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Echocardiography is now an indispensable tool in
clinical cardiology. Quite a few textbooks are
available at medical bookstores and on the internet
where you can find new developing aspects of
echocardiography. One of the most impressive and
innovative advancements of echocardiography
today is 3D echocardiography. There have been
few comprehensive books to introduce this new
echocardiographic method. Therefore, in this book,
I would like to provide you with the most recent
developments in this emerging field, focusing on
the clinical values of 3D echocardiography.

For a long time now, 3D echocardiography has
been recognized and conceived as an ideal tool for
clinical cardiology. Three-dimensional ultrasound
theoretically can provide what 2D echocardiogra-
phy cannot; first, complete information about
absolute heart chamber volumes, such as right ven-
tricular volumes and aneurysmal left ventricular
volumes. Second, 3D ultrasound also allows view-
ers an intuitive recognition of cardiac structures
from any spatial point of view, such as en face
views of the mitral valve leaflets. However, the
idea had not materialized because of technical and
engineering difficulties.

Quite recently, newer types of transthoracic
real-time 3D echo systems have been developed,
following the introduction of a real-time volumetric
3D system made by a small venture company in the
mid-1990s. Nowadays, multiple powerful echo
system vendors are engaged in this business with
massive advertisements, which increasingly stimu-
late users’ interests. The difference between the new
models and older ones, including older type real-
time 3D echo, is clear. First, the newer ones provide
an easier, handier, and more user-friendly means to
acquire and view 3D images. Second, image quality
has improved significantly thanks to the advance-
ment of ultrasound and computer technology.

Just a decade ago, it took almost a whole day to
reconstruct a single 3D echocardiographic image
with complicated gating and synchronization of
many 2D planes. Those old-time 3D images were
almost always miserable. Even after spending several
hours putting the images together, it was hard to

even find the location of the mitral valve. Now it
takes only a few minutes to see 3D images of the
mitral valve, seeing the heart as if you were a sur-
geon in the operating room. With the use of newer
systems, you can at least tell the mitral anterior
leaflet from the posterior leaflet, and when lucky,
the location of the origin of the mitral regurgita-
tion. You can visualize it thanks to the improved
color Doppler 3D imaging of the most recent sys-
tems. Such blood flow information is quite valuable
and is often indispensable in clinical cardiology.

Another important change in the clinical envi-
ronment is the approval of reimbursement for 3D
echocardiography in patients. Such advancement
in technologic and socio-economic factors has
prompted clinical application of this new technol-
ogy. MRI and CAT can also provide us with 3D
imaging even more impressively in certain patients,
such as those with an aortic aneurysm. Still, 3D
echocardiography shares some of the vital advan-
tages that conventional 2D echocardiography has
over the MRI/CAT scan: portability and handiness
as well as Doppler color flow imaging.

As you will see in most chapters, there are still
certain limitations to currently available 3D ultra-
sound methods, even with the help of state-of-the-art
real-time 3D echo systems. In particular, relatively
low image quality and low frame (volume) rate hin-
der everyday clinical use of 3D echocardiography.
However, on-going strenuous efforts for further devel-
opment of this method will overcome such limita-
tions in the very near future. For example, real-time
transesophageal 3D echocardiography which could
provide stunning 3D valve motion images, was
recently introduced in the literature and in clinical
settings. Again, the fact remains that 3D echocardiog-
raphy is one of the ultimate goals of cardiac imaging.

In this textbook, as this technology is still on the
rise and not yet completed, we tried to demonstrate
the potential values of 3D echocardiography in the
everyday clinical setting of cardiology practice. In
order to show the benefits of 3D echocardiography,
some chapters show examples of conventional clin-
ical 2D echocardiography with a hope to reveal
the additive value of 3D information. Again, most

Preface

vii
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Prefaceviii

chapters of this book are written for practical use
while academically competent. Therefore, I did not
intend to include massive, heavily complicated
mathematic nor engineering aspects of 3D echocar-
diography for busy readers who are interested in
the clinical applicability of this new method.

I sincerely hope that this textbook will provide
you with essential knowledge and impressive pic-
tures of modem 3D echocardiography for your
practice in the twenty-first century.

Takahiro Shiota MD FACC FESC

Cleveland Clinic, Cleveland, Ohio, USA 
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Evolution of 
Technology and Machine
Basics
Hsuan-Hung Chuang and K Gunasegaran

1

1

INTRODUCTION

Among traditional screening techniques for quanti-
tative assessment of cardiac function, including
echocardiography, computed tomography (CT),
nuclear imaging, and magnetic resonance imaging,
echocardiography remains the fastest, least expen-
sive, and least invasive screening modality. Over
the last five decades the diagnostic capability of
echocardiography has evolved dramatically from
M-mode (1950s) to two-dimensional (2D) echocardio-
graphy (1970s). Whereas conventional 2D echocar-
diography is crucial to our understanding of the
complex anatomy and 3D spatial relationships of
cardiac structures, it requires the mental integration
of a limited number of 2D imaging planes. This men-
tal 3D reconstruction is inherently variable accord-
ing to observer expertise, and can only be described
to other clinicians or surgeons rather than displayed
reproducibly. An actual 3D display format would
provide a better insight into the functional and
anatomic properties of cardiac structures and
decrease variability both in the quality and the inter-
pretation of complex pathology, among investiga-
tors.1,2 The versatility of the 3D volumetric dataset
allows clinicians to retrieve an infinite number of
cross-sectional views, which permit more accurate
and reproducible measurements of valve areas,
masses, and cavity volumes by obviating geometric
assumptions. The incorporation of new physio-
logic parameters will also provide additional infor-
mation to address new clinical questions, such as
left ventricular (LV) dyssynchrony in predicting

potential benefits of cardiac resynchronization
therapy for patients with congestive heart failure.

HISTORY AND DEVELOPMENT OF 
3D ECHOCARDIOGRAPHY

The earliest ultrasound images were obtained using
a single interrogation beam from a dedicated trans-
ducer. The ultrasound energy is sent out from the
transducer as an ultrasound packet that is then
reflected back to the transducer. Transmission of
ultrasound from the transducer is not continuous
but rather interrupted, with the non-transmit time
being used to receive signals. The ultrasound along
the single line of interrogation is reflected by cardiac
structures and registered as a series of reflective
interfaces. The location and strength of these inter-
faces can be plotted over time, yielding an M-mode
echocardiography, which is accurate in the axial
dimension only. While sampling rate may be high,
information obtained from these images is extremely
limited. 2D echocardiography, known for 30–40
years, provides an expanded view of cardiac anatomy
by imaging not along a single line of interrogation,
but along a series of lines typically spanning a
90� arc. Clinicians could visualize 2D orientation
of the heart in both the axial and lateral dimensions.
This together with the advent of Doppler and color
Doppler added valuable information about the
physiology and structure of the heart. However, it
was no longer good enough to base decisions on
mental conceptualization of a series of multiple

Shiota_CH01.qxp  7/2/2007  3:25 PM  Page 1



3D Echocardiography2

orthogonal planar images into an imaginary multi-
dimensional reconstruction, as this deduction was
subjective.

Although 3D echocardiography has been part
of the diagnostic landscape since the early 1970s,
its evolution has been slow.3 At the onset, its use
was mainly confined to measurement of LV volumes
using manual tracing methods from multiple cross-
sectional views. These wire-frame views were very
limited in their volumetric information yielded,
and gave no additional information on the various
structures within the heart and its hemodynamics.
The early scanners were standalone machines, and
devices were bulky and less maneuverable. The
images were collected off-line, and then recon-
structed and rendered to yield 3D images. Images
were acquired mainly with transthoracic probes,
which were attached to either motorized carriages
or magnetic location sensors.4,5 The image datasets
were collected in linear, rotational, or fan-like
manner, depending on the way in which the probe
moved. Subsequent improvements in software and
transducer technology allowed these 3D machines
to collect data via the transesophageal route. The
transesophageal studies often yielded greater clarity
of the datasets, as compared to transthoracic studies.6

Due to technical limitations, such as lack of process-
ing power, relatively poor image quality, limited
frame rates, and difficulties in image plane align-
ment, 3D echocardiography was very much limited
to an experimental setting. The early 3D systems
could not incorporate Doppler flow data, a critical
aspect for diagnosis of flow through leaking valves
and shunts.

Real-time 3D (RT3D) echocardiography and dis-
play were introduced in the late 1990s. Advances
in the transducer technology, digital storage media,
and software have made this imaging method clin-
ically feasible. The newer generations of matrix-
array transducers are able to capture pyramidal
volumetric datasets of sufficient spatial and tempo-
ral resolution that can be rendered immediately to
provide viewing and rapid interpretation. The new
machines come with built-in software and hard-
ware for 3D scanning so that there is no need for 
an additional stand-alone machine. It is now a clin-
ical reality and a practical tool to perform RT3D
echocardiography using transthoracic or trans-
esophageal acoustic windows, in both adults and
children.

PRINCIPLES OF 3D ECHOCARDIOGRAPHY

Historically, 3D echocardiography involved the
compilation of multiple 2D images, where each
image is defined with respect to its exact position

in space. Technology has further evolved to make
real-time imaging possible. Several different
approaches have been used to acquire and recon-
struct a 3D dataset. Though differing slightly, the
fundamental steps can be divided into: data acquisi-
tion, data post-processing, and, lastly, image display
and data analysis.

Data acquisition

Different equipment manufacturers have used dif-
ferent systems to obtain 3D imaging. There are
essentially two basic approaches to data acquisition.
The first method, called off-line 3D reconstruction,
entails acquiring an entire sequence of images
through either the transthoracic or transesophageal
route, that is stored, processed externally by com-
puter, and subsequently reconstructed into a 3D
dataset. These 2D images are typically encoded with
registration of the precise angle at which the heart
is interrogated as well as electrocardiographic (ECG)
and respiratory-gating information. The second and
more promising method of 3D dataset acquisition
is volumetric RT3D imaging.

Off-line 3D reconstruction
There are two approaches to off-line 3D recon-
struction: random or sequential data acquisition.
Random or freehand acquisition implies data collec-
tion being performed in a random order from dif-
ferent positions, and is essentially based on the free
motion of the ultrasound transducer. Its advantage
is that a series of cut-planes can be obtained from
any available precordial acoustic window. This is
accomplished by attachment of a mechanical arm
to the transducer which, through either a series of
position sensors or a spark gap or magnetic loca-
tion device, determines the exact position and ori-
entation of the transducer.4,5,7 The transthoracic
approach is used in this mode of acquisition. Surface-
rendered or wire-frame reconstructions of selected
structures are generated from manually or automat-
ically derived contours in the cross-sectional images.
This approach allows improved quantification of LV
volume and mass, as the possibility of errors due to
LV regional dysfunction or asymmetry is reduced.8,9

One limitation is that the accurate endocardial bor-
der identification is restricted because of occasional
big gaps between imaging planes. Reconstruction
errors are also common due to the lack of synchro-
nization between ECG and the scanner frame sam-
pling. These pose problems in studying structures
like cardiac valves and flow, as a high spatial and
temporal resolution of images is important. In addi-
tion, a free-hand scanning system using the mag-
netic location device should not be used for patients
with pacemakers who are pacemaker-dependent
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the non-isotropic resolution of the dataset, with
oversampling near the rotation axis and undersam-
pling in the areas with a bigger radius from the
middle axis. This needs to be compensated with
interpolation techniques. Another inherent disad-
vantage is the middle artifact along the rotation
axis. In addition, the rotational scan must always
be complete (from 0 to 180�), otherwise the dataset
cannot be used, because of missing structures in it.

With the fan-like scanning method, the mechan-
ical assembly tilts the transducer about an axis 
parallel to the axis of the transducer. The image
plane is swept in a fan, at regular angular intervals,
to acquire a pyramidal or sector-shaped dataset. As
for rotational scanning, a small echo window is
theoretically sufficient. However, a small inter-
costal space could be a problem if the tilt angle is
too big. Another disadvantage is that the color
Doppler angle is dependent on the sweep angle,
and therefore might not be constant as with paral-
lel or rotational scanning. Unlike rotational scan-
ning, the scanning process can be stopped if the
target area is acquired.

As 2D images are acquired sequentially, respi-
ratory and ECG gatings are necessary to account for
motion artifacts caused by respiration and for reg-
istration of images in the time domain. After the
ECG electrodes and the respiratory sensor have
been placed on the patient, the 3D acquisition sys-
tem analyzes the ECG R-wave to R-wave interval
time and respiration signals for a learning period to
calculate a representative heart cycle. The system
defines the limits for acceptable heart cycles auto-
matically and digitally records images of a com-
plete heart cycle via gating logic. Alternatively, 
the user can interactively change or adapt these
presets. Different sensor systems are currently 
used to register the patient’s respiratory signal,
either by sensing the impedance across the chest 
or measuring the temperature change via a nasal
thermistor.

because of the pulsed magnetic field generated by
the magnetic transmitter. Because of the cumber-
some nature of the free-hand scanning localization
method and the complex nature of reconstruction,
there has been little enthusiasm for this approach
in clinical practice and it is currently not used.

A more common approach is sequential data
acquisition.10–12 Three different methods of sequen-
tial acquisition are possible with linear or paral-
lel, fan-like, and rotational scanning (Figure 1.1).
Either the transthoracic or the transesophageal
approach can be adopted. The predetermined trans-
ducer movements are facilitated through various
types of motorized carriage devices which are
mounted with the transducer. These motors are con-
trolled by the computer that is connected to the
ultrasound machine. Rotational scanning is the most
commonly employed method for acquiring images
due to the relatively smaller acoustic window.

In the linear or parallel scanning method, the
transducer, mounted on a motor assembly, trans-
lates perpendicularly to the imaging plane, linearly
over the patient’s surface in discrete, equal steps.
This is similar to the scanning technique in CT.
Parallel images are then stored and digitally com-
bined to create a 3D dataset.13 This method requires
a large acoustic window and therefore is more
suited for scanning the peripheral vessels, carotids,
or abdominal structures, than the heart. Currently,
this method is most often used in conjunction with
intravascular ultrasound catheters.

With the rotational scanning method, a motor
rotates the transducer array from 0 to 180� automat-
ically at 3–5� increments around a fixed axis that is
perpendicular to the array probe, creating a cone-
shaped dataset and a 360� panoramic view of the
cardiac structures.14,15 The necessary acoustic win-
dow is only as big as the diameter of the transducer
footprint. The transesophageal approach capital-
izes on the rotational ability of the available multi-
plane transesophageal probe. The disadvantage is

A B C

Figure 1.1 Different methods of sequential data acquisition for off-line 3D reconstruction. (A–C) Parallel scanning,
rotational scanning, and fan-like scanning methods are shown from left to right.
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Volumetric RT3D echocardiography
The second and more promising method, also
called volumetric imaging, is based on the design
of a matrix phase-array transducer that instanta-
neously acquires a pyramidal volume dataset with-
out complex post-processing. Prior to the advent of
the matrix phase-array transducer, the sparse
phase-array transducer was used for volumetric
data acquisition. This transducer, consisting of 256
non-simultaneously firing elements, is capable of
generating a pyramidal volume dataset within a
single heartbeat. Images obtained can be displayed
in two orthogonal (B-scan) and two to three paral-
lel short-axis planes (C-scan).1,16–18 However, the
limitations include poor axial and lateral resolu-
tion, low operating frame rates, fixed narrow sector
angle, and complicated off-line 3D rendering.

The full matrix phase-array transducer, first
developed by von Ramm et al of Duke University,
utilizes approximately 3000 elements (Figure 1.2).1,19

These elements are arranged in a 2D grid, and
using parallel processing techniques the matrix
phase-array offers steering of the ultrasound beam
in both the elevation and the azimuth plane. In
contrast to the sparse array probe, the full matrix
phase-array uses all its channels to transmit ultra-
sound pulses. This circumvents the fundamental
limitation of the speed of ultrasound in the tissue
as it is now possible to process several scan lines
simultaneously. From the pyramidal volume,
cross-sectional images at different depths can be
selected on-line. This new transducer has improved
side-lobe performance, higher sensitivity and pen-
etration, and harmonic capabilities which may be
used for both gray scale and contrast imaging. It
also permits different modes of data acquisition,
including narrow angle acquisition (60� � 30�
pyramidal volumes), zoom mode (magnified view
of a subsection of the pyramidal volume, 30� � 30�
sector in high resolution), and wide-angled acqui-
sition. The first two modes of data acquisition are
predominantly used to visualize cardiac and valve
morphology. The wide angled acquisition mode is
often used to acquire the entire LV volume in order
to perform detailed analysis of global and regional
wall motion.

Volume-rendering algorithms are applied and
gray-scale tissue information is available in the
reconstructions, representing a significant advance
over surface-rendered reconstructions. Overall,
data acquisition is less time-consuming and less sus-
ceptible to artifacts. Although the newer machines
do not need gating to respiration and ECG, a good
ECG trace and regular breathing would certainly
improve image dataset collection. The current gen-
eration of ultrasound does not have the computa-
tional power to acquire an entire 3D dataset in one
cycle. For acquisition of a complete volume of car-
diac data, four sequential cardiac cycles are typically

captured and added to create a complete volume of
information. In addition, the use of the matrix
phase-array transducers also allows the option for
simultaneous acquisition of true real-time biplane
echocardiography in which any two planes can be
simultaneously imaged.20

Data post-processing and rendering

Following data acquisition, the acquired 2D images
are realigned, post-processed, and digitally refor-
matted into a Cartesian or 3D volumetric dataset.
Depending on the acquisition method, different func-
tions have to be used. Gaps or missing information
between various sector-shaped beams in the acquired
dataset must be filled using 3D interpolation algo-
rithms. Image noise and motion artifacts created by
patient or probe movement during the scan can be
reduced or eliminated by special image processing
filters and smoothing algorithms.

In order for subsequent analysis to be per-
formed, the 3D volumetric dataset needs to be ren-
dered or reconstructed within the ultrasound
system. Volume-rendered reconstruction is a process
whereby intracardiac structures are reconstructed
within the computer memory so that the dataset
can be sectioned electronically in any plane, allow-
ing visualization of any structure within the heart
from any viewpoint. By sectioning or cropping
away parts of the dataset, it is possible to see inside
the heart and view the anatomic orientation and
motion of intracardiac structures. The 3D effect can
be further enhanced by creating rotational sequences
of the image upon display. Another method, called
wire-frame or surface-rendered reconstruction, may
be performed to produce an image with feature con-
tours and depth perspective. Different algorithms

Figure 1.2 Microscopic view of a matrix phase-array
transducer. Each small square is an active ultrasound
element. The size of a human hair is shown for comparison.
(Courtesy of Philips Medical Systems.)
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and different shading techniques, such as texture
shading, distance shading, and gradient shading,
are used to define the segment of interest. Threshold
limits are used to separate cardiac structures from
the blood pool and background, and brightness and
shading provide perception of depth. This approach
allows for the assessment of characteristics such as
structure and shape, and for improved quantifica-
tion of LV volume.7,11 More recently, 3D recon-
struction has also been applied to the color Doppler
information allowing a 3D representation of jets
superimposed on the 3D gray scale image.

Image display and data analysis

There are basically two methods of displaying 3D
datasets: (1) a 2D cross-sectional display from any
desired cut-planes, or (2) a volume-rendered dis-
play. Using the intersecting gridlines that cut the 3D
dataset, the 2D image along any of these interroga-
tion gridlines can be viewed. Different standardiza-
tions (anyplane, paraplane, rotoplane, mainplane)
of computer-generated 2D images have been
demonstrated. In the anyplane mode, the examiner
may generate 2D images in any desired cross-
section of the heart, which can be physically
unobtainable by conventional transthoracic or
transesophageal acoustic windows. The paraplane
mode provides a sequence of equidistant parallel
cut-planes through a structure, which are then dis-
played all together. Images that are rotated around
one middle axis, like images seen during rotation
of the transducer, are provided by the rotoplane
mode. Lastly the mainplane mode provides the
best overview of a 3D structure through simultane-

ous display of three cut-planes that are orthogonal
to each other. The availability and versatility using
the volumetric dataset therefore permits the retrieval
of an infinite number of cardiac cross-sections which
allow more accurate and reproducible measure-
ments of valve areas, masses, and cavity volumes
by obviating geometric assumptions. The second
method of display is to slice or crop the full-volume
dataset to ‘expose’ the interior. This provides a
3D perspective of what is otherwise a 2D image
(Figure 1.3). The most recent generation of RT3D
echocardiogaphy can also acquire color Doppler
information that can be processed in an identical
manner.

There are two methods of data analysis: (1)
morphologic or (2) quantitative analysis. Surface
rendering of the endocardial border can create per-
spectives not achievable with conventional meth-
ods such as the en face view of atrial septal defects
or the atrial view of the mitral valve. In complex
congenital heart disease 3D echocardiography
may provide better spatial orientation and easier
communication with the cardiothoracic surgeons.
Quantitative analysis of volumes, masses, and sur-
faces is only possible after manual contour tracing
with several cut-planes generated from the 3D
dataset. This procedure is time-consuming and lim-
its use in clinical routine, even though validation
studies demonstrated that 3D echocardiography
determination of masses and volumes is superior to
one- or two-dimensional techniques which are based
on geometric assumptions.

The accurate non-invasive quantification of
cardiac flow volumes is important in clinical cardi-
ology. Though estimates of flow parameters can be

Figure 1.3 Real-time volumetric scan
from transthoracic echocardiography.
This full 3D dataset has been cropped
so that the interior of the 3D volume
has now been exposed. The versatility
of the acquired 3D volumetric dataset
permits the heart to be viewed or
‘sliced open’ in any imaging plane.
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made by conventional 2D echocardiography, these
methods may be unreliable when applied to com-
plex, dynamic, 3D flow events.21,22 The integration
with color Doppler data and 3D flow quantification
methods may lead to more precise quantification of
valvular regurgitations. More recently, RT3D color
Doppler echocardiography has been introduced. At
present, frame rate, color Doppler quality, and clin-
ical applications are still limited by the suboptimal
acoustic sampling rate available for color Doppler.

LIMITATIONS OF CURRENT 3D TECHNOLOGY

Despite its unquestionable role in the diagnosis of
heart disease and in the management of cardiac
patients, 3D echocardiography does have some
limitations, both in the morphologic visualization
as well as in the functional assessment of the heart,
such as blood flow, quantification of intracardiac
volumes, etc. The prolonged acquisition time and
tedious post-processing are important limiting fac-
tors that currently restrict routine clinical applica-
tions. One must also remember that the quality of
3D images is greatly dependent on the quality of 2D
images, and thus the ability to obtain a motion- and
artifact-free 3D dataset is critical. Possible inherent
errors may be introduced by the off-line recon-
struction technique, including spatial discordance
due to movement of the heart, transducer, or patient
during the acquisition process, and temporal dis-
cordance due to multiple beats needed for the ren-
dered image. Although the newer RT3D machines
utilize only 1–4 cardiac cycles to acquire and render
images, the quality and accuracy of these images
can still be affected by factors like irregular heart
rhythms, tachycardia, and irregular breathing. If
the acquisition is obtained via the transesophageal
route, sedation of the patient is often necessary for
this unpleasant procedure, with increased poten-
tial risks to the patient.

It must likewise be remembered that the basic
image source for 3D echocardiography is the ultra-
sound wave. It is thus limited by the fundamentals
of ultrasound waves. Since ultrasound waves are

affected by signal loss from reflection, refraction,
and attenuation, the image dataset obtained can be
limited by these confounding factors, which can
lead to areas of drop-out in the rendered images. In
addition, certain structures which are highly echo-
reflective, such as metallic prostheses, can cause
acoustic shadowing which affects image quality. The
acquisition angle of the transducer may not contain
the entire structure of interest within the dataset,
particularly in cases with dilated cardiac chambers.
During the image reconstruction, the original gray
value might be partially lost. On the other hand,
operator-dependent changes in threshold settings,
which define the tissue–blood interface on the 3D
rendered display, can affect the apparent anatomic
measurements. Measurements on reconstructed
images should be made with caution, and the entire
image post-reconstruction and interpretation thus
requires a high degree of operator experience.20

ADVANCES AND FUTURE DEVELOPMENT

For several decades, no significant innovations
have occurred at the level of the most basic deter-
minants of ultrasound quality: the transducer 
elements or crystals that convert electrical into
acoustic energy and vice versa. Piezoelectric crystal
has been the cornerstone of the current ultrasound
transducer. The coupling efficiency in converting
electrical energy into pressure (sound) waves or
vice versa is a key determinant of image quality. To
create the overall piezoelectric effect, traditional
piezoelectric crystals must be subjected to a poling
process to align dipoles within polycrystalline
materials. Due to the constraint of the grain bound-
aries of the piezoelectric crystals, only a fraction of
dipoles can be aligned by an electric field and not
all dipoles contribute to the acoustic response of
the material. A recent breakthrough in improving
the electro-mechanical coupling of the piezoelec-
tric crystals, called PureWave crystals, has been
introduced by Philips Medical System (Figure 1.4).
These are more uniform and exhibit fewer defects,
lower losses, and no grain boundaries. Boules or

Imperfect, multi-crystalline, randomly
orientated grains

Perfect atomic level arrangement, uniform,
no grain boundaries

Figure 1.4 The parallel lines show-
ing in both piezoelectric and
PureWave crystals are the ferroelec-
tric domains. When the domains are
properly aligned, they give better
piezoelectric efficiency. (Courtesy
of Philips Medical Systems.)

Shiota_CH01.qxp  7/2/2007  3:26 PM  Page 6



The Evolution of Technology and Machine Basics 7

crystals are orientated along the desired crystallo-
graphic orientation(s) to maximize the crystal prop-
erties. When these crystals are poled at the
preferred orientation(s), near perfect alignment of
dipoles can be achieved, resulting in enhanced
electro-mechanical properties. The efficiency of
converting electrical to mechanical energy
improves by as much as 68–85% compared to cur-
rent piezoelectric ceramics. The PureWave crystals
are reported to exhibit 10 times the strain com-
pared to piezoelectric ceramics, enabling the
achievement of significant gains in transducer
bandwidth and sensitivity, and thus enhanced har-
monic performance. This translates to improved
ultrasound penetration and border delineation,
and significantly reduced clutter with enhanced
image resolution.

Another transducer innovation is the micro-
electromechanical systems technology developed
by Sensant Corporation, which has since been
acquired by Siemens Medical Solutions Ultrasound
Division. These ultrasound transducers are made
from silicon wafers using integrated circuit fabrica-
tion processes. Miniature ‘drum heads’, equivalent to
one-seventh the cross-sectional size of a single strand
of human hair, are formed from micro-fabricated
silicon, with each drum operating as both an ultra-
sonic speaker and a microphone (Figure 1.5). The
smaller the drum heads, the higher the frequency
of the ultrasound signal. For pulse echocardiogra-
phy, time-of-flight measurements, and Doppler fre-

quency shift detection, the higher frequency results
in up to 10 times better timing and frequency resolu-
tion and up to a 10 times reduction of the dead zone.
Unlike piezoelectric crystals, silicon transducers are
nearly perfect unidirectional radiators that require
no back damping materials and have no observable
acoustic coupling with the sensor’s supporting struc-
ture. These sensors, with a thickness of �1 mm, are
typically much thinner than piezoelectric sensors for
a given aperture size. The combination of a small
form factor and an absence of mechanical coupling
facilitates the design of small, less expensive systems.
The tiny drum heads are particularly ideal for
catheter transducers. In addition, the silicon sensors
have a broader frequency response (200 kHz to
5 MHz) than most piezoelectric devices (50–2000 Hz).
The improved bandwidth reduces signal ringing
and signal distortion, thus improving the sensitiv-
ity. At present, single-element and 64-element one-
dimensional arrays have been built for the medical
imaging market. Multiple-element sensor arrays
and sensor arrays with on-chip integrated electronics
may be the next breakthrough for 3D imaging
applications and in terms of manufacturing cost
reduction. With multiple-element arrays, electronic
beam steering or focusing is possible, as is off-axis
beam radiation. Besides the tight integration of
ultrasound beam-forming capabilities into the trans-
ducer, the new technology also enables the trans-
ducer, rather than the ultrasound system itself, to
process the acquired data. The results are superior,
yielding highly efficient volumetric RT3D imaging
and higher image resolution. The integrated circuit
technology streamlines the manufacturing process
of transducers, making them more precise and flex-
ible as well as increasing their quality.

Conventional ultrasound scanners utilize elec-
tronic transmitters and receivers at the scanner
with a separate coaxial cable connected to each
transducer element in the handle. The number of
transducer elements determines the size and weight
of the transducer cable assembly that connects the
imaging array to the scanner. As the newer genera-
tion of matrix-array transducers allow new imaging
modalities to be introduced, there is a significant
increase in the channel count, making the transducer
cable assembly more difficult to handle. Fiber
optics can be used to transmit signals optically and
has distinct advantages over the standard coaxial
cable to increase flexibility and decrease the weight
of the transducer cable for larger channel numbers.

What used to be the biggest limitation, the lack
of real-time interaction, is now largely overcome
by RT3D echocardiography. However, at present,
3D image rendering and reconstruction is fairly
operator-dependent. In the future, improved tissue
characterization with automated quantification, sim-
ilar to CT, and matrix array probes that allow wider
angled acquisition will make the operator’s tasks

SILICON NITRIDE
MEMBRANE

ALUMINUM TOP
ELECTRODE

SILICON NITRIDE
SUPPORT SILICON WAFER SUBSTRATE

(BOTTOM ELECTRODE)

VACUUM
CAVITY

Figure 1.5 The upper panel illustrates silicon ultrasonic
sensors which use drums built on the surface of the silicon
to emit and receive ultrasound. The lower panel shows 
a portion of a silicon ultrasound transducer array.
(Courtesy of Siemens Medical Solution.)
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easier. The ability to image a single cardiac cycle
will obviate the need for gating to electrocardiogra-
phy and respiration. Leading software companies
are coming up with processing and reconstruction
solutions with unprecedented speed for the next
generation ultrasound scanners. 3D visualization
and analysis software can be run on high-end per-
sonal computers to provide clinically proven
applications, such as mitral valve analysis, LV dys-
synchrony study, right ventricular analysis, etc.

CONCLUSION

Though 3D echocardiography is a technique that is
still in evolution, it is no longer a cumbersome tool
which is time-consuming to do or requires a lot of
steps to get started. Advances in ultrasound tech-
nology have improved the speed, reproducibility,
and accuracy of echocardiographic data captured.
Continuing improvements in computing power

and sophistication have led to the development of
3D workstations, which can process 3D datasets in
a matter of seconds to minutes. Integration of soft-
ware into the ultrasound machine will also permit
online processing of data. The eventual goal is RT3D
display of cardiac anatomy, incorporating modalities
such as Doppler flow and tissue imaging, M-mode
echocardiography, and contrast echocardiogaphy.
The accuracy of 3D echocardiography in providing
a more authentic representation of cardiac mor-
phology and calculation of flow, volume, and mass
will greatly enhance the diagnostic confidence of
echocardiography, and benefit the interventionist,
the surgeon, and ultimately, the patient.
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TWO-DIMENSIONAL ECHOCARDIOGRAPHY

Left ventricular (LV) dimensions, volume, and wall
thickness obtained from echocardiography are
widely used indices in clinical practice and trials.1

Although visual assessment of LV size and systolic
function is frequently used, it depends on the
observer’s skill. Thus, quantification of LV size,
systolic function, and mass using two-dimensional
(2D) echocardiography has been recommended; the
methods have been validated in earlier studies.2–5

LV volume

In patients with wall motion abnormalities, LV
volume and ejection fraction (EF) are especially
important as prognostic predictors and physiologic
indices.6,7 LV volume and EF from linear dimen-
sions from 2D images using the methods of
Teichholz or Quinones may be inaccurate because
they are based on geometric assumptions.8,9 The
most commonly used method for volume measure-
ment recommended by the American Society of
Echocardiography is the biplane method of disks
(modified Simpson’s rule) (Figure 2.1).10 Because
this 2D method minimizes mathematic assump-
tions, more accurate values of LV volume and EF
can be obtained compared with the Teichholz or
Quinones methods from LV linear dimensions.
The principle of this method is that the total LV
volume can be calculated from the summation of
elliptical disks. However, 2D methods still have
technical limitations for LV volume measurement
in patients with LV asynergy, especially with LV
distortion. Underestimation of LV volume has been
reported compared with angiography or magnetic
resonance imaging (MRI).11–14 Errors in image plane
positioning may be the most important problem in
2D echocardiography for the LV volume estima-
tion. The apex is frequently foreshortened in the
apical views because of difficulty in obtaining an

adequate apical echocardiographic window in
most patients.11 Another limitation of 2D methods
is that 2D echocardiography still has geometric
assumptions because it can evaluate only four
walls of the LV (anterior, inferior, lateral, and sep-
tum), and wall motion abnormalities in the antero-
septum, and posterior walls cannot be evaluated
in the recommended biplane method. In addition,
significant operator (different sonographers) and
observer (different reading doctors) variabilities
may be another limitation of 2D echocardiography,
especially in serial studies.

LV mass

LV hypertrophy is a strong predictor of cardiovas-
cular morbidity and mortality in patients with
essential hypertension15,16 and coronary artery dis-
ease.17,18 Furthermore, LV mass offers better prog-
nostic information, facilitating identification of
individuals at high risk of stroke and transient
ischemic attack.19 Thus, an accurate and repro-
ducible non-invasive method for determining LV
mass in individual patients is an important advance
in clinical cardiology.

LV mass has been calculated using linear meas-
urements from the LV diameter and wall thickness.20

The formula for estimation of LV mass from LV lin-
ear dimensions can only be used in patients with-
out distortions of LV geometry from the following
formula: please note LVIDd = left ventricular diameter
at end-diastole

LV mass � 0.8 �{1.04[(LVIDd � PWTd
�SWTd)3 � (LVIDd)3]} � 0.6 g

where PWTd and SWTd are posterior and septal
wall thicknesses at end-diastole, respectively.

The most commonly used 2D methods for
measuring LV mass are based on the area–length
formula and the truncated ellipsoid model, as
described in the 1989 ASE recommendation on LV
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quantitation.21 LV mass can be calculated by one of
the two formulas shown in Figure 2.2. The accuracy
and reproducibility of 2D echocardiography for LV
mass measurement are moderately improved over
those of linear dimensions methods,22,23 although
increased difficulty in obtaining suitable quality
images may limit the ability to determine LV mass.
In addition, 2D echocardiography is still limited by
the need for assumptions about ventricular shape.24

These uncertainties limit the effectiveness of clini-
cal echocardiography for assessing changes of LV
mass over serial studies.

THREE-DIMENSIONAL ECHOCARDIOGRAPHY

3D volume measurement requires no geometric
assumptions, even in patients with wall motion

4-chamber
view

2-chamber
view

end-diastole end-systole

Figure 2.1 LV volume measurement
by 2D echocardiography. In 2D
echocardiography, LV volumes can be
calculated from apical 4-chamber
(upper) and 2-chamber cross-sections
(lower) by the summation of disks
method. For LV volume calculation,
the LV endocardial border in both
cross-sections is traced at end-diastole
(left) and end-systole (right).

a
b

d

A1 A2
A2
πAm

Am = A1 – A2

b =√ A1
πt = – b√

LV Mass (AL) = 1.05 {[     A1 (a+d+t)] – [     A2 (a+d)]}5
6

5
6

LV Mass (TE) = 1.05 × {(b+t)2 [     (a+1)+d –              ] – b2 [     a+d –        ]}2
3

2
3

d3

3(a+t)2

d3

3a2

Figure 2.2 LV mass measurement by 2D echocardiography. In 2D echocardiography, LV mass can be calculated from
the short-axis (left) and apical 4-chamber cross-sections (right) by one of the two formulas as shown in this figure;
upper formula: area–length method (AL), lower formula: truncated ellipsoid method (TE), where A1 � total LV area;
A2 � LV cavity area, Am � myocardial area, a is the long or semi-major axis from the widest minor axis radius to the
apex, b is the short-axis radius, and d is the truncated semi-major axis from the widest short-axis diameter to the mitral
annulus plane. Assuming a circular area, the radius (b) is computed and mean wall thickness (t) derived from the
short-axis epicardial and cavity areas. A1 � area including LV myocardium and LV intracavity, A2 � LV intracavity
area, Am � LV myocardial area.
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abnormalities. Thus, 3D echocardiography is
potentially an ideal tool for determining LV vol-
ume, EF, and LV mass, even in patients with wall
motion abnormalities. Several 3D echocardio-
graphic techniques have been developed and
applied to LV volume25–55 and mass55–61 determi-
nation during the last decade. 3D techniques can
be divided mainly into two types: (1) a reconstruc-
tion technique which needs data acquisition of
multiple 2D images and (2) a real-time technique
which provides volumetric image data acquisition.

LV volume

Reconstruction techniques for 
3D echocardiography
In earlier studies the reconstruction method of 3D
data acquisition was used, in which multiple 2D
images are collected by free-hand scanning25–32 or
gated sequential scanning.33–37,46–49

FFrreeee--hhaanndd  ssccaannnniinngg For free-hand scanning, the
3D echocardiographic system, which consists of an
acoustic spatial locater or spark gap and personal
computer, is linked to a conventional 2D echocar-
diographic machine.25–32 LV 3D data are computed
from 7 to 10 short-axis 2D images acquired with a
line-of-intersection display as a guide. This display
is created by the parasternal long-axis cross-section,
which serves as the reference image. The short-axis
cross-sections are spaced from the inferior surface
of the aortic valve throughout the body of the left
ventricle to the apex. All images for 3D reconstruc-
tion are acquired during suspended respiration.
3D images are reconstructed at both end-diastole
and end-systole for LV volume calculation. 3D LV
volume is computed from the traced endocardial
boundaries of each short-axis section at both end-
diastole and end-systole using a polyhedral surface
reconstruction algorithm. It has been reported that
LV volume and ejection fraction obtained by 3D
echocardiography with the free-hand scanning
method are more accurate and have less variability
than those obtained by 2D echocardiography, when
using MRI or radionuclide angiography as the gold
standard for comparison. However, time required
for acquisition of each dataset is at least 6–8 
minutes in this method. In cases with difficulty of
data acquisition, it may be prolonged.

GGaatteedd  sseeqquueennttiiaall  ssccaannnniinngg In rotational scanning
(Figure 2.3) by the transthoracic approach, an
external stepper motorized device is attached to a
commercially available transducer, while the con-
ventional 2D echocardiographic system is inter-
faced with a 3D reconstruction computer system.
Sequential cross-sectional images are acquired at
2–5� steps from the apical transducer position, under
the gating of ECG and respiration. The multiplane

transesophageal echocardiography (TEE) probe is
used for rotational scanning with or without a rota-
tional device. For acquisition of 3D image data, the
TEE probe is positioned at the mid-esophageal por-
tion, and is kept stationary during data acquisition.
The scanning plane of the heart is obtained by
rotating the transducer at 2–5� angular increments
around a 180� arc, starting from a 4-chamber view
using ECG and respiratory gating. Once the scan-
ning sequence is completed, the digital images are
stored in the memory and formatted in a cubic
dataset of the entire cardiac anatomy over one car-
diac cycle in both the transthoracic and trans-
esophageal approach. It has been reported that LV
volume and ejection fraction from the 3D approach
using multiplane TEE correlated highly with those
obtained by cineventriculography.35 Average image
acquisition time is 5 to 10 minutes in rotational
scanning. The 3D approach with multiplane TEE
can be used especially in intraoperative evaluation.

