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FOREWORD

Echocardiography occupies a pivotal position in
contemporary cardiovascular medicine. The results
of the echocardiographic examination have almost
assumed a position alongside the vital signs and the
electrocardiogram in the evaluation of the patient with
or suspected of having cardiovascular disease. The
ubiquity and utility of this examination have even given
rise, among some medical trainees, to a mentality that
seeks the results of the echocardiographic evaluation
before seeing the patient!

Given its prominence in current practice, it is hard
to conceive that the utility of echocardiography as other
than an experimental curiosity really dates back only
afew decades. Springing from the roots of sonar developed
for marine surveillance, medical ultrasound assumed real
utility in cardiology with the development of the M mode.
The echocardiograms recorded using M mode required
substantial special training for decipherment. The
introduction of two-dimensional echocardiography
rendered the arcana of wavy lines in the M mode virtually
obsolete. The appreciation of cardiac anatomy using this
modality was nearly intuitive. The interpretation of
echocardiograms became accessible to a much broader
population of practitioners.

Echocardiography results from a fusion of physics,
engineering, anatomy, and physiology. The more recent
introduction of Doppler techniques to the echocardiogram,
the advent of transesophageal echocardiography, and the
use of echo contrast illustrate the union of these disciplines
in the service of cardiovascular diagnosis.

Essential Echocardiography: A Practical Handbook
With DVD, lavishly illustrated and carefully selected, is
a primer that illustrates the seamless coalescence of
physics, instrumentation, hemodynamics, anatomy, and
patho-physiology. Accurate but approachable, extensive
but not exhaustive, this manual provides a practical
but scholarly overview of the contemporary state
of echocardiography. It should be useful to trainees,
sonographers, and cardiologists who practice echo-
cardiography as a daily pursuit.

The very quotidian acceptance of echocardiography,
however, raises several concerns for the future of the
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specialty of cardiovascular medicine and the field
of noninvasive imaging. We have entered an era
in which laptop devices can provide strikingly useful
echocardiographic images at the bedside. The advent of
these small ultrasound machines obviates the need
for wheeling a bulky instrument. This advance has also
facilitated the broad dissemination of echo-cardiography.
Can the introduction of palm-sized micro-ultrasound
devices with penlight-sized transducers lag far behind the
laptop ultrasound instruments? The increasing facility of
acquisition of echocardiograms raises the important
question of the qualifications of the acquirer and interpreter.
Who should properly perform and interpret echocardio-
graphic examinations? Should the handheld echocar-
diograph become an extension of the physician’s physical
examination, taking its place beside the stetho-scope and
sphygmomanometer? How much training and oversight
would optimize the benefit to patients of such broad
dissemination of echocardiography? Should the use of
miniature echocardiography be restricted to cardiologists,
to internists, or be disseminated to emergency physicians,
anesthesiologists, surgeons, etc.? These impor-tant issues
require resolution with the patient’s interests paramount
and academic and medical “turf” considerations subsidiary.

The ease of modern echocardiography presents
another challenge. The availability and accurate infor-
mation available from the echocardiogram has fostered
an ingrained reliance on this noninvasive imaging
modality, quite possibly to the detriment of skills in
bedside physical diagnosis. Does echocardiography
represent a threat to the traditional toolkit of the
cardiovascular practitioner, careful observation with
the physician’s own senses, independent of micro-
processors and electronic displays? Has the physical
exam become antiquated, and have those who resist the
reliance upon the echocardiogram instead of the physical
examination become Luddites resisting inevitable and
desirable progress? Will cardiovascular medicine
lose its soul by forsaking the primacy of the physical
examination, or will we enhance our ability to help
patients through examination that, in the right hands,
promises prompt and accurate evaluations?
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Foreword

The elements of echocardiography presented in this
volume indirectly help us with both of those issues. First,
whatever their specialty, training, or background, those
who wish to add acquisition and/or interpretation of
echocardiograms to their skill set can benefit remarkably
from this clear and readable text. Second, by integrating
echocardiography into the physiological tradition of
cardiovascular medicine, Solomon and colleagues provide
a firm foundation for those who wish to supplement the

complete and careful physical examination by the aware
practitioner with state-of-the-art information available
from the latest technological advances in noninvasive
diagnosis.
Peter Libby, mp
Chief, Cardiovascular Medicine
Brigham and Womens Hospital
Mallinckrodt Professor of Medicine
Harvard Medical School, Boston, MA



PREFACE

In2006, echocardiography remains the most commonly
used cardiac imaging technique. Despite the existence of
other methods to image the heart, such as nuclear imaging,
angiography, cardiac magnetic resonance, and cardiac
computed tomography, echocardiography continues to be
the “bread and butter” imaging modality of cardiologists
worldwide. Echocardiography has become so central to
our care of patients precisely because itis almost universally
available, can be performed in the outpatient setting or the
intensive care unit, provides usable clinical information on
the vast majority of patients, is relatively inexpensive, and
has significant clinical and prognostic value.

The goal of Essential Echocardiography: A Practical
Handbook With DVD is to teach echocardiography
to anyone learning the discipline. Although most previous
echocardiography books have been designed either
for physicians—generally cardiologists—or cardiac
sonographers, the basic principles of echocardiography are
the same regardless of the learner. In the general practice
of echocardiography, these distinctions blur. Indeed,
sonographers are often the first to make an important diag-
nosis; conversely, in many institutions, physicians, not
sonographers, perform echocardiographic scans. Written
by a variety of experts with a commitment to the education
and training of sonographers, students, and cardiology fel-
lows, all the chapters in Essential Echocardiography:
A Practical Handbook With DVD are designed to be basic
enough for the introductory student, but offer enough sub-
stance to serve as a reference for the more advanced
practitioner.

Echocardiography is the perfect marriage between
anatomy and physiology, and an essential understanding of

both is required of the echocardiographer. A substantial
amount of this text is dedicated to the underlying physical
and physiological principles. Yet echocardiography
is primarily a visual discipline. The principles discussed
in the text will be reinforced by the abundant echo-
cardiographic images and dedicated illustrations demon-
strating relevant cardiac anatomy and physiology. Our
experience teaching echocardiography to fellows suggests
that it can be difficult to learn a dynamic imaging modality
such as echocardiography from static images. Thus, in
addition to the large number of embedded images in the
text, this book is uniquely accompanied by a DVD
containing moving images illustrating virtually all of
the major points in the chapters. The DVD will provide a
unique learning tool for the introductory student, who is
encouraged to view the DVD while reading the text,
and a comprehensive visual encyclopedia for the more
experienced learner.

Even as we embrace other emerging cardiac imaging
technologies, advances in ultrasound technology in
general and cardiac ultrasound in particular are leading
to continued improvements in image quality and new
techniques and applications of cardiac ultrasound.
These advances will ensure that echocardiography will
continue to remain the leading cardiac imaging modality
for some time to come. Essential Echocardiography:
A Practical Handbook With DVD will provide the
physiological, anatomical, and diagnostic grounding all
students of cardiac ultrasound need and provide a sound
basis for a more general understanding of cardiac
imaging.

Scott D. Solomon, mp
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ComranNioN DVD

The companion DVD-ROM contains a video play-
back application with more than 200 individual video
clips corresponding to the chapters in this book.
The application is compatible with most Mac and PC
computers. You will need acomputer witha DVD-ROM
drive, as the DVD will not operate in a CD-ROM drive.

The individual video clips are cited in the text along
with the figure to which they correspond by number. In
addition, descriptive captions are provided in the DVD,
and these will appear when you draw the cursor over the
video selection listing.

PC Users

The application “Humana_EE.exe” should launch
automatically on most Windows computers when the
disc is inserted. If the application does not start after a
few moments, simply double click the application
“Humana_EE.exe” located on the root of the DVD-
ROM.

Mac Users

OSX: Doubleclick the application “Humana_EE OSX”
after inserting the DVD-ROM. The Mac OSX operating
system does not support an auto-start feature.

OS9: The application “Humana_EE” should launch
automatically on Mac computers running OS 9.2 when
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the disc is inserted. If the application does not start after
a few moments, simply double click the application
“Humana_EE” located on the root of the DVD-ROM.

System Requirements

PC/Winpows

Intel Pentium II with 64 MB of available RAM
running Windows 98, or

Intel Pentium III with 128 MB of available RAM
running Windows 2000 or Windows XP.

