) crossing the stenotic valve is now clearly visible in the 
center of the vessel
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Mitra-clip© procedure, crossing the fossa ovalis at the 
highest and most posterior margin of the septum facilitates 
the steering of the Mitra-clip© delivery system within 
the left atrium. In these situations, the Echo-navigator© 
proves particularly useful. The right oblique anterior pro-
jection from 10° to 30° shows the foramen ovalis in an 
“en face” perspective within the cardiac silhouette. Thus, 
the correct site of the puncture may be marked and easily 
seen. The left anterior oblique projection (20–40°), dis-
plays the “side-on profile” of the foramen ovalis. This pro-
jection allows visualization of the “tenting” of the septum 
(Fig. 25.7).

 Mitra-Clip©
There are at least four steps of the procedure where 
X-ray- echo fusion imaging may be useful: trans-septal 
puncture (described above), navigation within the left 
atrium, localizing the origin of the regurgitant jet on the 
fluoroscopic screen, and guiding insertion of a second or 
third clip.

 Navigation Within the Left Atrium
Advancing, withdrawing and steering the guide wire, guide 
catheter and mitral clip delivery system is safer if the soft tis-
sues of the atrial wall, pulmonary veins and atrial septum are 
visible on the fluoroscopic image (Fig. 25.8).

a b

Fig. 25.7 X-ray-echo fused image from right anterior oblique (RAO) showing the fossa ovalis (FO) in “en face” view. (a) The red circle is the 
marker for the puncture. (b) The left oblique anterior (LAO) showing the septal tenting (arrow)

Fig. 25.8 X-ray-echo fused image showing a long segment of guide- 
wire (white arrows) crossing the interatrial septum (IAS) and the lateral 
commissure of the mitral valve (MV; red arrow) and looping (white 
arrow) in the left ventricle (LV). The simultaneous vision of guide wire 
and soft tissue guides the interventional cardiologists whilst they are 
advancing the guide-wire and catheters in the left atrium. Note the dif-
ferent thickness of the guide wire on 3D and in fluoroscopy due to 3D 
blooming artifacts

25 X-Ray-Echo Fusion Imaging in Catheter-Based Structural Heart Disease Interventions



358

 Localizing the Origin of Residual Regurgitant Jet
When one or more clips are “in situ”, localizing the site 
of any significant residual regurgitant jet is of paramount 
importance for implanting additional clips. Until recently, 
two-dimensional/3DE color Doppler provided this informa-
tion on a separate screen. However, X-ray-echocardiography 
fusion imaging now projects the regurgitant jet onto the fluo-
roscopic image. Moreover, a marker, placed on the origin of 
the regurgitant jet, will be seen on fluoroscopic image and 
may guide navigation. In this context, the system proves 
extraordinarily useful for interventionalists, who may direct 
the clip exactly onto the regurgitant orifice (Fig. 25.9).

 The Distance Between Clips
When there is the need to implant more than one clip, the 
distance between clips remains difficult to evaluate with 
two- dimensional/3D TEE alone because clips produce 
blooming artifacts. Thus, there may be the risk of imping-
ing on or dislocating one clip during the maneuver. X-ray- 
echocardiography fusion imaging overcomes this difficulty 
by allowing assessment of the exact distance between the 
clips with fluoroscopy whilst maintaining visualization of 
soft tissues (Fig. 25.10).

a b c

Fig. 25.9 (a) 2D TEE color flow fused image showing the site of sig-
nificant residual regurgitant jet after having implanted two clips 
(arrows). The site is marked by an annotation (red circle). (b) 3D TEE 

fused image showing the mitral clip delivery system (arrow) advancing 
towards the annotation. (c) The residual regurgitant jet is significantly 
reduced after the implant of the third clip

a b

Fig. 25.10 (a) 3D TEE image showing three clips from the ventricular 
perspective. A third clip is still not released (red arrow). The white 
arrows point at the two clips already implanted. Because of blooming 

artifacts, the distance between clips cannot be well ascertained. (b) The 
X-ray-echo fused image clearly shows the spatial relationships between 
clips
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 Closure of Paravalvular Leak

Probably this is the procedure that most benefits from 
Echo- navigator©. Identifying on the fluoroscopic image 
the site of the leak is of invaluable help to intervention-
alists, who can concentrate more upon the fluoroscopy 
enhanced by color Doppler and markers/annotations 
(Fig. 25.11).