A

B

Figure 2.3 3D echocardiography by rotational scanning.
In the transthoracic approach, multiple cross-sections
are acquired by rotating the transducer (A). In the trans-
esophageal approach, the multiplane transducer provides
multiple cross-sections without changing the position of
the probe (B).
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The free-hand gated sequential scanning system
using a magnetic tracking device (Figure 2.4) consists
of a position sensor, a receiver, and a personal
computer for 3D reconstruction. These systems are
linked to the conventional 2D ultrasound system
with the same transducer. Transducer position and
orientation are recorded with a magnetic tracking
system. The position sensor is rigidly attached to
the echocardiographic transducer. Before the actual
image acquisition, the R–R intervals are predeter-
mined with an acceptable variability of 150 ms or
less and respiration is gated at the end-expiratory
phase. On the basis of this information, the cross-
sectional images are acquired during the entire car-
diac cycle. The images are acquired from the apical
views, and 6–9 consecutive sections are then
recorded with 20–30� intervals by manual rotation
of the transducer (Figure 2.5). The time-varying
dipole x, y, and z electromagnetic fields generated
by the position sensor are detected by the receiver.
The images are digitally stored in the personal
computer, and end-diastolic and end-systolic
endocardial borders are manually traced in 6–9 api-
cal images from the stored image data. Computer-
generated 3D reconstruction of the LV cavity is
performed, and end-diastolic volume, end-systolic
volume, and EF are calculated by average rotational
geometry. Figure 2.6 shows an example of the 3D
LV endocardial surface reconstructed in free-hand
gated sequential scanning in a patient without seg-
mental wall motion abnormality. Although accu-
rate LV volume measurement by the reconstruction
method has been demonstrated in the previous
reports, there is a time limitation in the process –
this method requires 3–10 minutes for 3D data
acquisition, even under ideal conditions. Prolonged
acquisition times increase the chance of patient
motion or artifacts, resulting in unsuccessful 3D
image reconstruction.

Real-time technique for 3D echocardiography
The real-time (RT) volumetric method, which
requires only one cycle for 3D data acquisition, has
overcome the problem of prolonged acquisition
time. The first generation of RT3D systems had a
matrix-array transducer with 256 elements attached
to the special machine for 3D echocardiography. A
60� � 60� pyramidal volume dataset could be
acquired in a single heart beat by this system.
However, 3D images were not displayed in real
time, and only several 2D images were displayed
simultaneously in this system. Several studies have
reported that the values for LV volume and EF
obtained from the first-generation systems had a
good correlation with those obtained from MRI42–44

and multigated radionuclide angiography.45 How-
ever, the image quality of first-generation RT3D
echocardiography was comparatively poor because
of relatively low spatial resolution.40,42

The introduction of the new generation of
RT3D echocardiography has provided an easy
process for both 3D data acquisition and 3D LV vol-
ume analysis with good image quality in a standard
ultrasound machine. In the new RT3D echocardi-
ography, the newly developed matrix-array trans-
ducer uses 3000 active elements for real-time 3D
imaging, giving improved image quality. 3D images
of 15� � 60� pyramidal volume can be demonstrated
in real time by this new 3D system. To acquire the
entire LV data for volume analysis, four sectors of
about 15� � 60� should be scanned during four
consecutive heart beats. The apical approach is
generally used to acquire full volumetric datasets
of the left ventricle. After visualizing apical 4- or 
2-chamber views as reference images using 2D
echocardiography, full-volume volumetric data-
sets are acquired, during four consecutive heart
beats, without moving the transducer. The four
subvolumes are automatically integrated and the
entire pyramidal approximately 80� � 80� dataset
is obtained for acquisition of full LV volume
(Figure 2.7). The LV full volume datasets are stored
on optical disks and can be transferred to a per-
sonal computer. End-diastolic volume, end-systolic
volume, and EF are calculated, usually by the
average rotation method with 4–8 apical cross-
sectional images, using LV volume measurement
software. The endocardial border of the left ven-
tricle is manually (Figure 2.8) or semi-automatedly
(Figure 2.9) traced in each cross-sectional image
at end-diastole and end-systole. Finally, the entire
3D LV intracavity is reconstructed (Figure 2.9), 
and the LV end-diastolic and end-systolic vol-
umes and LV EF are calculated by the computer
software.

Excellent correlations regarding LV volume
and EF have been reported when the 3D method is
compared with the radionuclide method (quanti-
tative gated single-photon emission CT, QGS)51

Probe with position sensor

ECG for triggering

EchoScan

transmitter

Figure 2.4 3D echocardiography by free-hand gated
sequential scanning using a magnetic tracking device.
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Left Ventricle 15

and with MRI.52 A study evaluating LV volume
by the new RT3D method in patients with asyn-
ergy due to coronary artery disease51 showed that it
correlated well with the radionuclide method in
the measurement of LV volume (Figure 2.10). It
also correlated well with the radionuclide method
in the measurement of both end-diastolic and end-
systolic volume (r � 0.97, mean difference � 3.4 �
14.0 ml and r � 0.98, mean difference � 2.0 � 8.7 ml,
respectively), while 2D echocardiography also
correlated with the radionuclide method in the

measurement of both end-diastolic volume and end-
systolic volume, but underestimated LV volume
(r � 0.98, mean difference � 21.1 � 20.7 ml and
r � 0.98, mean difference � 15.6 � 17.1 ml, respec-
tively) (Figure 2.10(A) and (B)). EF obtained by real-
time 3D echocardiography had better agreement
with that obtained by the radionuclide method than
that obtained by 2D echocardiography (r � 0.92,
mean difference � �0.2 � 4.6% and r � 0.89,
mean difference � �2.7 � 5.8%, respectively)
(Figure 2. 10(C)). With the RT3D echocardiography,

A B C Figure 2.5 Free-hand gated sequential
scanning using a magnetic tracking
device. (A) The magnetic tracking sys-
tem and receiver. The receiver is glued
to the ultrasound probe. The time-
varying dipole x, y and z electromag-
netic fields generated by the position
sensor are detected by the receiver. (B)
Traced LV endocardial borders from
apical 6 images. (C) Reconstruction of
LV cavity using average rotation
method.

apex

base

diastole systole

4-chamber view 2-chamber view

A B 

LV

LA

RV

RA

Figure 2.6 LV shape demonstrated by 3D echocardiogra-
phy with free-hand gated sequential scanning in a patient
without segmental wall motion abnormality.

Figure 2.7 Acquisition of full LV volume by new real-time 3D (RT3D) echocardiography. After visualizing the 
4-chamber view as a reference image, 4 sectors of 20� � 80� are scanned during 4 heart beats without moving the trans-
ducer (A). The four subvolumes are automatically integrated, and the entire pyramidal approximately 80� � 80� dataset is
obtained for acquisition of full LV volume. (B) RT3D image cropped to the 4-chamber view, obtained from full volume
3D data.
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3D Echocardiography16

intra- and interobserver variabilities for end-diastolic
volume, end-systolic volume, and EF were 4.0%
and 5.9%, 6.1% and 7.0%, and 4.7% and 5.0%,
respectively.51 This suggests that this method may
be useful in the measurement of LV function in the
clinical setting.

Another similar study also reported that new
RT3D echocardiography also allows us to measure
accurate LV volume and EF comparative to car-
diac MRI.52 More accurate estimations of LV vol-
ume and EF were achieved with new RT3D
echocardiography than with 2D echocardiogra-
phy. 3D LV volume measurements were highly
reproducible in both studies. Compared with mag-
netic resonance data, LV volumes calculated from
3D echocardiography showed significantly better
agreement (smaller bias), lower scatter, and lower
intra- and interobserver variability than 2D
echocardiography.52 Regarding the feasibility of
new RT3D echocardiography, only 2 of 28 (7%)
patients with wall motion abnormalities in the
report were excluded from the study because of
inadequate RT3D echocardiography images.51 In
the other recent study, similar feasibilities were
shown.52

LV volume analysis by 3D echocardiography
The summation of disks method (Figure 2.11)
allows accurate quantification of LV volume and EF,
and has been utilized in previous studies. In this
method, LV endocardial tracing in multiple short-
axis cross-sections from base to apex is required at
both end-diastole and end-systole for calculation
of LV end-diastolic and end-systolic volumes, and
LV EF. The accuracy reduces with decreasing num-
ber of short-axis cross-sections, particularly in
patients with wall motion abnormalities.36 Thus,
the major problem of the summation of disks method
for clinical application is the time-consuming

apex

end-diastole

lateralinf-sep

end-systole

A

apex

anterior

inferior

B 

end-diastole end-systole

Figure 2.9 LV shape demonstrated by new real-time 3D
echocardiography. (A) The reconstructed LV cavity in a
patient with wall motion abnormality in the apical wall
(left: end-diastole, right: end-systole). (B) The recon-
structed LV cavity in a patient with wall motion abnor-
mality in the inferior wall (left: end-diastole, right:
end-systole). Inf-sep�inferior septum.

A B 0°

90°

45°

135°

Figure 2.8 LV volume calculation
by real-time 3D echocardiography
using the average rotation method.
The endocardial border of the left
ventricle is traced in each cross-
sectional image (0�, 45�, 90�, 135�) at
end-diastole and end-systole (A).
LV volume is calculated (B).
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3D Echocardiography18

process of endocardial tracing. On the other hand,
the average rotation method (Figure 2.8) demands
fewer component image planes than the summa-
tion of disks method for 3D measurement of LV
volume and EF. It was shown that the time

required for the determination of LV volume and EF
was shorter using the average rotation method than
the summation of disks method.60 However, LV
endocardial manual tracing or semi-automated trac-
ing with manual correction is still a time-consuming
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Figure 2.10 LV end-diastolic volume (A), end-systolic volume (B), and ejection fraction (C) by new real-time 3D
(RT3D) echocardiography. a) Regression analysis (left) and mean difference � 2SD (right) between quantitative gated
SPECT (QGS) and 2D echocardiography (2DE) for end-diastolic volume (EDV), end-systolic volume (ESV), and ejec-
tion fraction (EF). b) Regression analysis (left) and mean difference � 2SD (right) between QGS and RT3D echocardio-
graphy (3DE) for EDV, ESV, and EF.

A

B

C

LA
Ao

LV

Ai

Figure 2. 11 Calculation of LV volume
using the summation of disks methods
in 3D echocardiography. (A) In the
long-axis cross-sectional views recon-
structed from the cubic dataset, the
level of the short-axis cross-section was
determined by the line shown in the
figure. (B) The endocardial border is
traced in each short-axis cross-sectional
view at end-diastole or end-systole.
(C) Wire frame model of the left ventri-
cle at end-diastole or end-systole is
demonstrated after the summation of
tracing of the LV endocardial border 
in every short-axis cross-section.
LV � left ventricle, LA � left atrium,
A0 � aorta, Ai � LV intracavity area.
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process in clinical echocardiography. The triplane
method may be practical for routine echocardiogra-
phy in patients without LV asynergy in the antero-
lateral and infero-septum walls because this
method requires LV endocardial tracing in only
three cross-sections (Figure 2.12).

Recently developed semi-automated LV volume
analysis software provides a quick calculation of
3D LV volume.54 First, anatomically correct apical
2- and 4-chamber views at end-diastole are extracted
from the pyramidal dataset on the first frame in the
loop (Figure 2.12(A)). Then five anatomic landmarks
are manually initialized: two points to identify the
mitral valve annulus in the two apical views and
one point for the apex. Then the same procedure is
performed in the frame at end-systole. Following
manual identification of these points, the program
automatically identifies the 3D endocardial surface.
Finally, LV end-diastolic volume, end-systolic
volume, and EF are automatically calculated
(Figure 2.12(B)). Not only a time–entire LV volume
curve but also a time–segmental LV volume can be
demonstrated from the 3D dataset (Figure 2.14).
These individual curves, representing segmental
wall motions, can be used for the assessment of LV
dyssynchrony.

LV mass

LV mass measurement by RT3D
echocardiography52,56–62

The previous reports have demonstrated that 3D
echocardiography using reconstructed methods
has overcome the limitations of 2D methods and
provides an accurate measurement of LV mass.58–60

However, there are still technical limitations in the
clinical application of this method because multiple

cross-sections should be acquired with or without
ECG and respiratory gating. The real-time volumet-
ric method, which requires only one cycle for 3D
data acquisition, has overcome the problem of pro-
longed acquisition time. However, the image qual-
ity of first-generation RT3D echocardiography was
comparatively poor because of relatively low spa-
tial resolution. Thus, 3D echocardiography has not
been widely used for the measurement of LV mass
in clinical practice.

The introduction of the new-generation RT3D
echocardiography has made both 3D data acquisi-
tion and 3D LV mass analysis an easy process, with
good image quality using a standard ultrasound
machine. This allows accurate and reproducible
measurement of LV mass even in patients with LV
hypertrophy.52,61,62 In a recent report, more accu-
rate estimations of LV mass were achieved with
RT3D echocardiography than with 2D echocardi-
ography.62 In the study, it was possible to obtain
adequate 3D data for LV mass analysis in 20 of 22
patients (feasibility 90%). The acquisition time of the
3D data by RT3D echocardiography was less than
10 seconds, shorter than the latest version cardiac
MR data acquisition (10–15 minutes). LV mass 
is calculated by the average rotation method 
with eight apical cross-sectional images by manual
tracing of the epi- and endocardial border of the 
left ventricle in each cross-sectional image at end-
diastole (Figure 2.15). Finally, the entire LV
myocardium is reconstructed (Figure 2.16), and the
LV myocardial volume is calculated using the 
computer software. The LV mass can be obtained
as the myocardial volume multiplied by the rela-
tive density of myocardium (1.05), please note
1.05, � relative density of myocardium. Regression
analysis showed that LV mass determined by RT3D

Left Ventricle 19

4-CH 2-CH

LAX 3D

Figure 2.12 Triplane demonstration
in real-time 3D echocardiography. By
tracing the LV endocardium in the 
4-chamber (4-CH), 2-chamber (2-CH),
and long-axis (LAX) views, a 3D LV
endocardial shape is reconstructed
and LV volume can be calculated.
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3D Echocardiography20

echocardiography correlated well with LV mass
determined by MRI (r � 0.95, y � 28.9 � 0.851x, �
20.3, Figure 2.17(A)), while LV mass determined by
2D echocardiography correlated less well with MRI-
derived mass (r � 0.70, y � 43.6 � 0.811x, SEE �
58.0, Figure 2.17(B)). The correlation between 2D
echocardiography and MRI for the LV mass measure-
ment was less than that between 3D echocardiogra-
phy and MRI. There were closer limits of agreement
in 3D echocardiography for LV mass measurement
than was demonstrated for 2D echocardiography. In
addition, LV mass measurements by the new RT3D
echocardiography system were highly reproducible.

Although breath-hold cine MRI has been used
as a reference standard as it has been shown to be
accurate and reproducible for determination of LV
mass, cardiac MRI is costly, not widely available,
not portable, and not suitable for patients with
pacemakers or defibrillators, nor is it suitable for
serial follow-up of patients. On the other hand,
echocardiography is non-invasive, easy to apply,
and has no risk of radiation and therefore can be
used for serial examinations. Thus, monitoring of
progression or regression of LV mass by RT3D
echocardiography would be beneficial in the man-
agement of patients with LV hypertrophy.

4-CH

A

B

2-CH

4-CH 2-CH

3D

Time-volume curve

Figure 2.13 Semi-automated method
for LV volume measurement in real-
time echocardiography. (A) Anatom-
ically correct apical 4- (4-CH) and
2-chamber (2-CH) views at end-diastole
are extracted from the pyramidal
dataset. Five anatomic landmarks are
manually initialized: two points to
identify the mitral valve annulus in
the two apical views and one point for
the apex. This procedure is performed
in the frame at both end-diastole and
end-systole. (B) Following manual
identification of five points, the 3D
endocardial surface is automatically
identified (middle right). Finally, LV
end-diastolic volume, end-systolic vol-
ume, and EF are automatically calcu-
lated, and a time–LV volume curve is
shown (bottom).
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4-CH 2-CH

3D

Time-segmental volume curve

Figure 2.14 Time–segmental volume
curve obtained from LV volume analy-
sis in 3D echocardiography. Bottom
curves show the time–volume curve
in each LV segment divided as shown
in the 3D image (middle, left panel).

Epicardial
tracing

Endocardial
tracing

apex

Figure 2.15 LV mass measurement
by real-time 3D echocardiography.
The epi- and endocardial border of
the left ventricle is manually traced in
each cross-sectional image at end-
diastole. The entire LV myocardium is
reconstructed (right lower image). The
LV mass is calculated as the myocar-
dial volume multiplied by the relative
density of the myocardium.
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A

B

apex

LV myocardium

LV cavity

LV myocardium

LV cavity

Figure 2.16 Reconstructed 3D LV
myocardium by real-time 3D echocar-
diography. (A) An example of recon-
structed 3D LV myocardium in a
patient with diffuse LV hypertrophy.
(B) An example of reconstructed 3D
LV myocardium in a patient with
hypertrophic cardiomyopathy.
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Figure 2.17 (A) Regression analysis (left) and mean difference � 2 SD between cardiac MR imaging and real-time 3D
echocardiography (RT3DE) for LV mass. (B) Regression analysis and mean difference � 2 SD between cardiac MR imag-
ing and 2D echocardiography (2DE) for LV mass. Regression analysis shows that LV mass determined by RT3DE correlates
well with LV mass determined by MRI, while LV mass determined by 2DE correlates less well with MRI-derived mass.
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TWO-DIMENSIONAL ECHOCARDIOGRAPHY

Dobutamine stress echocardiography

Dobutamine stress echocardiography is useful for
the diagnosis and prognostic stratification of patients
with known or suspected coronary artery disease.1–8

However, the conventional two-dimensional (2D)
echocardiography technique has several important
practical difficulties involved in the procedure.
Multiple cross-sections of the left ventricle (LV)
must be obtained from more than one window to
visualize all segments of the LV and these must be
obtained quickly and accurately to be comparable
at each stage during the examination (Figure 3.1).
In addition, operators must acquire the images of
the entire LV quickly and accurately to be compa-
rable between stages during 2D dobutamine stress
echocardiography. Thus, even experienced exam-
iners must take care to achieve accurate results
from diagnostic dobutamine stress echocardiogra-
phy9 (Figure 3.2).

Segmental wall motion analysis

Two-dimensional echocardiography is a non-
invasive, readily available technique for the evalu-
ation of regional left ventricular (LV) wall motion.
Semi-quantitative assessment of wall motion is
applied in 16 segments (Figure 3.3), recently 17 seg-
ments. In clinical practice, visual assessment of
endocardial excursion and wall thickening is most
commonly used, although it is subjective and
requires expertise.10,11

THREE-DIMENSIONAL ECHOCARDIOGRAPHY

Dobutamine stress echocardiography with
previous 3D echocardiography

There has been no report applying reconstructed
3D echocardiography to stress echocardiography.

This technique may not be suitable for stress
echocardiography because it requires acquisition of
multiple 2D images at each stage. On the other hand,
the real-time volumetric method, which requires
only one cycle for 3D data acquisition, has overcome
the problem of prolonged acquisition time.12–19

In the dobutamine stress echocardiography study19

using first-generation real-time 3D echocardiogra-
phy, the 3D imaging allowed more rapid acquisition
of the echocardiographic images than 2D imaging.
In this 3D system, however, 3D datasets were
sliced to view only the 2D images of the LV because
this method could not visualize the 3D anatomic
image immediately after scanning. In addition, the
image quality of first-generation real-time 3D
(RT3D) echocardiography was comparatively poor
because of relatively low spatial resolution.14,15

Consequently, 3D echocardiography has not been
widely used for stress echocardiography in clinical
practice.

Dobutamine stress echocardiography with new
generation RT3D echocardiography

The recent introduction of a RT3D echocardiogra-
phy system using a new matrix-array transducer
has allowed the quick and simple acquisition of
3D datasets and 3D display of the entire LV with
improved image quality using a standard ultrasound
machine. Furthermore, RT3D echocardiography
provides rapid display of multiple images in any
number of different planes simply by rotating and
cropping the acquired 3D datasets. A new genera-
tion of RT3D echocardiography provides an easy
process for both 3D data acquisition and 3D analysis
with good image quality using a standard ultra-
sound machine.20–24

Acquisition of 3D data
In dobutamine stress echocardiography with new
RT3D echocardiography, images are acquired from
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the apical window. Two reference 2D images are
displayed on the screen, helping the operator to
position the region of interest with all targets being
covered by the imaging volume. After visualization
of the reference images, such as apical 4- and 2-
chamber views, full volume datasets of the LV are
acquired; four conical subvolumes of approxi-
mately 20� � 80� are scanned during 4 to 7 heart
beats without moving the transducer (Figure 3.4).
Electrocardiographic gating is necessary and, trig-
gered by every other R-wave on the electrocardio-
gram, the four subvolumes are acquired. These four
subvolumes are automatically integrated and entire
pyramidal datasets of approximately 80� � 80� are
obtained for the acquisition of the full LV volume.

Regional wall motion assessment
Regional wall motion of the LV can be evaluated
using cropped planes. First, the acquired pyramidal
volumes (anatomic image) are cropped from the
apex to the base along the long axis of the LV, and
short-axis views at various levels are produced
(Figure 3.5(A)). Next, these volumes are cropped
from the inferior wall and the apical 4-chamber
image (long-axis cut plane) can be visualized as the
reference. Then the apical 2-chamber image and the
apical long-axis image are visualized with an incli-
nation of the image plane of approximately 10–15�
(Figure 3.5(B)). Thus, the various LV anatomic
images can be obtained from the pyramidal volu-
metric datasets and, using these anatomic images,

SAX

4-CH 2-CH

LAX

Figure 3.1 Parasternal long-axis (LAX)
and short-axis (SAX) cross-sections,
and apical 4-chamber (4-CH) and 
2-chamber (2-CH) cross-sections must
be obtained quickly and accurately to
be comparable at each stage during
dobutamine stress echocardiography.
LAX � long-axis view, SAX � short-
axis view, 4-CH � 4-Chamber view, 
2-CH � 2-Chamber view.

Low dose

High dose Recovery

Baseline

Figure 3.2 Short-axis views at base-
line, low-dose stage, high-dose stage,
and recovery in dobutamine stress
echocardiography.
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regional wall motion of the LV is assessed by
comparing baseline and peak stress images. An
example of the detection of ischemia by RT3D dobu-
tamine stress echocardiography is demonstrated in
Figures 3.6–3.7.

Feasibility
A recent study24 demonstrated that new RT3D
dobutamine stress echocardiography enabled the
acquisition of images of the entire LV from one echo-
window without moving the transducer and allowed

LAX

RV

RV

septum

LAD territory

RCA territory

LCX territory

LAD or LCX territory

LAD or RCA territory

anterior

Apex

SAX (papillary muscle level)

posterior

lateral

anterior

LV

inferior

septum

RV

LV

posterior

Apex

septum lateral

4-CH 2-CH

inferior

Figure 3.3 Schematic demonstration of the relationship between the coronary artery distribution and the corresponding
left ventricular segments. LAX � long-axis view, SAX � short-axis view, 4-CH � 4-Chamber view, 2-CH � 2-Chamber
view, RV � right ventricle, LV � left ventricle, LAD � left interior descending artery; RCA � right coronary artery; 
LCX � left circumflex artery.

4-chamber view 2-chamber view

Figure 3.4 Acquisition of full LV data
by new real-time 3D echocardiogra-
phy. After visualizing the reference
images (left), four conical subvolumes
of approximately 20� � 80� are scanned
without moving the transducer (mid-
dle). These four subvolumes are auto-
matically integrated and the entire
pyramidal (approximately 80� � 80�)
dataset is obtained for acquisition of
full-volume datadet (right).

A B Figure 3.5 (A) The acquired pyramidal
volumes were cropped from apex to
base along the long axis of the LV, and
short-axis views at various levels were
produced. (B) These volumes were
cropped from the inferior wall, and
the apical 4-chamber image was
visualized as the reference. Then the
apical 2-chamber image and the apical
long-axis image were visualized with
an inclination of the image plane of
approximately 10–15�.
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more rapid image acquisition compared to 2D
dobutamine stress echocardiography. Additionally,
the new RT3D dobutamine stress echocardiography
provided an equally feasible and accurate assess-
ment of myocardial ischemia as that provided by
2D dobutamine stress echocardiography. A com-
parison of the acquisition of adequate images
between real-time 3D and 2D echocardiography
was performed in each of four regions (apical, antero-
septal, inferior, and postero-lateral) (Figure 3.8).

Real-time 3D echocardiography provided adequate
images in 92% of all the regions at baseline, and
89% at peak stress. In comparison, 2D echocardio-
graphy provided adequate images in 94% of all the
regions at baseline and 90% at peak stress. In each
region, there were no significant differences in the
success rate between real-time 3D and 2D echocar-
diography, both at baseline and at peak stress.
However, the success rate of adequate image acqui-
sition in the apical region tended to be higher by

End-diastole End-systole

Baseline

Peak stress

Figure 3.6 Mid short-axis views by real-
time 3D echocardiography in a patient
with myocardial ischemia. At peak stress,
LV wall motion abnormalities are shown
in the inferior wall, as indicated by arrows.

End-diastole End-systole

Baseline

Peak stress

Figure 3.7 Two-chamber views by real-
time 3D echocardiography in the same
patient as in Figure 3.6. Arrows point to
the LV abnormality in the inferior wall
and the apex at peak stress.
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RT3D than by 2D echocardiography, and the accu-
racy of diagnosing myocardial ischemia in the left
anterior descending coronary artery territory tended
to be higher by RT3D than by 2D stress echocardiog-
raphy. These results suggest that RT3D echocardio-
graphy could accurately visualize planes for a precise
comparison of the same segments in the apical
region. Moreover, RT3D echocardiography allows
analysis of the same segments in detail in different
planes simply by cropping and rotating the 3D vol-
umetric datasets. Thus, it is possible that myocar-
dial ischemia can be detected in small regions by
RT3D dobutamine stress echocardiography.

In the same study, the mean scanning time at
peak stress, measured in 20 randomly selected
patients, was 29 � 4 seconds by RT3D echocardio-
graphy compared with a mean scanning time of
68 � 6 seconds for a complete 2D echocardio-
graphic acquisition. The mean scanning time at
peak stress by RT3D echocardiography was signifi-
cantly shorter than that by 2D echocardiography
(p � 0.0001). These results suggested that RT3D
echocardiography enabled us to perform dobutamine
stress echocardiography more rapidly and simply
than the conventional by 2D echocardiography.

Diagnosis of myocardial ischemia
The sensitivity, specificity, and accuracy of RT3D
dobutamine stress echocardiography in the diagno-
sis of myocardial ischemia are 86%, 80%, and
82%, in comparison with myocardial perfusion
imaging (SPECT), a gold standard in a recent 
report in 56 consecutive patients.24 Those of 2D
dobutamine stress echocardiography are 86%,
83%, and 84%, respectively. The sensitivity, speci-
ficity, and accuracy of these two methods were not

significantly different. Of the 168 major coronary
territories in all the patients, myocardial ischemia
was detected in 32 territories. 2D dobutamine stress
echocardiography had a sensitivity of 75% and
specificity of 89% for the detection of myocardial
ischemia in each major coronary territory. In com-
parison, RT3D dobutamine stress echocardiography
had a sensitivity of 75% and a specificity of 88%.
There were no significant differences between
RT3D and 2D dobutamine stress echocardiography
in the accuracy of diagnosing myocardial ischemia
in each major vascular territory (Table 3.1).

Limitations
New generation RT3D echocardiography needs four
heart beats for the acquisition of the entire LV image
data because the sector angle is only 20� � 80�, while
first-generation RT3D echocardiography requires
only one cardiac cycle for 3D data acquisition.
However, the mean scanning time at peak stress
within 30 seconds by RT3D echocardiography is
better compared with a mean scanning time of
more than 60 seconds for a complete multiple
cross-sectional image acquisition in conventional 2D
echocardiography. In addition, new generation RT3D
echocardiography image quality has been improved
compared to previous generation systems. We hope
that future technical advances will allow real-time
acquisition of a wider sector angle, while retaining
image quality. Real-time 3D dobutamine stress
echocardiography offers more rapid and simpler
acquisition of the entire LV wall motion, and provides
equally feasible and accurate assessment of myocar-
dial ischemia, compared with 2D dobutamine stress
echocardiography. The shorter study time and 
simpler technique should allow increased effi-
ciency in performing dobutamine stress echocar-
diography studies. Real-time 3D echocardiography
is expected to contribute to the widespread use of
dobutamine stress echocardiography in the clinical
setting.

Other methods using 3D echocardiography

Biplane and triplane display
Biplane (Figure 3.9) and triplane display 
(Figure 3.10) are another method for regional wall
motion analysis in 3D stress echocardiography.
This approach may be applied to exercise stress
echocardiography. In the acquisition of 3D data
in new RT3D echocardiography, breath holding
for 5–10 seconds is required. In exercise stress
echocardiography, it may be difficult to hold the
breath immediately after exercise. In addition,
breath holding may induce the reduction of heart
rate due to an effect similar to the Valsalva maneu-
ver. A study has shown that the use of biplane
imaging during exercise stress testing reduces the

RCA territory

LAD territory

LCX territory

4-CH 2-CHLAX

Figure 3.8 Diagrams show the 16 regional wall segments
and distribution of coronary perfusion. Left, long-axis
view; middle, apical four-chamber view; right, apical
two-chamber view. White area � LAD (left anterior
descending), Slash area � RCA (right coronary artery),
small circle areas � LCX (left circumflex artery).
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Sensitivity (%) Specificity (%)

RT3D-DSE 2D-DSE p RT3D-DSE 2D-DSE p

All territories (n � 168) 75 (24/32) 75 (24/32) 88 (119/136) 89 (121/136)

LAD territory (n � 56) 80 (8/10) 70 (7/10) 1.000 93 (43/46) 93 (43/46) 1.000

RCA territory (n � 56) 79 (11/14) 79 (11/14) 1.000 93 (39/42) 90 (38/42) 1.000

LCX territory (n � 56) 63 (5/8) 75 (6/8) 1.000 77 (37/48) 83 (40/48) 0.508

DSE, dobutamine stress echocardiography; 2D, two-dimensional; RT3D, real-time three-dimensional; LAD, left anterior descending artery; RCA, right
coronary artery; LCX, left circumflex artery.

Table 3.1 Sensitivity and specificity of dobutamine stress echocardiography in the diagnosis of myocardial
ischemia in the major vascular territories

Figure 3.9 Biplane display in real-
time 3D echocardiography. Without
moving the transducer, both long-axis
(left) and short-axis (right) cross-
sections are displayed simultaneously.

4 CH 

LAX 2 CH 

Figure 3.10 Triplane display in real-
time 3D echocardiography. Without
moving the transducer, four-chamber
(upper), two-chamber (lower left), and
long-axis (lower right) views are dis-
played simultaneously.

time required for data acquisition in healthy 
volunteers.25 A 10 � 7 second reduction in the
acquisition time was reported for the biplane method
compared to 2D echocardiography (28 � 7 versus

38 � 7 seconds). A reduction in acquisition time is
a useful means to avoid decreasing the heart rate.
Application of these displays to exercise stress
echocardiography may be useful.

Shiota_CH03.qxp  7/2/2007  5:43 PM  Page 32



Coronary Artery Disease 33

Nine short-axis views display
Nine consecutive short-axis cross-sections from
base to apex can be simultaneously displayed from
the 3D LV data in RT3D echocardiography. Using this
display, wall motion in all the LV segments at peak
stress can be compared with that at baseline in
dobutamine stress echocardiography (Figure 3.11).

Assessment of segmental wall motion 
in 3D echocardiography

Recently developed semi-automated LV volume
analysis software provides a quick calculation of
3D LV volume.26 First, anatomically correct apical

2- and 4-chamber views at end-diastole are
extracted from the pyramidal dataset on the first
frame in the loop. Then, five anatomic landmarks
are manually initialized: 2 points to identify the
mitral valve annulus in the two apical views and
one point for the apex. Then the same procedure is
performed in the frame at end-systole. Following
manual identification of these points, the program
automatically identifies the 3D endocardial sur-
face. Finally, the 3D endocardial surface during the
entire cardiac cycle is demonstrated. Figure 3.12
shows an example of LV endocardial surface
demonstrated by RT3D echocardiography in a
patient with normal wall motion and ejection 

Apical

Mid

Basal

Figure 3.11 Display of nine consecutive short-axis views from base to apex using real-time 3D echocardiography.

End-diastole End-systole

Figure 3.12 An example of LV 
endocardial surface demonstrated by
real-time 3D echocardiography in a
patient with normal wall motion and
ejection fraction (left: end-diastole,
right: end-systole).

Shiota_CH03.qxp  7/2/2007  5:43 PM  Page 33



3D Echocardiography34

End-diastole End-systole

Figure 3.14 An example of LV endo-
cardial surface demonstrated by real-
time 3D echocardiography in a patient
with infero-posterior myocardial
infarction (left: end-diastole, right: end-
systole).

End-diastole End-systole

Figure 3.13 An example of LV 
endocardial surface demonstrated by
real-time 3D echocardiography in a
patient with anterior myocardial infarc-
tion (left: end-diastole, right: end-
systole).

Figure 3.15 Segmental LV volume
curves during one cardiac cycle
obtained from real-time 3D echocar-
diography.

fraction. No apparent regional wall motion abnor-
mality is shown. Figures 3.13 and 3.14 show sim-
ilar displays in RT3D echocardiography in a patient
with anterior myocardial infarction, and a patient
with infero-posterior myocardial infarction, respec-
tively. Wall motion abnormalities are demon-
strated in the apical segments in Figure 3.13 and in
the infero-posterior segments in Figure 3.14. Using

this semi-automated system, LV end-diastolic
volume, end-systolic volume, and ejection fraction
can be automatically calculated. Not only entire LV
volume but also segmental LV volume throughout
one cardiac cycle can be demonstrated from the 3D
dataset (Figure 3.15). These individual curves may
be used for the quantitative assessment of segmental
LV wall motion.27
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Interest in the right ventricle (RV) has waxed and
waned over the years. At one time it was even con-
sidered unnecessary for cardiac function because
ablation of the free wall appeared to be well toler-
ated by experimental animals without reduction in
cardiac output.1 Interest in quantifying RV func-
tion surged briefly during the 1980s when throm-
bolytic therapy for treatment of acute myocardial
infarction was under intense international study to
prove that coronary reperfusion reduces mortality
by salvaging ischemic myocardium. Attention turned
away from the RV after recognition of its resilience
to even prolonged coronary occlusion, even though
RV function has a significant impact on prognosis
independent of the left ventricle (LV).2,3 Indeed
more recent studies are demonstrating for a variety
of cardiac conditions that the RV merits evaluation
due to the impact of RV dysfunction on prognosis.4,5

This chapter reviews the measurement of RV volume,
function, and shape in the context of this chamber’s
anatomic structure.

ANATOMIC CONSIDERATIONS

The role of the RV is to maintain the forward flow
of blood in the venous circulation. Because of the
mechanical nature of this role, the function of both
ventricles is inherently related to their structure.
Operating at a lower pressure than the LV in the
normal heart, the RV has a thinner wall and its con-
tour is indented by the dominant LV. As a conse-
quence RV shape is more difficult to describe in
simple geometric terms than that of the LV.

Nearly all of our knowledge of ventricular fiber
anatomy is for the LV. Through myocardial dissec-
tion studies, Streeter delineated the interweaving
helical fiber pattern of the LV, which was likened to
a wicker basket.6 The fibers course in a continuum
between the subendocardium and subepicardium.
This helical pattern is key to LV ejection. Myocardial

fibers only shorten by 15%, so a normal ejection frac-
tion cannot be achieved solely from narrowing of
the ventricle by contraction of the more circular
fibers. When the helical fiber layers contract, they
contribute to LV stroke volume by shortening the
ventricle.7

The RV also has a helical and continuous epi-
cardial to endocardial fiber structure. Although the
interventricular septum is generally considered part
of the LV, the septum contains longitudinal fibers
belonging to the RV (Figure 4.1). In contrast to the
LV, which has superficial, middle, and deeper lay-
ers, the RV has only two layers in normal hearts,
although a middle layer is seen in patients with
unrepaired tetralogy of Fallot.8 The middle layer
contains circumferential fiber aggregates, referred
to as ‘constrictors’, that act to reduce ventricular
diameter,9,10 and thus provide the ‘triebwerkzeug’
or driving force of the LV (see review of Krehl’s

Figure 4.1 Stenocostal view of the middle layer in a
normal (left) and malformed (right) heart. Note the lack
of a middle layer in the normal right ventricle and the
presence of a well-defined middle layer of fibers in the
right ventricle of the malformed heart. (Reproduced with
permission from Acta Anatomica, volume 138, Sanchez-
Quintana D, Garcia-Martinez V and Hurle JM. Myocardial
fiber architecture in the human heart, pages 352–8, copy-
right 1990, with permission from S Karger, AG, Basel,
Switzerland.)
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Triebwerk in reference 6). Without a middle layer
the RV must rely more heavily on longitudinal short-
ening than does the LV.8 Some investigators divide
the RV chamber into two sections, the sinus and the
conus. Fibers in the sinus free wall are mostly ori-
ented obliquely with an average major radius of cur-
vature of nearly 4 cm, whereas fibers in the outflow
track are circumconal with a small radius of curva-
ture of 0.8 cm.11 The RV also undergoes torsion due
to the contraction of its free wall fibers and not pas-
sively following the LV.12 Contraction of the RV pro-
ceeds with a peristaltic pattern from sinus to
infundibulum.13 Dividing the RV into three anatomic
components – inlet, apical trabecular, and outlet –
facilitates analysis of congenital anomalies.14

The LV and RV are often analyzed as separate
entities. However there are fibers that course between
them at both superficial and deeper layers.15 There-
fore it is not surprising that the two ventricles inter-
act functionally. In an electrically isolated free wall
preparation, pacing of the RV resulted in little devel-
oped pressure in the LV, but pacing of the LV yielded
near-normal RV pressure.16 The authors wrote ‘LV
contraction was more important than RV free wall
contraction for RV pressure development and
volume outflow.’ The interrelationship of LV and
RV function has been demonstrated clinically: in
patients with tetralogy of Fallot there was a signifi-
cant correlation between LV ejection and RV ejec-
tion (r � 0.67, n � 85).17

Because the resistance of the pulmonary vascu-
lar bed is much lower than in the systemic circula-
tion, the RV performs only a fraction of the external
work compared to the LV. This can be seen from
the shape of the pressure–volume curve, which is
triangular for the RV, unlike the squared loop of
the LV (Figure 4.2).18 That is, RV ejection begins
relatively early during the development of RV pres-
sure, and continues even when pressure is declin-
ing. The advantage of this physiology is that the RV
maintains its stroke volume with a lower energy
expenditure, which can be estimated from the area
of the pressure–volume curve. The disadvantage is
that RV function is more sensitive to increases in
afterload. This sensitivity is not an intrinsic prop-
erty of RV myocardium, however, because the shape
of the RV pressure–volume curve alters to resemble
that of a normal LV under conditions of increased
afterload such as pulmonary stenosis.19

LIMITATIONS OF 2D ECHO FOR
MEASUREMENT OF RV VOLUME

The computation of LV volume from just two views,
or even from a single view, is enabled by the regu-
lar shape of the LV, which lends itself to geometric
modeling as an ellipsoid of revolution using the
area–length method.20 The RV on the other hand

has such a complex shape that it has proven refrac-
tory to geometric modeling for volume estimation.