APPLE MacinTosH OS X

Power Macintosh G3 with 128 MB of available RAM
running Mac OS X 10.1.5, 10.2.6 or higher.

APPLE MAcINTOSH CLASSIC

Power Macintosh G3 with 64 MB of available RAM
running System 9.2.

Illustrations

Allllustrations appearing in the book are also included
on the Companion DVD. The image files are organized
into folders by chapter number and are viewable in most
Web browsers. The number following “f” at the end of
the file name identifies the corresponding figure in the
text.
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INTRODUCTION

Echocardiography has emerged as the principal tool
for noninvasive assessment of the cardiovascular system.
The basic principles of echocardiography, including the
mechanical features of echocardiographic equipment,
are no different from diagnostic ultrasound in general.
Nevertheless, there are aspects of echocardiography that
set it apart from general ultrasonography. Because the
heart is a moving organ, and because echocardiography
must additionally capture that movement, an understand-
ing of echocardiography requires an understanding
of both cardiac anatomy and physiology. This chapter
reviews the basic principles of echocardiography and
serves as a basis for understanding the specific disease
processes discussed in the remainder of this text.

PRINCIPLES OF ULTRASOUND

Ultrasound is simply high-frequency sound well out-
side the range of human hearing. Sound frequency is
measured in hertz (cycles per second); humans can hear
sounds between 20 and 20,000 Hz. Ultrasound begins
in the range of 1 million hertz (MHz). Ultrasound
waves share the same characteristics of all sound waves
(Fig. 1): frequency (f, number of cycles per second, and
similar to the pitch of a note), wavelength (A, the dis-
tance between sound waves), amplitude (equivalent to
the loudness or magnitude of the sound waves), and

propagation speed (c, the rate at which the sound waves
travel through a particular medium). Ultrasound fre-
quencies of 2.5-10 MHz are typically utilized for nor-
mal diagnostic work. Frequency and wavelength are
inversely related, but this relationship is dependent on
the propagation velocity (speed) of ultrasound. Sound
waves traverse different media—water, tissue, air,
bone—at different speeds.

The following equation defines the relationship
between frequency, wavelength, and propagation velocity:

c=A-f

The speed of sound (at any frequency) through water
and through most bodily tissues is roughly 1540 m/s.
Hence, ultrasound waves with a frequency of 2.5 MHz
will have a wavelength of 0.616 mm. This relationship
is important because the resolution of ultrasound—the
ability to discern small structures—is dependent on
the wavelength; the shorter the wavelength, the higher
the resolution. The resolution of ultrasound is about half
of the wavelength. For a frequency of 2.5 MHz, this
translates to a resolution of approx 0.3 mm.

Ultrasound Image Generation

Ultrasound machines emit sound waves from a trans-
ducer; these waves bounce off internal structures within
the body and generate reflections that return back to the
transducer. Because sound travels at essentially a constant

From: Contemporary Cardiology: Essential Echocardiography: A Practical Handbook With DVD
Edited by: S. D. Solomon © Humana Press, Totowa, NJ
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Fig. 1. Simple figure of a sine wave illustrating amplitude and wavelength. Frequency is inversely related to amplitude.

rate through tissue, the ultrasound machine can calcu-
late the time required for the sound waves to make the
round-trip between the transducer and the reflecting
structure. From that transit time, the machine can calcu-
late the depth within the body of the reflecting struc-
ture(s). This information can be used to generate a
scanline in which reflecting structures are depicted on a
screen along the scanline based on the distance from the
transducer and the amplitude of the reflected waves.
Early ultrasound machines utilized a single directional
beam of ultrasound that was manually directed toward
different reflecting structures; this technique is called
“M-Mode” echocardiography and is still used today
(Fig. 2). In M-Mode echocardiography, the resulting
scanline is displayed along a moving paper sheet (or on
a screen) so that time is recorded on the x-axis and dis-
tance from the transducer on the y-axis. The amplitude of
the reflection is recorded as the intensity of an individual
point along the scanline. M-mode echocardiography is
utilized as part of the standard echocardiographic exam-
ination (see Chapters 2 and 3).

Modern ultrasound machines utilize multiple scan-
lines (up to 512) to generate a two-dimensional (2D)

image (Fig. 3). Early 2D echocardiographic machines
generated multiple scanlines by utilizing a mechani-
cally rotating transducer. Modern equipment, however,
use electronically steered phased array transducers to
generate multiple scanlines (Fig. 4). Most ultrasound
machines use between 128 and 512 phased array ele-
ments to generate pulses of ultrasound in an orderly
sequence, with the result being similar to that which
can be achieved with a mechanically rotating trans-
ducer, but with better spatial resolution.

For standard imaging, ultrasonic transducers emit
sound waves in pulses rather than continuously. The
frequency of these pulses, called the pulse repetition
frequency (PRF), is designed to allow sound waves to
reflect from structures within the body and return to the
transducer before emitting another pulse. If the PRF
were too fast, then the ultrasound machine would not be
able to determine which pulse was returning and would,
therefore, not be able to accurately determine the depth
of the reflecting structure. The PRF is determined by
the velocity of ultrasound and by the greatest depth that
is being interrogated (the depth setting on the ultra-
sound machine). For example, as many as 7700 pulses
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Fig. 2. M-mode echocardiogram. An M-mode image represents a single scan line on the y-axis with time on the x-axis. In this illus-
tration, we can see the movement of the interventricular septum (IVS) and posterior wall during ventricular contraction. The small
2D image in the upper right-hand corner shows where the M-mode “slice” is made.

Transducer

Fig. 3. How an ultrasound image is generated. (A) The phased array ultrasound transducer generates multiple scan lines.
(B) Illustrates the resulting image on the screen. Although scanlines were visible in early ultrasound images, modern ultrasound
equipment performs interpolation between scanlines to generate a smooth image without the appearance of scanlines.
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could make the return trip between the transducer and
the edge of the 10-cm interrogation area.

INTERACTION OF ULTRASOUND WITH TISSUES

Ultrasonic images are produced because of the unique
interaction of ultrasound with different tissues and
fluids in the body. Reflections occur primarily at tissue
interfaces (e.g., at the interface of blood and tissue).
These reflections form the clearest boundaries on ultra-
sonic images and are termed specular reflections in
which a significant proportion of the ultrasound energy
is reflected back to the transducer. In contrast, reflec-
tions that occur from within relatively homogeneous
tissues, such as myocardium, tend to be scattered in a
variety of directions. These types of reflections are
termed backscatter. Although some of the scattering
ultrasound returns back to the transducer, the energy
associated with these reflections is significantly lower
than that emitted by the transducer. All sound waves are
attenuated when they travel through tissue or fluid.
Some tissues attenuate ultrasound to a greater extent
than others. Finally, refraction occurs when ultrasound
is reflected at an angle from the original ultrasound
beam. All of these interactions with tissue are important
in the ultimate image that is generated.

Although ultrasound can easily traverse through
bodily fluids, including water and blood, as well as
most soft tissues, ultrasound does not pass easily
through bone or air. This limitation represents a major
problem in cardiac imaging because the heart is sur-
rounded by the thorax (bone) and the lungs (air). Ribs
can cause significant artifacts. Air in the lungs can
make imaging difficult. Indeed, patients with emphy-
sema, who have overexpanded lungs, can be extremely
challenging to image.

ULTRASOUND RESOLUTION: TRADE-OFF
WITH PENETRATION

Resolution, the ability to discern detail, in ultrasound
images is dependent on the wavelength (inversely related
to frequency) of the ultrasound. The limit of the resolution
of ultrasound is approximately one-half of the wave-
length. With a standard imaging frequency of 2.5 MHz,
this translates to a wavelength of approximately one
0.6 mm, which suggests a resolution of 0.3 mm. Although
resolution can be increased by increasing the frequency of
the ultrasound used, higher frequency ultrasound is less
able to penetrate through tissues. Therefore, although
higher frequency ultrasound can be used for high-
resolution imaging, its use will be limited because of
decreased penetration. For this reason, high-frequency
transducers only image well at short distances. Pediatric
imaging, which requires less penetration, is often carried
out at a frequency is of 5 MHz or higher. Because of
decreased penetration, image quality can drop off dramat-
ically when using higher frequencies in adults. In contrast,
adults who have larger chest cavities will often require
lower frequency probes. Indeed, 2.5-3 MHz resolution
probes have become the standard for adult imaging.