 Transcutaneous Aortic Valve Implantation 
(TAVI)

For a safe and secure implantation, exact knowledge of the 
alignment of the three hinge points of the three cusps is cru-
cial. Currently dedicated angiographic projections provide 
this information. However, a significant number of patients 
scheduled for TAVI are very old, fragile and suffer from renal 
insufficiency. In these patients, contrast may be harmful. The 
two-dimensional/3D TEE allows a precise delineation of the 
“virtual annulus”. The three hinge points may be identified 
by two-dimensional/3D TEE and then transferred onto fluo-
roscopy. The fluoroscopic projection, where the three hinge 
points markers derived from two-dimensional/3D TEE cre-
ate one orthogonal plane, may be used for implanting the 
valve (Fig. 25.12). This tool may make “zero- contrast” valve 
implantation possible. In addition, the technique can be used 

to identify the aortic valve orifice and this can greatly assist 
the process of crossing the aortic valve with a guide-wire. 
Finally, a semi-translucent 3D TEE image overlaid onto the 
Fluoroscopy can help guide valve positioning during deploy-
ment. This is particularly helpful when the aortic valve is not 
very calcified and is difficult to see on Fluoroscopy. It is also 
helpful when there is extensive calcification in the aortic root 
and/or on the anterior mitral valve leaflet since this may be 
misleading on Fluoro images alone.

 Other Procedures

While is easily predictable that complex procedures may 
greatly benefit from the use of Echo-navigator©, it is unclear 
whether TEE echo-X-ray fusion may add an incremental 
value (with the exception of difficult trans-atrial crossing) 
in simple straightforward procedures such as patent foramen 
ovalis, atrial septal defect, closure or left atrial appendage 
occlusion (Figs. 25.13 and 25.14).

 Limitations

One limitation of the Echo-navigator© system is the 
restricted rotation of the C-arm, which impedes merging 
onto the fluoroscopic background some very useful 3D TEE 

a b

Fig. 25.11 (a) X-ray-echo fused image showing 2D TEE color 
Doppler TEE superimposed onto fluoroscopy. The regurgitant jet pass-
ing through the paravalvular leak is labeled (red circle and arrow). 

Interventional cardiologists may therefore direct the guidewire towards 
the annotated target and cross the leak (b)
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perspectives. One example: in the Mitra-clip© procedure, 
for instance, interventional cardiologists consider the 3D 
TEE overhead perspective the most useful for guiding the 
position of the arms perpendicular to the coaptation line of 
the leaflets. The same perspective cannot be merged with 
fluoroscopy. However, splitting the screen into two, three 
or four quadrants, allows visualization of a 3D TEE images 
from the overhead perspective along with the fused image 

(Fig. 25.15). A second limitation is the fact that, once posi-
tioned, annotations remain fixed on the screen and do not fol-
low soft tissue motion. This limitation is particularly relevant 
when the virtual annulus of the aorta is annotated. Due to the 
longitudinal shortening of the ventricle, the aortic annulus 
moves in systole towards the apex. Thus, the location indi-
cated by markers may be correct in one moment of the cycle 
and incorrect in another.

a b

Fig. 25.12 (a) X-ray-echo fused image showing two markers (arrows) indicating two points of “virtual annulus”. (b) X-ray-echo fused image 
showing the line indicating the virtual annulus

a b

Fig. 25.13 X-ray-echo fused images during patent foramen ovale closure. (a) The arrow points at the guide wire crossing the fossa ovalis (FO). 
(b) Images of the left (LD) and right (RD) discs closing the PFO. Cath catheter
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a b c

Fig. 25.14 X-ray-echo fused images showing the three main steps of 
left atrial appendage (LAA) occlusion. (a) the image shows the 3D TEE 
shape of the left atrial appendage (LAA) in the antero-posterior projec-

tion (b) the image shows the catheter (cath) engaging the LAA. (c) The 
image shows the device (d) positioned in LAA

Fig. 25.15 Quad-screen format showing in the superior panel an over-
head perspective of the arms (asterisks) and their spatial relationship 
with the coaptation line of mitral valve. The lower left panel shows the 

same 3D image from the ventricular perspective. Finally, the lower 
right panel shows the fused image in LAO projection

25 X-Ray-Echo Fusion Imaging in Catheter-Based Structural Heart Disease Interventions
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 Conclusion

The Echo-navigator© tool is a new and extremely appeal-
ing system for guiding catheter-based SHD interventions. 
However, we currently lack data confirming that, in com-
parison with standard approaches, the system reduces 
procedural and fluoroscopic time, reduces intra-proce-
dural risks, increases rate of success and safety of the 
intervention and finally improves outcomes. These data 
are difficult to collect since they depend on multiple vari-
ables. Thus, the cost/benefit ratio of introducing this new 
technology into an interventional Lab is uncertain. At this 
time, we can state that the main benefit of the procedure 
is the significantly better confidence of interventional 
cardiologists during the procedure and a more homoge-
neous communication between echocardiographers and 
operator.

There is still much to be learned and much to be improved.
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