Several geometric models have been proposed
and tested for the RV. The models can be grouped
into three types, of which two were proposed ini-
tially for application to contrast ventriculograms
acquired in the cardiac catheterization laboratory
utilizing biplane views. The multiple slice method
is not generally considered a geometric model, but
when applied to biplane images it does make the
assumption that the cross-sectional contour is ellip-
tical21,22 or hemi-elliptical.23 The second type has
the formula V � kA1A2/L, where A1 and A2 are the
areas of the RV in the two views, L is the length of
the RV long axis, and k is a constant. Depending on
the value of k and how L is defined, the RV is com-
pared to a parallelepiped, ellipsoid of revolution
(area–length method), triangular prism, or pyra-
mid.24–26 When these methods were compared using
in vitro hearts or models, the multiple slice method
proved most accurate, although the area–length
method also performed well, a surprise given the
non-ellipsoid shape of the RV (Table 4.1).

In addition to the models developed for angio-
graphic views are models that take advantage of
ultrasound’s tomographic rather than projection
imaging. The formula V � 2/3 AL, where A is the area
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Figure 4.2 (A) Normal left ventricular pressure–volume
loop. (B) Pressure–volume loop from the normal right
ventricle. (Reprinted from Cardiology Clinics, volume 20,
Redington AN. Right ventricular function, pages 341–9,
copyright 2002, with permission from Elsevier.)
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in one view and L spans the RV in the other view,
computes the volumes of numerous geometric figures
that range from a prism to a crescent.27,28 However
the subcostal views that are required may be obtain-
able in only 52% of children older than 5 years.29

Even when an RV’s shape fits a geometric for-
mula, accuracy in RV or LV volume determination
depends on the examiner’s ability to locate image
planes that yield the maximal area and long-axis
length measurements. For instance, one study found
that 95% of apical 2-chamber views were displaced
anteriorly and superiorly to the apex, resulting in
foreshortened views that underestimated LV vol-
ume.30 Another study reported that even experi-
enced examiners achieved optimal imaging, defined
as ideal plane position � 5 mm and ideal plane
angle � 15�, in only 32% and 48% of studies, respec-
tively; none of the examinations was optimally posi-
tioned in all four standard views.31 Use of a visual
guidance system to assist in locating the apical 4-
chamber view without foreshortening has improved
accuracy in RV volume determination32 (Figure 4.3).

These problems are magnified when dealing
with conditions associated with considerable RV
remodeling in response to the hemodynamic load,

Modality Publication Reference n Methods Most accurate: Criteria
(reference) method compared*

Angiography 103 Cast 22 Multiple slice vs Comparable: correlation
are length coefficient, standard

error, relative deviation

104 Cast 40 Multiple slice vs Comparable: correlation
area length coefficient, percent error

105 Cast 50 21 methods Pyramidal: mean squared
deviation, residual variance,
correlation coefficient

106 MRI 32 7 methods Multiple slice and area length:
mean squared difference

107 Cast, model 27, 37 10 methods Multiple slice: correlation
coefficient, minimum absolute
error, minimum signed error

2D Echo 29 MRI 33 5 methods Biplane pyramid: r � 0.86
at end-diastole; r � 0.82 at
end-systole

33 MRI 10 5 methods Crescent model: r � 0.99 at
end-diastole, r � 0.88 at 
end-systole, r not significant 
for ejection fraction

*The number of methods includes variations such as number of slices or use of a regression.

Table 4.1 Accuracy of methods for measuring right ventricular volume

Figure 4.3 Visual guidance display to assist in acquiring
images in anatomically correct standard views. Key
anatomic landmarks are marked on initial ‘scout’ images
for reconstruction of the RV using a catalog-based tech-
nique. The current image plane (translucent) can now be
repositioned using the additional anatomic feedback.
(Reprinted from the Journal of the American Society of
Echocardiography, volume 16, Dorosz J, Bolson EL,
Waiss MS, Sheehan FH. Three-dimensional visual guid-
ance improves the accuracy of calculating right ventri-
cular volume with two-dimensional echocardiography,
pages 675–81, copyright 2003, with permission from The
American Society of Echocardiography.)
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such as pulmonary hypertension. Since RV shape
can also change substantially in congenital heart
disease, a given model may better fit diseased hearts
than normal subjects, resulting in variable accuracy.
Error in volume determination by both ellipsoidal
approximation and multiple slice methods was sig-
nificantly higher in normal subjects compared to
patients with congenital heart disease,29 probably
because the RV had remodeled to a more ellipsoid
shape in the latter. Reproducibility in volume deter-
mination is even more difficult to achieve because
the lack of clear anatomic landmarks almost pre-
cludes locating the same anatomic image planes on
serial studies.

In comparisons with magnetic resonance imag-
ing (MRI) all two-dimensional (2D) echo methods
performed poorly29,33 (Table 4.1). For these reasons
the 2D methods are not considered reliable for clin-
ical use. Instead visual assessment is performed to
gauge RV size relative to that of the LV. Normally the
RV is only two-thirds the size of the LV in the apical
4-chamber view, the LV forms the apex of the heart,
and the LV is round in short-axis views throughout
the cardiac cycle. Deviations from this pattern may
indicate RV dilatation, but careful examination of
multiple views is recommended for confirmation
of the diagnosis.34

THREE-DIMENSIONAL MEASUREMENT
OF RV VOLUME

A major disadvantage of 2D methods for computing
RV volume is their reliance on assumptions con-
cerning the shape of the RV. These assumptions are
embodied in the geometric figures to which the RV
is compared. In contrast three-dimensional (3D) echo
techniques eliminate these assumptions because the
RV is reconstructed directly from image data.

MULTIPLE SLICE METHOD

The multiple slice method as applied to 3D data is
independent of geometric assumptions. As a result
even pathologically misshapen ventricles, as are com-
monly found in congenital heart defects, can be
measured with satisfactory accuracy. The contours
of the RV endocardium are delineated in parallel,
evenly spaced planes, the area of each ‘slice’ is mul-
tiplied by the slice thickness (interplanar distance)
to compute slice volume, and the volumes of the
slices are summed to compute the volume of the RV.
The method is referred to as trapezoidal integration
when adjacent points on a slice are connected with
a line, and as Simpson’s rule when sets of three con-
tiguous points are connected using a polynomial
curve. For echocardiography the slices are of the
short-axis view. For MRI some investigators advocate
alternate slice prescriptions to more easily visualize

the tricuspid annulus and define the basal limits of
the RV.35

The earliest publication on 3D echo for meas-
urement of RV volume used the multiple slice
method in conjunction with images acquired by
the freehand scan technique and transducer track-
ing (Figure 4.4). The position and orientation of the
2D images was random rather than parallel.36 The
RV borders were traced in the images and then inter-
sected with a stack of parallel planes spanning the
distance from the apex to the base. The intersection
of each plane with the traced borders produced a
set of points that defined a contour for each slice
from which RV volume could be computed.

In early attempts at volumetric imaging, multi-
ple closely spaced images were acquired and inter-
polated to construct a solid volume of image data.
The interpolated image volume was then sliced from
apex to base into parallel short-axis tomograms
from which the RV endocardial contour could be
traced to compute volume. The spacing of the images
was mechanically controlled to achieve rotational,
fan-like, or parallel planes. Two studies performed
on in vitro hearts reported good accuracy. Pini et al
traced the RV borders in up to 49 parallel planes
and found that the volumes of the summed slices

Figure 4.4 Perspective wire-frame representation of a
3D echocardiographic dataset (top) and double contrast
radiographs (bottom) of the same calf heart. The left pan-
els are in an orientation corresponding to a right anterior
oblique projection, whereas the right panels are similar
to a left anterior oblique projection. (Reprinted from
the Journal of the American College of Cardiology, vol-
ume 8, Linker DT, Moritz WE, Pearlman AS. A new
three-dimensional echocardiographic method of right ven-
tricular volume measurement: in vitro validation, pages
101–6, copyright 1986, with permission from the American
College of Cardiology Foundation.)
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agreed well with MRI (r � 0.97, standard error of
the estimate (SEE) 2.55 ml, n � 14 in vitro hearts).37

Heusch et al also reported good accuracy for RV vol-
ume determination from images acquired at 1� angu-
lar rotational increments and traced from 2 mm slices
(r2 � 0.93, n � 8 in vitro porcine heart models).38

However the accuracy measured in vivo was
less consistent. Papavassiliou et al reported better
accuracy for RV volume than for function in chil-
dren with congenital heart disease from rotations
at 5 or 10� increments and tracings of 3 to 3.5 mm
slices (r � 0.95 for end-diastolic and end-systolic
volume, r � 0.80 for ejection fraction).39 Vogel et al
obtained good agreement between the volumes of
the summed slices with MRI at end-diastole (r � 0.95)
but not at end-systole (r � 0.751) in a population
that included 11 pediatric patients with congenital
heart disease even though they traced the RV bor-
ders every 2 mm; they also observed poor accuracy
for measuring RV mass (r � 0.65).40 Fujimoto et al
obtained close agreement between 3D echo and
MRI at both end-diastole (r � 0.94) and end-systole
(r � 0.97) but not for ejection fraction (r � 0.90) in a
population limited to normal subjects.41 El Rahman
et al examined 21 patients with repaired tetralogy
of Fallot and obtained a similar agreement between
3D echo and MRI after tracing the RV borders from
1 mm slices (r � 0.95 at end-diastole, r � 0.93 at
end-systole).42 Thus despite time-consuming post-
processing, the assembly of densely spaced 2D
images into 3D image volumes did not always pro-
vide adequate accuracy in RV volume determina-
tion for clinical application. Indeed, increasing slice
thickness from 1 mm to 3.5 mm did not appear to
affect the measurement accuracy.

The development of the matrix-array trans-
ducer has enabled the acquisition of the entire vol-
ume of image data at multiple time points through
the cardiac cycle. An important advantage of this
‘3D/4D’ echo is speed of image acquisition, which
visualizes an entire segment of the heart in a single
heart beat without need to average the data of mul-
tiple beats. In addition, 3D/4D echo reduces reliance
on sonographer skill for measurement of LV vol-
ume,43 although this has not been tested for the RV.
A disadvantage is that the RV cannot be imaged in
its entirety in a significant number of adult patients
during the single apical scan that is most com-
monly employed to acquire the image data.

Testing of the first 3D/4D echo machine (Volu-
metrics Medical Imaging, Durham, NC) demonstrated
excellent accuracy for RV volume in vitro.44,45

However there was only fair agreement in RV stroke
volume with measurements by flow probe in exper-
imental animals (r � 0.80, n � 6 sheep studied at
14 hemodynamic conditions).46 Another study in
normal subjects reported no significant difference
between 3D RV stroke volume and 2D LV stroke vol-
ume, but did not report the correlation.45 In patients

with pulmonary hypertension, correlation was poor
between 3D echo and MRI for RV ejection fraction
(r � 0.60; n � 9 patients).47 However this early
product had limited spatial resolution that may have
made it difficult to analyze in vivo studies. Also the
sector was too small for enlarged RVs.47

Currently available 3D/4D echo equipment, also
known as ‘real-time 3D echo’ (RT3DE) has higher
resolution and is marketed by multiple vendors
(Figure 4.5). As with previous generations of 3D echo
imaging equipment, excellent accuracy was obtained
when testing in vitro models (r � 0.97 for volume
and r � 0.96 for free wall mass, n � 10 porcine
models).48 In patients with arrhythmogenic RV
dysplasia, the accuracy of RT3DE was poorer than
reported for the first 3D/4D echo machine (r � 0.50
for end-diastolic volume, r � 0.72 for end-systolic
volume, r � 0.88 for ejection fraction, n � 43 patients,
relatives, or normal volunteers), but RV volume was
measured from only two apical views rather than
from multiple slices.49 Software is commercially
available for reconstructing the RV from three views
(Figure 4.6).

SURFACE RECONSTRUCTION

In this approach to 3D echo the RV is imaged in
multiple 2D views whose spatial location and ori-
entation are tracked and recorded. The borders of
the RV are then manually traced and used to recon-
struct the surface of the RV endocardium in 3D.

Figure 4.5 3D echo study of the RV from a matrix scan-
ner. Subcostal 3D shows both inlet and outflow compo-
nents of the RV. LV, left ventricle, MB, moderator band,
OSINF, os infundibulum: opening of RV outflow tract,
PV, pulmonary valve, TV, tricuspid valve. (Reproduced
with permission from Dr David Sahn.)
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RV volume is then computed from the 3D surface.
This approach permits image acquisition by freehand
scanning, so that the image data can be acquired from
whatever combination of acoustic windows and
views provides optimal image quality in any given
patient. As for volumetric 3D echo, manual border
tracing is required from multiple image planes to
obtain measurement of RV volume. The accuracy
of freehand scanning for assessing the more sym-
metric LV has been widely validated. However few
methods have been developed for the RV.

Surface reconstruction requires a method for
recording the position and orientation of the 2D
image planes in space, and software for creating
the surface. Measuring the position and orientation
of the transducer during cardiac studies has been
performed using spark gap,50 electromagnetic,51 or
mechanical positioning devices52 (for a review, see
reference 53). Nearly all tracking devices pose 
limitations: spark gap devices cannot be used to
acquire both apical and parasternal views due to
the need for clear line of sight between the trans-
mitter and receiver, mechanical devices may hinder
transducer manipulation optical devices are
expensive and in-artial devices suffer from drift. In
contrast the latest model of electromagnetic device
(Ascension Technology, Burlington VT) has a flat
transmitter that renders it immune to ferromagnetic

interference from the hospital bed, so that it can be
used in a normal clinical environment.

Given the complex shape of the RV, reconstruc-
tion of its endocardial surface requires more shape
information than for the LV. This shape informa-
tion is most commonly obtained by tracing RV bor-
ders in multiple views. A surfacing algorithm is then
applied to fit a mesh to the traced borders.

Jiang et al reported on a method combining
acoustic tracking and reconstruction from a spher-
ical template54 (Figure 4.7). They built in several tech-
nical features to improve accuracy, such as enabling
review of the traced borders in a 3D window so that
they could be checked against each other, e.g. to ver-
ify the intersection of borders traced from intersect-
ing planes. Also, the surfacing algorithm accepted
partial borders, so that data only needed to be entered
where the endocardium was clearly visible. A dis-
advantage of the surfacing algorithm was its tendency
to produce a sphere, thus rounding out a narrow
apex or distal outflow track. The accuracy of their
system was good on in vivo testing (r � 0.99 for
end-diastolic volume, r � 0.98 for end-systolic vol-
ume, and r � 0.98 for ejection fraction, n � 5 dogs
instrumented with intracavitary balloons and imaged
under varying hemodynamic conditions). These inv-
estigators also obtained good accuracy for measur-
ing RV free wall mass (r � 0.985, n � 12 dogs).55

Figure 4.6 Reconstruction of the RV using commercially available analysis software. After the user traces three bor-
ders at end-diastole and at end-systole, the RV is automatically delineated in all remaining time points through the
cardiac cycle. Coloring presents a model for assessing regional RV function. (Reproduced with permission from
Tomtec Imaging Systems GmbH, Unterschleissheim, Germany.)
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Buckey et al placed the transducer in a tilt-frame
that measured its angle as it was swept from side to
side in a fixed location in 5� increments. The image
planes defined a series of wedges whose volumes
were computed and summed to determine RV vol-
ume. Accuracy in vitro was good (r � 0.95, r � 0.96,
respectively, n � 20 human heart models) for short-
axis and apical scanning.56 However it is necessary
for the entire RV to be visualized from a single trans-
ducer position.

The piecewise smooth subdivision surface
method was developed to avoid the limitations of
earlier algorithms. Piecewise smooth subdivision
surfaces57–59 were used in the Pixar movies ‘Toy
Story II’ and ‘Monsters Inc’. In this method, a trian-
gulated control mesh is designed as a model for
each ventricle’s endocardium and epicardium. The
method allows parts of the control mesh to be
marked as sharp, allowing for creases around valve
orifices and along the RV free wall to septal edge
in the final piecewise smooth subdivision surface
(Figure 4.8). The control mesh is fit to the manually
traced borders of the ventricle, valves, papillary mus-
cles, apex, and other anatomic landmarks in a process
that minimizes a penalized least-squares criterion
that trades off fidelity to the borders against surface
smoothness. The mitral and tricuspid annuli are fit-
ted using a four-term Fourier series approximation.60

Points traced from the aortic and pulmonic valves
are fitted to a circle. Ventricular volume is computed
by summing the signed volumes of the tetrahedra
formed by connecting a point in space with the ver-
tices of each triangular face on the reconstructed
3D surface. With the piecewise smooth subdivision
method, the reconstruction avoids the rounding
associated with some spherical templates. Instead
this method incorporates knowledge about the 

locations of sharp edges and of regions of complex
shape requiring additional degrees of freedom to fit.61

An advantage of the method is that the locations of
anatomic landmarks identified on the images are
conveyed to the reconstructed surface. These land-
marks have aided in analyzing LV shape change
from serial studies, although this has not been
tested for the RV.62 The landmarks also help to
ensure that the same numbered triangles on the fit-
ted mesh are assigned to corresponding anatomic
locations from study to study and between hearts.
To reconstruct the RV endocardium, the control
mesh is fitted to 3D points sampled from the traced
borders.61 The piecewise smooth subdivision recon-
struction method has been shown to accurately
measure LV and RV volume and mass (r � 0.99 for
RV volume, r � 0.93 for RV mass, n � 10 heart
models). It is the only method shown to reproduce
the 3D shape of the LV and RV with anatomic accu-
racy.61,63 The method has been flexible enough to
permit reconstruction not only of the RV and LV
but also of papillary muscles, left and right atria,
and liver.64

MAKING 3D ECHO FEASIBLE FOR
CLINICAL APPLICATION

The 3D echo techniques described provide good accu-
racy for measuring RV volume, but require the trac-
ing of the RV border in numerous images. To make
these methods feasible for clinical application,
several approaches have been tested to reduce the
human workload. One approach is automating the
image analysis. However despite decades of intense
research effort, automated border detection of ultra-
sound images has been stymied by the inherently
noisy nature of the images and the frequent signal
dropout. For the RV this task is further complicated
by the heavy trabeculation and prominent intra-
ventricular structures as well as by the complex
shape that has defied geometric simplification.

The remaining approach is to reduce the num-
ber of borders that need to be traced. For multiple
slice analysis the practical question is, how few
slices are needed? Chen et al performed an analysis
comparing the true volume of experimental heart
models with 3D echo volumes generated from vary-
ing numbers of slices. As would be expected, accu-
racy suffered as data input was reduced: r � 0.97,
r � 0.94, r � 0.78, and r � 0.75 for 16-, 8-, 4-, and
2-slice analyses; similar results were obtained for
measuring RV mass.48 The authors concluded that
the 8-slice model was the ‘optimum choice for accu-
rate and convenient measurement.’ The method of
Buckey et al required that 6–8 views needed to be
analyzed.56

Munoz et al described a method that requires
tracing the borders of only three mutually orthogonal

Right Ventricle 43

Figure 4.7 (A) Reconstructed traced borders of a beating
RV, with inlet region at the upper left, apex below, and
outlet at the upper right. Left Diastolic traces (in red) right
systolic traces (in green) are shown combined with the
corresponding surface used for volume calculation.
(Reproduced with permission from Drs Leng Jiang and
Robert E Levine.)
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planes and extrapolating the RV surface between
these borders. However the requirement that the
two longitudinal image planes contain the length
of the long axis from the pulmonary valve to the RV
apex is easily met only in in vitro hearts.65

Instead of making assumptions about RV shape,
an alternative approach to reducing the workload
of manual tracing is to make the reconstruction
software more intelligent. A catalog-based method
has been developed that utilizes knowledge of the
expected shape of the LV or RV, and of the range of
shapes that the ventricle can adopt in human dis-

ease to reduce the required input data by 1–2 orders
of magnitude compared to manually traced borders.
The user acquires a 3D echo dataset and then traces
20–30 points – no whole or partial borders – from
the images at key anatomic locations. The software
relates the traced points by shape and anatomy to
3D reconstructions of the RV surface in a catalog
containing normal and diseased hearts to recon-
struct the new patient’s RV (Figure 4.9). Volume
measurement by catalog-based reconstruction req-
uires about 3 minutes. On initial testing using a
very small database of 3D reconstructions the mean

A B C

Figure 4.8 Reconstruction of the RV by the piecewise smooth subdivision surface method. Left, The triangulated con-
trol mesh for the RV has edges marked as sharp to delineate the valve orifices and junction between the free wall and
interventricular septum (green). Middle, Borders were traced of the free wall and septal walls of the RV, and of land-
marks such as the tricuspid (cyan) and pulmonary (red) valves and apex (yellow). Final reconstruction (mesh) fits the
control mesh to the traced borders, and then subdivides the triangles for smoothness. Right, Overlay of the RV recon-
struction at end-diastole (mesh) on the end-systolic surface (solid) displays the descent of the base. This method was
validated for accuracy in representing not only volume but also shape.61,63

A B C

Figure 4.9 Knowledge-based reconstruction. Left, 2D echo image with traced right ventricular endocardium points
(green crosses). Middle, Landmark points traced from multiple views, color-coded by anatomy. Right, 3D RV recon-
struction generated from traced points with the aid of a database. This method has been validated for left and right
ventricular volume determination.66,67
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signed error was 7.3% of true RV volume as meas-
ured from 3D echo by multi-image border tracing.32

A preliminary study of RV volumes in congenital
heart disease reported good accuracy (r � 0.98, n � 9
patients with tetralogy of Fallot imaged by either
3D echo or MRI).66 Accuracy for the LV performed
using a more adequate database was good (r2 � 0.99
for end-diastolic volume, end-systolic volume,
mass, and ejection fraction).67

REGIONAL RV FUNCTION

Regional function assessment of the LV has a firm
anatomic basis. The standardized 16 or 17 segment
model into which the standard LV views are divided
have correspondence to coronary artery territories.68

However no equivalently standardized segmenta-
tion of the RV was presented in the recommenda-
tions for chamber quantification recently published
by the American and European Societies of Echo-
cardiography.68 Since ischemia in the RV produces
regional dysfunction out of proportion to the size
of infarction, it is difficult to develop a segmenta-
tion plan based on ischemic dysfunction patterns for
the RV comparable to that for the LV.2 One scheme
for semiquantitative assessment of RV regional
function was to divide the free wall in the short-
axis view into anterior, lateral, and inferior seg-
ments; global RV ejection fraction correlated well
with the wall motion score index computed by
averaging all of the segmental scores.69 In the reg-
istry of arrhythmogenic RV dysplasia, wall motion
was assessed in the same seven anatomically defined
regions in echo as in angiography.70

There are few methods for quantitative RV wall
motion analysis from 2D views because few of the
geometric models developed for the LV can be
applied to the RV. Radial coordinate systems do not
fit long-axis views in general, and they also do not
fit short-axis views of the RV due to the sharp
angles at the junction of the septal and free walls.
Rectangular coordinates do not fit crescentic con-
tours well either. Because it does not rely on geo-
metric assumptions about RV shape, the centerline
method has been successfully applied for measuring
regional RV contraction to angiograms, echo images,
and MRI.71–74

Lacking consensus on standardized views of
the RV, investigators have developed methods as
needed for the question being addressed. The diver-
sity of methodology is most prevalent in studies
involving 3D analysis for conditions other than
ischemic heart disease. In four studies of normal
subjects, arrhythmogenic RV dysplasia, or congen-
ital heart disease, the RV was divided into four cir-
cumferential regions, three vertical regions, or 9 to 12
regions created by subdividing short- axis slices.74–77

One study carefully justified its segmentation

plan: McConnell et al observed a pattern of
regional RV dysfunction in patients with acute pul-
monary embolism by centerline analysis of RV wall
motion. They also proposed diagnostic criteria for
visual assessment of function in four regions of the
RV free wall and then demonstrated the accuracy of
these criteria.78 It may be appropriate to use differ-
ent segmentation plans for different disease entities.
However it would be best if all investigators study-
ing a given disease employed the same plan so that
they could later compare their results.

Another approach to quantifying RV function
is using surrogate parameters based upon a single
view. The analysis is usually performed on the api-
cal 4-chamber view, which is appropriate given the
predominantly longitudinal contractile pattern of
the RV.79,80 The most common parameters are frac-
tional area change and tricuspid annular descent.81

Both of these parameters have been shown to pre-
dict outcome in heart failure patients.3,82 A major
disadvantage of the single view approach to RV
function assessment is that errors occur when non-
visualized regions fail to contract in a manner sim-
ilar to that seen in the selected view. For example
tricuspid annular descent deviated from its usually
tight correlation with ejection fraction in a patient
with apical dyskinesis.83 Another study underscor-
ing the importance of evaluating RV regional func-
tion throughout the ventricle reported that akinesia
of the RV outflow track is associated with a poor
prognosis in repaired tetralogy of Fallot.17 Also tis-
sue Doppler imaging revealed a relationship between
regional dysfunction and abnormalities of electri-
cal depolarization and repolarization.84

The little that is known concerning the 3D pat-
tern of RV regional function comes from MRI tagging
studies, which have documented the heterogene-
ity of normal RV wall motion,85 confirmed greater
long-axis than short-axis shortening,79,80 quantified
torsion,12 and provided detailed analysis of the
motion of the RV free wall toward the interventric-
ular septum.85

RV SHAPE

Our understanding of ventricular remodeling derives
from studies of the LV, which becomes more spher-
ical when it dilates to compensate for volume load-
ing.86,87 This compensatory mechanism allows more
even distribution of regional stress and improves
ventricular efficiency. Measurement of the magni-
tude of these changes provides information on the
mechanism, magnitude, and time course of remod-
eling and its effect on prognosis.

Study of RV remodeling has lagged behind that
of the LV, because the RV’s complex shape resisted
simple geometric modeling. Also the early studies of
RV shape were performed with the aim of measuring
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volume by angiography or 2D echo, not for analysis
of remodeling.88–90 Another problem is that RV shape
can change substantially in congenital heart disease,
so that a given model may better fit normal subjects
than diseased hearts or vice versa,91 resulting in
variable accuracy.

In 3D imaging, the borders traced to compute
RV volume using Simpson’s approach define an RV
surface whose base is truncated to exclude its two
valve orifices. This simplified RV model has been
applied in several studies of 3D shape. For exam-
ple, remodeling in pulmonary hypertension was
measured in terms of segmental volumes at five
levels from apex to base.92 Nielson et al used this
approach in their elegant biventricular finite ele-
ment model to investigate the relationship of RV
shape to fiber orientation.93 Young et al extended
this method to describe the 3D geometry of the LV
and RV in experimental mitral regurgitation in
terms of distances, arc lengths, surface areas, and
surface curvatures among regions defined by the
nodes of the finite-element model.94 Marcus et al
reported that shape was less powerful than con-
traction pattern in predicting RV hypertension in
neonates.95 However their reconstruction method
had not been validated for 3D shape analysis but
rather for volume measurement.

Due to the difficulty in modeling the RV, research
to analyze change in RV geometry in response to
disease processes has been limited in scope. Studies
of the impact of RV overload in congenital heart
disease, pulmonary hypertension, and other condi-
tions have concentrated on the shape of the LV and
interventricular septum and its flattening or reverse

curvature rather than on the RV (Figure 4.10).96

At one time it was felt that regional RV wall stress
analysis was impractical due to the RV’s ‘convo-
luted shape’.97

The RV contributes fibers to the interventricu-
lar septum. However several investigators studying
RV shape have focused on just one wall of the RV
instead of reconstructing the entire chamber. Sacks
et al reconstructed the free wall of a normal canine
RV in 3D from MRI data and characterized its regional
curvature and the change in curvature through the
cardiac cycle.98 Moses and Axel reconstructed the
septum and developed an analytic tool for quanti-
fying the curvature of its RV surface throughout the
cardiac cycle from MRI data.99 Indeed virtually all
ventricular shape studies in diseases involving the
RV have focused on septal shape and its impact on
LV rather than on RV function. For example, the
degree of septal bulge into the LV cavity reflects the
ratio of RV:LV pressure,96 and depresses LV function
in RV volume overload.100 Compared to the LV,
there are few studies of RV shape and remodeling.

Because an infinite number of shapes can hold
the same volume, 3D shape should be analyzed from
anatomically accurate reconstructions of the targeted
chamber, such as those obtained using the piece-
wise smooth subdivision surface method. An addi-
tional advantage of this method is that anatomic
landmarks identified on the images are conveyed
to the final surface and can be utilized in comput-
ing parameters of geometry and shape. When the
piecewise smooth subdivision surface method was
applied to reconstruct the RVs of patients with pul-
monary regurgitation following repair for tetralogy

Figure 4.10 Top, Discrete shapes used to describe the shape sequence model. Shape factor is the pointer into this
sequence and varies from a value of 1 for a perfect circle to 7 for an indented ellipse. (Reproduced from Azancot
et al.96) Bottom, Short-axis echo views of a normal subject (A), a TOF patient with pulmonary regurgitation (B), and a
pulmonary hypertension patient (C) illustrating the variation in the shape of the LV (solid green contour) and of the RV
(dotted green contour) according to the level of hemodynamic load. (Reprinted from American Joumal of Cardiology,
Volume 56, Azancot A, Cowdell TP, Allen HD, Toscarll G, Debrux JL, Lamberti A, Sahn DJ, Goldberg SJ.
Echocardiographic ventricular shape analysis in congenital heart disease with ventricular volume or pressure overload,
pages 520–526. Copyright 1985, with permission from Elsevier.
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of Fallot, two shape changes were seen: (1) bulging
at the base lateral to the tricuspid annulus, and (2)
tilting of the tricuspid annulus (Figure 4.11).101,102

Similar shape changes were seen in pulmonary
hypertension. These shape changes might have been
difficult to recognize from short-axis images alone
such as are prepared from volumetric 3D echo data-
sets, and probably would be excluded from analysis

Right Ventricle 47

Figure 4.11 Reconstructions of the LV (green mesh) and RV (red surface) endocardium of a normal subject (left) and
a patient with repaired tetralogy of Fallot (TOF, right). The TOF patient has severe RV dilatation due to pulmonary regur-
gitation and the LV looks diminished in comparison. The shape of the RV is characterized by widening at the apex
(green arrow) and basal bulging (blue arrow) associated with tilting of the tricuspid annulus (TA) relative to the mitral
annulus (MA) (white arrows). (Reproduced from Ventricular structure and function, Sheehan FH. In: The Practice of
Clinical Echocardiography, Otto CM, ed, copyright 2007, with permission from Elsevier.)

using RV models that truncate the base. Thus assess-
ment of RV shape in volume and/or pressure over-
load conditions should not be limited to short-axis
views. Rather RV shape should be assessed from
3D reconstructions generated from analysis of addi-
tional image plane orientations to obtain a compre-
hensive understanding of this chamber’s remodeling
pattern (Figure 4.12).

Normal

MA TA

TOF

32°

Figure 4.12 System for image analysis. The 2D images are reviewed (right) and the borders of the target organ and
associated anatomic landmarks are traced. Using position and orientation information from the tracking system, the
x, y coordinates of each border are transformed into x, y, z coordinates for display in a 3D window (left) where short-
axis and long-axis and oblique image borders can be reviewed together. Here the red and green borders are traced from
the left ventricular endocardium and epicardium, the blue and violet from the right ventricle, and the spheres from
valve orifices, ventricular apices, and other anatomic landmarks. (Reproduced from Ventricular structure and function,
Sheehan FH. In: The Practice of Clinical Echocardiography, Otto CM, ed, copyright 2007, with permission from Elsevier.)
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INTRODUCTION

Anatomically, the left atrium is located on the rear
side of the heart. It receives and expels oxygenated
blood from pulmonary veins to the left ventricle
during each cardiac cycle. The left atrium behaves
as a conduit during early diastole, as a pump dur-
ing late diastole, and as a reservoir while the left
ventricle contracts.

The left atrial function has been identified as
independent, pressure- and volume-related, and
also linked to the left ventricular mechanic along
with heart interaction in the chest.1 Left atrial func-
tion is even more complex if we consider the body
structurally and physiologically different to the
appendage.2

Evaluation of left atrium function is routinely
done in the echo lab by simply measuring M-mode
diameter from the parastemal view or two-dimen-
sional (2D) area from the apical view. Pulmonary
venous flow velocities along with mitral inflow
velocities interrogation give information on left
atrial preload and afterload. Recent papers have
pointed out the advantages of evaluating regional
left atrial function by tissue Doppler imaging.3

Among the new technologies, three-dimen-
sional (3D) echocardiography is complementary
to conventional echocardiography, offering many
other functionalities arising from full-volume
visualization, navigation, and reconstruction. Three-
dimensional echocardiography is naturally the
direction any echo-cardiologist and sonographer
should head for the next 20 years.

ANATOMY OF THE LEFT ATRIUM

The left atrium is divided into a posterior and an
anterior half. The posterior half receives blood from
the four pulmonary veins. In the upper posterior part
enter the two superior pulmonary veins, whereas

the two inferior pulmonary veins open into the lower
posterior left atrium. The anterior portion called
the body is continuous with the left atrial appendage
(LAA). The left atrial appendage is a blind-ending
saccule that projects anteriorly and then to the right
over the external surface of the pulmonary trunk.
Its inner surface is covered by musculi pectinati.
From the atrium, the blood is emptied into the left
ventricle through the mitral valve. The interatrial
septum lies in front of the left atrium as well as to
its right. The interatrial septum forms part of the
anterior wall of the left atrium. The wall of the
interatrial septum is smooth and has a small depres-
sion called the fossa ovalis. This fossa marks the
location of the foramen ovale, a temporary aperture
through which blood flows from the right to the left
atrium before birth. Similar to the right atrium,
there is a thin area located on the septum called the
valvule of the foramen ovale.

Clinical 2D echocardiography

In routine echocardiography, it may be possible to
image the left atrium from the left parasternal, apical,
and subcostal window angles (Figure 5.1). A num-
ber of windows onto the left atrium are necessary
for two principal reasons:

(1) A single transducer position is inadequate to
see all the left atrial structures. For instance,
the subcostal window gives only focused infor-
mation of the interatrial septum. The left para-
sternal view provides inadequate functional
imaging and truncated anatomy of the left
atrium (the left atrial roof and the pulmonary
veins outlets are often indistinguishable).4

Finally, the apical view seems the most appro-
priate to obtain a full anatomic description
and accurate functional assessment of the left
atrium.
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(2) Routine echocardiography is a real-time 2D but
single plane visualization of heart structures. A
single window might be inadequate to see a
localized abnormality requiring trivial tilting,
displacement or probe rotation.

Three-dimensional view of normal 
left atrial components

When the left atrium is being imaged, the patient is
instructed not to move during imaging and to
breathe normally in the left lateral decubitus posi-
tion as with other 3D ultrasound studies. Although
3D echocardiography allows acquisition of complete
datasets that could be rotated in infinite cross-
sections and eventually reconstructed for ‘en face
views’, two scans are usually required to image the
left atrium, giving the best spatial resolution of the
investigated structure. The first scan starts with the
parasternal view showing simultaneously two
orthogonal planes, i.e. a long- and a short-axis view
(Figure 5.2). An additional plane could be dis-
played with 60� angulation. The second scan is
performed as illustrated in Figure 5.3 at the apical
window depicting in real time two orthogonal
planes or three with a 60� increment (Figure 5.4).
The third subcostal scan is optional, and can sup-
plement any view requiring additional coverage.
From these views, it is easy to measure LA volumes
and function, to slice the appendage, to navigate
across the pulmonary veins, and to get on-line vol-
ume rendering of the interatrial septum and mitral
valve.

Imaging the interatrial septum
The subcostal examination provides the best 3D
image of the interatrial septum because the ultra-
sound beams are perpendicular to the septum. This
window is ideal but does not preclude dropout
from the fosse ovale that accounts for false positives.
Therefore care must be taken to conclude in a com-
munication between both atria or when calibrating
the hole for atrial septal defect closure (Figure 5.5).
Dropouts are more likely to be seen when scanning
the septum from different locations. This holds
true in children, but in adults this view is particu-
larly disappointing and the parasternal should be
preferred (Figure 5.2).

Imaging the left atrial appendage (LAA)
The LAA is a small structure suspended on the left
side of the atrial body. Anatomically and mechani-
cally different from the rest of the LA body, LAA
dimensions and function are often evaluated by 2D
transesophageal echocardiography (TEE).

In 2002, Valocik et al first calculated LAA ejec-
tion fraction by TEE 3D echocardiography from
optimal cut-plane angulation of the LAA view at
135� with an interobserver variability markedly
lower than for 2D echocardiography.5 Subsequently,
they found a significant linear relationship between
LAA ejection fraction and Doppler late peak emp-
tying velocity, one of the usual parameters of LAA
function and thrombosis. More recently, Agoston
et al imaged the LAA by transthoracic live 3D
echocardiography from an apical approach.6 They
concluded that LAA scanning by this method was
feasible, offering an improvement in LAA visuali-
zation by over 50% when compared to 2D echocar-
diography. Furthermore, patients with LAA thrombi
on TEE had thrombi detected by live 3D echocar-
diography as well. This was also reported by Khan
et al.7 Figures 5.6 and 5.7 show two examples of
the LAA from an apical and parasternal view,
respectively.

Imaging the pulmonary veins
The pulmonary veins can be visualized from one sin-
gle position. The apical window gives the most
appropriate view, but the spatial resolution in the far
field is problematic. In an optimal setting and an
excellent acoustic window it should be possible to
see at least three out of the four pulmonary veins, but
in our experience it is difficult to incorporate more
than two veins in a volume-rendered reconstruction
(Figure 5.8). This may explain the limited number of
publications on the pulmonary veins despite great
interest in the field of supraventricular arrhythmia.

MEASURING LEFT ATRIAL VOLUME AND
FUNCTION BY 3D ECHOCARDIOGRAPHY

Rationale for left atrial volume measurement

Left atrial volume and function measurements pro-
vide information regarding the prognosis and man-
agement of a large proportion of patients suffering

A

LA LA
LA

B C Figure 5.1 The three relevant views of
the left atrium: the parasternal (A), the
apical 4 chambers (B), and the sub-
costal window (C). Among these views,
the apical imaging gives both dimen-
sion and functional information of the
left atrium, thus should be widely
employed.
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from cardiovascular diseases.8 Echocardiographic
M-mode diameter and 2D planimetry were the
most frequently used diagnostic tool for character-
izing LA dilation. From these two measurements,
multiple equations were identified that correlate
well with real LA volume.9 However, these calcu-
lations are limited because they rely on certain geo-
metric assumptions to calculate LA volumes which
may introduce serious errors. In the evolving course
of heart disease, the left atrium stretches more
anterior-posteriorly than sagitally; therefore, M-
mode can be erroneous and 2D planimetry is rec-
ommended as a preferable method. Left atrial
volume measurement by 3D echocardiography has
been recently introduced as a natural extension of
this trend. We found a better correlation between

LA volume measured by 3D echocardiography and
2D planimetry than that between 3D volume and
M-mode diameter (Figure 5.9). As a marker of car-
diovascular events, left atrial volume is superior to
LA area or diameter, particularly in subjects with
sinus rhythm.10 From LA volume, atrial pump
function is also calculated. The LA pump function
was reduced when LA was overstretched in our
clinical study on hypertrophic cardiomyopathy.