HARMONIC IMAGING

Modern ultrasound machines tend to use two
different imaging modes: fundamental imaging and har-
monic imaging. In fundamental imaging, the ultrasound
transducer listens for the returning ultrasound at the
same frequency at which it was emitted. However, ultra-
sound can cause tissues to vibrate at frequencies that are
multiples of the frequency of the original ultrasound
pulse. The transducer can thus be set to listen at a
frequency that is higher (by a multiple) than the original
frequency. Harmonic imaging allows for improved
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Fig. 5. Two side-by-side images from the same patient with fundamental imaging (left) and second harmonic imaging (right). Notice
the improved endocardial resolution and ability to distinguish tissue from cavity utilizing harmonic imaging. (Please see companion

DVD for corresponding video.)

resolution of tissue interfaces, in particular, the endocar-
dial border. Harmonic imaging is an option on many
modern ultrasound machines (Fig. 5; please see com-
panion DVD for corresponding video). However, image
quality is not always improved by harmonic imaging,
and in some patients, fundamental imaging provides
better overall image quality.

Obtaining Images and Image Quality

Echocardiography is dependent on the operator
applying the transducer to the chest of the patient and
obtaining images in real-time. The quality of the images,
therefore, is dependent on the skill of the operator, as well
as the body habitus of the patient. In addition, the ability
to obtain the quality images can often be hampered by
aspects of the patient’s medical care that cannot be con-
trolled, such as the patient being on a ventilator, or having
bandages following surgery that interfere with scanning.
Well-trained sonographers and echocardiographers learn
to work around many of the inherent limitations imposed
by the need to scan very sick patients. Obesity and
chronic obstructive pulmonary disease are probably the
two patient characteristics that affect image quality most.

Ultrasound Artifacts

Imaging artifacts suggesting the appearance of
structures that are not actually present are common in
ultrasonic imaging. Artifacts include both the apparent
presence of structures that do not exist, or the obscuring

of structures that do exist. Artifacts in the aorta and the
left atrial appendage frequently pose important diagnos-
tic and decision-making challenges (Chapters 16, 17,
and 19). To identify artifacts, the experienced echocar-
diographer must understand the reasons for artifact
appearance in ultrasonic images. Artifacts can be caused
by many of the same problems that result in poor image
quality, including body habitus and the location of ribs.
Indeed, rib artifact remains one of the most prominent
artifacts seen in echocardiographic studies (Fig. 6; please
see companion DVD for corresponding video). Rib arti-
facts can often be distinguished from actual structures
because the artifact will remain in one place relative to
the transducer while the beating heart moves separately
from the artifact. Often, however, a rib artifact will move
with respiration owing to movement of the thorax with
breathing. It is, therefore, sometimes necessary to distin-
guish respiratory movement from cardiac movement in
order to distinguish artifacts from real structures.

Reverberation artifacts are caused by reflections that
occur internally within the imaging region. Calcifica-
tions frequently cause ultrasound signals to “ping-pong”
within the interrogated structure before returning to the
transducer (Fig. 7). Not accounting for the internal rever-
beration, the ultrasound machine interprets the extra time
for the ultrasound to return as an indication that the
reflections occur at a further depth, resulting in a ghost
reflection usually at a distance that is a multiple of the
original reflection.
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Fig. 6. Three types of artifacts are visible in this parastenal short axis at the mid ventricular level in a 50-yr-old patient with a left
ventricular assist device. (Please see companion DVD for corresponding video.) Reverberation artifacts (multiple arrows) generated
by the cannula of the device are seen along with acoustic shadowing from the ribs, and dropout owing to loss of lateral resolution.

Another type of artifact originates from the fact that
ultrasound beams can be wider than the scanline repre-
sentation on the image. Thus, an ultrasound beam may
reflect from a structure slightly off the true axis of the
beam, causing a loss in lateral resolution. Mirror image
artifacts are frequently seen in the aorta on transesphageal
echocardiography (Fig. 8; please see companion DVD for
corresponding video).

PRINCIPLES OF DOPPLER ULTRASOUND

Doppler ultrasound relies on the Doppler principle
to determine the velocity of moving fluids or tissues.
The Doppler principle states that the frequency of a
sound (or any wave) will shift (higher or lower) when
it is emitted from, or reflected off, a moving object.
This occurs because sound waves emitted from a mov-
ing source (or reflected off a moving source) are either
compressed or expanded depending on the direction of
the movement. This is the same principle responsible
for the changing frequency of an ambulance siren as it
travels toward or away from an observer (Fig. 9).

In diagnostic ultrasonography, waves are emitted
from the transducer at a particular frequency and
reflected off moving red blood cells within the heart or
blood vessels. If the flow of blood is moving toward
the transducer, the sound waves will be compressed
(and the frequency of the returning ultrasound will be
slightly higher than the emitted ultrasound). The oppo-
site is true for blood flow moving away from the trans-
ducer (Fig. 9). The difference between the emitted
frequency and the returning frequency is called the
Doppler shift. Because the ultrasound machine emits
sound at a particular known frequency, the difference
between the original ultrasound frequency and the
returning ultrasound frequency can be easily deter-
mined. This difference in frequency is directly related
to the velocity of the structures reflecting the sound
(the red blood cells) and, therefore, is related to the
velocity of blood flow. This relationship is described
by the following equation:

_ K -F)
_2F;(C0s9)
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Fig. 7. llustration of the generation of a reverberation artifact. In this case, a reflective structure, such as an area of calcification,
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Fig. 8. Mirror artifacts are commonly seen in the aorta on transesphageal echocardiography as shown in these still frame images.
(Please see companion DVD for corresponding video.)

where v = the velocity of blood flow, ¢ = the propagation Pulsed- and Continuous-Wave Doppler

velocity of sound through the tissue (1540 m/s), F' = the Two modes of Doppler ultrasound are typically
shifted (returned) ultrasound velocity, F, = the original ~ employed in standard diagnostic ultrasonography—
emitted ultrasound frequency, and 6 = the angle of inci- pulsed-wave (PW) Doppler and continuous-wave (CW)

dence between the ultrasound beam and the blood flow. Doppler (Figs. 10 and 11). PW Doppler requires individual
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Fig. 10. Pulsed-wave Doppler interrogation at the level of the aortic valve.
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Fig. 11. Continuous-wave Doppler interrogation across the aortic valve.

pulses of ultrasound to be emitted and returned to the
transducer. The rate at which these pulses are emitted is
the PRFE. It is important to understand the difference
between the PRF and the frequency of the ultrasound
wave itself. The ultrasound frequency is equivalent to the
pitch of a note played on a piano, whereas the PRF rep-
resents the rate at which the note is repeated. Because
pulses emitted from a transducer return to the transducer
at the same rate at which they were emitted, the PRF
essentially represents the sampling rate of the Doppler
acquisition.

A cardinal principle of digital sampling in general
states that the sampling rate must always be at least dou-
ble the frequency of the waveform being sampled. This
is true for digital audio recording as well as for ultra-
sound acquisition. For example, because humans can
hear sounds up to 20,000 Hz, compact discs are
recorded using a sampling rate of 44.1 kHz, ensuring the
sampling of all frequencies. In Doppler ultrasound, we
are sampling the frequency, not of the ultrasound itself,
but of the Doppler shift, i.e., the frequency difference
between the emitted and the received waveforms. This
frequency, as previously discussed, is directly related to
the velocity of blood flow. Hence, the sampling rate
(or PRF) is a major determinant of the maximal Doppler

shift that the ultrasound machine can accurately sample,
and thus a major determinant of the maximal velocity
that can be assessed (see Understanding Aliasing in
Doppler; Figs. 12 and 13).