How to image the left atrium for 
volume measurement

Acquisition
The patient is placed in a left decubital supine posi-
tion. Left atrial volume acquisition can be made

Figure 5.2 Parasternal view obtained
with one patient. Top left shows a
short-axis view while, simultaneously,
bottom left shows a long-axis view
and right displays a volume-rendered
reconstruction. LA, left atrium; LV,
left ventricle; MV, mitral valve; Ao,
aorta; IAS, interatrial septum.

Figure 5.3 Apical view obtained
with one patient. Top left shows
a 4-chamber view while, simult-
aneously, bottom left shows 2-
chamber view and right depicts
a volume-rendered reconstruction.
LA, left atrium; LV, left ventricle;
RA, right atrium.
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from two positions. The first position is from the
parasternal view. With this window, the majority
of the left atrium is in the ultrasound sector. In our
experience of enlarged left atrium, echo dropout may
occur in the area of LA roof, even with optimal gain
settings.11 This window is not always appropriate
for LA volume measurement, which may explain a
weak correlation between MRI and 3D echocardio-
graphy.11 The second position is from the apex, giv-
ing a long-axis view of the left atrium. However, even
if this scanning position is ideal, the far field limits
the spatial resolution and care must be taken when
delineating the endocardium for volume measure-
ment. At the present time, there are two ways to
determine LA volumes from a 3D volume image,

one with the rotation of apical images (60� apart, as
seen in Figure 5.4) and the other with equidistant
horizontal slices (9 slices, as seen in Figure 5.10).

Image analysis and structure delineation
The images can be reviewed on-line and off-line.
Those corresponding to the largest, the smallest,
and before atrial contraction (P wave on the ECG)
are manually selected. The endocardial borders of
the left atrium are then manually traced on all images
for each frame, and integrated by customized soft-
ware to obtain the real volume from the Simpson’s
rule. The LAA and the pulmonary veins are excluded
from tracing. Atrial stroke volume is given by 

Figure 5.4 Apical view acquired in a
patient from three apically rotated
views. LA, left atrium; MV, mitral
valve.

Figure 5.5 Subcostal view and recon-
struction of the interatrial septum. LA,
left atrium; RA, right atrium, RV, right
ventricle; TV, tricuspid valve; IAS,
interatrial septum.
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(LA volume before atrial contraction – smallest LA
volume). Left atrial pump function, expressed in %,
is LA stroke volume/LA volume atrial contraction.
Conduit and reservoir function are also calculated
by these values with the relevant mathematic equa-
tions. For a better understanding of LA pathophys-
iology, the time-varying LA volume curve can be
built and analyzed under variable conditions.11,12

Figure 5.11 shows change in LA volume as a func-
tion of time. Table 5.1 gives LA volume and function
measured by 3D echocardiography in comparison
with variable methods. (Semi-)automatic genera-
tion of the LA volume–time curve once the initial
manual inputs are done is on the horizon now that
the automatic LV volume–time curve is available
(Figure 2.13, in Chapter 2).

Normal value and body surface adjustment
Left atrial volume normally increases with age as a
consequence of growth and diastolic dysfunction.
Table 5.2 gives normal values of LA volume, adjusted
to body-surface area.11,13,14

Left atrial volume by 3D echocardiography
in various diseases

Left atrial enlargement is known to result from
pressure overload (mitral stenosis or diastolic dys-
function), volume overload (mitral regurgitation), or
intrinsic remodeling/deterioration (atrial fibrilla-
tion or myocardial infarction related to left circum-
flex occlusion). The degree of left atrial enlargement
is associated with an adverse prognosis in different

Figure 5.6 Apical view and recon-
struction of the left atrial appendage.
LA, left atrium; RA, right atrium; LV,
left ventricle; Ao, aorta; RVOT, right
ventricular outflow tract; LAA, left
atrial appendage.

Figure 5.7 Parasternal view and recon-
struction of the left atrial appendage.
LA, left atrium; RA, right atrium; Ao,
aorta; RVOT, right ventricular outflow
tract; LAA, left atrial appendage.
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Figure 5.8 Reconstruction of three
pulmonary vein inlets (yellow arrows)
from an apical imaging. LA, left atrium;
LV, left ventricle.
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Figure 5.9 Correlation between M-mode LA diameter, 2D LA planimetry, and real-time 3D LA volume.

Figure 5.10 In the same beat, the left
atrium (LA) is sliced in 9 equidistant
cutting planes from the apical view.
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clinical settings such as atrial fibrillation, heart
failure, stroke, and death. In prediction of cardio-
vascular events, LA volume is reportedly superior
to LA area and diameter.10 Therefore, LA volume
should not be completely ignored in clinical prac-
tice any more.

In ischemic disease
In a sheep model of acute ischemia, we experi-
mentally reported that LA volume and function
contribution to LV function calculated by 3D
echocardiography was better during left anterior
descending coronary occlusion than during left
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Figure 5.11 Illustration of the time-varying left atrial 3D
volume.

Reference Acquisition Volume Validation Main
derived from results

Schabelman Parasternal Cubed method Angiography r � 0.69
et al 198134 M-mode 

LA diameter
Schabelman Apical 4- and Biplane area– Angiography r � 0.86
et al 198134 2-chamber length

Keller et al Apical 4- and Disk MRI r � 0.90
200035 2-chamber summation

(free-hand)

Poutanen Parasternal Disk MRI r varying
et al 200011 rotation at 18� summation between

rotation 0.48 and
0.72

Khankirawatana Apical Disk No
et al 200236 rotational summation validation

sweep

Bauer et al Apical Disk MRI r � 0.91
200417 summation

Jenkins et al Apical 12 apical No No
20054 rotations with validation correlation

multiplanar
Simpson’s rule

Table 5.1 Left atrial volume measurement by 2D and 3D echocardiography

Body surface area

0.5–0.75 m2 0.75–1.0 m2 1.0–1.25 m2 1.25–1.5 m2 ��1.5 m2

LA maximum volume (ml) 12.8 � 2.8 19.1 � 3.4 25.0 � 5.8 33.6 � 6.8 47.8 � 13.5

LA mid-diastolic volume (ml) 6.2 � 1.6 9.8 � 2.0 13.2 � 3.3 18.6 � 4.3 27.4 � 9.0

LA minimum volume (ml) 4.4 � 1.1 6.7 � 1.4 8.8 � 2.4 12.5 � 3.3 18.2 � 6.0

LA stroke volume (ml) 1.8 � 0.8 3.2 � 1.1 4.3 � 1.4 6.1 � 1.7 9.2 � 4.0

Table 5.2 Body surface area corrected LA volume
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circumflex occlusion.12 A direct loss of LA contrac-
tile units was pathophysiologically implicated in
this finding evidenced on the LA pressure–volume
relationship (Figure 5.12).

In chronic myocardial infarction, the maximal
LA volume has an independent and incremental
prognostic value compared with clinical data and
conventional measures of LV systolic and diastolic
function.15 LA dilation is the consequence of
increased end-diastolic pressure or of direct con-
tractile unit loss as seen in left circumflex occlu-
sion. In ischemic heart disease, therefore, real LA
volume measurement by 3D echocardiography may
be valuable to evaluate the hemodynamic conditions
as well as formulate the prognosis.

In hypertrophic cardiomyopathy
The prevalence of left atrial dilation is variable in
patients with hypertrophic cardiomyopathy but is
definitely correlated to the severity of the disease.16

When LA enlargement is present, patients have more
frequent cardiovascular events. We found that LA
enlargement by 3D echocardiography was related
to LV filling pressure, LV outflow tract pressure
gradient, and LV wall thickness in patients with
hypertrophic cardiomyopathy.17 We suggested that
acting earlier on LA dilation might prevent cardio-
vascular events in this population.

THE LEFT ATRIUM IN VARIOUS DISEASES
BY 3D ECHOCARDIOGRAPHY

Three-dimensional echocardiography has been
used to characterize atrial septal defect and core
triatriatum along with left atrial mass and tumor.

Cor triatriatum

Cor triatriatum is a congenital heart disease in
which the left atrium is divided into two chambers
by a perforated membrane. It has been demonstrated
that cor triatriatum is commonly misdiagnosed, con-
founded with mitral stenosis. When a wide-angled
full volume 3D image is to be obtained from apical or
parasternal views, the left atrium can be sliced
from any plane to differentiate mitral stenosis from
cor triatriatum.18 Three-dimensional navigation
and volume-rendered reconstruction visualize the
inside of the LA chamber and precisely localize the
membrane, its attachment, the size of the opening,
and relationships to the pulmonary veins. Three-
dimensional echocardiography makes it easy to use
Loeffler’s classification, relying on the number and
size of the openings in the membrane, as well as
Marin–Garcia’s classification based on the anatomic
shape of the accessory LA chamber (diaphragmatic,
hour-glass configuration, and tubular).

Atrial septal defect

Nanda et al first imaged interatrial abnormality
using 3D TEE.19 A few years later, Acar et al
demonstrated that transthoracic echocardiography
was as accurate as transesophageal 3D echocardio-
graphy for imaging and sizing atrial septal defects
in children.20 Along with diameter, many different
anatomic shapes were described: round, ovoid,
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Figure 5.12 Left atrial pressure–volume loops at baseline
and during coronary occlusion. Top, during left anterior
descending coronary occlusion, atrial function “a” is
enhanced. Bottom, during left circumflex coronary
occlusion, atrial function “a” is depressed.

Figure 5.13 Left atrial thrombus (arrow) imaged from a
parasternal window.
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racket configuration, and multiperforated atrial sep-
tal defects. Three-dimensional echocardiography
was judged useful to detail the relationship between
atrial septal defects and environmental structures
such as the aortic root and the tricuspid valve. When
the rims surrounding the defect were too small, the
transcatheter atrial septal approach was inappro-
priate for closure. More recently, atrial septal defects
have been demonstrated to undergo dynamic
changes through the cardiac cycle.21,22 From those
3D studies, it appeared that a single atrial septal
defect, round with good rims and less contractile,
was the most appropriate configuration for percu-
taneous closure.

Tumors and thrombus

Only a few cases of left atrial tumors have been
reported in the literature.23–26 Three-dimensional
echocardiography addresses connections and
anatomic relations between structures, facilitates
volume measurement, and is adapted to follow-up
in case of specific therapeutics. In the literature,
left atrial tumors were scanned both from the tran-
soesophageal and transthoracic approach.24,26 For
left atrial myxoma, 3D echocardiography naviga-
tion easily locates the point of insertion and dis-
plays adhesion to multiple regions, whereas 3D
reconstruction clarifies whether the tumor adheres
to the mitral valve or the left atrium and hems in
the left ventricle.27 Recently, real-time transthoracic
3D echocardiography has been shown to provide a
definite diagnosis of myxoma by identifying iso-
lated echolucent areas consistent with hemorrhage/
necrosis by using a section plane of the tumor
mass. A patient with a haemangioma showed much
more extensive and closely packed echolucencies
consistent with a highly vascularized tumor by the
live 3D echocardiography.23

Generally speaking, real-time transthoracic
echocardiography has a poor sensitivity for the
detection of left atrial thrombosis until it attains a
definite dimension. Again, the TEE approach appears
more consistent, but the literature is limited to a few
case reports. Rotational 3D echocardiography was
employed to evidence large LAA thrombosis, but
recently Ieva et al have reported the usefulness of
live 3D transthoracic echocardiography in a typical
case of large thrombus floating in the left atrium.7,12,28

We report here an example of LA thrombus after
the resection of LA posterior wall (Figure 5.12).
The thrombus could be easily viewed from the
sides along with its morphology and the site of
attachment. In this case, by cropping the 3D images
sequentially, the degree and extent of lysis within
the thrombus, which may have potential therapeutic
and prognostic implications, could be comprehen-
sively assessed after the anticoagulation was started.
Finally, real-time 3D echocardiography provided

information of thrombus mobility, which has also
prognostic implications.

THREE-DIMENSIONAL
ECHOCARDIOGRAPHY-GUIDED THERAPY
IN THE LEFT ATRIUM ENVIRONMENT

Live 3D echocardiography provides in a few sec-
onds a reliable reconstruction of variable LA surgical
views using transthoracic or epicardial echocardio-
graphy. Prior to operation, surgeons may have rele-
vant information to design and to limit the
exploratory phase of the procedure. During the pro-
cedure, 3D echocardiography may be essential in
monitoring valve and congenital heart disease
repairs and, if necessary, in assessing hemodynamic
failure. Only a few centers make use of 3D echocar-
diography to monitor patients and procedures.

One of the strongest indications for intraopera-
tive 3D echocardiography is ‘line’ atrial septal
defect closure monitored by epicardial real-time
3D echocardiography without cardiopulmonary
bypass.29 In an animal experiment, Suematsu et al
found a good agreement between atrial septal defect
planimetry by 3D and true anatomic area.29 Further-
more, they found 3D echocardiography to be quite
useful to assess the spatial relationship between
the atrial septal defect and peripheral structures
such as the tricuspid valve and the coronary sinus.
Three-dimensional echocardiography properly
monitored atrial septal defect closure and assisted
in positioning of intravascular devices. For multi-
ple atrial septal defects, 3D TEE provided in one
single view the size, configuration, and the rela-
tionship of the defects to adjacent structures.30 This
3D visualization of multiple atrial septal defects
was particularly useful to select the appropriate
occluder and to ascertain complete closure.

A fascinating application of 3D echocardiogra-
phy in combination with image fusion techniques is
pulmonary vein ablation in the setting of atrial fib-
rillation (AF). To date, several techniques are used
for AF ablation, but no general consensus exists as to
which technique is the most effective between 3D
intracardiac echocardiography, computed tomogra-
phy, and MRI. However, 3D echocardiography has
many advantages over the other techniques. First,
the transseptal puncture can be easily guided by
intracardiac echocardiography. Second, 3D echocar-
diography provides a unique dynamic view of the
pulmonary veins from real-time transesophageal
echocardiography or phased-array transducer (ACU-
NAV, Siemens) positioned in the right atrium.31

More recently, a 9-French prototype catheter with
incorporated intracardiac 3D echocardiography 
has been tested to image the ablation.32 Three-
dimensional reconstruction is less studied except
one publication that correlated outcome of flutter
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ablation and isthmus anatomical variants particu-
larly due to Eustachian ridge peculiarities.33

Advantages of 3D echocardiography are 4-fold:

(1) It precisely identifies the true border of the pul-
monary vein antrum.

(2) All the pulmonary veins are electrically iso-
lated at the level of the antrum.

(3) It avoids the risk of PV stenosis by ablating out-
side the antrum.

(4) It minimizes the risk of other complications,
such as perforation and stroke, by direct visual-
ization during transseptal access and radiofre-
quency ablation.

Overall, exceedingly long fluoroscopy times
for ablation procedures may be overcome in the
near future by 3D echocardiography i.e. methods,
especially by the recently introduced real-time
TEE 3D echocardiography.

For percutaneous LAA occlusion, 3D echocar-
diography is not yet used. Left atrial thrombus is

a contraindication to percutaneous mitral valve
procedures (commissurotomy of mitral stenosis or
edge to edge repair of mitral regurgitation). Prepro-
cedural use of 3D echocardiography to exclude this
finding might be credited with a reduction in the
occurrence of complications.

CONCLUSION

Three-dimensional echocardiography has the abil-
ity to assess left atrial volume and function more
accurately than 2D imaging. By freely navigating in
a volume dataset and giving an en face view of any
volume-rendered reconstruction, 3D echocardiog-
raphy offers the true inside and outside vision of
the LA. Recently developed on-line LA reconstruc-
tion is one of the most fascinating techniques help-
ing surgeons and interventional cardiologists to
deliver the best understanding and management
therapy for cardiac patients with LA abnormalities.
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The etiology of mitral regurgitation (MR) consists
of degenerative changes (mitral valve prolapse), flail
(Figure 6.1), rheumatic valve disease, infective
endocarditis, dilated mitral annulus, and restrictive
motion due to papillary muscle dysfunction with
left ventricular (LV) wall motion abnormality, so-
called functional MR (Figure 6.2), congenital cleft
of the anterior leaflet (Figure 6.3), and radiation.

Conventional two-dimensional (2D) echocardio-
graphic methods, including transesophageal echocar-
diography (TEE), can demonstrate such anatomic
abnormalities, causing MR in most patients. Severity
of MR can be also determined by 2D echocardiogra-
phy. There are quite a few 2D echocardiographic
methods for determining the severity of MR, includ-
ing the color Doppler jet area, proximal isovelocity
surface area (PISA) or flow convergence (FC) method,
vena contracta (proximal jet width) method and the
pulmonary venous flow pattern method.1–9

METHODS TO DETERMINE MR SEVERITY

Color jet area method

Many 2D echocardiographic methods for assessing
the severity of MR have been proposed and pub-
lished in a variety of cardiology and ultrasound
journals. Among them, the color Doppler regurgi-
tant jet area method is most widely used for judg-
ing the severity of MR.1,2 This visual method is
historically the first one and, most importantly, is
very simple (Figure 6.4).

In a previous study,2 the best correlation with
angiography was obtained when the maximal MR
jet area (MJA) was expressed as a percentage of the
left atrial area (LAA) obtained in the same plane.
The maximum MJA/LAA was under 20% in 34 of
36 patients with angiographic grade I MR, between
20% and 40% in 17 of 18 patients with grade II
MR, and over 40% in 26 of 28 patients with severe
MR. Another study,1 which also used angiography

as a gold standard, demonstrated that an MJA greater
than 8 cm2 predicted severe MR with a sensitivity
of 82% and specificity of 94%, whereas an MJA less
than 4 cm2 predicted mild MR with a sensitivity
and specificity of 85% and 75%, respectively. All
patients with an average jet area greater than 8 cm2

manifested severe MR. In this study, the authors
also reported that the ratio of MJA/LAA provided
similar sensitivity or specificity: MJA/LAA � 40%
predicts severe MR with a sensitivity of 73% and
specificity of 92%; MJA/LAA � 20% predicts mild
MR with a sensitivity of 65% and specificity of 93%.
When the enlarged LA area is 32 cm2 in MR patients,
8 cm2 is calculated as 40% of LAA. Thus, the absolute
color jet area or the ratio of MR jet area to LA area
can be used to grade the severity of MR.

The aliasing velocity (Nyquest limit) is one of the
most important factors when applying this popular
method, and should be used at 50–60 cm/s.10 Multi-
plane 2D views, including parasternal long/short-
axis and apical views, should be used to image MR
jets. However, this color Doppler method cannot be
properly used in certain patients, including those
with artificial valves because of significant sound
attenuation. Thus, in such patients, TEE has to be
employed to evaluate the severity of MR. However,
this jet area depends on many mechanical factors
such as pulse repetition frequency, aliasing veloc-
ity, imaging field, color gain, priority of tissue and
color imaging. Because of these factors, especially
closeness of the imaging and less attenuation of the
ultrasound, TEE may overestimate the jet area as
compared to TTE imaging of MR color jet.11 As a mat-
ter of fact, in a previous study comparing valvular
regurgitant severity by TTE and TEE, 6 patients of 13
with moderate regurgitation judged by TTE were
graded as severe by TEE. Even mild or none by TTE
were graded as severe by TEE in this study.11

Therefore, one cannot apply the criteria for TTE
when TEE is used for imaging. Also, an eccentric jet
or wall impinging jet appears to be smaller than a
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central jet area even when the regurgitant volume
is the same as that of a central jet. In addition, there
was only weak correlation between the jet area and
the regurgitant volumes in previous 2D echocardio-
graphic studies.3 Thus, an eccentric, wall-impinging
jet swirling in the LA is considered to be severe
irrespective of the jet area according to the recom-
mendations from the American Society of Echocar-
diography.10 3D echocardiography may provide more
insight in this field because it will demonstrate the
entire jet extension without requiring multiple planes
or mental reconstruction. It can also determine the
absolute regurgitant volume of the complex jet, as
will be discussed later.

PISA or flow convergence method
(Figure 6.5)

Major advantages of a newer color Doppler echo
method, the so-called PISA or FC method, over the
color jet area method are as follows. First, this new
method is not influenced by color gain. Thus, the
operator can increase color gain as much as required

to see the FC surface. Second, this method is not
affected by the eccentricity of the MR jet. Once the
PISA or FC is optimized, the severity of MR can be
judged irrespective of pattern or size of jet exten-
sion. More importantly, this new method can pro-
vide a quantitative assessment of regurgitant volume
and regurgitant orifice area, while the color jet area
method cannot. Even when we do not apply a quan-
titative assessment of valvular regurgitation, the max-
imal size of FC aliasing distance may be sufficient to
judge MR severity. When one does not see FC larger
than 4 mm at 40 cm/s, the regurgitation would be
trivial or at most mild (or calculated regurgitant
orifice area, ROA � 0.2 cm2). When we see FC
larger than 8 mm at the aliasing velocity � 50 cm/s
(or ROA � 0.4 cm2), the regurgitation is severe. All
regurgitations in between are deemed moderate.

This 2D FC method is easy to apply and thus is
recommended when one only needs to judge the
severity of valvular regurgitation semiquantitatively.
However these 2D FC methods assume a hemispheric
shape of FC to assess MR severity, and thus have
limitations when the FC shape is not hemispheric.

Figure 6.1 An example of transesophageal echocardiography from a patient with severe MR due to the flail of the pos-
terior leaflet.

Figure 6.2 An example of transesophageal echocardiography from a patient with severe MR due to the restrictive
motion of the posterior leaflet (arrow). The regurgitant jet is eccentric and directed posteriorly. Note a large flow 
convergence towards the regurgitant orifice.
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3D color Doppler echocardiography, which is now
available, can overcome this limitation, leading to
more accurate assessment of MR severity. This new
method may change the concept of the FC grading
system, as will be discussed later.

Vena contracta (proximal jet width)
method (Figure 6.6)

This method is another echo/Doppler technique for
grading and quantifying the severity of MR. The color

Figure 6.3 An example of a transthoracic echocardiogram from a patient with moderately severe MR due to a cleft of
the anterior leaflet. The upper left panel shows a diastolic phase and the bottom a systolic one. Arrows show the cleft.

Figure 6.4 Pre (left panel) and post (right panel) repairs of the mitral valve in a patient with severe MR due to a restric-
tive motion of the mitral valve leaflets and dilated annulus. Note the remarkable reduction of the color jet area of the
regurgitation after the repair.
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Doppler imaged vena contracta (VC) is defined as
the connection of the regurgitant jet and the flow
acceleration, as seen in Figure 6.6. In order to find
VC, one may start to see FC and look for a regurgi-
tant jet while still keeping the FC image on the
monitor. In this manner, one can find the connec-
tion between the FC and regurgitant jet, which is a
color-imaged VC. A width of the vena contracta
less than 0.3 cm is considered to be mild MR, and
equal to or greater than 0.7 cm severe. It is still not
quite as easy as the jet area or FC method in day to
day practice, probably because of the technical dif-
ficulty in demonstrating a clear VC. However, when
a high-resolution image of VC is available, especially
in TEE as seen in Figure 6.6, this may be quite a
useful alternative to the FC and color jet area method.

In a clinical TEE study, a diameter � 0.55 cm
was suggestive of severe MR, although the authors
did not express their ‘regurgitant jet width at its

origin’ as VC. 3D echocardiography can potentially
provide a more precise location, shape, and size of VC
when real-time TEE 3D echocardiography becomes
available.

Pulmonary venous flow (Figure 6.7)

Pulmonary venous flow patterns recorded by the
pulsed Doppler method are another aid for grading
the severity of MR. In one of the earliest clinical
studies, 26 (93%) of 28 patients with severe regur-
gitation by transesophageal color flow mapping had
reversed systolic flow. The sensitivity of reversed
systolic flow in detecting severe 4� mitral regurgi-
tation by transesophageal color flow mapping
was 93% and the specificity was 100%. However,
this flow pattern may be influenced by the location
of the sampling site, or selection of the four pul-
monary veins interrogated, and left ventricular 
performance.

Other echo indices for judging the
severity of MR

As a result of volume overloading, in patients with
severe MR, LV and LA size are increased and early
diastolic transmitral flow (E wave) velocity is also
increased. Dense CW Doppler signal of MR is also
expected in severe MR. Such echo indices should
be sought and systematically assessed in the final
judgment of the severity of MR.

APPLICATION OF 3D ECHOCARDIOGRAPHY

Then what would be the clinical value of 3D
echocardiography in patients with MR? First of all,
one can see the mitral valve in a way most natural
to the human senses, the so-called en face or surgi-
cal view (Figures 6.8–6.12). No 2D echocardiogra-
phy can show these images. For example, see
Figure 6.8: the location and extension/volume of
the posterior leaflet prolapse are easily fathomed
by this en face view.

Medical students and patients along with car-
diac surgeons can appreciate this presentation and
anatomic abnormality of the mitral valve much bet-
ter than those made by 2D echocardiography, which
requires multiple views, mental reconstruction,
and many years of experience. Even the best echo
cardiologist with state of the art 2D equipment is
not able to discern the exact anatomy of the mitral
valve as well as this 3D figure demonstrates.

TRANSESOPHAGEAL 3D RECONSTRUCTION

The advantage of having a view of the entire valve
with the use of TEE with 3D reconstruction has been

Figure 6.5 An example of the flow convergence (arrow)
towards the mitral regurgitant orifice or proximal isove-
locity surface area from a patient with severe MR due to
mitral valve prolapse.

Figure 6.6 An example of vena contracta imaging (VC,
arrows) from a patient with mild MR by TEE.
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repeatedly reported.12–16 In a previous study, TEE
with 3D reconstruction was used in 91 patients
with severe MR due to mitral valve prolapse, and
the location and extent of the prolapse by echo were
compared to the surgical status. The volume of the
prolapsing leaflet was calculated and compared to
the volume of resected tissue whenever a repair
was attempted. There was an excellent correlation
between the echocardiographic localization of the
prolapse and surgical inspection, and between the
volume of prolapsing and surgically resected tissue
(r � 0.94, p � 0.0001). The authors concluded that
the 3D reconstruction echo method allowed a pre-
cise localization and an accurate quantification of
the prolapsing portion of the leaflets. Reconstruction
TEE 3D echocardiography, therefore, can provide
refinements in the surgical planning of mitral valve
repair and in the selection of candidates for this
intervention.

Regrettably, this valuable method is not widely
used yet. This can be explained, in my opinion, by its
technical difficulties, including suboptimal gating,
synchronization due to the motion of patients and
the TEE probe during sequential 2D imaging, and
also by cumbersome reconstruction techniques. A
few cardiologists (even among echo specialists) can
actually obtain satisfactory en face mitral valve
images like Figure 6.8. As far as I know, few cardiac
centers would be able to implement this valuable 3D
method in clinical practice despite its potential
value. The recently reported new real-time 3D TEE
is our hope to overcome such limitations.17,18 Once
such methods are introduced in the operating and
cardiac catheterization rooms, dramatic changes may
take place in the monitoring of surgical and percu-
taneous procedures.

TRANSTHORACIC REAL-TIME 3D
ECHOCARDIOGRAPHY

As for transthoracic real-time 3D echocardiography,
higher-resolution methods are now available from
multiple vendors. This newer type transthoracic
real-time 3D echocardiography currently requires
ECG gating for obtaining the entire mitral valve
from the apex. Nonetheless, it is still much easier
to apply and more consistent and reliable than any
previous 3D echocardiographic method. For exam-
ple, Figures 6.9 and 6.10 were obtained as part of a
clinical examination in our echo laboratory. It
took our sonographer an additional 5 minutes 

Figure 6.7 Comparison of pulmonary venous flow pattern between pre (left panel) and post (right panel) repairs of
the mitral valve in a patient with severe MR. Note the remarkable change of the pattern (see text) after the repair. From
the same patient as Figure 6.4.

Figure 6.8 A surgical view of a mitral valve proplapse
(middle scallop) AML: anterior mitral leaflet, PML: pos-
terior mitral leaflet.
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approximately for acquiring 3D imaging and another
5 minutes for me to evaluate it. When I started the
study of 3D echocardiography about a decade ago,
I had to wait until the following morning to obtain
just one 3D reconstruction image. The result was
almost always unsatisfactory, making me constantly
disappointed. I was convinced at that time that 3D
echocardiography must become easy, handy, and
user-friendly.

Finally, the eagerly anticipated, new real-time
transthoracic 3D echo is here. Figure 6.9 demon-
strates time sequential changes in en face views of
a mitral valve from our routine 3D studies. When one
compares the 3D en face view with a corresponding
2D short-axis view side by side (Figure 6.10), the
difference is striking. While 2D echo can show a
part of the cleft of the anterior leaflet in this patient,
the 3D en face view can demonstrate the entire

Figure 6.9 Temporal changes in 3D en face view of the mitral valve. Note the cleft of the anterior leaflet (right lower
panel).

Figure 6.10 2D short-axis view (left) and transthoracic echocardiography 3D images of a cleft of the anterior leaflet.
Note the striking difference in the presentation of the cleft.

shiota_ch06.qxp  7/2/2007  3:40 PM  Page 70



Valvular Heart Disease: Mitral Valve; Mitral Regurgitation 71

cleft, which runs obliquely from the tip of the
anterior leaflet towards the aorta-mitral continua-
tion (Figure 6.10). In our laboratory, the mitral
valve is almost always successfully visualized in
everyday clinical practice because of its handiness
and user-friendly software.

In another patient with flail and severe pro-
lapse of the posterior leaflet, one can see the exact
location of the flail of the posterior leaflet (slightly
lateral side of the mid-posterior scallop) by rotating
the 3D views, as seen in Figure 6.11. Confidence
about the exact location of the flail in this patient
increased when 3D echo was analyzed after routine
2D echo examination. Our surgeon confirmed this
3D finding when he repaired this mitral valve flail
and prolapse.

This confirmation of the location of the 2D
plane by 3D echo is analogous to the use of 2D echo
for locating the M-mode curser line. In the olden
days, we often felt very assured when the place-
ment of the M-mode curser line was confirmed by
viewing the corresponding 2D imaging. It is no
wonder that the superiority of real-time 3D echocar-
diography over conventional 2D echo methods was
reported multiple times19,20 in analyzing the anatomy
of the mitral valve and replaced artificial valve 
(Figure 6.12) in patients with MR.

COLOR DOPPLER 3D ECHOCARDIOGRAPHY
IN MR

The advent of color Doppler 3D has allowed us to
have hitherto unforeseen images of MR jet and flow
convergence in patients with MR.

MR jet visualization

For example, in a patient with status/post mitral
valve replacement, 2D TEE showed a wall imping-
ing jet as seen in Figure 6.13 (upper panel). The
size of the jet was small and thin in all 2D TEE
views. However, our TEE 3D reconstruction method
disclosed a much larger paravalvular MR jet, as seen
in Figure 6.13 (lower panels). The MR jet was
adhering to the wall very strongly, and stretched

towards the LA curved wall. It was impossible to
demonstrate the entire jet by conventional 2D TEE.
This is why a wall-impinging eccentric jet should
be considered to be severe even when its area is rel-
atively small (remember the 2D criteria of ‘severe’
by the ASE recommendation).

The 3D en face images also demonstrated the
exact location of the paravalvular leakage, which
was also impossible to fathom by 2D TEE. Or, it may
be possible to do guesswork, but not possible to be
absolutely certain by any 2D echo method. As seen
in this case, color Doppler 3D echocardiography can
reveal unique views and the actual volume of the
MR jet, which cannot be appreciated by multiple 2D
echo views.21,22 Some enthusiastic investigators even
measured the volume of 3D MR jets and reported
that it was a better parameter for assessing the
severity of MR than the 2D color jet area
method.21,22 However, again, this TEE 3D recon-
struction method is still labor intensive and not
user-friendly. Thus it is not yet applied widely in
clinical practice.

AO

LA

Figure 6.11 Rotated 3D views of a flail of the posterior leaflet. The exact location of the flail is detected (arrow).

Figure 6.12 Carpentier–Edward tissue valve (actual pic-
ture in the lower left) and 3D image. 2D echocardiogra-
phy cannot demonstrate all three leaflets in a view.
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On the other hand, as mentioned above,
handy transthoracic real-time 3D echo with color
Doppler capability is now available, as seen in
Figures 6.14– 6.17. Figure 6.14 demonstrates mul-
tiple 2D planes obtained simultaneously in a
patient with functional MR. These are not 3D volume
data, only multiple 2D plane data. The simultane-
ous, multiple plane function of 3D echo systems
are actually useful, especially when one needs to
know the exact location, size, and shape of PISA.

The image quality is the same as that of conven-
tional 2D echocardiography.

When a 3D volume set is acquired, one can have
arbitrary desirable 2D planes from the 3D volume, as

LV

Figure 6.13 A paravalvular MR in a patient with status post mitral valve replacement. Conventional 2D trans-
esophageal echocardiography (TEE) showed a thin, relatively small MR jet (upper panel (white arrow)). In contrast, a
wall-adherent curved large MR jet is visualized by the TEE 3D reconstruction method (lower panels (black and white
arrows)).

Figure 6.14 A mitral regurgitant MR jet is seen in three
different apical plane views taken at the same time.

Figure 6.15 Severe functional mitral regurgitation
imaged by color Doppler 3D echo. Note that the proximal
isovelocity surface area (PISA) shape and size are dif-
ferent among these images. Mitral regurgitation appears
to pass through the valve coaptation (lower left panel).
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seen in Figure 6.15. The image quality of Figure
6.15 is not as good as that of Figure 6.14 because
Figure 6.15 comes from an entire 3D volume
dataset while Figure 6.14 does not. However, any
desirable short-axis plane can be obtained, as seen
in the left lower panel. Such a short-axis plane is
not possible from the apex by the multiple 2D
plane method, as in Figure 6.14. This short-axis
plane can show both the anterior and posterior leaflet
and the MR through these two leaflets. From the 3D
volume set, reconstruction of the entire MR jet and
PISA is also available, as seen in Figures 6.16 and
6.17. When MR jet extension is complicated, the
entire jet cannot be seen in a single 2D view.

Only 3D color Doppler can capture and demon-
strate the entire jet to evaluate its direction and vol-
ume. When an MR jet is examined carefully, often
the direction and extension of the jet are dynami-
cally changing, as seen in Figure 6.16. Again, only
color 3D echocardiography can demonstrate such
dynamic changes in the MR jet.

PISA visualization and quantification

In Figure 6.17, PISA shape looks like a hemisphere
from a vertical or apical view, while in a horizontal
(parallel to the mitral annular plane) view, the
same PISA looks very elongated. Such recognition

of PISA is not possible by conventional 2D
echocardiography. Since the conventional 2D PISA
method assumes a hemispheric shape for PISA (like
that of Figure 6.17, vertical or apical view), 3D
color Doppler is indispensable for assessing PISA
and MR severity when PISA shape is not hemi-
spheric (Figure 6.15). As seen, 3D color Doppler
methods now can demonstrate the 3D shape of PISA
and allow us to correct erroneous calculations of
the MR orifice area or regurgitant volume.

QUANTITATIVE 3D ECHOCARDIOGRAPHY
IN AN MR PATIENT

Three-dimensional echocardiography with color
Doppler capability now allows us to attempt
quantitative assessment of MR volumes and
absolute LV volume and function in an MR patient.

Direct determination of MR volume

After acquiring 3D PISA images from a patient with
MR, one can check the shape of PISA from multi-
ple views. If it is not a hemisphere, one can change
it by lowering aliasing velocities.23,24 When the 3D
shape of flow convergence is close enough to a hemi-
sphere, the regurgitant volume can be calculated24

LV

LA

LV

LA

Figure 6.16 MR jet extensions viewed from the left atrium (LA) in two different cardiac phases. Note that the jet 
extension (arrows) changes during the cardiac cycle. LV; left ventricle.

LA

LV LV LV

LA LA

Figure 6.17 Rotated views of a PISA. Note the rounded shape of PISA in the left panel and elongated shape in the
right panel. LA; Left atrium, LV; left ventricle.
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as 2�R2 � V � VTI/Vmax, where V is the aliasing
velocity, in cm/s. Regurgitant orifice area (ROA) is
calculated as 2�R2 � V/Vmax, where R is maximal
aliasing distance from the orifice, in cm, and Vmax
is the peak velocity of CW velocity, in cm/s. The
duration of the maximal flow rate is calculated as
the ratio of velocity time integral to the peak veloc-
ity of the regurgitant flow (VTI/Vmax). For example,
in a patient with MR when the maximal aliasing dis-
tance R � 1.0 cm at the aliasing velocity V � 40 cm/s,
and VTI � 100 cm, Vmax � 500 cm/s, ROA is cal-
culated as 2 � 3.14 � 1 � 1 � 40/500 � 0.5 cm2,
and regurgitant volume is calculated as 2 � 3.14 �
1 � 1 � 40 � 100/500 � 50 ml.

When the shape of PISA is not a hemisphere,
despite the maximal change of the aliasing velocity
as in Figure 6.17, more realistic mathematic 
assumptions such as a curved hemi-ellipsoidal
geometry should be applied for determining the
PISA area and MR volume. Three-dimensional
color Doppler is quite valuable to determine the
correctness of using a simple hemispheric PISA
method. One can cross-check MR volumes using
other 3D echocardiographic method as follows.

Indirect determination of MR volume

MR volumes can be indirectly calculated as the dif-
ference between 3D-derived LV end-diastolic vol-
ume (EDV), 3D LV end-systolic volume (ESV), and
the left ventricular outflow tract (LVOT) stroke vol-
ume. As seen in Chapter 2, absolute LV volumes
can be determined by real-time transthoracic 3D
echocardiography and thus LVEDV � LVESV can
be calculated with ease.

On the other hand, 3D color Doppler coded
velocity information applied on the LVOT (Figures
6.18(A) and (B)) can be integrated over the systolic
duration to provide LVOT stroke volume.25–27 As
for this LVOT stroke volume, one can, of course,
calculate it using the conventional quantitative
Doppler method (3.14 � LVOT diameter � LVOT
diameter/4 � VTI of the LVOT velocity). For exam-
ple, when LVOT diameter � 2.0 cm and VTI of
LVOT velocity � 10 cm, then LVOT stroke volume
would be 6.28 � 1 � 1 � 10 � 62.8 ml by this

A
Spatial velocity distribution

LVOT: Spatial peak = 40.7 cm/s, mean = 20.5 ± 8.1 cm/s

B

Figure 6.18 (A) Color 3D presentation of the LVOT velocity profile. (B) Spatial velocity distribution of LVOT flow
from the color-coded image in (A). Integration of this velocity information over time will provide LVOT stroke volume
without any assumptions of velocity profile.

LV

PISA MR Jet

LA

SV

Figure 6.19 Schema of quantitative analysis of MR
volume by 3D echocardiography with color Doppler
capability. (LV end diastolic volume – LV end systolic
volume) by 3D = MR volume by PISA + LVOT Stroke vol-
ume (SV). Thus,  MR volume = (LV end diastolic volume –
LV end systolic volume) – SV (see text in detail).
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method. However, this 2D conventional pulsed
Doppler method depends on the assumption of a flat
velocity profile and a constant flow area during the
time of the flow. In contrast, the 3D color Doppler
quantification of LVOT stroke volume does not
require any such assumptions at all. Anyway, when
either the 3D color Doppler method or the quantita-
tive 2D method gives the LVOT stroke volume as
62.8 ml and 3D echo shows LVEDV and LVESV to be
200 ml and 120 ml respectively, then MR volume is
calculated as

3D (LVEDV � LVESV) � LVOT stroke 
volume � (250 � 140) � 62.8 � 47.2 ml

This value is close enough to the result of the
direct PISA method (50 ml). In such a situation, one
can be confident about the results of the quantita-
tive analysis. Cross-checking using the 3D LV vol-
ume and function method (Figure 6.19), and color

3D or the quantitative PISA method will consoli-
date the quantitative information about MR vol-
ume and overall LV volume and function. I admit
that we do not need such calculations or quantifi-
cation in all the MR patients, but we do need them
for certain MR patients such as those with local-
ized wall motion abnormality (LV volume is not
obtained that easily by 2D echo) and presumed
moderately severe MR. The age of quantitative
echocardiography is coming, partly thanks to the
development of 3D echocardiography.

CONCLUSION

Three-dimensional echocardiography is indispen-
sable not only for assessment of the morphology of
the mitral valve leaflets but also for quantification
of the severity of MR.
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Three-dimensional (3D) echocardiography provides
a unique en face view of the mitral leaflets and
annulus. This technique has been utilized for assess-
ment of the morphologic evaluation of the mitral
apparatus in patients with mitral valve disease.
However, the quantitative assessment of the mitral
apparatus using 3D echocardiography has not been
routinely performed because of the cumbersome
nature of the measurement procedure. Recent
advances in transthoracic real-time echocardiogra-
phy have finally allowed us to obtain 3D volumet-
ric images easily in the clinical setting. Therefore, a
robust method that allows simple 3D quantitative
assessment of the mitral apparatus is required.

NOVEL SOFTWARE SYSTEM FOR 3D ANALYSIS
OF THE MITRAL APPARATUS

We have developed a new software system, which
is designed to visualize 3D images of the whole
mitral annulus and leaflets and to analyze them
quantitatively using real-time 3D echocardiogra-
phy.1 Transthoracic volumetric images that were
obtained using full volume mode with the apical
view were used for the 3D analysis. Data acquisi-
tion was performed by a SONOS 7500® (Philips
Ultrasound, Bothell, Washington) ultrasound sys-
tem with the X4 transducer. All images were digi-
tally stored on compact disk and transferred into a
personal computer for off-line analysis. Using our
original 3D computer software REAL VIEW® (YD
Ltd, Osaka, Japan), the transthoracic 3D volumetric

data (full-volume mode) were automatically cropped
into 18 radial planes 10� apart. The mitral annulus
and leaflets could be semi-automatically traced.
From these data, the anatomic 3D image was recon-
structed to demonstrate the actual configuration of
the annulus and leaflets with a unique surface col-
oration where voxels closer to the probe were coded
in gradations from blue to red, and this image
could be observed from any direction.

QUANTITATIVE ASSESSMENT OF MITRAL
VALVE GEOMETRY IN ISCHEMIC MITRAL
REGURGITATION

Ischemic mitral regurgitation (MR) has been reported
to convey an adverse prognosis after myocardial
infarction.2–4 Though mitral annulus dilatation,
tethering of mitral leaflets secondary to left ventric-
ular (LV) dilatation with outward displacement of
papillary muscles, and reduced transmitral pres-
sure to coapt the leaflets are implicated as mecha-
nisms for ischemic MR,5–12 it had been difficult to
appreciate the 3D morphology of the complicated
mitral valve leaflets and annulus by conventional
2D echocardiography.

Clinical importance of 3D evaluation of mitral
geometry in ischemic mitral regurgitation

Ischemic MR is known to occur in patients with
systolic LV dysfunction due to ischemic heart dis-
ease, with structurally normal mitral valve leaflets.13
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Clinically important ischemic MR occurs in 20 to
25% of such patients and recent clinical studies
have reported that the existence of ischemic MR
is associated with excess mortality and risk after
myocardial infarction, even after revasculariza-
tion.2–4 According to previous experimental and
clinical studies, mitral annulus dilatation, tether-
ing of mitral leaflets secondary to LV dilatation
(displacement of the attached papillary muscles
tethers the mitral leaflets into the LV and restricts
their ability to coapt effectively at the level of mitral
annulus), and reduced transmitral pressure to coapt
the leaflets are implicated as mechanisms for
ischemic MR.6,8–12

Annuloplasty is currently a common surgical
strategy for ischemic/functional MR, even though MR
persists after annuloplasty. Recently, new surgical
strategies have been anticipated to reduce chronic
persistent ischemic MR after annuloplasty. However,
in the clinical setting, the degree of geometric
change of the mitral leaflets and annulus has previ-
ously been assessed in a single slice of the mitral
valve component by 2D echocardiography, in spite
of the unique configuration of the curved mitral
valve and saddle-shaped mitral annulus. Hence,
the 2D imaging plane that is currently used for the
measurement of tenting length (coaptation length)
or tenting area in the clinical studies may miss the
maximum tethering site. In addition, present surgi-
cal approaches have been developed based on the
beneficial results from animal experiments, which
do not take into account the variety of 3D geomet-
ric deformities in each patient in the clinical set-
ting. A precise and comprehensive understanding
of the 3D geometric changes of the whole mitral
leaflets and annulus is needed for successful valve
repair in the clinical setting.

Geometry of mitral valve apparatus: insights
from 3D echocardiography assessment of 
mitral annular geometry and annular 
dynamics in ischemic MR

Saddle-shaped non-planarity of the mitral annulus
has been previously investigated in animal models
using sonomicrometry or marker radiography,14,15

and in human studies by using hand-rotated 2D or
multiplane transesophageal echocardiography.16,17

This unique characteristic of the mitral annulus
configuration is thought to be a more subtle form to
optimize mitral leaflet curvature, which minimizes
peak mitral leaflet stress18 and, hence, this curva-
ture might contribute to the mechanisms of avoiding
MR, as a part of the ‘mitral complex’. Several ani-
mal studies have reported the annulus deformation
in regional ischemia or in chronic ischemic MR,15,19

and new surgical strategies to restore the saddle
shape of the mitral annulus have been proposed and
investigated.20–22 The saddle shape of the mitral

valve would be much more physiologic and would
contribute to successful mitral valve repair in
patients with ischemic MR. We demonstrated the
curvature of the saddle-shaped mitral annulus in
normal subjects. The mitral annulus had its highest
points anteriorly near the aortic root and posteri-
orly near the posterior LV wall, and its low points
located in anterior and posterior commissure, as has
been reported in previous investigations.13,16,17

In patients with infarct LV with LV dysfunc-
tion, the saddle shape was deformed to a flat shape,
and further deformation was found in patients
with ischemic MR.23 Figure 7.1 shows 3D images of
the mitral annulus in a normal subject and in a
patient with ischemic MR with LV dysfunction. In
the normal subject, the mitral annulus appears as a
saddle shape, while in ischemic MR, the annulus
is markedly dilated and flattened. We have also
reported that the degree of geometric deformation
of the annulus was significantly greater in the
anterior myocardial infarction group compared
with the inferior myocardial infarction group.24

A recent investigation using 3D echocardiogra-
phy has shown that the mitral annulus size links
LV dilatation to functional MR.25 There should
be geometric heterogeneity in the mitral annulus
in ischemic MR associated with variable clinical
backgrounds, including the infarct region and
infarct size.

Ahmad et al have demonstrated annular motion
during the cardiac cycle by using their original com-
puter software system with 3D echocardiography.
They found a larger end-diastolic annular perime-
ter and annular area in ischemic MR patients, with
restricted motion in the posterior annulus and
increased intertrigonal distance.26 The same group
has also reported that mitral annular motion corre-
lated with left ventricular ejection fraction. The
use of 3D echocardiography would contribute to the

Figure 7.1 Three-dimensional images of the mitral
annulus. In a normal subject (right), the mitral annulus
appears as a saddle shape, while in ischemic mitral
regurgitation, the annulus is dilated and flattened (left).
LV, left ventricle; LA, left atrium; A, anterior; P, poste-
rior; M, medial side; L, lateral side.
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evaluation of annular dynamics with left atrial/
left ventricular function, which has not been well
studied.

Assessment of mitral leaflet 
geometry in ischemic MR

Previous studies have proved that displacement of
the attached papillary muscles tethers the mitral
leaflets into the LV and restricts their ability to
coapt effectively at the level of the mitral annulus,
which may also dilate. However, the degree of geo-
metric change of the mitral leaflets and annulus
has previously been assessed by 2D echocardiogra-
phy,13,27 in spite of the unique configuration of the
curved mitral valve and saddle-shaped mitral
annulus.16–19 Kwan et al have reported that the
mitral valve tenting in ischemic MR with inferior
myocardial infarction was seen asymmetrically in
the medial side of the valve by the quantitative
measurements performed on selected cut 2D planes
obtained from a 3D dataset.28 We have successfully
determined the 3D geometry of the whole mitral
leaflets and annulus and quantified the degree of
mitral valve tenting and annular deformity in
humans by using our original software system. We
have clearly shown mitral leaflets globally bulged
toward the LV in ischemic MR with global LV dys-
function, clarified the maximum tenting site of the
mitral leaflets, and quantified the mitral valve tent-
ing in patients with ischemic MR.29 Figure 7.2
shows the 3D images of the mitral annulus and
leaflets created by Real View®. These 3D images
clearly show tethered mitral leaflets in a patient
with ischemic MR. In normal subject, leaflets are
almost at the level of annulus, which shows a sad-
dle shape. Furthermore, interestingly, in anterior
myocardial infarction, mitral valve leaflets were
widely tethered toward the LV, in contrast to infe-
rior myocardial infarction which showed localized
tenting of the leaflets.30 Mitral valve geometry in
ischemic MR would be heterogeneous in the
ischemic MR patients with various types of LV
remodeling because of the complicated anatomic
and physiologic variability.

Evaluation of geometric changes of 
the mitral apparatus after surgery

Mitral annuloplasty with reconstructive procedures
to restore a more normal alignment between the
mitral annulus and displaced papillary muscles is
becoming a current surgical strategy for severe
ischemic MR.5 Yamaura et al have investigated mitral
annular configuration and dynamics by recon-
structed 3D images using transesophageal echocar-
diography and reported that annular configurations
are more physiologic in patients with a flexible annu-
loplasty ring than in those with a rigid ring.17,31,32

However, little is known about the 3D geometric
change in the mitral leaflets and annulus after such
reconstructive surgery for patients with ischemic
MR. We have demonstrated preoperative 3D images
showing apparent tenting of the mitral leaflets,
which were tethered into the left ventricle. After
surgery, the mitral annulus visibly shrank and the
mitral leaflet tenting volume was apparently smaller
compared with preoperative images (Figure 7.3).33

Recently, a percutaneous device for mitral regurgi-
tation has been developed and 3D imaging should
be the best way to monitor the shape of the mitral
leaflets and annulus. Daimon et al have elegantly
shown the mitral annular diameter in the anterior–
posterior direction after percutaneous mitral valve
repair by using real-time 3D echocardiography.34 A
three-dimensional quantitation system would be a
unique and helpful tool to evaluate the effects of
surgical/non-surgical procedures on the 3D geome-
try of the mitral apparatus in patients with ischemic
MR, and hence to facilitate an informed choice
between surgical and non-surgical intervention for
each individual.

THREE-DIMENSIONAL EVALUATION OF
PAPILLARY MUSCLE POSITION

To understand 3D geometric changes of the mitral
apparatus comprehensively, the anatomic position
of the papillary muscles in terms of LV geometry
should also be evaluated as an important factor in
assessing the mechanisms of functional MR. The
latest version of our novel software system with
transthoracic 3D echocardiography allows us to
measure not only tethering lengths but also intra-
papillary distance and intrapapillary angle, which
can be measured only in 3D datasets. Papillary
muscle position changes dynamically along with
LV geometry. Figure 7.4 shows the 3D image of the
annulus and leaflet with papillary muscle position
in a normal subject. In decompensated heart failure
with functional MR, mitral valve tenting volume
and tenting length decreased with a reduction in
annular size with an improvement in heart failure
condition. The positions of the papillary muscles
shifted after therapy, which should have led to the
improvement in mitral tenting and, then, MR vol-
ume.35 Analysis of the dynamics of papillary mus-
cle position should be a key in the process of
evaluating the mechanisms of functional MR.

THREE-DIMENSIONAL EVALUATION OF MITRAL
GEOMETRY IN MITRAL VALVE PROLAPSE

Accurate determination of a prolapsed leaflet is
essential for the successful valve plasty for mitral
valve prolapse. Transthoracic and transesophageal
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2D echocardiography is useful in the detection of
the prolapsed site.36,37 Although accuracy in the
detection of a prolapsed leaflet is high in 2D stud-
ies, it requires appropriate training to achieve an
understanding of the unique 3D morphology of a
mitral leaflet, which consists of four major scallops

(anterior, posterior-medial, middle, and lateral).
3D echocardiography has been anticipated to be a
useful diagnostic tool for mitral valve prolapse,
and 3D images reconstructed by multiplane trans-
esophageal echocardiography have shown realistic
mitral leaflets. The reconstructed, volume-rendered

Figure 7.2 Reconstructed 3D images of the mitral leaflets and annulus in ischemic mitral regurgitation (MR) (upper,
ischemic MR; lower, normal). In normal subject, leaflets are almost at the level of the annulus, which shows a saddle
shape. In a patient with ischemic MR, tethered mitral leaflets and a flattened annulus are clearly seen in the 3D image.
LV, left ventricle; LA, left atrium; A, anterior; P, posterior; M, medial side; L, lateral side.
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Figure 7.3 Reconstructed 3D images
of the mitral leaflets and annulus
before and after annuloplastic surgery
for ischemic mitral regurgitation. In
the preoperative image (left) the mitral
annulus is flattened with apparent
tenting of the mitral leaflets, showing
mountain-shaped leaflet bulging. In
the postoperative image (right) the
mitral annulus has visibly shrunk and
the mitral leaflet tenting volume is
apparently smaller. LV, left ventricle;
LA, left atrium; A, anterior; P, poste-
rior; M, medial side; L, lateral side.
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images could be a help in the determination of
the prolapsed leaflet site from the left atrium (sur-
geon’s view). However, this technique has not been
used in daily clinical practice, since the 3D image
construction is time-consuming and the images
not suitable for quantitation. By using our newly
developed software Real View, we can obtain a 3D
image of the prolapsed mitral valve. This image is
also available for the quantitation of annular size
and degree of prolapse. Figure 7.5 shows the 3D
image of the flail leaflet in the posterior middle
scallop. We can easily identify the site of prolapse

in this image. The depth of the maximum pro-
lapsed site from the level of the mitral annulus was
calculated from the 3D dataset to be 16.6 mm in
this patient.

FUTURE DIRECTION

To understand 3D geometric changes of the mitral
apparatus comprehensively, the anatomic position
of the papillary muscles with LV geometry should
also be evaluated as an important factor in assess-
ing the mechanisms of functional MR. Analysis of
the dynamics of papillary muscle position should
be a key in the process of evaluating the mecha-
nism of functional MR. Further clinical trials are
needed to evaluate the unique, complex mitral
geometry including anatomic and physiologic char-
acteristics and dynamics during the cardiac cycle.

3D evaluation of the mitral valve should be
widely applied for mitral valve disease other than
ischemic/functional regurgitation. For mitral valve
prolapse, which is the most common cause of
mitral regurgitation, accurate determination of the
prolapsed leaflet is essential for the successful
valve plasty for mitral valve prolapse. Although 3D
images reconstructed by multiplane trans-
esophageal echocardiography have shown realistic
mitral leaflets, this technique has not been used in
daily clinical practice since the 3D image construc-
tion is time-consuming and the images not suitable
for quantitation. Further development of the non-
invasive quantitative methods would be a great
help for various types of valve disease.

CONCLUSION

The new quantitative system for 3D echocardiogra-
phy is a promising technique that can provide pre-
cise 3D geometry of the mitral apparatus, which is
difficult to elucidate by conventional 2D echocar-
diography.

Figure 7.4 3D image of the annulus and leaflet with pap-
illary muscle positions. From the 3D datasets, tethering
lengths, intrapapillary distance, and intrapapillary angle
can be measured. LV, left ventricle; LA, left atrium; A,
anterior; P, posterior; M, medial side; L, lateral side; p1,
tip of posteromedial papillary muscle; p2, tip of antero-
lateral papillary muscle.

Figure 7.5 3D images of mitral pro-
lapse. Prolapsed leaflet (posterior
middle scallop) is clearly identified by
reconstructed 3D images. LV, left 
ventricle; LA, left atrium; A, anterior;
P, posterior; M, medial side; L, lateral
side.
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Functional mitral regurgitation (FMR) occurs as 
a result of cardiomyopathy despite there being a
structurally normal mitral valve (MV), and it is a
common complication in patients with ischemic
heart disease or idiopathic dilated cardiomyopathy
(DCM). The tethering of the mitral leaflets caused
by a displacement of the papillary muscle (PM) has
been thought to be the main mechanism of FMR.1–6

However, the LV geometry that contributes to a 
displacement of the PM can vary according to the
underlying disease. The LV can be globally remod-
eled in DCM or locally remodeled in an inferior
myocardial infarction (MI). To our knowledge, there
are two postero-medial and antero-lateral PMs.
Each PM distributes chordae only to the ipsilateral
half portion of the MV (Figure 8.1). Therefore, the
geometry of the mitral apparatus in FMR, which
must be affected by the contributing LV geometry,
may be more complicated than previously thought.

With recent advances in real-time 3D echocar-
diography and 3D computer software, particularly
the multiplanar reconstructive (MPR) mode of 3D
image analysis, it has become possible to assess the
geometry of the cardiac structures with more accu-
racy than with 2D echocardiography.7–9

This chapter discusses the advantages of 3D
echocardiography in making geometric measure-
ments of the mitral apparatus in FMR over 2D
echocardiography, as well as the geometry of the
mitral valve in FMR that is observed with the 
combined use of 3D echocardiography and the
MPR mode of 3D image analysis.

ADVANTAGES OF 3D ECHOCARDIOGRAPHY
OVER 2D ECHOCARDIOGRAPHY

Geometry of the mitral valve

Although several new reconstructive surgical pro-
cedures to correct FMR have been proposed,10–12

the surgical treatment is controversial. A better
understanding of the MV geometry will help to pro-
vide a better rationale for optimal surgical treatment 
of FMR.

post. PMant. PM

MV

Figure  8.1 3D reconstructed image of LV chamber
reveals two papillary muscles (PM) distributing chordae
to the ipsilateral half portion of the mitral valve (MV).
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The geometry of the MV can be assessed by
conventional 2D echocardiography, as has been
shown in several previous studies3,13,14 (Figure 8.2).
However, accurate information is essential for mak-
ing geometric measurements of the small cardiac
structures such as the annulus or valve, it is, there-
fore, vital to obtain the same planes that cross identi-
cal portions, or intersect at a specific angle, for every
measurement in order to ensure the reliability 
of the measurements. However, this measurement
process is not guaranteed when using conventional
2D echocardiography (Figures 8.3 and 8.4) and 
the consecutive measurements thus have a low
reproducibility.

Fortunately, the heart has several well-known
anatomic structures that can be used as reference
markers. These include the anterior and posterior
leaflets, two commissural points, the medial junction

d1 
d2

annular area = 3.14 * d1 * d2 /4

tethering angle 

MV tent height
A B

Figure 8.2 Geometric measure-
ment of the mitral valve (MV)
using 2D echocardiography. (A)
Measurement of the tethering angle
and tent height of the MV. (B)
Measurement of the dimension and
area of the mitral annulus. d1,
annular dimension measured on
the apical 4-chamber plane; d2,
annular dimension measured on
the apical 2-chamber plane.

AP plane oblique  AP plane

P
C

A
C

P
C

A
C

cross sectional plane cross sectional plane

Figure 8.3 Low reproducibility of the annular dimen-
sion measurement (white and yellow arrow lines) with
2D echocardiography. Two consecutive apical long axis
planes (upper left and right) may neither agree on the
cross-sectional plane (lower right) (white and yellow
lines) nor cross the identical points of the annulus (lower
right) (white and yellow spots). AP, antero-posterior; AC,
anterior commissure; PC, posterior commissure.

apical 4C plane

cross sectional plane

PC

AC

PC

AC

A

apical 2C plane

cross sectional plane

PC AC

B

PC

AC

Figure 8.4 Low reproducibility of the annular dimen-
sion measurement (white and yellow arrow lines) with
2D echocardiography. (A) Two consecutive apical 4-cham-
ber planes (upper left and right) may neither agree on the
cross-sectional plane (lower right) (white and yellow
lines) nor cross the identical points of the annulus (lower
right) (white and yellow spots). (B) Two consecutive api-
cal 2-chamber planes (upper left and right) may neither
agree on the cross-sectional plane (lower right) (white
and yellow lines) nor cross the identical points of the
annulus (lower right) (white and yellow spots). C, cham-
ber; AC, anterior commissure; PC, posterior commissure.

shiota_ch08.qxp  7/2/2007  3:38 PM  Page 86



Valvular Heart Disease: Mitral Valve; Functional Mitral Regurgitation 87

of the aortic and mitral annuli (MJAM), etc., which
are easily delineated in the cross-sectional plane of
the LV at the valvular level. This requirement for
the accurate delineation of landmarks can be satis-
fied with the combined use of 3D echocardiogra-
phy and its cropping method in the MPR mode
(Figures 8.5 and 8.6).

The MV geometry can also be assessed three-
dimensionally with the appropriate computer soft-
ware. Watanabe et al9 reconstructed a 3D image of
the MV including the annulus by tracing them in
18 cropped rotational planes using 3D software,

and then successfully demonstrated an MV defor-
mation in ischemic MR.

Geometry of the mitral annulus

Knowledge about the 3D geometry of the mitral
annulus (MA) and the changes that occur during
the cardiac cycle is very important for understand-
ing the mechanism of FMR in association with the
LV geometry. However, the complete structure of
the MA and its geometry, which are not visualized
on conventional 2D echocardiography, were not

medial AP planeC
C

 p
la

ne

medial AP plane lateral AP plane

lateral AP planeA
C

P
C

CC plane

ACPC

AMLPML

Figure 8.5 Multiplanar reconstructive (MPR)
guided acquisition of the medial and lateral
antero-posterior (AP) planes. For the anatomic
orientation of the mitral annulus (MA), the
commissure–commissure (CC) axis connect-
ing the two commissures of the MA is speci-
fied in the cross-sectional image at the mitral
valve (MV) level and the orthogonal antero-
posterior (AP) plane perpendicular to the CC
axis is then defined (lower left). By moving
the AP plane (white line) from the medial to
the lateral side of the MV on the cross-sec-
tional plane (lower left) or CC plane (lower
right), 2 AP planes in the medial (upper left)
and the lateral (upper right) sides of the MV
were obtained. AML, anterior mitral leaflet;
PML, posterior mitral leaflet; AC, anterior
commissure; PC, posterior commissure.

AP plane

C
C

 p
la

ne

AMLPML

AαPα
AP dimension

CC dimension

AP plane

CC plane

MVTa

AP plane

A
C

P
C

cross-sectional plane

Figure 8.6 Geometric measurement of the
mitral valve. Cross-sectional plane of LV at the
mitral valve level for the anatomic orienta-
tion and the acquisition of the commissure–
commissure (CC) and antero-posterior (AP)
planes (lower left). The tethering angles of
the anterior (A�) and posterior (P�) leaflets
and the mitral valve area (MVTa) were meas-
ured on the AP plane during mid-systole
(upper left and right). AP and CC dimensions
of the mitral annulus were measured on the
AP and CC planes (upper left and lower
right). AML, anterior mitral leaflet; PML, pos-
terior mitral leaflet; AC, anterior commis-
sure; PC, posterior commissure.
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clarified until the emergence of 3D echocardiogra-
phy. Recently, with the advent of 3D computer
software, it has become possible to investigate 
the 3D geometry of the structure with higher 
accuracy.9,15–19

For the reconstruction of the annulus, the LV
volumetric data are segmented into multiple rota-
tional apical planes around the long axis of the
annulus using 3D software. Two hinge points of
the leaflets (the junction points between the annu-
lus and the leaflets) are then traced in each rota-
tional apical plane (Figure 8.7). From these data,
the 3D image of the annulus is reconstructed by fit-
ting the images and their interpolation together
using 3D computer software.9,17–19

For the geometric estimate of the annulus, the
coordinate system axes for the anatomic orientation
of the MA are then specified in the cross-sectional
volumetric images as follows: the commissure–
commissure (CC) axis connects the two commis-
sures of the MA; the 2nd orthogonal axis for the
MA passes through the intersection of the CC axis
in the roughly antero-posterior (AP) direction16,18,19

(Figure 8.8).
The 2D projected and 3D surface areas of the

MA can be automatically calculated from the data
fitted by 3D computer software after 3D reconstruc-
tion. The non-planarity of the ‘saddle-shaped’
mitral annulus can be examined by measuring the

angle between the anterior and posterior annuli, or
the two vectors from the anterior and posterior
hinge points of the annulus to the center of the CC
axis16,18,19 (Figures 8.9 and 8.10).

Degree of PM displacement

The PM displacement resulting from the LV wall
remodeling is the main underlying geometric cause
of the MV tethering in FMR. Therefore, a precise
estimation of the degree of PM displacement will
provide the critical clue for understanding the het-
erogeneity of MV tethering in FMR.

Several reports have estimated the PM dis-
placement using 2D echocardiography by measur-
ing the distance between the PM head and certain
points.13,14,20 However, these points are not anatom-
ically defined markers but are defined echocardio-
graphically in certain planes (e.g. parasternal long
axis, apical 2- and 4-chamber planes) (Figure 8.11).
Therefore, consecutive measurements using this
method must have a low reproducibility.

On the other hand, using the MPR guided crop-
ping method, the precise anatomic structures and
the anatomic reference points (e.g. PM head,
MJAM) can be identified separately. The geometric
measurements (e.g. distance or angle) between
them will then be completed after placing them on
a single plane (Figure 8.12). None of these processes

Figure 8.7 Generation of 16 rotational apical planes and tracing of 32 hinge points of the mitral annulus (white spots)
for 3D reconstruction of the annulus using newly developed 3D computer software.
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are guaranteed when conventional 2D echocardio-
graphy is used (Figures 8.13 and 8.14).

Despite the advantages of 3D echocardiogra-
phy, it still has several disadvantages compared
with 2D echocardiography, such as lower temporal
and spatial resolution, a narrower angle of image
acquisition, and an inability to transfer ECG, etc.
Hence, there is a need for significant improve-
ments in both the temporal and spatial resolution
in the far field. Moreover, advances in transducer
and computer technology are also needed in order

to allow wider angle acquisition and to eliminate
the requirement for off-line analysis.

MV DEFORMATION IN FMR

The tethering of both mitral leaflets and their
incomplete closure due to the reduced systolic
transmitral pressure has been implicated as a main
MV deformation in FMR. However, as mentioned
earlier, there are two PMs each with chordae dis-
tributed only to the ipsilateral half portion of the
MV. Therefore, the MV tethering pattern produced
by the unilateral PM displacement, which is proba-
bly provoked by localized posterior wall remodel-
ing such as lone inferior MI, is expected to be
different from the one that occurs with bilateral PM
displacement due to global LV remodeling caused
by DCM or ischemic cardiomyopathy with chronic
severe LV dysfunction.

Heterogeneity of the MV deformation in FMR
was first observed by Nielson et al21 in an in vitro
experiment. In that experiment that mimicked the
unilateral PM displacement, inconsistent MV teth-
ering was observed. This constituted tethering of
both leaflets in the ipsilateral portion of the MV and
relative non-tethering of the anterior leaflet, caus-
ing prolapse-like deformation in the contralateral
portion of the MV to the displaced PM. As sug-
gested in the study, prolapse-like deformation of
the contralateral side of the anterior leaflet might
develop because this side of the anterior leaflet is

CC dimension

NPA

AP plane CC plane

PML

PC

AC

AML

ACPC

AP dimension

the center of CC axis

the center of CC axis

AP plane

C
C

 p
la

ne

AC

PC

FFiigguurree  88..88 Definition of anatomic reference
markers of the mitral annulus on the cross-
sectional plane and geometric measurements
of the annulus. AC, anterior commissure;
PC, posterior commissure; AML, anterior
mitral leaflet; PML, posterior mitral leaflet;
AP, antero-posterior; CC, commissure-
commissure; NPA, non-planar angle.

Ant. MA

Post. MAAC

PC

NPA

P

A

the center of CC axis

Figure 8.9 Division of the mitral annulus into anterior
and posterior annuli by the CC axis and the NPA meas-
urement. CC, commissure–commissure; NPA, non-
planar angle, A, anterior point; P, posterior point; AC,
anterior commissure; PC, posterior commissure.
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not tethered and is facing the tethered and restricted
posterior leaflet.

The experimental observation of heterogeneity
of the MV deformation was demonstrated in a
human study with the combined use of 3D
echocardiography and the MPR mode of 3D image
analysis.7 In this study, the MV geometry was
examined in two FMR patient groups, FMR due to
lone inferior MI and FMR due to DCM. The MV
deformation was almost consistent in DCM
patients, showing tethering of both leaflets from the

medial to the lateral side (Figures 8.15 and 8.16).
In contrast, it was inconsistent in the inferior MI
patients, showing a significant difference in the
tethering angle from the medial to the lateral side,
particularly the anterior leaflet (Figure 8.17).
Consequently, the MV revealed a prolapse-like
deformation in the lateral side, as was shown in the
previous experimental study.

As the MV deformation in inferior MI differs
from that in DCM, the MR jet in the former shows
different characteristics (posteriorly directed jet in

Figure 8.11 Estimation of papillary muscle (PM) displacement using 2D echocardiography. The degree of PM dis-
placement is estimated by measuring the distance (white arrow lines) of the PM head from the anterior annulus on the
apical long axis (left), 4-chamber (center), or 2-chamber plane (right).

post. PM 

ant. PM 

MJAM

ant. PM 

post-PM 
MJAM

Figure 8.12 Multiplanar reconstructive
(MPR) guided measurement of the papillary
muscle (PM) displacement. Separate identifi-
cation is made of the tips of the two PM heads
and anatomic reference marker (medial junc-
tion between the aortic and mitral annuli
[MJAM]) (upper left, upper right, and lower
left). Automatic acquisition of the plane dis-
plays all structures together for the measure-
ment (lower right).

PC

AC
A

P
PC

AC
A

P

Figure 8.10 Enlarged and flattened mitral
annulus in functional mitral regurgitation
due to idiopathic dilated cardiomyopathy
(right) compared to normal (left). A, anterior
point; P, posterior point; AC, anterior com-
missure; PC, posterior commissure.
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post. PM ant. PM

AO AO

cross sectional plane

apical long axis plane

Figure 8.13 Low reproducibility of the PM displace-
ment measurement (white and yellow arrow lines) with
2D echocardiography. Two consecutive apical long axis
planes (upper left and right) may neither agree on the
cross-sectional plane (lower right) (white and yellow
lines) nor cross the identical papillary muscle (PM) head
and the identical point of the annulus (lower right) (white
and yellow spots). ant. PM, antero-lateral papillary mus-
cle; post. PM, postero-medial papillary muscle; AO, aorta.

apical 4C plane

cross sectional plane

PC

AC

PC

AC

A

apical 2C plane

cross sectional plane

PC AC
PC

AC

B

Figure 8.14 Low reproducibility of the PM displacement
measurement (white and yellow arrow lines) with 2D
echocardiography. (A) Two consecutive apical 4-chamber
planes (upper left and right) may neither agree on the

PC PCAC AC

medial AP plane lateral AP plane

CC plane CC plane

Figure 8.15 Medial (upper left) and lateral (upper right)
antero-posterior (AP) planes in functional mitral regurgi-
tation due to idiopathic dilated cardiomyopathy. Both
the anterior and posterior leaflets are tethered from 
the medial to the lateral side during mid-systole. AC,
anterior commissure; PC, posterior commissure; CC,
commissure–commissure.

PC AC

medial AP plane lateral AP plane

PC AC

CC plane CC plane

Figure 8.16 Medial (upper left) and lateral (upper right)
antero-posterior (AP) planes in functional mitral regurgi-
tation due to ischemic cardiomyopathy with chronic
severe LV systolic dysfunction. Both the anterior and
posterior leaflets are tethered from the medial to lateral
side during mid systole. AC, anterior commissure; PC,
posterior commissure; CC: commissure–commissure.

cross-sectional plane (lower right) (white and yellow
lines) nor cross the identical point of the annulus (lower
right) (white and yellow spots). (B) Two consecutive apical
2-chamber planes (upper left and right) may neither agree
on the cross-sectional plane (lower right) (white and yel-
low lines) nor cross the identical point of the annulus
(lower right) (white and yellow spots). AC, anterior 
commissure; PC, posterior commissure.
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PC PCAC AC

medial AP plane lateral AP plane

CC plane CC plane

Figure 8.17 Medial (upper left) and lateral (upper right)
antero-posterior (AP) planes in functional mitral regurgi-
tation due to lone inferior myocardial infarction. Both
the anterior and posterior leaflets are tethered in the
medial side, but in the lateral side the anterior leaflet
showed preserved motion without tethering during mid-
systole. AC, anterior commissure; PC, posterior commis-
sure; CC, commissure–commissure.

Figure 8.18 Color flow Doppler images showing a wide,
single, and centrally directed jet on both apical 2- (left)
and 3-chamber (right) planes in dilated cardiomyopathy.

Figure 8.19 Color flow Doppler images showing a wide, single, and centrally directed jet on both apical 2- (left) and 
3-chamber (right) planes in ischemic cardiomyopathy with global LV remodeling due to chronic severe LV systolic 
dysfunction.

the lateral side) from that in the latter (centrally
directed jet) (Figures 8.18–8.20).

Recently, Watanabe et al22 also reported on the
geometric differences in the MV deformation
between ischemic MR patients due to anterior and
inferior MI using 3D echocardiography. In this study,
the MV geometry was estimated by reconstructing

the 3D shape of the MV using 3D computer soft-
ware. The MV leaflets were widely tethered toward
the LV in an anterior MI, while the MV showed
localized tenting in an inferior MI.

These findings suggest that the MV deformation
and the geometric mechanisms provoking the con-
sequent MR jet may be different in patients with
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FMR according to the contributing LV geometry
(localized or global LV remodeling), which 
determines the PM displacement (unilateral or
bilateral).

CONCLUSION

Several new reconstructive surgical procedures
have recently been proposed to correct FMR using

animal models.8–10 However, considering that
reconstructive surgery for FMR relies on the mor-
phologic basis of the mitral apparatus, there is a
need for better recognition of the geometry of the
mitral apparatus. The combined use of 3D echocar-
diography and the MPR mode for 3D image analy-
sis may provide more detailed information on its
geometry than conventional 2D echocardiography
and lead to the development of new strategies for
the surgical treatment of FMR.
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Figure 8.20 Color flow Doppler images showing 2 differently directed jets, one a central jet from the medial portion
of the mitral valve, the other a posteriorly directed jet from the lateral portion of the mitral valve on apical 2- (left) and
3-chamber (right) planes in functional mitral regurgitation due to inferior myocardial infarction.
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CLINICAL TWO-DIMENSIONAL
ECHOCARDIOGRAPHY

Mitral stenosis (MS) is caused by rheumatic valve
disease in most patients (Figure 9.1), while
occasionally, congenital parachute mitral valve
(Figure 9.2), radiation, extensive annular calcifica-
tion, bacterial endocarditis (vegetation), and myxoma
may be the hemodynamic cause of mitral stenosis.
Conventional two-dimensional (2D) echocardiogra-
phy demonstrates such anatomic abnormalities,
including leaflet mobility, leaflet thickness, leaflet
calcification, and subvalvular and commissural
fusion. Severity of MS is also determined by con-
ventional 2D echocardiography. Normal mitral valve
area (MVA) is considered to be more than 4 cm2;
MVA � 1.0 cm2 is considered to be severe MS;
1.0 cm2 � MVA � 1.5 cm2, moderate MS; and 
1.5 cm2 � MVA � 2.0 cm2, mild MS. There are quite
a few echocardiographic methods for determining
the severity of MS, including 2D planimetry, con-
tinuous wave (CW) Doppler pressure half time, and
the proximal isovelocity surface area (PISA) or
flow convergence (FC) method.1–9 MVA should be
determined by using all available methods and
cross-checking the values in patients with MS.

Two-dimensional planimetry method 
(Figure 9.3)

Many echocardiographic methods for evaluating
the severity of MS have been proposed and pub-
lished in a variety of cardiology and ultrasound jour-
nals. Among them, 2D planimetry is probably one
of the most widely used methods for judging the
severity of MS (Figure 9.3).1–3,9 When one attempts
to measure the mitral valve area by this method, it
is imperative to obtain the real parasternal short-axis
view of the mitral valve with proper gain settings
and measure the smallest area by tracing the tip of
the mitral leaflets. Oblique short-axis 2D views

may result in overestimation of the actual mitral
valve area while overgain imaging of severely calci-
fied valves may underestimate the real area. Three-
dimensional (3D) echocardiography may be able to
overcome this often vital shortcoming of the cur-
rent 2D echo by rotating perspective views of the
mitral valve. However, one must be careful about
the thickness of the leaflet when 3D echo is applied
to determine MV area because of the thicker pres-
entation of the mitral valve leaflets expected by
this new method.

Pressure half time method (Figure 9.4)

Impedance against the transmitral flow during dias-
tole results in a filling prolongation, which is a

LALV

AO

Figure 9.1 Typical parasternal view of rheumatic mitral
stenosis. Doming of the anterior leaflet (arrow) is the
hallmark of rheumatic valve disease and is well recog-
nized in this 2D view. However, this 2D image cannot
show how wide the doming is from the lateral to medial
side. AO, aorta; LA, left atrium; LV, left ventricle.
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longer duration of the pressure drop from the begin-
ning to half of the pressure gradient (pressure half
time, PHT) in patients with MS.4,5 Empirically,
MVA is determined by the following equation:

MVA (cm2) � 220/PHT (m s)

When aortic regurgitation (AR) coexists with mitral
stenosis, this method would overestimate the MVA
because AR causes the rapid pressure rise of the
left ventricle during diastole, resulting in shorter
PHT.10 The CW Doppler method provides
another important piece of information in patients

with MS: the peak and mean pressure gradient
between LV and LA. In particular, the mean pressure
gradient obtained by tracing the CW envelope pro-
vides an estimate of the severity of MS (Figure 9.5). A
mean pressure gradient � 12 mmHg suggests
severe MS, 5 mmHg � mean pressure gradient 
� 12 mmHg, moderate MS, and mean pressure
gradient � 5 mmHg, mild MS.