The point at which a waveform cannot be sampled
unambiguously happens at a sampling rate of twice the
highest frequency that needs to be sampled. This point
is called the Nyquist limit, and is one-half the PRF.
When the frequency of the Doppler shift (and hence the
velocity of blood flow) is greater than twice the PREF,
the waveform cannot be accurately sampled, and the
velocity cannot be accurately assessed. The resultant
image will demonstrate “aliasing.” Aliasing occurs
because the machine cannot figure out accurately the
velocity or the direction of flow when the velocity
exceeds the Nyquist limit. It is important to remember
that the effective sampling rate is dependent on the
PRF. What, then, limits the PRF? Because ultrasonic
pulses must leave the transducer, reflect off moving
blood cells, and return to the transducer, the PRF cannot
be higher than the amount of time it takes for the ultra-
sound to make this round-trip. Thus, because the speed
of sound is constant, the PRF is dependent on the depth
of the region being interrogated. When using PW
Doppler, we have the ability to select a particular
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Fig. 12. Understanding aliasing: aliasing can best be understand by this simple example from sampling theory, the so-called “wagon-
wheel” example, named after the wagon wheel illusion in old western motion pictures. Consider a rotating clock hand. In the top
panel, the hand is rotating at one revolution per minute. If we were to “sample” the clock every 15 s (four times per minute) by snap-
ping a picture, we would easily be able to “capture” the motion of the clock, we would see that the hand is rotating clockwise and
would be able to discern the rate of rotation. If, however, we increased the rotational speed to two revolutions per minute, and main-
tained the same sampling rate, we would only “capture” the hand at the 12 o’clock and 6 o’clock positions. We could tell the rate of
rotation, but would not be able to discern the direction. Finally, in the bottom panel, if the velocity of revolution increased to three
revolutions per minute (still in the clockwise direction), with the same sampling rate, the perceived direction, based on the sampling,
would be counterclockwise, and the perceived rate of rotation would be one revolution per minute.

location (depth) to be interrogated. On the ultrasound
machine, this is accomplished by placing a cursor over a
specific area on the 2D image (Fig. 10). What the ultra-
sound machine is actually doing is emitting a pulse, then
waiting the exact amount of time it would take that pulse
to travel to the cursor location and return to the trans-
ducer. In PW Doppler, the time between pulses cannot be
less than that round-trip transit time and the PRF will be
inversely related to that time. Figures 12 and 13 illustrate
the aliasing principles in Doppler echocardiography.

Blood Flow Profiles in the Heart

Blood flowing through the heart and blood vessels
can be either laminar or turbulent. Laminar flow occurs
when the majority of flow is moving in the same direction

and at similar velocities. Turbulent flow occurs when
flow is disturbed, by a stenosis or in the setting of signi-
ficant regurgitation. The type of flow can be discerned
from the PW Doppler waveform. With laminar flow, the
waveform will appear “hollow” because the majority of
blood cells will be moving at similar velocities (and
close to the maximal velocity). With turbulent or non-
laminar flow, the velocities will cover a wider spectrum,
with some blood cells moving very rapidly and some
moving very quickly. Thus, the waveform will appear
“filled” (Fig. 14).

PRACTICAL ASPECTS OF PW DOPPLER

PW Doppler is used primarily to obtain velocity
information for relatively low velocity flows at a specific
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Fig. 13. The problem of aliasing occurs when sampling a sound wave as well as when the sampling frequency is less than twice the
frequency of the wave that is being sampled. In the example, when the sampling rate is twice the frequency of the original wave (in
black), it is possible to reconstruct the wave accurately. However, when the sampling frequency is less than twice the frequency of
the wave, the wave is reconstructed incorrectly, as is shown in the bottom panel, where the reconstructed wave is shown in gray. In
Doppler echocardiography, we are “sampling” the Doppler shift. The sampling rate is determined by the pulse repetition frequency
(PRF). The Doppler shift is reflective of the velocity of the blood flow (by the Doppler equation). Thus, higher PRFs are able to dis-

cern higher velocities of blood flow.

location within the heart or blood vessels. Examples of
Doppler assessments that are typically made with PW
Doppler include assessing the left ventricular outflow
tract velocity (except in conditions in which they out-
flow tract velocity is markedly elevated in which case
CW Doppler would be needed), assessment of mitral
inflow velocities, and assessment of pulmonary venous
velocities. These are all relatively low velocity flows
within the heart.

CW DOPPLER

Unlike PW Doppler, in which individual pulses are
emitted and reflected back to the transducer, ultrasonic
beeps, CW Doppler emits a continuous tone from the
transducer. Reflections from this continuous ultrasound
tone are then received by the transducer continuously as
well (Fig. 11). Because the machinery is not waiting for
a pulse to reflect and return, it is impossible for the
ultrasound equipment to determine the location of the
reflection. Nevertheless, moving blood cells will reflect
the continuous ultrasound tone and this reflection will
be subject to the Doppler shift as a function of the veloc-
ity of the blood flow (just as with pulsed Doppler). The
advantage of CW Doppler is that because “sampling” is
occurring continuously, the ability to detect particular

frequencies is not subject to the Nyquist limit, and we
can thus interrogate much higher velocities than is
possible with PW Doppler. The disadvantage of CW
Doppler, however, is that because we are not sampling,
we cannot “gate” the returning ultrasound pulse and
thus cannot listen for a reflection that is coming from a
particular depth. Thus, CW Doppler tells us the maxi-
mal velocity along the line of the ultrasound beam. We
cannot, however, determine the location of the maximal
velocity. CW Doppler is particularly useful then for
assessing high velocity blood flow, for example, the
velocity across the aortic valve in aortic stenosis, or the
velocity of tricuspid regurgitation.

Color Flow Doppler

Color flow Doppler imaging uses the same general
technology as PW Doppler imaging. However, color flow
Doppler samples multiple locations along a scan line
simultaneously and determines the velocity of individual
locations. These velocities are then “color encoded” uti-
lizing a color map in which particular colors are used to
represent particular velocities (Fig. 15). The color map is
displayed on the ultrasound image so that the relationship
between particular colors and velocities are visible. By
convention, flow that is moving away from the transducer
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Fig. 14. Pulsed-wave Doppler profiles of (A) laminar and
(B) turbulent flow. (C) Demonstrates flow away from the trans-
ducer. Notice that the flow profile of laminar flow is “hollow”
indicating that the most of the blood cells are traveling at simi-
lar velocities. When flow is turbulent, there is a wider range of
velocities, and the flow profile appears filled in.

is encoded in blue, and flow that is moving toward the
transducer is encoded in red (Fig. 16; please see compan-
ion DVD for corresponding video). Because color
flow Doppler utilizes the same basic principles as PW
Doppler, it is also subject to sampling issues and the prob-
lem of “aliasing.” Doppler shift frequencies (and hence
velocities) that are above the Nyquist limit are encoded as
a “green mosaic.” The Doppler information is superim-
posed on the 2D image, providing a very powerful visual
assessment of blood movement in the heart. Because
color flow Doppler displays velocity information on top
of anatomical information, it is possible to visualize even
very fast flows in the heart, although color flow Doppler
does not allow accurate assessment of velocities beyond
the Nyquist limit. As with standard pulsed Doppler, the
PRF is an important setting in color flow Doppler, and
can be adjusted by the operator. The PRF can be lowered
or raised to decrease or increase the aliasing velocity.
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Fig. 15. Color Doppler scale depicting flow direction and rela-
tive velocities.

FrOM VELOCITY TO PRESSURE: MEASURING
GRADIENTS IN THE HEART

Doppler echocardiography measures the velocity of
blood movement within the heart and blood vessels.
From this velocity information, it is possible to estimate
pressure gradients utilizing the Bernoulli equation. The
Bernoulli principle states that the velocity of flow
through a fixed orifice will be dependent on the pressure
gradient across the orifice. Intuitively, this principle
states that the higher the pressure gradient, the faster the
blood flow. The full form of the Bernoulli equation is
relatively complex:

dv ° >
p—pa=1/2p(vi-v})+ pJZst+R(v)
1
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Fig. 16. Apical view with superimposed color Doppler showing flow direction during early systole. (Please see companion DVD for

corresponding video.)

In general ultrasound use, the following simplifica-
tion can be made:

P=4V2-V?Y

where p = pressure gradient, v,> = proximal velocity, v,” =
distal velocity. With most velocities that are greater than
1 m/s, proximal velocities can often be ignored, leaving
the following simplified modified Bernoulli equation:
P = 4V 7. This equation is useful for translation of
velocities to gradients in most clinical circumstances.
For example, a maximal CW velocity across a
stenotic aortic valve of 4 m/s is equivalent to a pressure
gradient of 64 mmHg across the valve. Likewise, a max-
imal CW velocity of tricuspid regurgitation of 3 m/s is
equivalent to a systolic gradient between the right
ventricular and the right atrium of 36 mmHg. It is
important, however, to recognize clinical situations
when the proximal flow velocities cannot be ignored. For
example, if there is significant flow acceleration proximal
to the aortic valve—as, for example, in the case of a
patient with aortic stenosis and subaortic stenosis (caused
by a membrane or by septal hypertrophy), it would be

necessary to use the longer form of the Bernoulli equa-
tion, thus, taking into account the increased proximal
flow velocities.

Doppler Cautions and Caveats

Doppler cannot measure pressure directly. Nor can
Doppler measure “flow.” Doppler measures the velocity
of blood flow. For this reason, much of the information
that we ultimately derive from Doppler measurements
has to be inferred. For example, although we can measure
the gradient between the right ventricle and the right
atrium by looking at the tricuspid regurgitant velocity,
to estimate pulmonary artery systolic pressures we need
to make the following assumptions: first, we need to
assume that there is no pressure gradient between the
right ventricle and the pulmonary artery. Obviously, in
patients with pulmonic stenosis, we would be unable to
calculate the pulmonary systolic pressures from the tri-
cuspid regurgitant velocity without taking into account
the gradient across the pulmonic valve. In addition,
because we know the gradient between the right ventricle
and the right atrium, to calculate right ventricular systolic
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pressure we need to know the estimated right atrial pres-
sure. Assessment of right atrial pressure is indirect at best
with echocardiography. Although certain echocardio-
graphic parameters, such as increased right atrial size and
dilatation of the inferior vena cava, help us “guesstimate”
right atrial pressure (see Chapter 18, Table 3), these are
notoriously inaccurate, especially if pressures are high.
By adding the gradient obtained from the tricuspid regur-
gitant velocity signal to our estimate of right atrial pres-
sure we can obtain an estimate of right ventricular
systolic pressure, which in turn should be equivalent to
pulmonary artery systolic pressure.

Similarly, because echocardiography measures blood
velocity, not blood flow, our estimate of the volumetric
degree of regurgitation by echocardiography is limited.
We cannot directly measure the volume traversing the
aortic valve in, for example, aortic insufficiency. For this
reason, Doppler is, in many ways, better for assessment
of the severity of stenotic lesions than for assessment of
the severity of regurgitant lesions.

Color flow Doppler utilizes the same concepts and
technology as pulse wave Doppler and is, therefore,

subject to the same limitations. The colors that we see
in color flow Doppler are simply color encoded pixels
that represent the velocity of blood flow at that partic-
ular spatial location. Colors that are pure red or blue in
color flow Doppler represent velocities that are below
the aliasing velocity of the Doppler signal (Fig. 16).
Colors that appear to be yellow-green or mosaic,
depending on the color map utilized, suggest high
velocity (higher than the aliasing velocity) or turbulent
flow (Fig. 17; please see companion DVD for corre-
sponding video). The aliasing velocity, in centimeters
per second, is usually listed on the scale present on the
ultrasound image. Although we often estimate the vol-
ume of regurgitant lesions, including mitral and aortic
regurgitation, from the color flow Doppler signal, we
cannot do this directly because color flow Doppler
provides limited assessment of the volumetric degree
of regurgitation.

SUMMARY

The properties of ultrasound permit real-time gener-
ation of cardiac anatomical and hemodynamic data.
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Improvements in transducer design and imaging
modalities have led to improved image quality. The
addition of Doppler ultrasound to 2D echocardiography
provides reliable noninvasive determination of velocity
shifts and pressure gradients within and across cardiac
chambers. Echocardiographic data is influenced by
limitations intrinsic to ultrasound and Doppler techno-
logy, patient characteristics, and operator skill.
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SUMMARY

SUGGESTED READING

CASE PRESENTATION

A 30-yr-old pregnant woman is referred for an
echocardiogram to evaluate a heart murmur. She
has no significant medical problems and is in the
third trimester of an uncomplicated pregnancy.
The systolic murmur was noticed on a routine
obstetrical examination; the patient has no com-
plaints of dyspnea, chest discomfort, or palpita-
tions. She walks daily without limiting cardiac or
respiratory symptoms. She has no history of rheu-
matic fever and has never been told of a heart
murmur in the past.

Findings

As expected, the study is entirely normal. The
most likely cause of the patient’s murmur is the
increased intravascular volume expansion associ-
ated with third trimester pregnancy, which often
leads to a benign “flow murmur.” Such a murmur
may be auscultated in other states of increased
flow across a normal valve, such as fever or
hyperthyroidism.

TWO-DIMENSIONAL, M-MODE,
AND DOPPLER ECHOCARDIOGRAPHY

The basic principles of echocardiography, including
the basics of physics and instrumentation are discussed in
Chapter 1. This chapter is an introduction to the echocar-
diographic examination, and a detailed description fol-
lows in Chapter 3.

Two-DIMENSIONAL ECHOCARDIOGRAPHY

Two-dimensional (2D) images form the basis of the
echocardiographic study, providing structural and func-
tional information as well as guiding the use of
M-mode and Doppler techniques. The tomographic images
described next constitute the 2D study. As discussed in
Chapter 1, ultrasound waves generated from the ultrasound
transducer travel to the heart and are then reflected back to
the transducer. Returning ultrasound waves are analyzed
for depth location (based on the time elapsed between sig-
nal emission and return), and density (denser structures
will reflect a greater proportion of the ultrasound beam
than less refractile objects). Figures 1 and 2 demonstrate a
2D image from the parasternal long-axis (please see com-
panion DVD for corresponding video for Fig. 1).

From: Contemporary Cardiology: Essential Echocardiography: A Practical Handbook With DVD
Edited by: S. D. Solomon © Humana Press, Totowa, NJ

19



20

Diastole
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LV AV closed = * Ao .

Fig. 1. Parasternal long-axis view (PLAX) demonstrating the following cardiac structures: RV, right ventricle; LV, left ventricle; AV,
aortic valve; Ao, aorta; MV, mitral valve. This image is normal, as are all the images in this chapter. (Please see companion DVD for

corresponding video.)
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Fig. 2. Parasternal long-axis view at end systole demonstrating the following cardiac structures: RV, right ventricle; LV, left ventricle;

AV, aortic valve; MV, mitral valve.

M-MODE ECHOCARDIOGRAPHY

M-mode images (M stands for “motion”) can be
thought of as a one dimensional, or “ice-pick” image,
recorded over time. Most M-mode images are recorded
in the parasternal long-axis view previously described
(still frame of M-mode in parasternal long-axis). The
ultrasound beam is maneuvered to slice through the
structure of interest, producing a high-resolution image
of this slice over time. The high resolution of M-mode

images, and the ability to correlate them with a simulta-
neously recorded electrocardiogram, makes M-mode
the image of choice for many measurements. Figures 3
and 4 demonstrate M-mode views through the left ven-
tricle (LV) and through the mitral valve (MV).

DoPPLER ECHOCARDIOGRAPHY

Doppler echocardiography is used to measure blood
flow; it can assess flow velocity, direction, and turbulence
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M-mode:
Left ventricular level

Right Ventricle (RV)
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Fig. 3. M-mode through the left ventricle. From this view, measurements of left ventricular wall thickness, and end-diastolic and end-
systolic diameter can be made. The electrocardiogram is useful for timing the cardiac cycle.

M-mode:
Mitral valve level

Pericardium

Fig. 4. M-mode through the mitral valve. From this measurement, the morphology of the mitral valve can be visualized. Note the typ-
ical M configuration of the mitral valve during early diastolic filling (E), and atrial filling (A). The anterior mitral leaflet (AML) and
the posterior mitral leaflet (PML) are noted, as is the pericardium.

(see Chapter 1). Doppler is primarily used to assess = COLOR FLOW DOPPLER ECHOCARDIOGRAPHY

blood flow velocity. Spectral Doppler (Fig. 5) shows Color flow Doppler depicts blood velocity data super-
waveforms that represent blood velocity, with time on  imposed on the 2D image (Fig. 6; please see companion
the x-axis and velocity on the y-axis. See Chapter 1 for =~ DVD for corresponding video). Nonturbulent flow that is
an explanation of the differences between pulsed- and  below the Nyquist limit (see Chapter 1) and directed
continuous-wave Doppler. toward the transducer appears in red and nonturbulent
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2D HOLD

Fig. 5. Pulsed Doppler through the left ventricular outflow tract. The waveform demonstrates the velocity of blood (y-axis), with time
on the x-axis. The electrocardiogram allows correlation with the cardiac cycle.