The increased left atrial pressure caused by MS
eventually results in pulmonary hypertension in
patients with MS. Pulmonary artery systolic pres-
sure is also estimated by conventional echocardio-
graphy using the simplified Bernoulli equation; the

LA

RV

Figure 9.2 Congenital mitral stenosis. An example of a
2D transesophageal echocardiography image, demon-
strating a congenital parachute mitral valve (arrow),
causing hemodynamically severe mitral stenosis. LA,
left atrium; RV, right ventricle.

Figure 9.3 A parasternal short-axis view of the mitral
valve. By tracing the tip of the leaflets, one can deter-
mine mitral valve area. No one can be sure, however,
that this is the smallest valve area by using only 2D
echocardiography.

PHT = 167 ms

Figure 9.4 A CW Doppler recording of transmitral flow
in a patient with mitral stenosis. Pressure half time
(PHT) is measured from the deceleration slope. Mitral
valve area is determined by the equation, 220/PHT. 
In this case, MVA was 220/167, 1.3 cm2. However, no
one can be sure that the CW curser line is placed on the
exact direction of the transmitral inflow.

Figure 9.5 A CW Doppler recording from a patient with
severe MS. After tracing the envelope of the velocity, the
mean pressure gradient was found to be 15 mmHg.
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pressure gradient between RA and RV � 4Vmax2,
where Vmax (m/s) is the maximal velocity of tri-
cuspid regurgitation (Figures 9.6 and 9.7).4 Thus,
when we assume RA pressure to be 5 mmHg, RV
systolic and PA systolic pressure (in the absence of
pulmonary stenosis) � 4Vmax2 � 5.

When one attempts to measure the mitral valve
area and PA pressure by the CW method, it is
imperative to place the CW Doppler interrogation
line parallel to the direction of the blood flow.
However, conventional 2D echo may not provide
accurate spatial information about the exact location
of the CW interrogation line relative to the blood
flow, resulting in erroneous or uncertain estimation
of the valve area and pressure. 3D echocardiography
can guide the precise placement of the CW Doppler

interrogation line to further improve the accuracy
of this CW method.

Flow convergence method or PISA method
(Figure 9.8)

Color Doppler imaged flow convergence towards
the stenotic mitral valve (or PISA) can provide an
alternative technique for determining MVA.7,8 In
this method, assuming a hemispheric shape of PISA,
MVA is derived from the following equation:7

MVA � 2 � � � R2 � Vn/Vmax

where Vn � Nyquist velocity and Vmax � CW
maximal velocity of transmitral inflow. However,
when the inlet angle (��) is significant, it is necessary
to use a correction factor as follows:7

MVA corrected � MVA � ��/180�

3D echocardiography should improve this method
by demonstrating a more realistic shape of PISA,
which is not a hemisphere in MS, as will be dis-
cussed later.

BALLOON MITRAL VALVULOPLASTY

Balloon mitral valvuloplasty or commissurotomy
is indicated in symptomatic patients (New York
Heart Association functional class (NYHA class 2 �))
with moderate or severe MS (MVA � 1.5 cm2) and
a valve morphology favorable for this procedure
with an absence of LA thrombus or moderate to
severe MR.11,12 Asymptomatic patients with

RV

RA

LA

Figure 9.6 An example of a 2D TEE image in a patient
with severe MS, demonstrating moderate tricuspid
regurgitation. LA, left atrium; RA, right atrium; RV, right
ventricle.

Peak velocity of 3.6 m/sec

Figure 9.7 An example of CW Doppler recording of 
tricuspid regurgitation from a patient with severe MS
and pulmonary hypertension. Systolic pulmonary artery
pressure was estimated as 57 mmHg by employing the
simplified Bernoulli equation. However, again, no one
can be sure that the CW curser line is placed on the exact
direction of the TR jet.

θ

Figure 9.8 An example of PISA or flow convergence
towards a stenotic mitral valve. The mitral valve is
determined by an angle-corrected PISA method (see text).
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MVA � 1.5 cm2 and pulmonary hypertension (pul-
monary artery systolic pressure � 50 mmHg at rest or
� 60 mmHg at peak exercise) may be considered for
this procedure.

Conventional 2D echocardiography plays a key
role to provide valve morphology, the degree of
stenosis and regurgitation, and pulmonary artery
systolic pressure. Echocardiographic score of the
morphologic abnormality of the mitral valve appa-
ratus is widely used for determining suitability of
valvuloplasty, and a total score of 8 or less is con-
sidered to be a favorable morphology for this pro-
cedure.11,12 However, in actual clinical settings,
one must not apply this echocardiographic score
rigidly, particularly in intermediate cases because
there exists significant overlap of the outcome in
these patients and uncertainty of the scoring itself,
with relatively high observer variability.12

When the procedure is executed, real-time 3D
echo as well as conventional 2D echo, including
TEE, can provide vital information on the location
of the catheter and balloon, and changes in the
severity of MS and MR during this procedure.

APPLICATION OF 3D ECHOCARDIOGRAPHY

What is the additional value of 3D echocardiogra-
phy for assessing mitral stenosis? First, the geome-
try of the mitral valve can be demonstrated by 3D
echocardiography, as seen in Figure 9.9. Second, as
mentioned above, the stenotic valve area can be
determined by using unique 3D views.

Different 3D echo methods were used to deter-
mine the valve area in patients with mitral steno-
sis.13–17 Binder et al. reported real-time volumetric 3D
echo data for the estimation of mitral valve area in
patients with mitral valve stenosis.14 In 48 patients
with mitral stenosis, MVA was determined by
planimetry using volumetric real-time 3D echo and

compared to measurements obtained by 2D echo
and Doppler pressure half time (PHT). While 2D
echo allowed planimetry of the mitral valve in 43
of 48 patients (89%), calculation of the MVA was
possible in all patients when 3D echo was used.
Mitral valve area by 3D echo correlated well with
MVA by 2D echo (r � 0.93, mean difference, 
0.09 cm2) and by PHT (r � 0.87, mean difference,
0.16 cm2). Interobserver variability was significantly
less for 3D echo than for 2D echo (SD 0.08 cm2

versus SD 0.23 cm2, p � 0.001).
In this study, 3D echo reportedly provided

accurate and highly reproducible measurements
of mitral valve area and can easily be performed
from an apical approach. In another study, a more
recent type of real-time 3D echo system was used
for planimetry. This was reportedly more accu-
rate than the Gorlin method to measure the valve
area although the authors used three classical 2D
echo methods (2D planimetry, pressure half time,
and the PISA method) as the reference method.
The authors concluded in this study that we
should keep in mind that 3D echo planimetry may
be a better reference method than the Gorlin
method to assess the severity of rheumatic mitral
stenosis.16

When 2D methods are used as reference, one
may wonder whether 3D echocardiography can be
used independently or not in the clinical setting. I
personally believe that the combination of conven-
tional 2D echo especially with CW Doppler (for
determining pressure gradients and pressure half
time) and 3D echo is the best way to accurately
assess pathophysiology and hemodynamics in
patients with MS. As we all know, one should use
multiple echo methods to cross-check the values
(MVA and pressure gradients), whether those are
2D or 3D methods.

The most striking information by 3D echocardi-
ography is the depth and spatial relationship between

AML

PML

AML

PML

Figure 9.9 Two different views of a stenotic mitral valve by 3D echocardiography. Note that a severe stenosis is well
recognized in these 3D views. AML, anterior mitral leaflet; PML, posterior mitral leaflet.
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two leaflets revealed by rotation of the mitral valve
image in motion (Figures 9.9–9.12). Not only the
severity of the stenosis but also the shape, location,
and anatomic abnormalities of the mitral valve
leaflets such as heavy calcification are visualized
in a most intuitive way. Also, 3D PISA images give
us clear insight for the location and shape of PISA
in MS. As stated before, the 2D PISA method
assumes a hemispheric shape of PISA to determine
MVA, whether the angle is corrected or not.
However, as seen in Figure 9.13 (right panel), the
shape of PISA showed an elongated, crescent
shape of non-hemispheric geometry. This indicates
the absolute necessity of an appropriate correction
to use the simple PISA method for determining the
MV area with high accuracy.

APPLICATION OF 3D ON BALLOON MITRAL
VALVULOPLASTY

Application of 3D echocardiography for valvulo-
plasty has been reported many times.18,19 In one of
these studies, multiplane transesophageal echocar-
diography (TEE with electrocardiographic and res-
piratory cycle gated image acquisition) was used
in 19 patients undergoing balloon mitral valvulo-
plasty. The mitral valve was viewed en face as if
looking up from the left ventricle. The mean mitral
valve area (by pressure half time from the Doppler
of the 2D echocardiogram) increased after valvulo-
plasty from 0.86 � 0.06 cm2 to 2.07 � 0.10 cm2,
p � 0.0001. This was similar to the mitral valve
areas obtained by planimetry from 3D images. 

2D 3D

Figure 9.10 Direct comparison of 2D and 3D parasternal views from the same patient with rheumatic mitral stenosis.
In the 2D view (left), connections between the leaflets and chords are not recognized as well as in the 3D view (right).

2D 3D

Figure 9.11 Direct comparison of 2D and 3D short-axis views from the same patient with rheumatic mitral stenosis.
In the 2D view (left), only a part of both anterior and posterior leaflets is visualized while the entire valve is visual-
ized with the smallest stenotic orifice in the 3D view (right).
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3D reconstructions showed a complete commis-
sural split in 10 patients and partial splitting in 9
patients. In 3 of the 8 patients who had an increase
in the amount of mitral regurgitation, 3D recon-
structions were able to detect tears within the
valve leaflet. One leaflet tear actually extended up
to the mitral valve annulus and was associated
with the only case of severe mitral regurgitation.
The authors then concluded that 3D echocardio-
graphic reconstruction enabled visualization of
the mitral valve so that commissural splitting and

leaflet tears not seen on 2D echocardiography
became visible.18

Thanks to recent developments in relatively high-
quality transthoracic real-time 3D echocardiography,
improvement in measurement of valve area and
changes in valve geometry after the balloon valvulo-
plasty was reported.19 Transthoracic real-time 3D
echo, instead of multiplane TEE 3D reconstruction,
could be employed to measure the valve area in 29
patients with rheumatic mitral stenosis who underwent
balloon valvuloplasty.19 The authors also concluded

2D

3D 3D 3D

LA

LV

PML

AML

Figure 9.12 Direct comparison of 2D and 3D apical views from the same patient with rheumatic mitral stenosis. In the
2D view (above), doming of the anterior leaflet is seen as a curved line while in 3D views, the doming is seen as a
curved plane (below).

Figure 9.13 3D PISA in MS. PISA is
seen in the vertical or apical (left) and
horizontal (right) views. PISA shape is
completely different between these
two views. Note that the left panel is a
view from the left atrium, and thus
color coding is opposite to the right
panel. LA, left atrium; LV, left ventricle;
AML, anterior mitral leaflet; PML,
posterior mitral leaflet.
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that transthoracic real-time 3D echo was a feasible
and accurate technique for measuring mitral valve
area in patients with rheumatic mitral valve stenosis.

Color 3D images may enhance our understand-
ing of the increase in mitral inflow and changes
in the shape of the orifice after the procedure
through the location and geometry of the PISA. In
view of the new development of transesophageal
real-time 3D echocardiography, it may be possible
to monitor the procedure in real time in the
catheterization laboratory in the near future.

CONCLUSION

The newly developed real-time 3D echocardiogra-
phy with color Doppler capability not only demon-
strates realistic views of the entire stenotic mitral
valve, but also the shape of flow convergence (PISA)
toward the stenotic valve. Percutaneous balloon
valvuloplasty will be better monitored by TEE-based
real-time 3D echocardiography than by conven-
tional 2D echocardiographic methods.
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Two-dimensional (2D) echocardiography is limited
with the need of geometric assumption in the
assessment of valve geometry and in the quan-
tification of regurgitation. Transesophageal three-
dimensional (3D) echocardiography has been devel-
oped and the usefulness of this new imaging tech-
nique in the assessment of the aortic valve has been
reported.1 Transthoracic 3D echocardiograpy is now
available, which provides a simple means to scan the
whole heart non-invasively. Transthoracic real-time
color Doppler 3D echocardiography can capture the
entire flow signal, providing unique information on
its shape and location, and permitting reliable quan-
tification of aortic regurgitation.2

BIPLANE AND FULL-VOLUME THREE-
DIMENSIONAL ECHOCARDIOGRAPHY

Full-volume 3D echocardiography can provide a
pyramidal image of the whole heart and the volume-
rendered image can be rotated and observed from
any direction. Although the image quality of cur-
rent real-time 3D echocardiography is lower than
conventional 2D echocardiography, full-volume
3D images help the observer to understand the
exact anatomic position of each structure. The aor-
tic valve can be observed from the direction of the
ascending aorta, which is impossible by 2D echocar-
diography. Figure 10.1(A) shows the bicuspid aortic
valve by 2D and full-volume 3D echocardiography.
In the 3D view, the bicuspid valve is clearly seen
from inside the ascending aorta.

By utilizing biplane 3D echocardiography, a
heart can be visualized from two different views
simultaneously. The degree of the cutting planes

and cropping axis can be freely changed. The
biplane 3D image helps us to understand the exact
position of the probe, and by looking at these images
simultaneously in real time, the 3D configuration
of the heart structure can be easily understood.
Figure 10.1(B) shows the images of the bicuspid
aortic valve produced by biplane 3D echocardiog-
raphy. In this mode, the bileaflet aortic valve
with leaflet doming can be clearly visualized, in
long-axis and short-axis views of the aortic valve.
The cropping axis is set across the aortic valve in this
view. 3D echocardiography can give us more accurate
anatomic information than conventional 2D echocar-
diography. Poutanen et al measured the aortic valve
annulus areas in 168 healthy children and young
adults by 3D echocardiography and found that the
aortic annular area increases linearly in relation to
body size.3

Three-dimensional observation of the aortic
valve provides unique additional information in
the diagnosis of various types of aortic valve dis-
ease. Miyamoto et al reported a case with discrete
subaortic stenosis diagnosed by 2D and 3D echocar-
diography. In this unusual case with complicated
morphology, 3D echocardiography provided useful
anatomic and functional information, which was
helpful before surgical intervention.4

THREE-DIMENSIONAL COLOR DOPPLER
ECHOCARDIOGRAPHY

3D color Doppler facilitates morphologic assessment
of the flow jet and helps to appreciate the 3D vena
contracta with acceleration flow. The regurgitant
orifice is often an elliptic or irregular oval, which
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2D echo image 3D echo image; full-volume
looking at AoV from ascending aorta

3D echo image; bi-plane mode
looking at AoV in two different views simultaneously
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Figure 10.1 (A) Images of the bicuspid aortic valve by 2D and full-volume 3D echocardiography. In the 3D view, 
the bicuspid valve is clearly seen from inside the ascending aorta. The pyramidal image from the parasternal 
approach is cropped from the direction of the ascending aorta. (B) Images of the bicuspid aortic valve by biplane 
3D echocardiography. The bileaflet aortic valve with leaflet doming can be clearly visualized simultaneously in the
parasternal long-axis and short-axis views of the aortic valve. The cropping axis is set across the aortic valve. (C) 2D
and 3D color Doppler image clearly shows regurgitant orifice (arrow). LV, left ventricle; LA, left atrium; RV, right ven-
tricle; RA, right atrium; AOV; aortic valve.
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changes the width of the vena contracta in different
views. 3D color Doppler echocardiography is a
useful tool in the visualization of the actual shape
of the regurgitant orifice.5,6 In other words, the
3D echocardiographic image allows us to measure
the vena contracta area. Fung et al investigated the
accuracy of the vena contracta area measurements
by live 3D color Doppler echo cardiography in aor-
tic regurgitation.6

Figure 10.2 shows a case of aortic regurgitation.
In 2D echocardiography, moderate regurgitation
with irregular proximal isovelocity surface area
(PISA) is seen. 3D color Doppler echocardiography
shows that this patient actually has two regurgitant
orifices. When the gray-scale image is suppressed

to view the regurgitant jet, two regurgitant orifices
are more clearly seen and by rotating the image
from inside the ascending aorta, two flow jets are
observed passing through the aortic valve.

PITFALLS IN THE ASSESSMENT OF 
THE AORTIC VALVE BY REAL-TIME 
3D ECHOCARDIOGRAPHY

3D echocardiography can provide additional anato-
mic information compared to 2D echocardiography.
However, because of the relatively poor image
quality in current real-time 3D echocardiography,

2D color Doppler echo image 3D color Doppler echo image; full-volume

3D color Doppler echo image
gray scale data are suppressed
to view the AR jet

3D color Doppler echo image
Looking at AoV from ascending aorta

A

B

Figure 10.2 (A) 2D and 3D images of aortic regurgitation. In 2D echocardiography, moderate regurgitation is seen with
irregular hemispheric acceleration flow. 3D color Doppler echocardiography shows that this patient actually has two
regurgitant orifices. (B) Left panel: Gray-scale image is suppressed to view the AR jet. Right panel: The image is rotated
as if viewed from within the ascending aorta, two flow jets going through the aortic valve can be observed.
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than in the apical approach. In severe aortic
valve calcification, image quality is also low in
2D echocardiography, and visualization of the aortic
valve in aortic stenosis is often difficult.

the 3D image alone is not sufficient to make a
diagnosis on and observation by 2D echocardiogra-
phy is a prerequisite. In the full-volume image, the
aortic valve is better visualized in the parasternal
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TWO-DIMENSIONAL ECHOCARDIOGRAPHY

Images of the tricuspid valve

Because the tricuspid valve is complex both in its
anatomy and motion, multiple cross-sectional images
should be visualized for comprehensive recogni-
tion of the valve. In a parasternal short-axis view at
the level of the aortic valve, the septal and anterior
leaflets are seen (Figure 11.1). In an apical 4-chamber
view, the septal and anterior leaflets of the tricus-
pid valve are visualized (Figure 11.2). For visuali-
zation of the posterior leaflet of the tricuspid valve,
the right ventricular inflow tract view should be
obtained by medial angulation of the transducer
in the parasternal approach (Figure 11.3). In stan-
dard two-dimensional (2D) echocardiography,
however, it is difficult to visualize all three leaflets
in one view. Thus, mental reconstruction of the entire
tricuspid valve is necessary from various 2D images.

Tricuspid regurgitation and geometry
of the tricuspid valve

Functional tricuspid regurgitation commonly occurs
in patients with left-sided valve disease and left
ventricular (LV) dysfunction.1,2 It has been sug-
gested that tricuspid annular dilatation and tethering
of the leaflets of the tricuspid valve are important
changes in the tricuspid valve geometry in patients
with functional tricuspid regurgitation.3–5 Tricuspid
annuloplasty is recommended for the treatment of
functional tricuspid regurgitation as a standard
surgical procedure at the time of left-sided heart
surgery to decrease the postoperative morbidity
and mortality because of significant tricuspid
regurgitation.6–8 Although an annuloplasty ring is
commonly used in this surgical procedure, resid-
ual tricuspid regurgitation commonly occurs. One
major reason for this unsatisfactory result may be
inadequate knowledge of the three-dimensional
(3D) geometry of the tricuspid valve. The rings

commonly used for tricuspid annuloplasty were
originally formed in a single plane for the mitral
valve,9–11 however the tricuspid annulus may have
a non-planar geometry. Although tricuspid diame-
ter, tricuspid tethering distance, and area have been
evaluated (Figure 11.4), standard 2D echocardiog-
raphy produces only a limited recognition of the
3D geometry of the tricuspid valve.

THREE-DIMENSIONAL ECHOCARDIOGRAPHY

Three-dimensional images of the
tricuspid valve

Recently developed new real-time 3D echocardiog-
raphy using a new matrix-array transducer provides
more realistic images of tricuspid valve geometry
compared with those by conventional 2D echocar-
diography. In addition, the short-axis view of the

L AR A

R V
L V

Figure 11.1 Parasternal short-axis view at the level of
the aortic valve. LV, left ventricle; RV, right ventricle;
LA, left atrium; RA, right atrium.
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tricuspid valve, which has not been visualized in
2D echocardiography, can be obtained with good
image quality. In real-time 3D echocardiography,
images are usually acquired from the apical win-
dow in full volume mode for the entire cardiac image
data. Two reference 2D images are displayed on the
screen, helping the operator to position the region
of interest with all targets being covered by the
imaging volume. After the reference images have
been visualized, such as by apical 4- and 2-chamber
views, full-volume datasets of the tricuspid valve
are acquired. Four conical subvolumes of approxi-
mately 20� � 80� are scanned during 4 to 7 heart
beats without the transducer being moved. Under
the triggering of the R-wave on the electrocardiogram,
the four subvolumes are acquired, automatically inte-
grated, and entire pyramidal datasets of approxi-
mately 80� � 80� are obtained. Figure 11.5 shows
3D images of a normal tricuspid valve obtained by
real-time 3D echocardiography. All three leaflets of
the tricuspid valve are clearly visualized in the 3D
images seen from the right ventricle. Figure 11.6
shows the same view of the tricuspid valve in a
patient with tricuspid regurgitation. In these 3D
images, dilatation of the tricuspid annulus and loss
of coaptation of the three tricuspid leaflets are
clearly visualized. These images should be helpful
for recognition of the pathology of the tricuspid
valve in patients with tricuspid regurgitation.

Three-dimensional analysis of tricuspid
geometry

Regarding the mitral valve, 3D analysis from multi-
ple cross-sectional images has been applied to the
investigation of the non-planar geometry of the
valve in earlier reports.12–15 Although the tricuspid
annular size during the cardiac cycle was evalu-
ated using a rotational 2D echocardiographic tech-
nique,3 the non-planar geometry has not been fully
investigated. Recently, the 3D geometry of the tri-
cuspid valve has been analyzed with custom-made
software16,17 for the analysis of 3D echocardio-
graphic data obtained from new real-time 3D
echocardiography.18 Figure 11.7 shows real-time
3D images made with the customized software,
demonstrating the process of tracing the tricuspid
annulus. To acquire the 3D geometry of the tricus-
pid annulus, the location of eight annulus points
should be pinpointed throughout a cardiac cycle
from four cross-sectional planes rotated at 45�
about a fixed rotational axis. Figure 11.8 shows
reconstructed 3D images of the tricuspid annulus
in a healthy volunteer and also in a patient with
functional tricuspid regurgitation. In this report,
the non-planar and non-single-plane structure of
the tricuspid annulus was observed both in healthy
subjects and in patients with tricuspid regurgitation.
In patients with functional tricuspid regurgitation,

L A

R A
A o

R V

Figure 11.2 Apical 4-chamber view. LA, left atrium; RA,
right atrium; RV, right ventricle; Ao, aorta.

R A

R V

Figure 11.3 Parasternal right ventricular inflow tract
view. RA, right atrium; RV, right ventricle.

R A

R V

L A

L V

Figure 11.4 Apical 4-chamber view showing the meas-
urement of tricuspid annular diameter, tricuspid tether-
ing distance, and area. LA, left atrium; RA, right atrium;
LV, left ventricle; RV, right ventricle.
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diastolesystole

Figure 11.5 3D images of the tricuspid valve obtained from a healthy subject. LV, left ventricle; TV, tricuspid valve;
MV, mitral valve; A, anterior leaflet; P, posterior; S, septum.

diastole systole

P

A

S

TV

MV

Figure 11.6 3D images of the tricuspid valve obtained from a patient with severe tricuspid regurgitation. TV, tricus-
pid valve; MV, mitral valve; A, anterior leaflet; P, posterior; S, septum.

Figure 11.7 Real-time 3D echocardiograms showing the process of tracing the tricuspid annulus. In the cross-sec-
tional plane passing through the middle of the septum, the lateral portion of the tricuspid annulus is manually marked 
(yellow point) (A). The cross-sectional plane is rotated around the center of the axis (red line) at 45� intervals to mark
the posterolateral portion of the tricuspid annulus (yellow point) (B)).. Then the posterior portion of the tricuspid annu-
lus is marked in the cross-sectional plane rotated 90� from the original position (C). Reproduced from Fukuda et al.18 
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Figure 11.8 3D geometry of the tricuspid annulus in a healthy subject (upper panel) and in a patient with functional
tricuspid regurgitation (lower panel) during one cardiac cycle. The dynamic motion of the tricuspid annulus is
demonstrated by sequential still images. Composites of still frames start from end-systole in both upper and lower
panels. The unique 3D structure of the tricuspid annulus is shown throughout a cardiac cycle in a healthy subject; it
was more planar in patients with tricuspid regurgitation. Reproduced from Fukuda et al.18

Figure 11.9 Averaged, normalized, localized height of each of the 8 points in healthy subjects (A) and in patients with
mild (B), moderate (C), and severe (D) tricuspid regurgitation (TR). A, anterior; AL, anterolateral; AS, anteroseptal; 
L, lateral; P, posterior; PL, posterolateral; PS, posteroseptal; S, septum; TA, tricuspid annlus. Reproduced from
Fukuda et al.18
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a more circular tricuspid annulus shape was
observed because of dilatation of the annulus in
the septal to lateral and posteroseptal to anterolat-
eral directions. This study has shown that the more
severe the tricuspid regurgitation, the more planar
the tricuspid annulus (Figure 11.9). In this analy-
sis, the highest point of the tricuspid annulus was in
the anteroseptal segment, and the lowest point
toward the right ventricular apex from the right
atrium was the posteroseptal segment.

The geometry of the tricuspid annulus appears
to be different from the saddle-shaped mitral annu-
lus.12–15 We may have to consider this point in
tricuspid annuloplasty in patients with tricuspid
regurgitation. Based on the results of 3D analysis in
healthy subjects, an optimal physiologic ring shape
could be developed for tricuspid annuloplasty. The
use of such a ring may then help to reduce residual
tricuspid regurgitation in patients after tricuspid
annuloplasty.
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Hypertrophic cardiomyopathy is a cardiovascular
disease caused by a genetic disorder in one of at least
the 10 genes that encode the proteins of the cardiac
sarcomere. This disease has a unique potential for
clinical presentation during any phase of life from
infancy to old age and may be expressed in a wide
range of phenotypic forms, from severe symmetric
left ventricular hypertrophy to massive hypertrophy
of asymmetric distribution.

Physiopathologic mechanisms underlying hyper-
trophic cardiomyopathy are complex and not clearly
understood, but include dynamic left ventricular out-
flow obstruction, mitral regurgitation, and diastolic
dysfunction. These may all lead to shortness of breath
and limited functional capacity, angina, and syncope;
however, although most patients are asymptomatic
throughout their lives, there is a risk for sudden car-
diac death probably associated with arrhythmia and
progression to advanced heart failure with left ven-
tricular systolic dysfunction. The main causes of
adverse clinical outcome are shown in Table 12.1.

Diagnosis of hypertrophic cardiomyopathy is
now mainly based on cardiac imaging methods,
including two-dimensional (2D) echocardiography,
MRI, and multislice CT scanning. Left ventricular
thickening is associated with a non-dilated cavity
with hyperdynamic motion and, usually, systolic
chamber obliteration. Typically, the diagnosis is
made on the presence of a maximal left ventricular
wall thickness of at least 15 mm in the absence of
any other disease capable of inducing such a
degree of left ventricular hypertrophy noted by 2D
echocardiography.1

Hypertrophic cardiomyopathy can be classified
into various hemodynamic subgroups. Patients may
present with non-obstructive or obstructive dis-
ease; the latter may be even subclassified into latent
or provocable (resting gradient � 30 mmHg and 
� 30 mmHg after provocation) and resting obstruc-
tive hypertrophic cardiomyopathy (resting gradient
� 30 mmHg).1

Two-dimensional echocardiography has been
classically the most commonly used imaging tech-
nique to evaluate hypertrophic cardiomyopathy.
Recent advances in three-dimensional (3D) echocar-
diography have brought this technique to the clini-
cal field of hypertrophic cardiomyopathy. Because
of the abnormal geometry of the hypertrophic ven-
tricle, 3D echo may be a unique, potentially indis-
pensable imaging tool in patients with hypertropic
cardiomyopathy.

M-MODE ECHOCARDIOGRAPHY

M-mode echocardiography was the first echocar-
diographic technique used for the diagnosis of this
disease. Typically, an M-mode scan through the left
ventricle in the parasternal long axis view allows
the detection of a thickened wall (� 15 mm) and a
reduced cavity of the left ventricle. The hypertrophy
can be of concentric or asymmetric distribution,
usually affecting the septal wall (Figures 12.1 and
12.2), with a septal to posterior wall ratio � 1.5:1.
Care must be taken when using M-mode to avoid

Sudden death/ventricular arrhythmia

Refractory heart failure symptoms

LVOT obstruction

Diastolic dysfunction

Systolic dysfunction (left ventricular remodeling)

Complications related to atrial fibrillation (embolic
stroke)

LVOT: left ventricular outflow tract.

Table 12.1 Causes of adverse outcome in 
hypertrophic cardiomyopathy
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oblique cuts of the interventricular septum or
incorrect identification of echoes from the right
side of the septum that may lead to overestimation
of left ventricular hypertrophy. M-mode echocar-
diography can also determine the existence, degree,
and duration of an abnormal anterior movement of
the mitral valve during systole (SAM), related to
several factors such as abnormalities in the mitral
valve apparatus (i.e. posterior to anterior leaflet
mismatch and abnormal disposition of the subvalvu-
lar apparatus), reduced left ventricular outflow tract
dimensions, and the Venturi effect of the abnor-
mally accelerated left ventricular outflow. The
duration of the contact of the mitral valve with the
septal wall allows the classification of the severity
of the SAM,2 given the high temporal resolution of

Figure 12.1 M-mode scan across the basal level of the
left ventricle in the parasternal long-axis view showing
asymmetric septal hypertrophy with severe hypertrophy
of the septum (large arrow) and mild hypertrophy of the
posterior wall (small arrow).

Figure 12.2 M-mode scan across the basal level of the
left ventricle in the parasternal long-axis view showing
symmetric hypertrophy with severe hypertrophy of both
the septum and the posterior wall (arrows) with a ratio
close to 1:1.

Figure 12.3 M-mode scan across the mitral valve in
the parasternal long-axis view demonstrating anterior 
displacement of the mitral valve during systole (SAM),
but without complete septal contact (arrow).

Figure 12.4 M-mode scan across the mitral valve in 
the parasternal long-axis view demonstrating anterior 
displacement of the mitral valve (SAM) during the whole
systole with complete contact of the valve and the septum
(arrows).

Figure 12.5 M-mode scan across the aortic valve guided
by 2D transesophageal echocardiography in a patient
with hypertrophic obstructive cardiomyopathy depicting
abnormal early closure of the aortic valve during mid-
systole (arrows).
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M-mode scans across the mitral valve in the paraster-
nal long axis (Figures 12.3 and 12.4). Additionally,
M-mode interrogation of the aortic valve leaflets
provides indirect hemodynamic information about
the existence of left ventricular outflow obstruc-
tion as the early closing of an otherwise normally
appearing aortic valve can be detected during mid-
systole (Figure 12.5). This mid-systolic closure or
notching of the aortic valve must be differentiated
from other causes of severe left ventricular hypertro-
phy such as the presence of a subaortic fixed steno-
sis (subaortic membrane), where the abnormal
closure of the aortic valve occurs in early systole, or
a valvular aortic stenosis, where the valve does not
open properly throughout the whole systole and
thickening of the aortic leaflets is present.

TWO-DIMENSIONAL ECHOCARDIOGRAPHY

Two-dimensional echocardiography provides a
powerful tool to evaluate patients with hyper-
trophic cardiomyopathy with more anatomic infor-
mation of the whole cardiac cavities (Figure 12.6).
Two-dimensional echocardiography allows a better
understanding of the distribution of the hypertrophy

than M-mode echo, especially in those rare presen-
tations affecting other localizations than the septal
or the posterior wall such as the left ventricular
inferior or lateral wall3 (Table 12.2). The distribution

Asymmetric:

Septal 90%

Mid-ventricular 1%

Apical 3%

Posterolateral wall 1%

Symmetric (concentric) 5%

Table 12.2 Distribution of hypertrophic 
cardiomyopathy in the left ventricle

Figure 12.6 Two-dimensional apical 4-chamber view
depicting severe left ventricular hypertrophy involving
the whole septal wall and the apex. The lateral wall and
right ventricle are much less affected.

A

B

C

Figure 12.7 2D short-axis view of the left ventricle at the
papillary muscle level demonstrating atypical asymmetric
left ventricular hypertrophy affecting predominantly the
anterior septum (A, large arrow) or more infrequently the
posterior septum and the inferior wall (B, large arrow).
(C) 2D short-axis view of the left ventricle at the papillary
muscle level demonstrating typical concentric left 
ventricular hypertrophy with similar wall thickness at
the septum, posterior and lateral wall (arrows).

Shiota_CH12.qxp  7/2/2007  4:52 PM  Page 115



3D Echocardiography116

of left ventricular hypertrophy may be well deter-
mined by the use of 2D echo in the short-axis view
of the left ventricle, where the whole transversal
section of the left ventricular wall and cavity can
be examined in most cases (Figure 12.7). From this
view, this technique may also be able to detect
right ventricular involvement (Figure 12.8).
Finally, 2D echocardiography may be of particular
utility to diagnose infrequent forms of apical distri-
bution, especially with the use of contrast agents.
This phenotypic expression of the disease is less 
frequent but has a high prevalence in Japan.
Typically, it is not associated with left ventricular
outflow tract obstruction but with cavity oblitera-
tion showing a ‘spade-like’ left ventricular appear-
ance in systole4 (Figure 12.9). For this reason, it has 
to be differentiated from other diseases that may
occupy the apex such as the hypereosinophilic
syndrome or the presence of an intraventricular
thrombus. Other rare presentations of hyper-
trophic cardiomyopathy include those affecting the
posterolateral left ventricular wall and those of mid-
ventricular location with cavity obstruction at this
level.5

In cases of symmetric, concentric left ventricu-
lar hypertrophy, hypertrophic cardiomyopathy has
to be differentiated from that ‘physiologic’ left
ventricular hypertrophy related to physical training
(athlete’s heart); in the case of severe concentric
hypertrophy, a differential diagnosis has to be
made with infiltrative disease such as amyloidotic
cardiomyopathy.

In an upper level at the short-axis view, the left
ventricular outflow may be sometimes evaluated
with virtual occlusion during systole in those cases
of concomitant left ventricular outflow obstruction.

Also, from the apical views, 2D echocardiogra-
phy facilitates evaluation of the distribution of the

left ventricular hypertrophy that may affect mostly
the basal septum but can also involve the whole
septal wall. In elderly patients, left ventricular hyper-
trophy is usually located at the level of the basal
septum, which maintains its normal curvature
leading to an ovoid-shaped left ventricular cavity
(Figure 12.10). On the other hand, in younger
patients, hypertrophy usually involves the whole
septal wall, which shows a convex curvature toward
the cavity (reversed abnormal septal curvature),
leading to a crescent-shaped left ventricular cavity
(Figure 12.6).

In those patients with obstructive disease
(around 25% of patients with hypertrophic 
cardiomyopathy), left ventricular hypertrophy is

Figure 12.8 Two-dimensional trans-
esophageal echocardiography: short-
axis view of the left (LV) and right
ventricle (RV) depicting right ventricu-
lar hypertrophy (arrows) that induces
outflow obstruction as suggested by
the systolic color flow turbulence seen
in the right panel (arrow).

Figure 12.9 Contrast-enhanced 2D echocardiography:
4-chamber apical view of the left ventricle which shows
a typical ‘spade-like’ appearance due to the presence of
apical hypertrophy. The thickness of the basal and mid-
segments of the left ventricle is normal while the apex
has collapsed due to the wall hypertrophy existing at
this level (arrows).
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often accompanied by SAM noticeable with 2D
scans by the systolic contact of the mitral valve and
the septal wall (Figure 12.11). SAM may be caused
by the anterior movement of the anterior leaflet
(10%) or the posterior leaflet (31%) or, more com-
monly, both (58%). In a few cases, systolic anterior
movement is only noted at the chordal structure,
which usually does not translate into significant
obstruction. The mitral leaflets are significantly
longer and mismatch between the anterior and pos-
terior leaflet has also been demonstrated in patients
with obstructive hypertrophic cardiomyopathy.6

Lesions in the mitral valve are also frequently asso-
ciated with hypertrophic cardiomyopathy (around
20%) and can be evaluated with 2D echocardi-
ography; accordingly, calcification of the mitral

annulus, thickening of the valves, and, less fre-
quently, leaflet prolapse can be detected.7

Left atrial dimension, an index of chronic dias-
tolic dysfunction, and mitral regurgitation, which
are both usually observed in these patients, can
also be assessed with 2D echocardiography, mainly
from the apical views. Finally, 2D echocardiography
permits the estimation of left ventricular systolic
function as in any cardiac disease. In most cases, the
hypertrophied left ventricle moves hyperdynami-
cally in systole resulting in cavity obliteration, clearly
seen from all parasternal and apical views. However,
few patients develop severe systolic dysfunction8,9

which can be detected by 2D echocardiography
during follow-up, even requiring heart transplanta-
tion in rare situations.

COLOR DOPPLER ECHOCARDIOGRAPHY

Color Doppler 2D echocardiography detects the
presence of a turbulent flow in the left ventricular
outflow tract in the case of left intraventricular
obstruction (Figure 12.12). Obstruction in hyper-
trophic cardiomyopathy may occur at three levels:
left ventricular outflow tract, mid-ventricular, and
apical, being the most frequent obstruction at the
outflow tract (Table 12.3). However, distinguishing
the three levels of obstruction may be sometimes
challenging. The presence of a flow convergence
area in the left ventricular outflow tract points to
the existence of obstruction at this level, probably
due to an associated SAM, while visualization of a
turbulent flow in the mid or apical cavity may help
in the diagnosis of these less frequent forms of hyper-
trophic cardiomyopathy.10 Mid-ventricular obstruc-
tion may also develop secondary to apical myocardial
infarction in the presence of angiographically nor-
mal coronary arteries or in patients with coronary
artery disease and diffuse involvement of ventricular
hypertrophy.9,11

In addition, color Doppler diagnoses the presence
of mitral regurgitation as a consequence of the SAM
and/or the coexistence of organic valve disease.12,13

The quantification of mitral regurgitation in the pres-
ence of left ventricular outflow tract obstruction may
be cumbersome and of especial difficulty as both
turbulent flows merge together, making it difficult
to clearly visualize the flow convergence of the
mitral regurgitant jet. Additionally, the mitral
regurgitant jet is usually eccentric and directed
postero-laterally to the left atrium (Figure 12.12).

PULSED AND CONTINUOUS WAVE DOPPLER

Pulsed wave Doppler cannot always be reliably
applied in patients with hypertrophic cardiomy-
opathy as flow velocity is increased in the left

Figure 12.10 2D echo 4-chamber apical view of a 
70-year-old patient with hypertrophic cardiomyopathy
affecting mainly the basal septum (arrow), where the
thickness was 17 mm, while in the other left ventricular
segments it was 13 mm (anterior wall) and 12 mm
(posterolateral wall).