Systole

____I__d_ Right ventricular inflow

Fig. 6. Example of color flow Doppler demonstrating tricuspid regurgitation (a normal finding in this patient). Color flow Doppler is
a form of pulsed-wave Doppler in which blood velocities are color encoded and superimposed on top of the two-dimensional image.
The scale on the upper right hand side of the image shows the velocity associated with each color gradation as described in the text.

(Please see companion DVD for corresponding video.)

flow below the Nyquist limit directed away from the
transducer appears in blue. Perpendicular flow is not
well visualized by Doppler images. Turbulent flow, and
flow in which the velocities are faster than the Nyquist
limit, is seen as a multi-color mosaic signal.

The Views

This patient’s study, like most studies, is comprised of
a standard set of views recommended by the American
Society of Echocardiography. Multiple different view-
ing angles are needed to fully visualize all the cardiac
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Fig. 7. Tllustration showing transducer placement for each of the major echocardiographic views: (A) parasternal location for parasternal long and short-axis;
(B) apical location for apical four-, two-chamber and long-axis views; (C) subcostal location for subcostal views; (D) suprasternal location for suprasternal
notch view.
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Table 1
Echocardiographic Views
Patient/transducer

View position Structures imaged Doppler

Left parasternal: ~ Supine/third to fourth Overview of cardiac structures, Color flow Doppler looking
long-axis view interspace chamber dimensions, and for mitral regurgitation and

ventricular function. Most standard aortic insufficiency.
measurements, including LA,

aortic root, LV diastolic

and systolic dimensions.

RV size and function

measurements variable in this

(and all) views.

Left parasternal: ~ Same but tilt Long-axis view of RV, Color flow Doppler looking

RV inflow inferomedially, RA; good view for TV for tricuspid regurgitation;
slight clockwise and regurgitant velocity. spectral Doppler (CW)
rotation demonstrating tricuspid
regurgitant velocity.

Left parasternal: ~ Same but rotate Cross-section of LV to assess global Color flow Doppler through the
short-axis perpendicular, tilt up and regional LV function from apex aortic valve for assessment of
view and down to image to base as transducer is tilted. aortic insufficiency.

from base to apex Papillary muscles, MV in
cross-section—good for
planimetry of MV in mitral stenosis.
At base, AV seen in cross-section;
RVOT seen across top of image,
PV to right of AV.

Apical: four and  Left lateral decub/point All four chambers; ventricular septum,  Color flow Doppler looking

five chamber of maximal impulse. lateral wall of LV. Atrial septum, for mitral regurgitation, aortic
Anterior rotation MYV and TV with regurgitant jets and insufficiency, and tricuspid
produces inflow velocity profiles. Inferior regurgitation; spectral
five-chamber view. pulmonary veins seen as they Doppler (PW) of mitral
enter LA. In five chamber view, inflow, outflow tract, and in
aortic valve and root also seen, suspected aortic stenosis,
good view to assess for aortic CW Doppler of aortic valve.
regurgitation or stenosis. CW Doppler for assessment
of tricuspid regurgitant
velocity.

Apical: two Same but with LV anterior and inferior walls, Color flow Doppler for mitral
and three perpendicular rotation. LA, MV and regurgitant jet. regurgitation (two- and
chamber Three-chamber view brings three-chamber views),

aortic valve and root into view, and aortic insufficiency
and shifts to inferolateral and (three-chamber view).
anteroseptal segments of LV.
Subcostal Supine with hips and Often best view in patients with Color flow Doppler of
knees flexed/subxiphoid, hyperinflated lungs; long-axis similar intra-atrial septum looking
at or slightly right to parasternal window but may for evidence of atrial septal
of midline provide better visualizaion of apex, defect.

RA and IVC, interatrial septum. Good
view to look for PFO/ASD.

Short-axis similar to parasternal.
Abdominal aorta can be seen

in this window.

(Continued)
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Table 1 (Continued)

Patient/transducer
View position Structures imaged Doppler
Suprasternal Supine with pillow under ~ Ascending aorta, aortic arch, proximal PW or CW Doppler can be used

shoulders, head to
left/suprasternal notch.

brachiocephalic vessels, descending
thoracic aorta, and right and main

to interrogate possible
coarctation of the aorta.

PAs (sometimes the left PA). Good
position to measure transaortic
velocity/gradient in aortic stenosis,
assess for diastolic flow reversal in
aortic regurgitation. Depending on
image quality, may detect aortic
aneurysm or dissection, postductal
coarctation or patent ductus arteriosus;
superior vena cava flow

velocity profile.

CW, continuous wave; LA, left atrium; LV, left ventricle; MV, mitral valve; PA, pulmonary artery; PW, pulsed wave; RA, right atrium;

RVOT, right ventricular outflow tract; TV, tricuspid valve.

structures, because each echo view provides only a 2D
image of the 3D heart. There are four major transducer
positions: the parasternal, apical, subcostal, and supraster-
nal notch positions (Fig. 7). From each transducer posi-
tion, rotating and tilting the probe will produce several
different tomographic images.

By convention, the echo images shown here and at
most centers are presented in a triangular window, with
the top of the triangle generally at the top of the screen
(Fig. 1). Some labs, by convention, invert the triangle.
The location of the transducer, relative to the image, is
always at the top of the triangle; the structures closest
to the top are therefore those closest to the transducer
(and closest to the patient’s skin). An electrocardiogram
tracing is recorded simultaneously with the echo
images, so that the phase of the cardiac cycle can be
correlated to the mechanical activity of the heart; this is
usually located at the bottom of the screen.

The proper positioning of the patient and the probe is
described for each view. Transducer heads are marked
with a notch, groove, or dot known as the “index;” this
index is perpendicular to the imaging plane.

Keep in mind that the views and positions described
next are those most frequently used in the majority of
patients. However, certain anatomical variations or
pathological conditions may require nonstandard views;
deviating from the usual transducer positions may be
necessary to obtain optimal images in these cases.

ECHOCARDIOGRAPHIC VIEWS

Table 1 describes each echocardiographic view, the
patient and transducer position, and structures imaged in
each view.

The Parasternal Position

For the parasternal views, the patient lies in the left
lateral decubitus position with the left arm supporting the
head. The transducer is generally placed just left of the
sternum, in the second, third, or fourth intercostal space
(Fig. 7). From here, both short- and long-axis views of
the heart can be obtained.

PARASTERNAL LONG-AXIS VIEW (FIG. 1)

The index is pointed toward the patient’s right shoul-
der, producing a longitudinal section through the LV.
Remember that the image is displayed as if the transducer
tip were at the top of the triangle; therefore, the structures
at the top of the triangle are the most anterior (i.e., closest
to the surface of the chest). The right ventricle (RV) lies
anterior to the LV, so the chamber at the top of the trian-
gle is the RV. (If there is a pericardial fluid collection or a
prominent epicardial fat pad anterior to the RV, this will
be seen above the RV in the parasternal long-axis view.)
Below the RV is the LV; the anterior interventricular sep-
tum is uppermost, and the posterior LV wall is below,
with the LV apex to the left. The ascending aorta is on the
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Systole

Fig. 8. Right ventricular inflow view. From this view, we can see
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Right Ventricular Inflow

a longitudinal view of the right ventricle (RV) and right atrium (RA).

The RA is to the right and bottom (posterior) and the RV is above (anterior) and left. This view allows visualization of the tricuspid valve,
as well as assessment of tricuspid regurgitation and measurement of tricuspid regurgitant velocity. (Please see companion DVD for

corresponding video.)

Diastole

. Parasternal short-axis

Fig. 9. Parasternal short-axis view, mitral position. This view represents a “breadloaf” slice through the heart at the level of the mitral
valve. From this view, you can see the mitral valve in cross-section (“fishmouth” view) with anterior and posterior leaflets (arrows)
indicating the wide open early diastolic position. (Please see companion DVD for corresponding video.)

right of the screen; moving leftward, the aortic valve (AV)
(right coronary AV leaflet superiorly and noncoronary
leaflet inferiorly) and LV outflow tract (LVOT) are next.
The left atrium (LA) and MV are at the bottom of the
screen. The MV chordal apparatus and papillary muscles
are also seen in this view.