Figure 12.11 2D 4-chamber apical view showing systolic
contact of the mitral valve with the septum due to the
anterior movement of the former during systole.
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ventricle cavity and aliasing occurs. However, in the
presence of left ventricular or mid-cavity obstruc-
tion, pulsed wave Doppler may be of particular inter-
est, allowing the detection of the level at which the
obstruction is produced by mapping flow velocity
from the apex to the outflow tract.14 Additionally,
pulsed wave Doppler is useful to evaluate diastolic
left ventricular function, mostly impaired in patients
with hypertrophic cardiomyopathy.15 Abnormal,

delayed relaxation is the most frequent diastolic
pattern found. Pseudonormalization is also often
seen in patients with left ventricular outflow tract
obstruction and secondary mitral regurgitation
with increased atrial pressure (Figure 12.13). Also,
a restrictive pattern may be seen as an effect of

Figure 12.12 2D long-axis apical view
of a patient with obstructive hyper-
trophic cardiomyopathy. Right and left
panel show the same 3-chamber apical
view without and with color Doppler,
respectively. In the left panel, color
Doppler shows turbulent flow both at
the left ventricular outflow tract (broken
arrow), suggesting the presence of a
significant increase in flow velocity at
this level, and mitral regurgitation
with an eccentric jet directed postero-
laterally (closed arrow).

Figure 12.13 Spectral pulsed-wave Doppler of the left
ventricular inflow in a patient with hypertrophic car-
diomyopathy, showing early (E wave) to late (A wave)
peak diastolic velocities with a ratio (E/A) of approxi-
mately 1, but with a prolonged deceleration time of the
E wave (290 ms), suggesting an abnormal relaxation with
a pseudonormal diastolic pattern due to increased filling
pressures.

Obstruction at the left ventricular outflow tract:

Septal hypertrophy and SAM

Discrete subaortic stenosis

Mitral valve replacement (position of the strut)

Mitral valve repair with SAM

Anomalous mitral valve apparatus:
❍ abnormal papillary muscles
❍ mitral accessory tissue

Mid-ventricular obstruction:

Mid-ventricular hypertrophic cardiomyopathy

Apical hypertrophic cardiomyopathy

Apical myocardial infarction with hyperdynamic
contraction of the basal and mid-ventricular segments

Cavity obliteration:

Apical hypertrophic cardiomyopathy (apical cavity
obliteration)

Hyperdynamic state

Hypovolemia

Concentric left ventricular hypertrophy (secondary 
to hypertension, aortic stenosis)

Table 12.3 Causes of left ventricular systolic
obstruction
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generally occur with left outflow tract obstruction
and the peak velocity occurs later in systole for
mid-ventricular and in cavity obliteration.10,23

ROLE OF THREE-DIMENSIONAL
ECHOCARDIOGRAPHY IN HYPERTROPHIC
CARDIOMYOPATHY

Distribution and quantification of left ventricular
hypertrophy

Table 12.4 summarizes the potential utility of three-
dimensional echocardiography in patients with
hypertrophic cardiomyopathy. Three-dimensional
echocardiography provides an absolute volume of
the left and right ventricles and the distribution of
hypertrophy, particularly in those asymmetric pre-
sentations or in the apical form27 (Figure 12.15). 

Post-processing of the 3D images allows acqui-
sition of any given slice across the left ventricle
cavity without the problem of misalignment typi-
cally observed with M-mode and 2D echocardiog-
raphy that may show tangential slices of the left
ventricular wall giving, therefore, the false diagno-
sis of wall hypertrophy. Also in this regard, 3D
techniques may allow the location and quantifica-
tion of the maximum thickness of the myocardium.
This parameter has been shown to have prognostic

Distribution of LV hypertrophy

LV mass assessment

Assessment of left atrium

Evaluation of LVOT

Effect of interventional therapies

LV: left ventricular; LVOT: left ventricular outflow tract.

Table 12.4 Three-dimensional echocardiography
in hypertrophic cardiomyopathy

increased chamber stiffness causing both rapid
atrial–ventricular pressure equilibration (rapid
deceleration time) and compensatory increases in
left atrial pressure (increased E wave velocity).16–19

Finally, pulsed wave Doppler of the left ventricular
inflow combined with velocities of the mitral annu-
lus determined with pulsed tissue Doppler may
also provide accurate estimates of left ventricular
filling pressures.20,21

Continuous wave Doppler is an essential tool
for the complete evaluation of patients with hyper-
trophic cardiomyopathy. It allows the estimation of
the severity of intraventricular obstruction. Excellent
correlation has been demonstrated between pres-
sure gradients determined from continuous wave
Doppler and cardiac catheterization in different
subsets of patients with hypertrophic cardiomy-
opathy.10,22–24 Typically, the spectral continuous
wave Doppler shows a dagger-shaped gradient across
the left ventricular outflow tract (Figure 12.14) that
may be confounded with the spectral signal of
mitral regurgitation, usually more round-shaped,
but sometimes really difficult to differentiate from.
Usually, mitral regurgitant flow reaches peak veloc-
ities of about 5 or 6 m/s, while intraventricular
obstruction rarely overcomes those values.25 It is
important to interrogate the left ventricular out-
flow tract with continuous wave Doppler in both
the resting state and after a provocation maneuver,
either Valsalva or handgrip maneuver, physical exer-
cise, pharmacologic stress, or amyl nitrite adminis-
tration. Evaluation of the intraventricular gradient
with this technique is the main imaging tool to
evaluate the efficacy of a given therapy in patients
with hypertrophic cardiomyopathy. However, its
unpredictable variability even throughout the same
day is also reported.26

As previously mentioned, intraventricular obs-
truction in hypertrophic cardiomyopathy may take
place at three levels and their differentiation may
be not easy. With continuous wave Doppler, each
has the typical concave ‘dagger-shaped’ systolic
Doppler wave form, but the highest velocities

Figure 12.14 Continuous wave spec-
tral Doppler scan demonstrating the
presence of two high-velocity flows in
systole, the highest and more round-
shaped corresponding to mitral regur-
gitation (left side in the figure) and the
other, typically dagger-shaped corre-
sponding to the obstructive gradient in
the left ventricular outflow tract (right
side in the figure).
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implications in terms of risk of cardiac sudden
death.1

Left and right ventricular volumes can be accu-
rately estimated with 3D echo according to several
studies that have compared the results of 3D echo
and magnetic resonance imaging, phantoms, or
electromagnetically derived volumes.28–30 The abnor-
mal geometry of the cavity of a hypertrophied ventri-
cle may be a good substrate for evaluation with 3D
echocardiography as geometric assumptions are not
needed and, consequently, eliminated (Figure 12.16).

Similarly, ventricular mass may also be meas-
ured with more reliability and accuracy by the use
of this technique.31

Different studies have validated the estimation
of left ventricular mass with M-mode or 2D echocar-
diography on post-mortem specimens, based on dif-
ferent geometric models. However, these geometric
assumptions may not always hold true in the case
of hypertrophic cardiomyopathy, often leading to
errors in the calculation of left ventricular mass.
Early reconstructive 3D echocardiographic tech-
niques demonstrated that accuracy was improved
and reproducibility increased for left ventricular mass
measurement with the use of 3D echo in comparison
with M-mode and 2D echo.32,33 More recently, real-
time 3D echocardiography has also shown the
ability to increase the accuracy of left ventricular
mass estimation in vivo and in vitro with a SEE of
8.5 g.31,34 Accuracy was especially improved in
those cases of asymmetric left ventricles. With devel-
oping technologies to improve spatial resolution and

visualization, real-time 3D echocardiography may
become the imaging technique of choice for left
ventricular mass determination in clinical studies
looking at hypertrophy regression in hypertrophic
cardiomyopathy, arterial hypertension, or aortic
stenosis.

Evaluation of left atrial size

Assessment of left atrial size and function may be
of importance in patients with hypertrophic car-
diomyopathy for several reasons. As previously
mentioned, it may be an index of the severity and
chronicity of both mitral regurgitation and dias-
tolic dysfunction.35,36 Also, it may constitute a risk
factor for atrial fibrillation that usually induces
hemodynamic and clinical worsening of patients
with hypertrophic cardiomyopathy. Similar to
what has been formerly discussed for the evalua-
tion of the left ventricular volumes and mass, the
3D methodology avoids any geometric assumption,
making it a method of choice to measure left atrial
volume37 (Figure 12.17). By the use of real-time 3D
echocardiography it has been proved that left 
ventricular thickness is the most important deter-
minant of left atrial dilation, followed by left ven-
tricular end-diastolic pressure and outflow tract
obstruction.38

Left atrial size has been demonstrated to
decrease after septal reduction therapies, either
surgical myectomy or the more recently introduced
percutaneous transcoronary septal myocardial abla-
tion (PTSMA).17,36 Three-dimensional echocar-
diography may also become a useful tool for the
evaluation of the results of these techniques and their
impact on left atrial size and function.

Evaluation of left ventricular outflow tract area

As previously mentioned, some patients with
hypertrophic cardiomyopathy have obstruction in
the left ventricular outflow tract due to narrowing
caused by the hypertrophied left ventricle and due to
the systolic anterior movement of the mitral valve.39

Severe left ventricular outflow tract obstruction
may contribute to the development of dyspnea, syn-
cope, and angina in these patients.40 Consequently,
treatment of such patients with obstructive hyper-
trophic cardiomyopathy should be directed to reduce
left ventricular outflow obstruction (Figure 12.18).
For this purpose, negative inotropic drugs such as
beta-blockers or calcium channel blockers have
been proposed, with efficacy rates around 70%
when maximum titration can be tolerated.1 Dual-
chamber pacing has also been used as an alternative
to reduce outflow tract obstruction, with contro-
versial results.41–43

Figure 12.15 Transthoracic three-dimensional echocar-
diography from the apical view showing asymmetric
septal hypertrophy (arrows).
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Figure 12.16 Measurement of the left
ventricular volume with a dedicated
software from transthoracic 3D echocar-
diography scans. Segmental volumes
of the left ventricle throughout the
cardiac cycle are shown at the bottom
of the figure, while the whole recon-
structed left ventricular cavity is
shown at the top.

Figure 12.17 Measurement of the left
atrial volume with a dedicated soft-
ware from transthoracic 3D echocardi-
ography scans. The volume of the left
atrium throughout the cardiac cycle is
shown on the bottom panel, while the
whole reconstructed left atrial cavity is
shown in a mesh form.

no treatment
or

medical therapy

no symptoms

cardiac
transplantation

medical therapy

non
obstructive

surgery pacemaker septal ablation

medical therapy

obstructive

symptoms

ICD

sudden death
risk assessment

Figure 12.18 Therapeutic algorithm
in hypertrophic cardiomyopathy. ICD,
implantable cardiac defibrilator.
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Both surgical myectomy and PTSMA effec-
tively reduce left ventricular outflow tract obstruc-
tion in patients with hypertrophic obstructive
cardiomyopathy.44–48 The former surgically elimi-
nates (direct scission) a piece of the hypertrophied
septal muscle while the latter chemically induces
necrosis of the basal septal myocardium by the
injection of ethanol into one septal coronary artery
branch. Significant and sustained reductions in left
ventricular outflow tract pressure gradients have
been reported after PTSMA, with a reasonable
safety profile in long-term follow-up.48 On the other
hand, outcomes are also very good after surgical
myectomy in specialized centers, with high rates of
abolition of outflow obstruction.46,49,50

Measurement of the efficacy of these treatments
is usually based on indirect signs of obstruction

such as the presence of significant pressure gra-
dients through the left ventricular outflow tract
(Figure 12.19). Evaluation of the left ventricular
outflow tract anatomy is difficult with 2D image
methods due to the complex and 3D nature of the
outflow tract anatomy. Three-dimensional imaging
techniques such as 3D echocardiography or mag-
netic resonance imaging theoretically provide bet-
ter information about this structure and the
complex relationship between the mitral valve, the
septum, and the left ventricular outflow tract
(Figure 12.20). The degree of the outflow obstruction
is usually determined by continuous wave Doppler
through the left ventricular outflow tract guided
by 2D imaging. However, as noted above, concomi-
tant mitral regurgitation may cause uncertainty of
this measurement despite typical dagger-shaped

A B

Figure 12.20 Apical view in transthoracic 3D echocardiography exam in end-diastole (A) and mid-systole (B) showing
the anterior movement of the mitral valve towards the septum and partially obstructing the left ventricular outflow
tract during systole (arrow).

Figure 12.19 Two-dimensional echo-
cardiography in a patient with obstruc-
tive hypertrophic cardiomyopathy who
underwent percutaneous septal alco-
hol ablation 6 months previously. Left
panel: parasternal long-axis view show-
ing mild anterior displacement of the
mitral chordae towards the septum
without contacting it (thin arrow) and a
focal thinning of the basal septum
where the necrosis was chemically
induced (thick arrow). Interrogation
with color Doppler (right panel) con-
firms the absence of turbulent flow in
the outflow tract and, therefore, the
elimination of obstruction at this level.
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continuous wave Doppler profiles of the left ventric-
ular outflow tract obstruction. In such a patient,
direct 3D visualization of the narrowed left ventric-
ular outflow tract area and direct measurement of
the area would be of great value to confirm the
severity of the outflow obstruction. In addition,
when PTSMA or myectomy is performed, direct 3D
visualization of the opened or widened left ventric-
ular outflow tract would be not only visually
impressive, but also important for knowing the
location and extent of the septal reduction.

A few studies have reported the capability of
3D echo to assess the left ventricular outflow tract
area.51,52 It has been proved with reconstructed
images from 3D transthoracic echo that patients
with hypertrophic cardiomyopathy have a more
elliptical left ventricular outflow tract than normal
subjects; also, asymmetry of the outflow tract is
highest in patients with outflow obstruction at rest,
indicating that for a similar cross-sectional area,
the asymmetry of the left ventricular outflow tract
may play a role in the presence of significant
obstruction.51,52 Three-dimensional echocardiogra-
phy can provide precise quantitative assessment
of the minimal cross-sectional area of the left ven-
tricular outflow tract as well as of its temporal
changes,53 which is a determinant of systolic
outflow obstruction.54 Accordingly, real-time 3D
echocardiographic studies have demonstrated a sig-
nificant relationship between left ventricular out-
flow tract areas and pressure gradients.53,55

Additionally, with the 3D technique, the loca-
tion of systolic anterior motion of the mitral valve,
which is not constantly produced from the center
of the anterior leaflet, can be precisely determined
by moving the 2D short-axis plane across the left
ventricular outflow tract in the 3D space.53,55 Two-
dimensional echo may underestimate the severity
of systolic anterior motion of the mitral valve
because of errors in the image plane and misalign-
ment. Recognition of the asymmetry of mitral sys-
tolic anterior motion and septal hypertrophy may
be of special interest for surgeons in determining the
exact location of resection and whether concomitant
mitral valve surgery is necessary to eliminate
obstruction.

Also, multiplane transesophageal echo with 3D
reconstruction provided evidence of a significant
increase in the left ventricular outflow tract area in
11 patients undergoing myectomy.52 With real-time
3D echocardiography these results have been con-
firmed and, also, an increased outflow tract area has
been demonstrated after alcohol septal ablation.
Indeed, it was found that although both techniques
are effective in reducing left ventricular outflow
tract obstruction, the increase in left ventricular 
outflow tract area was greater for myectomy than
alcohol septal ablation.55 These results are in
accordance with other findings showing that the

effect of myectomy on left ventricular outflow tract
obstruction may be more definitive than alcohol
septal ablation.47 Therefore, 3D echocardiography
should be an imaging technique of choice in
patients with obstructive hypertrophic cardiomy-
opathy to diagnose obstruction and to evaluate the
effect of therapies, particularly those involving sep-
tal reduction either chemically (alcohol ablation) or
mechanically (myectomy). This may even be
applied in the operating room, with the epicardial

Figure 12.21 Epicardial 3D echocardiography showing a
short-axis view of the mitral valve and the left ventricu-
lar outflow tract of a patient with obstructive hypertrophic
cardiomyopathy undergoing surgical myectomy. Top:
before myectomy, the left ventricular outflow tract is
narrowed (arrow). Bottom: after surgery, the left ventric-
ular outflow tract has significantly increased (arrows).
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difficult to quantify the severity of the regurgitation.
Three-dimensional color Doppler echocardiography
may be useful to better quantify mitral regurgitant
jets in these patients, either by assessment of the
full volume of the regurgitant flow or by more
accurate visualization and measurement of the flow
convergence area.58–60 Accordingly, real-time 3D
color Doppler echo has been shown to provide
unique information about the flow convergence zone
geometry, resulting in accurate estimates of mitral
regurgitant volume and orifice area in experimental
models and clinical settings. Three-dimensional
color Doppler echo also provides unique informa-
tion about the origin, direction, and flow pattern of
the regurgitant jet (Figure 12.22) and, indeed, sev-
eral studies have shown a good correlation with
angiographic grading of mitral regurgitation.59–61

SUMMARY

Echocardiography has played a pivotal role in the
diagnosis of hypertrophic cardiomyopathy and in
the evaluation of the effect of therapy in patients
with obstructive disease. Considering unique abnor-
malities in cardiac geometry in hypertrophic car-
diomyopathy, 3D echocardiography will become a
powerful additional tool in evaluating and manag-
ing these patients.
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Three-dimensional (3D) echocardiography can
provide an accurate description of various congen-
ital heart diseases, as well as shunt and valve
pathology. The introduction of real-time 3D echocar-
diography has led to its use in everyday clinical
practice in the field of congenital heart disease.
The 3D matrix probe enables the instantaneous
acquisition of transthoracic volumes. Fetal 3D
echocardiography is now available. Quantitative
measurement of ventricular volumes could be
obtained by 3D echocardiography. The utilization
of the matrix probe should lead to routine use of
3D echocardiography, as for the 2D and Doppler
methods. Its results should be decisive in many
congenital cardiac lesions requiring surgery or inter-
ventional catheterization. This chapter is divided
into three parts: (1) septal defects, (2) valve patholo-
gies, and (3) fetal 3D echocardiography.

SEPTAL DEFECTS

Atrial septal defect

The selection of patients for transcatheter or surgi-
cal closure of a secundum atrial septal defect
(ASD) requires accurate information regarding the
anatomy of the defect, such as its maximal diame-
ter and the amount of circumferential tissue rim.
Two-dimensional (2D) echocardiography is insuffi-
cient to define criteria selection for ASD closure
(Figures 13.1 and 13.2). Since the defect is visualized
from multiple orthogonal planes, maximal ASD
diameter is widely underestimated.1 The tran-
scatheter approach measures the stretched diameter
but cannot be applied alone for patient selection
since it does not provide information on the tissue
rim.2 3D echocardiography allows unique en face
views of the atrial septum (Figures 13.3 and 13.4).
The success of ASD transcatheter closure is strongly
related to the location and anatomy of the defect.
Preselection of patients is a challenge for the

pediatric cardiologist who needs an accurate and
non-invasive method. Transthoracic 3D echocardiog-
raphy is able to measure the maximal diameter and
the tissue rim surrounding the ASD.3,4 Two crucial
parameters need to be determined: the tissue rim
dimensions all around the defect to select patients for
transcatheter closure, and the ASD maximal diameter
in order to choose the appropriate size of the device.

Insufficient rim may result in migration of 
the ASD occluder. The minimal distance required
before transcatheter closure depends on the device
geometry. The Amplatzer septal occluder covers
7 mm all around the defect.5 Since 2D echocar-
diography approaches the atrial septum from 
multiple orthogonal planes, it requires a mental 
3D construction to comprehend the relation
between the defect and the surrounding structures.
Transthoracic 3D echocardiography allows surface
imaging of the atrial septum. The ASD and the
rims over 360� are simultaneously and directly
imaged from the 3D echocardiography views.6 We
encountered the difficulties reported by Magni et
al in visualizing the entire length of the posterior
inferior rim by transesophageal 3D echocardiogra-
phy.7 Transthoracic 3D echocardiography depicted
very well the inferior rims, as shown in Figures 13.5
and 13.6. According to the geometric profile of the
Amplazter septal occluder, we ignored the supe-
rior anterior rim (distance from the aorta).

3D echocardiography can provide the atriotomy
view on a beating heart and allows description of
the ASD through the cardiac cycle.8 One striking
finding of 3D echocardiographic reconstructions
was the great variability of the shape of the ASD
(Figure 13.7). 3D transesophageal echocardiographic
studies pointed out how the shape of the defect
might alter the accuracy of diameter calculations
by 2D echocardiography. In rounded ASDs, the 2D
ultrasound beam may cut the defect in its maximal
diameter, but this is no longer true in defects of com-
plex shape. In patients with elongated oval-shaped
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defects, 2D echocardiography significantly under-
estimated the ASD maximal diameter. Moreover,
the surface area of the ASD changed significantly
during the cardiac cycle, with a maximum size in
late ventricular systole and a minimum size in late
left ventricular diastole. Such variation of the ASD
area through the cardiac cycle increases the diffi-
culty of determining the maximal diameter by select-
ing the right 2D frame. However, the balloon catheter
method is still used as a reference to size the
defect. The relation between the balloon stretched
diameter and the ASD maximal diameter remains
controversial. In patients with a floppy septum, we
do realize that 3D echocardiography and balloon

sizing define different properties of an ASD. The 3D
echocardiographic views can demonstrate the major
axis, incorporating information about the shape of
the ASD. Balloon sizing provides information about
the degree of physical stretch, which cannot be
predicted by 2D echocardiography.

By measuring ASD maximal diameter and tissue
rims, 3D echocardiography helps to select patients
for transcatheter ASD closure.9 The size of the
device should be fitted to the ASD size. Since the
ASD area can be estimated from the 3D echocar-
diographic images it is unfortunate if the device
area is not available for more accurate sizing.
Transesophageal 2D echocardiography appears to

Figure 13.1 2D echocardiography in a
patient with a secundum atrial septal
defect. From the apical window, the
2D planes show enlargement of the
right cavities with left to right atrial
shunt.

Figure 13.2 2D echocardiography in a
patient with multiple atrial septal
defects. From the subcostal window,
multiple defect jets through the atrial
septum are displayed.
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be adequate for assessment of the device placement.
However, only a linear aspect of each disk may be
simultaneously visualized of the atrial septum.
Moreover, one cannot exactly determine where the
2D ultrasound beam insonates the disk, other than
referencing the site to other anatomic landmarks.
Hence, multiple orthogonal images are necessary
to appreciate, albeit indirectly, the placement of
the edges of each disk. 3D echocardiographic en
face views could simultaneously and directly
image the edges of either disk from the right or left
atrial surface, almost exactly as the device appears

in spatial reality. The geometric profile of the septal
occluders can be described from the 3D views
(Figure 13.8). McKendrick et al reported the use of
real-time 3D echo to guide device closure of an
ASD.10 They concluded that this method was a fea-
sible, safe, and effective alternative to the standard
practice of transesophageal 2D echocardiography.

Ventricular septal defect

The ventricular septal defect (VSD) is the most
common congenital heart malformation. Since 2D

Congenital Heart Disease 129

Figure 13.3 3D echocardiography of a secundum
atrial septal defect. The atrial septal defect is viewed
from the left atrium. The defect is single and has a
round shape.

Figure 13.4 3D echocardiographic
views of three atrial septal defects with
complex shapes. Left (view from the
right atrium): the defect is oval and
single, far from a large right appendage
anteriorly and from the tricuspid valve
below. Right (view from the right
atrium): the defects are multiple.

Shiota_CH13.qxp  7/2/2007  4:56 PM  Page 129



3D Echocardiography130

echocardiography approaches the ventricular sep-
tum from multiple orthogonal planes, it requires
mental 3D construction to comprehend the rela-
tion between the defect and the surrounding
structures (Figure 13.9). 3D echocardiography
provide unique en face views of the ventricular
septum (Figures 13.10 and 13.11). We reported the
accuracy of 3D echocardiography in measuring
muscular VSDs compared to surgery.11 However,
3D echocardiography was limited with off-line
reconstructions and variable image quality. The
introduction of the 3D matrix-array probe allows
real-time 3D rendering with higher resolution.
Cheng et al reported a real-time 3D echocardiogra-
phy study in assessing VSD.12 They found an
excellent correlation in measurement of the size

of VSDs by 3D echocardiography compared to 
surgery.

Transcatheter closure of perimembranous VSDs
has been attempted as an alternative approach to
surgery.13 The specific device has to be positioned
very closely to the aortic and tricuspid valve
(Figures 13.12 and 13.13). The 3D en face views
allow better comprehension of the VSD and its
relation to adjacent structures. The location of the
defect in the membranous septum explains the risk
for the valves.14 The perimembranous VSD is located
in the outlet portion of the left ventricle immedi-
ately beneath the aortic valve. The presence of a
2 mm or more rim of tissue between the defect and
the aortic valve is generally required for device 
closure of perimembranous VSDs. The septal leaflet

Figure 13.5 3D echocardiographic views from
the right atrium. Left: central atrial septal
defect (arrow). The large rims (� 4 mm) all
around the defect allowed transcatheter closure
with the Amplatzer septal occluder. Right:
large atrial septal defect (arrow). The narrow
rim (4 mm) from the tricuspid valve indicates
surgical closure. TV, tricuspid valve; ICV, infe-
rior caval vein; SCV, superior caval vein.

Figure 13.6 3D echocardiographic and surgi-
cal views from the right atrium. Left: large
round atrial septal defect (arrow). The narrow
rim (3 mm) from the inferior caval vein indi-
cates surgical closure. Right: same patient.
The surgical view confirms the deficient infe-
rior posterior rim. RPV, right pulmonary
vein; ICV, inferior caval vein; SCV, superior
caval vein.

Figure 13.7 3D echocardiographic
views of an atrial septal defect through
the cardiac cycle. The temporal varia-
tions of the surface area of the septal
defect viewed from the right atrium
are illustrated in these three images of
the same defect during late ventricular
systole (left), mid-ventricular systole
(middle), and end-ventricular diastole
after atrial systole (right).
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of the tricuspid valve is in continuity with the aor-
tic leaflets. Moreover, extra septal leaflet tissue can
partially occlude the defect. Such a complicated
relation between the perimembranous VSD and
the aortic and tricuspid leaflets could be dis-
played by 3D views from the left and the right side.15

The Amplatzer membranous VSD occluder has a
specific profile consisting of two parallel disks
with minimal subaortic rim (Figure 13.14).

VALVE PATHOLOGIES

Ebstein malformation

Ebstein malformation is a rare congenital heart dis-
ease. Patients with Ebstein anomaly have a wide
spectrum of anatomic abnormalities. The pre-
dictors of outcome depend on the severity of 
the tricuspid valve malformation.16,17 A precise
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Figure 13.8 3D echocardiography of an
atrial septal occluder. The Amplatzer septal
occluder viewed from the right atrium has a
concave shape in the right atrial cavity.

Figure 13.9 2D echocardiography in a
patient with a ventricular septal defect.
The perimembranous septal defect
with a left to right shunt is seen from a
parasternal long-axis view.

Shiota_CH13.qxp  7/2/2007  4:56 PM  Page 131



3D Echocardiography132

description of the tricuspid anatomy by conven-
tional 2D echocardiography remains difficult. 3D
echocardiography offers surface rendering views of
the leaflet surface.18,19 Ebstein anomaly of the tri-
cuspid valve consists of various degrees of inferior
displacement of the proximal attachments of the
septal leaflet. Since the apical 4-chamber plane
provides good visualization of the septal leaflet,
2D echocardiography allows the initial diagnosis

Figure 13.12 3D echocardiography of a perimembranous
ventricular septal defect. The defect (arrow) is viewed
from the right side. The closed relation between the peri-
membranous ventricular septal defect and the septal
leaflet of the tricuspid valve is clearly displayed. RA,
right atrium; RV, right ventricle; PA, pulmonary artery.

Figure 13.13 3D echocardiography of a perimembranous
ventricular septal defect. The defect (arrow) is viewed
from the left ventricle. The tiny rim between the peri-
membranous ventricular septal defect and the aortic
leaflets (AO) requires a specific profile of the device. The
Amplatzer membranous VSD occluder has an eccentric
left disk with minimal subaortic rim.

Figure 13.10 3D echocardiography of a perimembranous
ventricular septal defect. The defect (arrow) viewed from
the left ventricle has an oval shape. The maximal diameter
of the defect could be appreciated accurately.

Figure 13.11 3D echocardiography of a muscular ven-
tricular septal defect. The defect (arrow) viewed from the
right ventricle is located in the mid-muscular septum.
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of Ebstein anomaly (Figures 13.15 and 13.16).
However, downward displacement could involve
the anterior and posterior leaflets of the tricuspid
valve. A precise description of the tricuspid valve
anatomy is difficult from the 2D planes only. The
surface of the tricuspid leaflets as well as the
commissures could be rendered by 3D echocardio-
graphy (Figures 13.17 and 13.18). 3D echocardiog-
raphy can offer new and unique views to evaluate
the potential and efficiency of surgical valve repair
(Figure 13.19).

Bicuspid aortic valve

Espinola-Zavaleta et al verified the echocardio-
graphic characteristics of the bicuspid aortic valve
using 3D transesophageal echocardiography by
comparing the findings with anatomic examina-
tion of autopsy specimens from carriers of this 
condition.20 There was a clear correspondence bet-
ween anatomic and echocardiographic findings,
which led to the conclusion that 3D echocardi-
ography is a technique that reliably defines the
morphologic details of the bicuspid aortic valve
with the precision of anatomo-pathologic examina-
tion (Figure 13.20). We reported the effect of bal-
loon dilatation on aortic stenosis assessed by 3D
echocardiography. A 10-year-old boy with a bicuspid

valve treated by surgical valvulotomy when he
was 6 months old underwent balloon dilatation of
recurrent aortic stenosis.21 The anatomy of the
aortic valve and effects of the balloon dilatation were
clearly visualized on the 3D views (Figure 13.21).

Cleft mitral valve

Mitral regurgitation is a major cause of late morbidity
after surgical repair of atrioventricular septal defect.
Past studies have indicated that up to 40% of the
patients ultimately require reoperation. Detailed
preoperative description of the valve malformation
is essential in clinical decision-making, whether
the valve is amenable for repair or an artificial valve
is unavoidable. Studies reported that 3D echocar-
diography provides a better understanding of the
dynamic morphology of the mitral valve and its
relation with the surrounding structures in patients
after atrioventricular septal defect repair com-
pared to 2D echocardiography.22–24 With the 3D
views, the mitral valve can be displayed as the
anatomic diagrams of the atrioventricular valve
malformations. The variability in morphology of
the superior and inferior bridging leaflet that can
be visualized in 3D, together with the hemodynamic
information of the 2D echocardiography leads to a
better understanding of the complex anatomy
(Figures 13.22–13.24).

FETAL 3D ECHOCARDIOGRAPHY

Fetal echocardiography has been used to screen,
diagnose, monitor, and treat congenital heart
defects and rhythm abnormalities. Conventional
real-time echocardiography can only display 2D
structural images of the intricate 3D fetal heart. 3D
echocardiography has been shown to enhance the
diagnosis of congenital heart disease in children.
However, because of the difficulty in obtaining a
fetal electrocardiogram to gate the heart, the devel-
opment of fetal 3D echocardiography has been
limited. With the advent of a new transthoracic
matrix-array probe that allows real-time 3D data
acquisition and image rendering, many of the above
limitations could be circumvented. Real-time 3D
echocardiography is a recent technique which
allows direct visualization without ECG gating.25

The cardiac matrix probe offers a new mode of 3D
fetal echocardiography rendering and biplane
imaging (Figures 13.25 and 13.26).

CONCLUSIONS

3D echocardiography can provide unique en face
views of the heart valves and septa that are 
not obtainable with conventional 2D transthoracic 
and transesophageal echocardiography. The recent
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Figure 13.14 3D echocardiography of a ventricular septal
occluder. The Amplatzer perimembranous ventricular
septal defect occluder is viewed from the right side. The
right disk (arrow) is well positioned close to the septum
and far from the pulmonary artery valve (PA).
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Figure 13.17 3D echocardiography in an infant with
moderate Ebstein anomaly. The tricuspid valve was
viewed from the right ventricle. The three leaflets with
the commissures were visualized from below. Only the
septal (S) leaflet had abnormal attachment to the ventric-
ular septum. Anterior (A) and posterior (P) leaflets had
normal coaptation.

Figure 13.16 Biplane echocardiogra-
phy in a 6-year-old female with Ebstein
anomaly. Color Doppler was added to
the biplane imaging to assess exten-
sion and severity of tricuspid regurgi-
tation. Tricuspid regurgitation had an
origin near the interventricular septum
(left) with a mild extension into the
right atrium (right).

Figure 13.15 Biplane echocardiogra-
phy in a neonate with severe Ebstein
anomaly. The 4-chamber plane (left)
shows attachment of the septal and
anterior leaflets with an enlarged right
atrium. The orthogonal plane (right)
depicts the apical coaptation of the
tricuspid valve. Right ventricle vol-
ume was reduced to the outflow tract.
The pulmonary valve was closed in
systole, creating a functional atresia.
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introduction of the transthoracic and transesophageal
3D matrix-array probes allow real-time 3D render-
ing. Thus, it should lead to routine usage of 3D
echocardiography as with the 2D and Doppler

methods. 3D echocardiology should add consider-
able value to decision-making in many congenital
cardiac lesions requiring surgery or interventional
catheterization.
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Figure 13.18 3D echocardiography in an ado-
lescent with severe Ebstein anomaly. The tri-
cuspid valve was viewed from below.
Because of a restrictive motion and reduced
functional surface, the posterior leaflet did
not coapt with the septal (S) leaflet. The pos-
terior (P) commissure appeared as a huge hole
compared to the continent anterior (A) and
septal commissures.

A B C

Figure 13.19 3D echocardiography in a 12-year-old boy after Ebstein repair. The tricuspid and mitral valves were
viewed from below: (A) early diastole (mitral and tricuspid valves opened); (B) end-diastole (mitral valve closed and
tricuspid valve opened); (C) systole (mitral and tricuspid valves closed). The surgically enlarged anterior leaflet was
the only mobile leaflet. The tricuspid valve repair created a functional monocusp with trivial regurgitation without
stenosis.
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Figure 13.22 2D echocardiography in a
patient with a cleft mitral valve. From the
subcostal window, the cleft divides the
anterior mitral valve into superior and
inferior leaflets.

Figure 13.20 3D echocardiography in an infant with
a bicuspid aortic valve. The aortic valve is viewed
from above. The edges and the surface of the leaflets
are thickened.

A B

Figure 13.21 3D echocardiography before and after balloon dilatation. The bicuspid aortic valve is viewed from the
aorta in systole. (A) Before dilatation, the fusion of the anterior commissure associated with the thickness of the
leaflet edges makes the valve stenotic. The posterior commissure is free. Opening surface of valve is 0.7 cm2. (B) After
dilatation, the anterior commissure is clearly opened after balloon inflation. Opening surface is now 1.2 cm2.
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Figure 13.23 2D echocardiography in a
patient with mitral regurgitation. From the
apical window, the mitral regurgitation origi-
nates through the cleft of the anterior mitral
valve.

Figure 13.24 3D echocardiography in a 
6-year-old female with an isolated cleft mitral
valve. The valve is viewed from below. The
anterior mitral valve is divided into two
equivalent leaflets by a cleft (C). The anterior
(A) and posterior (P) commissures as well as
the papillary muscles underneath are well
seen delineating the posterior mitral valve.

Figure 13.25 Biplane echocardiography of a
normal fetal heart. The matrix transducer
allows simultaneous display of two planes
without moving the transducer. By a rota-
tional and lateral tilt to 6�, the left and right
ventricular outflow chambers are obtained
simultaneously. The pulmonary bifurcation
is clearly seen as well as the mitro-aortic con-
tinuity.
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Figure 13.26 3D echocardiography of
a normal fetal heart. Both left and
right ventricles have a volume render-
ing. By cropping the pyramid, intra-
cardiac views of the ventricle were
obtained. The right ventricle was
clearly recognizable by the trabecula-
tions compared to the smooth left 
ventricle.
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Strain Echocardiography
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DEFINITIONS

Strain rate imaging (SRI) is an imaging method for
deformation. Although the method was originally
based on tissue Doppler imaging (TDI),1 deformation
imaging now has the possibility of utilizing other
methods, such as speckle tracking,2,3 or a combina-
tion of both. Other methods may become feasible
in the future.4 The basic concept, however, is not
dependent on the method of deriving the velocity
information, and the clinical use of the method
will be similar.

Strain and strain rate

Strain simply means deformation. The original def-
inition of strain that is still used clinically is rela-
tive change in length:

Where L0 is the original length and L is the length
after deformation. This entity is dimensionless,
and is usually expressed in percent. From the for-
mula, shortening is negative, lengthening is posi-
tive strain, a cause of much linguistic confusion, as
strain rate today is mostly concerned about longi-
tudinal deformation, where the systolic contrac-
tion is longitudinal shortening, i.e. negative, but
where the main interest is the magnitude of con-
traction.

The typical longitudinal strain in a healthy
heart is in the order of �15 to �25%. Strain rate is
the rate of change in strain, i.e. the change in strain
per time unit:

It can be shown that this temporal derivative of
strain can be measured as the spatial derivative of
velocity, i.e. the change in velocity per length unit,

�
εd

SR
dt

ε 0

0

L L
L
�

�

and can be expressed simply as the velocity gradient
along or across the wall:

where �1 and �2 are two velocities measured at dif-
ferent points in the wall, and D is the offset dis-
tance between the two points. In fact this concept
can be used for assessing strain rate in a semiquan-
titative way by simply looking at the separation of
velocity curves (Figure 14.1).

The unit of strain rate is 1/s, usually written
s�1. In a healthy heart, the peak systolic strain rate
is typically in the range of �1 to �1.4 s�1. Unlike
velocities, the motion due to the contraction of
remote segments as well as due to the overall
motion of the heart is subtracted.

This simplified algorithm is in most systems
substituted with a linear regression method along
the offset distance. This means that the strain rate
is equivalent to the velocity gradient described
earlier,5,6 however, the velocity gradient being
applied basically to the transmural direction, while
strain rate imaging has been applied to the longitu-
dinal deformation.

Given the velocity data, displacement can be
obtained by temporal integration of velocity, strain
rate by spatial derivation of velocity (velocity dif-
ference per length unit), and strain can be obtained
by temporal integration of strain rate (Figure 14.2).

Strain and strain rate show regional deforma-
tion only, and unlike velocity and displacement,
the curves can be interpreted independently of the
location in the myocardium.