The parasternal long-axis view is an excellent
overview image of the heart. It is generally the best
window for measuring the aortic root and LA, LV
chamber dimensions, and LV wall thickness. The
mitral and aortic valves are well seen, and anterior
structures, such as the RV and pericardial effusions,
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Left ventricle
cavity

;.‘_,,W%Lm — Parasternal short-axis

Fig. 10. (A) Parasternal short-axis view, papillary muscle level. This view is similar to the short-axis mitral position but more apical
in the ventricle. The papillary muscles (PM) are visualized. This is an excellent view for assessing regional wall motion in the left
ventricle. (B) Short axis through the aortic valve, visualized in the center of the screen, is comprised of three cusps, the right coro-
nary cusp (RCC), the non-coronary cusp (NCC) and the left coronary cusp (LCC). Anterior to the aortic valve is the right ventricu-
lar outflow tract, with the tricuspid valve seen at 10 o’clock, and the pulmonic valve seen at approx 2 o’clock to 3 o’clock. The left
atrium is immediately posterior to the aortic valve in this view. (Please see companion DVD for corresponding video.)

can be visualized as well. This view is generally used
for measurement of the LVOT diameter (see Chapter
11). In addition, color flow Doppler in this view can
reveal evidence of mitral regurgitation or aortic insuf-
ficiency. There is generally no need for using spectral
Doppler in this view.

RV INFLOW VIEW

With inferomedial tilt of the transducer (still in the
same parasternal position), a longitudinal view of the RV
and right atrium (RA) can be obtained (Fig. 8; please see
companion DVD for corresponding video). In this win-
dow, the RA is to the right and bottom (posterior) and the
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- Apical four-chamber

Fig. 11. Apical four-chamber view. From this view, the following structures are easily visualized: left ventricle (LV), right ventricle
(RV), left atrium (LA), right atrium (RA), mitral valve (MV), and tricuspid valve (TV). Pulmonary veins (PV) can be visualized at
the bottom of the left atrium. Note the prominent moderator band (MB), a normal structure, in the apical third of the right ventricle.

(Please see companion DVD for corresponding video.)

RV is above (anterior) and left. This view allows visual-
ization of the tricuspid valve, as well as assessment of tri-
cuspid regurgitation by colorflow and measurement of
tricuspid regurgitant velocity utilizing spectral continuous-
wave Doppler.

PARASTERNAL SHORT-AXIS VIEWS

Still in position at the left parasternal third or fourth
intercostal space, the transducer is rotated 90° clock-
wise to obtain the short-axis views (Figs. 9 and 10;
please see companion DVD for corresponding video).
The index is now facing the patient’s left shoulder.
From this position, the LV is imaged in cross-section.
Slices (as from a loaf of bread) can be obtained at
three levels: the base, the midventricle, and the apex.
The basal third of the heart is seen by angling the
transducer superiorly and rightward; this view
includes the MV leaflets and extends to the tips of the
papillary muscles. Directing the transducer so that it is
perpendicular to the chest wall visualizes the middle
third of the LV; this view comprises the length of the
papillary muscles, from their chordal attachments to
their insertion in the LV. In this position, the RV is
seen at the top (because it is anterior) and to the left of
the screen. The LV should appear round in this view;
if it appears oval, then the LV is being imaged
obliquely. This is generally an excellent view for
assessing global and regional LV contractility. The

apical third of the LV can be seen with further inferior
tilting of the probe.

When the transducer is moved even further up the
torso or angulated slightly caudally, a cross-section
through the aortic valve is obtained (Fig. 10B; please
see companion DVD for corresponding video). Color
flow Doppler in the short axis through the aortic valve
can be useful for assessing aortic insufficiency.

Apical Position

With the patient still in the left lateral decubitus posi-
tion, the probe is moved to the cardiac apex, just lateral
and caudal to the point of maximal impulse. From this
position, the transducer direction is varied to obtain the
four-, five-, and two-chamber views of the heart: as a
general rule, the apical position is superior to the paraster-
nal for looking at mitral or aortic regurgitation, because
the regurgitant jets tend to be more parallel to the color
Doppler imaging beam.

APICAL FOUR-CHAMBER VIEW

From the apex, the transducer is angled superiorly
toward the patient’s right shoulder with the index pointing
down (toward the patient’s left flank) to obtain the four-
chamber view; the imaging plane is perpendicular to the
interventricular septum (Fig. 11; please see companion
DVD for corresponding video). On the screen, the heart is
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4~ Apical five-chamber

Fig. 12. Apical five-chamber view. Obtained by tilting the scan head 10-20° from the apical four-chamber view, this view allows for
visualization of the aortic valve (arrow) and left ventricular outflow tract (LVOT). It is also the best view for obtaining Doppler flow
through the aortic valve. (Please see companion DVD for corresponding video.)

Systole

Apical two-chamber

Fig. 13. Apical two-chamber view. Obtained by rotating the transducer 90° counterclockwise from the apical four-chamber view. This
view shows the left ventricle (LV) and left atrium (LA), but the right-sided structures are no longer visible. This view is useful for
visualizing regional wall motion of the anterior and inferior walls and is also the best angle from which to view the plane of mitral
valve coaptation, useful in the diagnosis of mitral valve prolapse. (Please see companion DVD for corresponding video.)

displayed upside down, from the perspective of the api-  the interventricular septum and interatrial septum. Notice
cally placed transducer. The apex is the structure clos-  that the inner surface of the RV is more heavily trabecu-
est to the transducer and, therefore, it is at the top of the lated than that of the LV, and that the RV apex does not
screen; the atria are at the bottom. The LV and LA are  reach the LV apex. In many patients, a prominent moder-
on the right and the RV and RA on the left, divided by  ator band can be visualized in the RV; this is a normal
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Fig. 14. Apical long-axis view. Obtained by further rotating the transducer another 45° counterclockwise from the apical two-chamber
view. This view is almost identical to the parasternal long-axis, although the image is rotated 90° clockwise and the apex is well visu-
alized. This view provides good images of the left ventricular posterior wall, interventricular septum, mitral valve, and aortic valve.

(Please see companion DVD for corresponding video.)

finding. Also notice that the attachment of the septal
leaflet of the tricuspid valve is approx 5-8 mm closer to
the cardiac apex than the mitral attachment. These find-
ings can be helpful in distinguishing the cardiac cham-
bers. The apical four-chamber view is good for assessing
ventricular function, particularly the motion of the inter-
ventricular septum and the lateral wall of the LV. The
anterior RV wall and the AV valves are visualized in this
view as well.

Color flow Doppler is used in this view to look for and
assess possible mitral regurgitation, aortic insufficiency,
and tricuspid regurgitation. The color flow sector should
be positioned over the appropriate valve for proper visu-
alization. In addition, color flow of the LVOT can alert
the viewer of possible turbulence in this region that
might be caused by subaortic stenosis owing to hyper-
trophic cardiomyopathy or a subaortic membrane.

Spectral Doppler is used to assess mitral inflow. The
Doppler cursor is placed at the tips of the leaflets and the
mitral inflow signal is assessed. Tricuspid regurgitant
velocity can be assessed by continuous-wave Doppler
through the tricuspid valve. The tricuspid regurgitant
velocity is dependent on the gradient between the RV
and the RA. Using the Bernoulli equation (see Chapter 1),
the pulmonary systolic pressure can be estimated (in the
absence of pulmonic stenosis) by adding the estimated

gradient between the RV and the RA to an estimate of
RA pressure (see Chapter 1).

APICAL FIVE-CHAMBER VIEW

Without changing the position or rotation of the trans-
ducer, tilting of the scan head 10-20° anteriorly reveals
the five-chamber view, with the imaging plane now tra-
versing the AV and LVOT (the “fifth chamber;” Fig. 12;
please see companion DVD for corresponding video).
This is often the best view for assessing the structure and
function of the aortic valve. Doppler color flow mapping
and Doppler pulsed-wave images obtained in this view
are useful in determining the presence and severity of
aortic regurgitant or stenotic lesions.

APICAL TwO-CHAMBER VIEW (FIG. 13; PLEASE SEE
CoMPANION DVD rFOR CORRESPONDING VIDEO)

The anterior and inferior walls of the LV are not
visualized in the four- and five-chamber views
because the imaging plane does not traverse them;
these can be seen by rotating the imaging plane 90°
counterclockwise (so the index now points to the
patient’s left shoulder), producing the apical two-
chamber view (the two chambers are the LA and LV).
Regional wall motion of the anterior and inferior walls
is seen in this view; it is also the best angle from
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Subcostal view

Fig. 15. Subcostal view, showing interatrial septum. The subcostal view demonstrates the right heart structures well. In
addition, this view is useful for examination of the interatrial septum, and is used to help rule out atrial septal defects. This is
also a useful view for asessing the hepatic veins and inferior vena cava (IVC). (Please see companion DVD for corres-
ponding video.)