Strain rate and strain have different physiologic
significances. End-systolic strain measures the total
amount of systolic deformation, and is dependent
on load, ejection time, etc. It has been shown to cor-
relate most closely with stroke volume and ejection
fraction (EF),7,8 while peak systolic strain rate
correlates most closely with contractility.8,9

�
�

2 1SR
D

ν ν
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Figure 14.1 Strain as velocity gradient. Left: as the apex is relatively stationary, and the base is moving towards the
apex during systole, the velocities are decreasing from the base to the apex. By measuring the velocity at two points,
the velocity gradient can be estimated, giving strain rate. Right: the top panel shows the normal decreasing tissue
velocities from base to apex. There are positive velocities during systole (S), as the myocardium moves towards the
apex, and negative velocities as the myocardium moves away from the apex during early relaxation (E) and atrial sys-
tole (A). The difference between the curves is a direct visualization of the strain rate of the segment between the cor-
responding points. The bottom panel is from a patient with an extensive inferior infarction. All three velocity curves
overlap. This means that there is no velocity difference between the three points, i.e. the whole wall is moving as a
stiff plate, showing no deformation in the segments between the points. This is equivalent to the strain rate between
the points being zero. The motion of the wall is solely due to contraction of the myocardium apical to the red point,
the infracted area being tethered to this.

Velocity

Apex

Mid
-wall

Base

0 200

8 cm/s

10 cm/s

5 cm/s
5 mm

10 mm

15 mm

0

0

0

400 600 800 ms
AC MO AC MO

–2s–1

2s–1

–2s–1

–2s–1

2s–1

2s–1

AC MO
–20%

–20%

–20%

Displacement Strain rate Strain

0

0

0

0

0

0

0

0

Figure 14.2 Typical curves from a normal subject. Left: velocities. Notice the decreasing velocities from base to apex.
The second column from the left shows the displacement curves obtained by integrating the velocity curves. Notice
that there is decreasing displacement from base to apex. The third column shows strain rate. The strain rate is nega-
tive during systole, as there is shortening, and positive during the diastolic lenthening. There are no significant differ-
ences between the levels in peak systolic strain rate. The right column shows the strain obtained by integrating the
strain rate. The strain is negative during the whole heart cycle, increasingly so during systole, decreasingly during
diastole.
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Strain in three dimensions

Deformation in the heart muscle does not occur in
only the longitudinal direction, as illustrated in
Figure 14.3. The heart muscle being incompress-
ible, in systole longitudinal and circumferential
shortening has to be balanced by transmural thick-
ening. So far the strains in each direction have to
be measured sequentially.

Tissue Doppler can only measure thickening in
the anteroseptal and inferolateral wall, where the
beam is transverse to the wall, as the transmural
velocity gradient,5 although attempts at angle cor-
rection have been made,6 and (at best) circumferen-
tial shortening where the beam is tangential to the
wall in the short-axis direction.

Speckle tracking across the wall3 can in princi-
ple measure deformation in two directions simul-
taneously, longitudinal and transmural in the apical

direction and transmural and circumferential in
the short-axis views.3,10,11

However, limitations in the lateral tracking
may render the method of limited value.12 Finally,
the added value of measuring strain in more than
one direction has to be documented, as the defor-
mations in the three directions are interrelated.

Another approach to three-dimensional (3D)
strain rate imaging is the 3D rendering of longitudinal
strain and strain rate data,13 as shown in Figure 14.4.
This figure is reconstructed from three standard
apical lanes by drawing a curved M-mode along
the wall and processed using both strain rate data
and the curvature information, as well as interpola-
tion between the planes and cycles in time. Unlike
other parametric imaging methods, this shows the
true area of dyssynergy, and may be used quantita-
tively in the future.

Strain Echocardiography 143

L0

L

c

l

t

Figure 14.3 Strain in three dimen-
sions. A solid object does not deform
in one direction only, and if the body is
incompressible, like heart muscle, the
object has to deform in more than one
direction simultaneously, so that the
volume is preserved, as illustrated by
the cylinder at the left. In the heart
muscle (right), the three directions
usually considered are longitudinal (l),
transmural (t) and circumferential (c).

Figure 14.4 Three-dimensional reconstruction of the left ventricle in early systole as a curved surface. The picture
shows an apical infarction with early systolic stretching in the infarct area (blue) as opposed to the normally contract-
ing myocardium in the rest of the ventricle (yellow). The dataset is fully 3D, and can be rotated in space as shown by
the display that is rotated from the anterior to the apical aspect.
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PARAMETRIC IMAGING

Parametric imaging means displaying numeric data
as a color map. It reduces the data to semiquantitative
information for visual assessment, analogous to, for
instance, wall motion score. Color flow is a typical
example, but tissue velocities have been displayed
the same way, and also strain rate and strain. 3D
reconstruction as described above, curved M-mode,
and bull’s eye display are all parametric display
modes. The curved anatomic M-mode14 is an 
M-mode that is drawn within the myocardial wall,
displaying strain rate as a color display in a
time–strain rate plot, as shown in Figure 14.5. This
gives semiquantitative strain rate information, but
quantitative time–depth information.

As strain rate shifts from negative (shortening)
to positive (lengthening) during the heart cycle (see
Figure 14.2), the change in direction is more easily
shown by color coding. Strain remains negative
during the heart cycle, except in the case of initial
stretching, and is thus less suited to parametric
images. Analyzing traces, however, may be easier
with strain, due to the noise reduction.

METHODS

Tissue Doppler

From the beginning, strain rate was measured by tis-
sue Doppler by processing the velocity gradient.1,5

The velocity gradient can then only be measured
along each ultrasound beam. This limits the validity

of the measurements; if the longitudinal deformation
direction has an angle deviation from the ultrasound
beam, not only will the reduced angle give reduced
velocity measurements due to the cosine factor, but
the beam will also incorporate a measure of trans-
mural thickening, also detracting from the strain and
strain rate values measured,15 as seen in Figure 14.6.
The angle problem is greatest if the images are poorly
aligned (Figure 14.6(A)) and in the extreme apex and
sometimes in the base (Figure 14.6(B)).

The advantage of tissue Doppler is its high
frame rate, giving information of rapid phases in
the heart cycle.

Speckle tracking

The method of speckle tracking is based on the
unique pattern generated by the interference pat-
tern from the scatterers and the reflected ultra-
sound.16 The speckles are relatively stable during
the heart cycle. This means that the motion can be
tracked independently of the beam direction across
the scan plane, and gives a true longitudinal strain
rate. The method is thus angle independent. The
limitation is the frame rate, giving a low temporal
resolution. In addition, too low a frame rate or too
high a heart rate may give changes from frame to
frame that may reduce the quality of tracking.

LIMITATIONS

The main limitations of strain rate imaging, in
addition to the angle limitation inherent in tissue

Figure 14.5 Curved anatomic M-mode
(CAMM). The upper half shows two
frames from systole and early diastole.
In systole there is shortening, negative
strain rate, coded as yellow. In early
diastole there is lengthening, positive
strain, coded in blue. A curved line is
drawn manually within the septum
from apex to base, and is shown on the
2D images. Below is the M-mode along
this line. The numbers shown to the
left are the same as in the 2D images,
and are for orientation only. The time
scale is on top of the M-mode. Systole
is shown as a wide orange bar, early
diastole (E) is shown in blue, and it
can be seen that the elongation propa-
gates from the base to the apex.
Elongation during atrial systole (A) is
also shown as an elongation wave.
Diastasis with no deformation is green.
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Doppler as described above, are related to image
quality.14 The most important limitations are rever-
berations and drop outs, as shown in Figures 14.7
and 14.8. We have previously shown that about
85% of patients have segments that have to be dis-
carded due to poor image quality and, hence, poor

data.17,18 So far, there are few studies addressing
the feasibility of segments in terms of speckle
tracking, but it seems, not surprisingly, to be of the
same order.10,11,17

When using strain rate imaging, the most impor-
tant point is to rigidly exclude areas with poor

Strain Echocardiography 145

A

B

Figure 14.6 Angle dependence. (A) Two-chamber view that is poorly aligned. The apical half of the inferior wall is
seen at an angle, so the transverse thickening detracts from the longitudinal shortening. There are normal strain rate
and strain in the base (yellow traces), reduced strain rate and strain in the apical segment (red traces). In between there
is a variation through the cycle, resulting in a normal strain rate early, but reduced strain rate late, resulting in a
reduced overall strain. This illustrates the difference between the two parameters, as peak strain rate will remain nor-
mal although the rest of the curve is subject to artefacts. (B) Angle effects in the apex of a normal subject in a well-
aligned image. To the left are the traces and the curved M-mode. There is normal strain rate in the septum, also in the
basal part of the apical segment (red trace, red systolic bars). In the extreme apex there is angle effect, giving inverted
strain values (thickening) seen in the yellow trace and in the blue color on top of the systolic bars in the M-mode. To
the right is a 3D reconstruction from the same subject, showing the area affected to be fairly small.
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image quality, and not try to eke out meaningful
information, as this may lead to erroneous conclu-
sions based on artefacts (Figures 14.7 and 14.8).

CLINICAL USE

The main use of strain rate imaging is in evaluating
regional systolic function. For global function, the

method can yield global parameters such as global
strain19 or global peak strain rate.20 However, it
remains to be shown that these methods give a better
diagnostic accuracy than longitudinal shortening21

or annular velocity,22 respectively, the latter being
less processed and, hence, more robust.

For diastolic function, the annular velocities
are still the main method, as the diastolic pattern of
strain rate is complex.23 Thus the main use is in

Figure 14.7 Stationary reverberation. The reverberation results in an echo that is motionless. This can be seen as the
heavy white band in the lateral wall. In the CAMM, the reverberation is a thick band of inverted color, blue in systole
and orange in diastole. The location, corresponding to no known coronary territory, the horizontal course, not follow-
ing the myocardial motion, and the rapid shift from deep colors at the borders makes it easy to identify. The strain rate
and strain traces are not so evidently artificial, however. Below the reverberation is an overestimation of the strain rate
(cyan trace), above is an inverted strain rate and strain curve (yellow traces). Both curves, however, are artificial, and
due to either v1 or v2 in the algorithm being zero. In between there are in between values (green and red), where the
green shows initial stretching and reduced strain, while the red shows normal strain and strain rate, both simply due
to the interpolation between the yellow and cyan traces.

Figure 14.8 Drop out. There is a drop out in the apical anterior septum. In the apex there are no data and, hence, no
strain rate, as seen in the M-mode. Below is an area of overestimated strain rate (red), cyan trace, due to the algorithm
subtracting normal velocities from zero velocities in the dropout area.
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regional heterogeneity of function, i.e. in ischemic
heart disease, to some extent in cardiomyopathies,
and it may have a use in resynchronization therapy.

In order to use strain rate imaging, it should be
emphasized that the information is additional to
the rest of the information. Isolated strain rate data
are less useful.18

The parametric images are more robust, identi-
fying not only areas of poor image quality, but giving
information through the time–depth distribution of
the colors (Figure 14.9). In addition, the color gives
a semiquantitative wall motion score, shown to be
comparable to the wall motion score from 2D
echocardiography,24,25 as shown in Figure 14.10.

For full quantitative analysis, the traces are
available. The quantitative traces are most easily
evaluated in strain, as the temporal integration
will give a smoothing of the curves. However,
newer software has implemented smoothing in
strain rate that results in more readable strain rate
curves as well (Figure 14.11). Both sets of curves

show the same effect; findings may vary from total
stretching during the whole systole, via initial stret-
ching and subsequent hypokinesia to mild hypoki-
nesia. Post-systolic shortening is a frequent finding
in acute infarction as well as ischemia;26 it tends to
decrease with time after the infarction.27 It is
shown to be a marker of ischemia, but there is still
discussion of whether it is also a viability marker
in the acute phase (Figure 14.12). The post-systolic
strain should not exceed 3% of the total strain in
order to be within normal range. Peak systolic strain
should be lower than �1 s�1, end-systolic strain
lower than �15%.

The presence of post-systolic shortening has
also been shown to be a marker of ischemia in
stress echo28 (Figure 14.13), although peak-systolic
strain rate at peak stress may be as useful.29 The cut
off at peak stress should be between �1.2 and 1.3.
The timing of onset of shortening and post systolic
shortening is also very well suited to parametric
imaging, as shown in Figure 14.14.28

Strain Echocardiography 147

Figure 14.9 Curved M-mode through
an area of shadowy reverberations that
affects the strain rate despite fairly
good gray scale visibility. This finding
excludes any kind of quantitative
analysis, but even so, the phases and
timing can be discerned as broken
bands, indicated by the black lines in
the second cycle.

Figure 14.10 Wall motion score (WMS) by color SRI. All panels show curved M-modes of one heart cycle, apex on
top, base at the bottom. WMS numbers are shown at each panel. 1: Normal systolic function. 2: Hypokinesia in the
basal part, there is late onset and reduced magnitude (as seen by the spotted pattern due to noise) of the shortening
(orange). In addition there is orange color after the end of systole; post-systolic shortening indicative of acute ischemia.
3: Akinesia. There is no systolic shortening in the basal half at all. In addition, there is marked post-systolic shorten-
ing, another pathologic finding. 4: Dyskinesia. There is stretching of the apex, as indicated by the blue color in systole.
That this is not an artefact is substantiated by the post-systolic shortening seen after end-systole.
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Figure 14.11 Inferior infarction. Top left curved M-mode from apex to base. There is dyskinesia in the basal segment,
hypokinesia in the mid-wall segment (the spotted appearance is due to the noise in unfiltered data), and normal short-
ening in the apex. The two right panels are from the same patient, top strain rate showing the noise in the unfiltered
data, while the bottom panel shows the strain curves, demonstrating the smoothing of the integration. Both panels
show systolic stretching in the basal segments with post-systolic shortening (yellow trace), reduced shortening with
post-systolic shortening in the middle segment (cyan), and normal shortening in the apex (red). For comparison, bot-
tom left shows an inferior infarct from another patient, with akinesia and post-systolic shortening in the base (yellow),
and normal strain rate in the apex (blue). This demonstrates the smoothing that is available for strain rate with newer
software.
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Figure 14.12 Minimal apical infarction. There is limited hypokinesia and post-systolic shortening in the apex. The
finding was not apparent in the 2D image, and the initial echo was originally described as normal.
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Figure 14.13 Stress echo with apical
ischemia. At baseline there is normal systolic
shortening, although with a respirational drop
out in the apex in the first cycle. At low dose
there is increased contractility as evidenced
by the increasing red color in systole. At 
20 �g there is still normal systolic contractil-
ity, but with post-systolic shortening in the
apex. At peak stress there is loss of contractil-
ity in the apex as well, with increasing post-
systolic shortening.

Figure 14.14 Apical long-axis view, stress
echo peak stress. The curves show ischemia
in the inferolateral wall (yellow trace), com-
pared to fairly normal traces in the anterosep-
tal wall (cyan). The main finding is a normal
isovolumic phase, total dyskinesia in the infero-
lateral base, and only post-systolic shorten-
ing. The anteroseptal  wall seems to have an
abnormal diastole, but this is due to the fusion
of E and A waves as the heart rate is 136, in
addition to some diastolic dysfunction.
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INTRODUCTION
During the last two decades revolutionary diagnostic
and therapeutic changes have been implemented
in the management of patients with arrhythmias.
The development of transcatheter ablation pro-
vided a curative treatment of most supraventricular
and ventricular tachyarrhythmias. Life-threatening
ventricular arrhythmias are effectively palliated by
implantable antitachycardia devices and conduc-
tion disorders treated by pacemakers, with instanta-
neous improvement. New challenges are the effective
treatment of patients with atrial fibrillation, which
is the most frequent and often disabling arrhyth-
mia. Since the arrhythmia substrate is frequently
associated with certain anatomic structures or mor-
phologic variants, improved imaging has an increas-
ing role in the improvement of these treatments.
Furthermore, novel catheter ablation approaches
require catheter placement to sites, which may be
associated with an increased risk of complications.
Therefore imaging has a crucial role both in guid-
ing and improving the safety of electrophysiology
(EP) procedures. In this chapter we discuss how
three-dimensional (3D) echocardiography can be
used during cardiac EP procedures.

ULTRASOUND SYSTEMS:TECHNICAL
BACKGROUND AND APPROACHES

Clinical EP requires invasive procedures since the
definitive diagnosis is nearly always made in the
EP laboratories immediately followed by curative

treatment. This approach requires an imaging tech-
nique which can be comfortably used over a long
time period without extra cost and personnel. It
should increase diagnostic accuracy and decrease
the risk for complications. Three-dimensional intra-
cardiac echocardiography (ICE) fulfills most of these
criteria.

Two-dimensional intracardiac echocardiography

Recently, two ICE systems became available for inter-
ventional EP labs: mechanical and phased-array
transducers. The mechanical intravascular ultra-
sound imaging and ICE system (ClearView, Cardio-
Vascular Imaging Systems Inc, Fremont, CA) is
an 8 Fr sheath-based catheter that incorporates a
9 MHz beveled single-element transducer rotating
at 1800 rpm (model 9900, EP Technologies, Boston
Scientific Corp, San Jose, CA, USA).1 The catheter
is equipped with a 1 cm long sonolucent distal
sheath with a lumen housing the imaging trans-
ducer. The sheath prevents direct contact of the
rotating transducer with the cardiac wall. The ICE
catheter is filled with 3–5 ml sterile water and then
connected to the ultrasound console (model I5007,
Boston Scientific Corp, San Jose, CA, USA). This
catheter obtains cross-sectional images perpendi-
cular to its long axis. The catheter is relatively
simple in its design and the data acquisition allows
3D reconstruction.

The other available system is a 10 Fr catheter-
based phased-array transducer operating at 5.5 to
10 MHz frequency and which also has Doppler
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fall within the preset limit (�10%) around the mean
interval are further processed. The workstation starts
acquisition of 2D images after detecting the peak of
the R-wave and in the same phase of respiration, at
a speed of 25 images/s (image interval 40 ms), stop-
ping after 1000 ms or after detecting the peak of the
R-wave of the next cardiac cycle. After acquiring
one cardiac cycle in the preset ranges, the worksta-
tion stores the images in the computer main mem-
ory, and the catheter is then pulled back by a 0.5 mm
axial increment. If the acquired beat falls outside
the preset ranges, the ICE transducer is left at the
same position and a new cardiac cycle is acquired.
This process is repeated until the level of the infe-
rior vena cava (IVC) is reached. Clearly, the acqui-
sition time is much shortened when all cardiac cycles
are of the same length. Therefore, in practice the right
ventricular apex is paced at 100 bpm. In accordance
with their timing in the cardiac cycle, all the indi-
vidual images of each cardiac cycle are formatted in
volumetric datasets (256 � 256 � 256 pixels/each
8 bits) with 40 ms intervals allowing the display of
dynamic 3D imaging. During post-processing, sev-
eral algorithms are applied to reduce noise, enhance
edges, and reduce spatial artifacts (ROSA filter).4

Real-time volumetric echocardiography
During ICE-guided EP procedures, the EP catheters
are continuously manipulated in three dimensions,
and the acqusition of the images for 3D reconstruc-
tion takes time. Real-time 3D echocardiography,
therefore, offers advantages. The Volumetrics®

ultrasound system generates real-time 3D pyramidal
scanning using a matrix array of 512 crystals. The
scanner uses 16 parallel receive channels to generate
B-mode images up to 60 volumes per second. Each
image plane can be inclined at any desired angle.
The LIVE 3D system uses a matrix array with 3000
individual transducers and the system displays

Figure 15.1 Catheterization laboratory
setup for three-dimensional reconstruc-
tion using an ECG and respiration gated
pull-back device.

capabilities (Acuson Corporation, Mountain View,
California).2 The 64-element phased-array trans-
ducer allows scanning of a longitudinal 90� sector
image with a radial depth penetration of 4 cm. This
catheter does not permit 3D reconstruction in its
present form. On the other hand, it is a steerable
catheter with excellent depth penetration (12 cm),
allowing visualization of left-sided structures from
the right side of the heart, which is a major advan-
tage in clinical EP.

Three-dimensional echocardiography

Advances in microprocessor technology have made
3D echocardiography a practical imaging modality,
providing cardiac structures in realistic forms, which
helps to elaborate complex pathology and to reduce
interpretation variability. Two different approaches
are followed in 3D echocardiography: 3D recon-
struction using a sequence of appropriately timed
2D images and real-time volumetric imaging. Cur-
rently, automated contour analysis allows meas-
urement and monitoring of global ventricular as
well as regional function.

Three-dimensional reconstruction
For 3D reconstructions from intracardiac images, a
custom-designed pull-back device for the mechan-
ical ICE transducer is used.3 This device is con-
troled by the 3D workstation and uses a stepping
motor to move the catheter stepwise and linearly in
a cephalic–caudal direction through the right atrium.
The workstation receives video input from the
ICE system and both an ECG and respiration sig-
nal (impedance measurement) from the patient
(Figure 15.1). Prior to the acquisition run the ranges
of RR and breathing intervals are measured to cal-
culate their mean values from the upper and lower
limits. Cardiac cycles are recorded and those that
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real-time images.5 These systems are only for
transthoracic use, and prototype systems have
been introduced for intracardiac applications. The
intracardiac real-time 3D transducer is either
incorporated in a 12 Fr catheter and operates at 5
Mhz frequency, or in a 9 Fr catheter and operates at
7 MHz.6 These catheters were found to be feasible
for guiding electrode catheter placement in an
open-chest sheep model.7

THREE-DIMENSIONAL ECHOCARDIOGRAPHY
FOR INTRACARDIAC STRUCTURE
IDENTIFICATION

Electrophysiologic mapping and ablation techniques
are increasingly used to diagnose and treat many
types of supraventricular and ventricular tachycar-
dias. These procedures require an intimate knowl-
edge of intracardiac anatomy and their use has led
to a renewed interest in visualization of specific
structures. Classical imaging techniques may be
unable to visualize structures involved in arrhyth-
mia mechanisms and therapy. This part of the
chapter provides electrophysiologists with an over-
view of recent insights into the structure of the
heart obtained with 3D intracardiac echocardiog-
raphy and indicates to the echo-specialist which
structures are potentially important for the electro-
physiologist.

The interatrial septum (Figure 15.2)

Anatomically and echocardiographically the most
prominent part of the atria is the interatrial septum
with its very characteristic appearance. It is defined
as the thin wall separating the two atria, running
obliquely from the front, extending posteriorly and
to the right. When it is seen from the right atrium,
the most prominent feature is the fossa ovalis sur-
rounded by a muscular rim. When seen from the left
atrium, the crater-like appearance of the right side

is absent. The membrane in the fossa itself is pre-
dominantly composed of fibrous tissue with rela-
tively few myocytes. Although the interatrial septum
was a focus of interest for congenital disorders,
electrophysiologists have discovered additional rea-
sons to explore the interatrial septum. A significant
number of accessory pathways are located septally.
Their close relation to the natural atrioventricular
conduction system means that direct visualization
of the septum can theoretically improve the safety
of ablation procedures. Furthermore, left atrio-
ventricular accessory pathways can be approached
using the transseptal approach, which provides
improved stability for the ablation catheter. This
requires puncture of the interatrial septum. Although
it can be done without direct imaging, data clearly
demonstrate improved safety and increased efficacy
using intracardiac echocardiography.8,9 Another
important electrophysiologic aspect of the inter-
atrial septum is related to the natural conduction
pathways between the two atria. These special fibers
are located both anteriorly above the fossa ovalis
and posteriorly near the orifice of the coronary sinus.
Recent data suggest that interatrial conduction delay
may play a significant role in the onset mechanism
of atrial fibrillation.10

Coronary sinus (Figure 15.3)

The coronary sinus (CS) is a small tubular structure
just above the posterior left atrioventricular junc-
tion. The CS is of special interest to the electro-
physiologist and pacemaker-implanting physician.
It opens into the right atrium between the inferior
vena cava and the tricuspid valve orifice. Its tribu-
taries are the great, small, and middle cardiac veins,
the posterior vein of the left ventricle, and the oblique
vein of the left atrium (Marshall’s vein), all except
the last having valves at their orifices. Left atrial
recording for EP studies is routinely done indirectly
from the CS. The left atrium or the left ventricle
can also be paced via the CS. The CS can be cannu-
lated from the jugular, subclavian, or femoral vein

Figure 15.2 A) “En face” view of the
interatrial septum with the oval fossa.
B) reconstruction of the right atrium
from a volumetric data set. The arrows
indicate the Bachmann’s bundle
region of the interatrial septum.
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and insertion of pacing/diagnostic electrode catheters
is easy in most patients. However, in some patients
cannulation of the CS or its tributaries can pose sig-
nificant difficulties and may result in excessive
procedural and fluoroscopy time. Theoretically 3D
ICE can identify anatomic variants and may facili-
tate such procedures.11 Apart from its obvious role
in providing access to the left atrioventricular junc-
tion during EP testing, the CS is an important struc-
ture for the electrophysiologist.

Resynchronization by simultaneous electrical
stimulation of both ventricles significantly improves
hemodynamics, resulting in increased exercise tol-
erance and hence quality of life in patients with
advanced heart failure and intraventricular con-
duction delay.12 This simultaneous stimulation is
achieved by positioning the left ventricular elec-
trode through the CS into its left ventricular side
branches. Furthermore, biatrial stimulation was also
reportedly effective in the preventive treatment of
patients with paroxysmal atrial fibrillation.10

Valves in the coronary sinus (Figure 15.4)

In the majority of cases the great cardiac vein pos-
sesses a prominent valve where the vein turns
around the obtuse margin to become the coronary
sinus. This valve was first described by the French
scientist R. Vieussens in his book Nouvelles décou-
vertes sur le coeur (Paris, 1706). Until recently, all
of these anatomic variants are known from post-
mortem human studies. A certain level of anec-
dotal relationship is proposed between difficulties
during interventions in cardiac electrophysiology
and anatomic differences, but there has been no
systematically conducted study to provide direct
evidence. One of the reasons is that fluoroscopy –
which is an almost exclusive tool for guiding EP
procedures – does not allow visualization of anato-
mic landmarks.

Eustachian ridge and valve and the
Thebesian valve (Figure 15.5)

The right and left venous valves of the sino-atrial
orifice regulate the flow of blood from the sinus
venosus to the atrium in fish, amphibians, and rep-
tiles. In birds, mammals, and humans, the venous
valve loses its hemodynamic function and only
comes to medical attention when congenital anom-
alies occur that are related to it.13 The right venous
valve persists in humans as the crista terminalis,
Eustachian, and Thebesian valves. An intraluminal
muscle band has been described located inside the
right atrium, and coursing in the line of the crista
terminalis between the septum spurium and infe-
rior vena cava. This abnormality is possibly derived
from the right venous valve. Usually it has a trian-
gular shape and is a flap of fibrous fibro-muscular
tissue that is inserted on the Eustachian ridge. The
Eustachian ridge separates the orifices of the infe-
rior caval vein and CS. In some cases the valve is
particularly large and can be an obstacle to catheters
passing from the inferior caval vein. Occasionally
the valve is perforated or takes the form of delicate
filigreed mesh. The free border of the valve is called
the tendon of Todaro. This tendon runs in the mus-
culature of the sinus septum. This is indeed one of
the borders of Koch’s triangle. The detailed infor-
mation and clinical significance of the Eustachian
valve have not yet been elucidated. In the cases of
atrial fibrillation with severe tricuspid regurgita-
tion, the valve remains at the semi-closed position
throughout systole and opened in the rapid filling
phase. A small crescentic flap, the Thebesian valve,

Figure 15.3 Three-dimensional echocardiographic en face
view of the ostium of coronary sinus. RA, right atrium;
AWT, anterior; INF, inferior; CS, coronary sinus; FO, oval
fossa; SVC, superior caval vein.

Figure 15.4 Horizontal cross-sectional intracardiac echo-
cardiography image with a valve in the ostium of the
coronary sinus. CS, coronary sinus; RAA, right atrial
appendage; ThV, thebesian valve; TV, tricuspid valve.
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usually guards the orifice of the coronary sinus.
Frequently it is fenestrated. An imperforate valve
completely covering the ostium is very rare, but
can be a major obstacle for positioning electrode
catheters into the CS.

Koch’s triangle (Figure 15.6)

The structures delaying the cardiac impulse and
then insuring its rapid propagation to the ventricu-
lar myocardium constitute a continuous axis of his-
tologically discrete cells. The atrial components are
located at the base of the atrial septum, located at
the apex of a triangular region first illustrated by
Koch. The anterior border is marked by the hinge of
the septal leaflet of the tricuspid valve. Superiorly,

the central fibrous body is the landmark for pene-
tration of the bundle of His. The inferior border
of the triangle is the orifice of the CS and the ves-
tibule immediately anterior to it. This part is the
area which is targeted for ablation of the slow path-
way in atrio-ventricular nodal re-entrant tachycardia
(AVNRT). The so-called fast pathway corresponds
to the area of musculature close to the apex of the
triangle. Ablation in Koch’s triangle was of special
interest in the last two decades. A large number of
patients with supraventricular tachycardia have an
AVNRT. The occurrence of inadvertent complete AV
block is an infrequent but serious complication.14

Imaging of this region using ICE is not particularly
difficult, because of the very characteristic appear-
ance of the borders. Intracardiac ultrasound was
reported during AVNRT ablation to improve the
outcome of the procedures. During cryo-ablation of
the AV node the cryocatheter–endocardial contact
and ice-ball growth could be effectively monitored
with ICE.15

THREE-DIMENSIONAL ECHOCARDIOGRAPHY
FOR GUIDING ELECTROPHYSIOLOGY
PROCEDURES

Transthoracic echocardiography has several limi-
tations during interventions. It requires additional
trained personnel and violation of sterility is a major
problem. Transesophageal echocardiography (TEE)
is potentially useful, and provides superior images
for intracardiac structure identification. The major
problem with this technique is the need for general
anesthesia, since EP procedures are often complex
and lengthy which may result in significant patient
discomfort. Recently ICE became available, provid-
ing excellent accuracy in direct visualization of
anatomic landmarks.

Transseptal puncture

Percutaneous puncture of the interatrial septum
was introduced for catheterization of the left heart
in 1960.16 Recently there has been renewed interest
in transseptal left heart catheterization due to the
development of left-sided catheter ablations.17–20

However, a significant number of acute and poten-
tially lethal complications with transseptal punc-
ture may occur, including tamponade, systemic
emboli, and even death secondary to aortic perfora-
tion.17,20 The conventional technique relies on flu-
oroscopic landmarks to define anatomic boundaries
and detection of the movement of the tip of the device
from the thicker muscular septum to the thin wall
of the fossa ovalis. Since fluoroscopy does not allow
direct visualization of the fossa ovalis, transseptal
catheterization remains a difficult procedure, par-
ticularly in the cases where the atrial anatomy is
atypical. Therefore imaging techniques such as TEE

Figure 15.5 The tendon of Todaro reconstructed from a
3D dataset. CT, terminal crest; ANT, anterior; INF, infe-
rior; RA, right atrium; SVC, superior caval vein; TT,
tendon of Todaro.

Figure 15.6 En face 3D reconstruction of an ablation
lesion visualized as low contrast area in human Koch’s
triangle using 3D myocardial contrast echocardiography.
INF, inferior; RA, right atrium; TV, tricuspid valve.
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and 2D transthoracic echocardiography have been
used for the assessment of the interatrial septum
during transseptal puncture.21–26 Both techniques
have limitations. Transthoracic ultrasound may not
be able to accurately locate the thin wall of the fossa
ovalis. Furthermore, transthoracic echocardiogra-
phy is fairly uncomfortable to perform without a
risk of violation of sterility during the intervention.
TEE is an alternative method but causes lengthen-
ing of the procedure because of the introduction of
the esophageal probe, and because it requires intra-
venous sedation for a longer period, limits the com-
munication with the patient during the procedure,
and needs an experienced operator. Intracardiac
ultrasound allows visualization of the fossa ovalis
in all patients with excellent image quality.27–30 This
is a direct method and a possible means to avoid
complications. In recent studies, in which patients
underwent transseptal puncture under ICE guid-
ance, the success rate was always higher than with
fluoroscopy and there were no complications.8,9 In
our institute we always confirm the success of the
puncture by a contrast injection through the Brocken-
brough needle and its appearance in the left atrium
detected by ICE.8,31

Inappropriate sinus tachycardia

The technique for ablative modification of sinus
node function guided by ICE has been extensively
described in animals and humans.32–34 At present
there are no clear guidelines to describe which
patients should undergo such a procedure, as the
recurrence rate remains fairly high. Moreover, it
seems that patients undergoing multiple sinus node
modification procedures are at higher risk for supe-
rior vena cava syndrome.33,35 CARTO mapping has
a potential to guide this procedure, but the method
is indirect and the advantage of continuous monitor-
ing of the diameter of the vena cava superior is lost.36

Atrial tachycardia

Atrial tachycardias originate from specific identifi-
able anatomic structures that are not seen on fluo-
roscopy. Crista terminalis in the right atrium and
the pulmonary veins in the left atrium are most 
frequently involved. Kalman and colleagues have
demonstrated that approximately two-thirds of focal
right atrial tachycardias in patients without structural
heart disease arise along the crista terminalis. Direct
visualization of these structures undoubtedly facili-
tates mapping and ablation of these tachycardias.11

Atrial flutter

Atrial flutter (AFL) is a frequent arrhythmia due to
re-entry around the large vascular structures in the
right atrium.37,38 ICE is an excellent imaging tool to

clarify the anatomy of the cavo-tricuspid isthmus
and its variations, which is a slow conducting zone
of the macrore-entry circuit.39–41 Because the maneu-
verability of the mechanical transducer is limited it
is difficult to optimally visualize the isthmus and
the adjacent intracardiac structures.28 In these cases
introduction of the ICE catheter through the sub-
clavian vein is helpful.28 By the use of phased-
array and steerable probes this problem seems to be
overcome.42 In flutter ablation ICE also has a role to
identify anatomic obstacles such as the Eustachian
ridge, Thebesian vein, and the tricuspid annulus,
and the catheter–wall contact can be appropriately
monitored.

Linear ablations for the treatment of atrial
fibrillation

Recently, attempts have been made to treat atrial
fibrillation by creating multiple linear atrial lesions
with RF energy. ICE offers imaging of endocardial
anatomy and the ablation electrode–tissue interface,
which is not available with standard fluoroscopy.
Compared with fluoroscopy, ICE guidance has been
shown to improve targeting, energy delivery, and
lesion formation and to prevent energy delivery to
potentially dangerous sites in a canine model.43

ICE also demonstrates significant sliding of the
catheter despite apparent catheter stability assessed
by electrograms.44,45

Pulmonary vein ablation for atrial fibrillation

Atrial fibrillation can be initiated by triggers origi-
nating from various sites in the atria. However, the
origin of the triggers lies in the atrial tissue extend-
ing in the pulmonary veins. Correct identification of
the anatomy is important since significant varia-
tions exist, including a common vestibule of the left
pulmonary veins and additional small branches. ICE
has a critically important role in ablation in this
region. First, the transseptal puncture can be guided
by ICE. Pulmonary venous anatomy can be assessed
using the phased-array transducer without entering
the left side of the heart. During ablation the wall
contact of the catheters can be monitored. In view of
the fact that pulmonary vein stenosis is the most fre-
quent and potentially life-threatening complication
of the procedure,46 one of the major advantages of
ICE appears to be that after ablation pulmonary vein
stenosis can be reliably assessed using vessel diam-
eter measurement and Doppler flow measurements.
Reports suggest that pulmonary venous anatomy
can be extensively studied by 3D ICE, including
visualization of ablation catheters in the vein.47,48

Ventricular tachycardia

In general, association of structural abnormalities
and arrhythmogenesis can be confirmed with ICE.
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The site of origin of idiopathic ventricular tachy-
cardia (VT) arising from the left ventricular outflow
tract (LVOT) may be closely related to the aortic
valve leaflets, and radiofrequency (RF) delivery
potentially can damage them. Idiopathic VT of the
LVOT can be treated successfully with RF ablation.
ICE can identify accurately the ablation electrode
and the anatomic landmarks while the contact with
the endocardium is easily assessed.49 Scar-related
ventricular tachycardias could also be mapped with
the assistance of ICE by identifying scar tissue and
adjacent isthmuses of viable tissue.

Ablation in the region of Koch’s triangle

AV nodal re-entry tachycardias and AV nodes are
successfully ablated in more than 97% of patients,
suggesting that imaging is not particularly neces-
sary for these ablations. On the other hand, testing
novel ablation approaches such as cryothermy
can be performed under echocardiographic mon-
itoring. During cryoablation of the AV node the
cryocatheter–endocardial contact and iceball growth
can be effectively monitored with ICE.15

Assessment of ablation lesions (Figure 15.6)

Tissue changes could be theoretically detected by ICE.
Crater formation and increased echodensity were
reported immediately after RF ablation.34 However,
we could not see RF lesions 20 minutes after abla-
tion.28 Therefore, local wall thickness was studied
as an indirect sign and has some relation with the
lesion size, although this is insufficient to make intra-
procedural decisions.50 There is a need for direct
visualization of the ablation of such lesions. Myo-
cardial contrast echocardiography together with
ICE is currently being studied to directly visualize
RF lesions after focal and linear ablation. This
method can be combined with a 3D reconstruction
technique.51

Guiding pacing procedures: pacemaker
implantation without the use of fluoroscopy?

Echocardiography has been used to guide tempo-
rary electrode catheter insertion in the emergency
room and intensive care setting when fluoroscopy
is not promptly available. Pacemaker implantations
were guided by TEE during the first trimester of
pregnancy in patients with second-degree heart block
and syncope. TEE was found to be very appropriate
to confirm satisfactory electrode position in the
right atrial appendage.52,53 Recently, novel ways of
pacing have been proposed for the treatment of
patients with various types of arrhythmias.35,54,55

There is growing evidence suggesting that pacing
on the atrial level in the region of Bachmann’s bun-
dle, the interatrial septum, or even multiple atrial
sites may have advantages in patients with atrial

fibrillation.10,54,55 On the ventricular level, novel
pacing techniques may have a role in preserving or
even improving ventricular performance in patients
with or without heart failure.12 However, these spe-
cific site pacing techniques require an extremely
accurate lead positioning as compared to the con-
ventional bradycardia indications. This may explain
that adequate results are not obtained with these
new pacing therapies in a considerable number of
patients. One of the explanations is possibly related
to the anatomic variations resulting in a variable
and less efficient lead positioning. We developed
and tested a novel technique based on 3D ICE for
specific site pacing56 (Figures 15.7 and 15.8).

Monitoring of potential complications
(Figure 15.9)

A potential complication of all EP procedures is the
development of pericardial fluid and pericardial

Figure 15.7 Three-dimensional visualization of a pace-
maker electrode in the right atrium. Ant, anterior; IVC,
inferior caval vein.

Figure 15.8 Bachmann’s bundle pacing could be achieved
with 3D echocardiography guiding. FO, oval fossa.
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tamponade. Continuous monitoring using echocar-
diography has the potential to detect this at a very
early stage and therefore appropriate treatment can
be applied.

CONCLUSIONS

Two basic directions of the development of ultra-
sound imaging have been seen in recent decades:
miniaturization and 3D imaging. Clinical EP has
significantly benefited from both directions allow-
ing the use of intracardiac transducers and 3D
imaging for better intracardiac structure identifica-
tion. The application of these current devices in
clinical EP is the focus of ongoing research. When
real-time 3D echocardiography becomes routinely
available, EP and pacing procedures can be guided
with improved safety and accuracy, with further
reduction in the use of fluoroscopy. This will be a
major asset for imaging and interventional cardiac EP.

Figure 15.9 Pericardial effusion detected with 3D echocar-
diography.
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