—. Subcostal

Fig. 16. Subcostal view showing hepatic veins and inferior vena cava (IVC). Elevated right atrium pressure may lead to IVC dilation
and loss of the expected inspiratory collapse. (Please see companion DVD for corresponding video.)

which to view the plane of MV coaptation, useful in ~ APICAL LONG-AXIS VIEW

the diagnosis of MV prolapse. Color flow Doppler Further counterclockwise rotation of the transducer
should be used in this view as well to visualize poten-  head produces the apical long-axis or three-chamber
tial mitral regurgitation in the orthogonal plane to the  view (Fig. 14; please see companion DVD for corre-
four-chamber view. sponding video). This imaging plane is very similar to
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Suprasternal View

Fig. 17. Suprasternal view. The suprasternal transducer position allows visualization of the aortic arch and its major branches. The
inominate artery arises from the ascending aorta (seen on the left of the screen); the left carotid and subclavian arteries arise from the
left arch as it becomes the descending thoracic aorta. The right pulmonary artery (RPA) may be seen in cross-section beneath the

aortic arch. (Please see companion DVD for corresponding video.)

the parasternal long-axis, and provides a good image of
the LV posterior wall, interventricular septum, MV, and
aortic valve. Color flow Doppler in this view can be use-
ful to view potential aortic insufficiency.

Subcostal Position

For the subcostal views, the transducer is placed in the
subxiphoid region, just to the right of center (Figs. 15 and
16; please see companion DVD for corresponding video).
In this position, the ultrasound beam travels through the
abdominal wall, part of the liver, and the diaphragm on its
way to the heart. In some patients, such as those with
emphysema, this may be the best imaging position
(hyperinflated lungs obscure the parasternal windows,
and flattened diaphragms optimize subcostal windows).
However, in obese patients, subcostal windows may be
difficult to obtain. For the subcostal views, the patient
is placed in the supine position with knees flexed to relax
the abdominal muscles. Deep inspiration with breath hold
facilitates optimal imaging in this view.

From this position, a four-chamber view can be
obtained by angulation of the transducer head toward the
left shoulder, with the index facing the patient’s left flank.
In this image, the apex of the heart points up and to the
right; the RA and RV are above the left heart chambers,
adjacent to the liver. The right heart structures are well
visualized in this view. The interatrial septum can be

examined with color Doppler imaging for septal defects
or patent foramen ovale. Rotating the transducer so the
index points to the patient’s head emphasizes the right
heart structures as well as the hepatic veins and inferior
vena cava (IVC). This is the optimal view for assessing
the IVC, which can provide an indirect assessment of RA
pressure; elevated RA pressure may lead to IVC dilation
and loss of the expected inspiratory collapse. Clockwise
rotation of the transducer produces a subcostal short-axis
view of the LV and RV.

Color flow Doppler should be used to interrogate the
interatrial septum for possible atrial septal defects, par-
ticularly secundum defects, which are best visualized in
this view.

Suprasternal Position

The suprasternal transducer position allows visuali-
zation of the aortic arch and its major branches (Fig. 17;
please see companion DVD for corresponding video).
The transducer is placed in the suprasternal notch with
the index toward the patient’s head and the tip angled
caudally; slight anterior or posterior tilting of the trans-
ducer maneuvers the imaging plane along the major
axis of the aorta. The innominate artery arises from the
ascending aorta (seen on the left of the screen); the left
carotid and subclavian arteries arise from the left arch
as it becomes the descending thoracic aorta. The right



Chapter 2 / Introduction to Imaging

pulmonary artery may be seen in cross-section beneath
the aortic arch. Ninety degree rotation of the transducer
head reveals the aortic arch in cross-section and the
right pulmonary artery in longitudinal axis. This view
can be useful in the diagnosis of some aortic diseases
and congenital anomalies, including severe aortic insuf-
ficiency and aortic coarctation.

SUMMARY

A solid understanding of the normal echocardio-
gram is a necessary prerequisite to the identification
of disease states. Watch this normal study several
times, paying close attention to the valve structures
and Doppler patterns in each window, the normal
thickening of the myocardium, and the relative sizes
of the various cardiac chambers. It may be useful to
refer back to this study when abnormalities in subse-
quent chapters are encountered. The next chapter
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(Chapter 3) describes technical details of the standard
echocardiographic examination in greater detail, and
is designed to complement the overview presented in
this chapter.
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EQUIPMENT BASICS

The transducer probe is the component that houses
the piezoelectric crystals (see Chapter 1) and emits and
receives the sound waves (Fig. 1).

The central processing unit receives raw data from
the transducer, instrument controls, and the keyboard. It
integrates and translates received data into visual images
and calculations (on the display monitor). Some newer
models are bundled with sophisticated software that
permit postprocessing of acquired images and newer
research tools.

Transducer and Doppler controls adjust the ampli-
tude, frequency, and duration of the ultrasound waves
emitted from the transducer probe. The details of instru-
ment settings, e.g., power output, receiver gain, fil-
ters, sample volumes, velocity scale, sweep speed, and
dynamic range, are outside the scope of this chapter, but
are essential for optimal image acquisition and report-
ing. Some equipment models routinely display these on
acquired images.

The ultrasound display allows visualization of
images, calculations, and reports. Storage devices may
be analog or digital. Digital images require much

From: Contemporary Cardiology: Essential Echocardiography: A Practical Handbook With DVD
Edited by: S. D. Solomon © Humana Press, Totowa, NJ
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Fig. 1. Adult transthoracic echocardiography transducers generally range between 2 and 7 mmHz, with lower frequency transducers—
2.5 and 3 mmHz—being the most commonly used. Higher frequency transducers are routinely used in pediatric echocardiography
and transesophageal echocardiography. They provide increased resolution, but decreased penetration. The dedicated Doppler transducer
(bottom right) is a nonimaging probe. These are standard components on modern echocardiography machines.
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Fig. 2. Panorama of echocardiography services at a university teaching hospital. Guidelines on echocardiography laboratory stan-
dards and training are available at the American Society of Echocardiography website (www.asecho.org).
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Fig. 3. (A) Standard transducer positions. (B) Cross-sectional cardiac topography.

memory. Hard disks, CDs, DVDs, central digital stor-
age, and imaging work stations are parts of a modern
digital echocardiography service (Fig. 2).

STANDARD TRANSDUCER POSITIONS

The standard echocardiographic images are acquired
by transducer maneuvers within four standard anatomical
positions—Ileft parasternal (or simply parasternal), left
apical, subcostal, and suprasternal (Fig. 3).

Individual patient and clinical characteristics often
require the use of additional or non-standard windows,
e.g., in congenital heart disease and post-chest surgery
patients.

TRANSDUCER SCAN PLANE
AND INDEX MARK

The ultrasound scan plane fans out from the piezo-
electric electrodes housed in the transducer tip as shown
(Fig. 4, left).
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Fig. 4. Transducer scan plane and index mark.

Note the position of the index mark—a constant
guide to transducer positions during the examination
(Fig. 4, right). This model and others are designed with
a palpable ridge.

By convention, the index mark indicates the part of
the image plane that appears on the right side of the
image display.

TWO-DIMENSIONAL
ECHOCARDIOGRAPHIC IMAGING PLANES

Three orthogonal planes that transect the long and
short axes of the heart are the reference standards
during the two-dimensional (2D) echocardiographic
examination.

Two parameters—transducer position (Fig. 3) and
imaging plane (Fig. 5)—are used to define images in
2D echocardiography.

TRANSDUCER MANEUVERS

Three major transducer movements are described—
tilting, angling, and rotating are shown in Figs. 6-8.

The aim of these movements is to acquire the best
possible image of the area of interest.

Transducer movements are fluid and a skilled sono-
grapher maneuvers the transducer to capture the desired
images (Fig. 9).

EXAMINATION PROTOCOL

Following equipment and patient preparation, the
examination begins at the left parasternal window, fol-
lowed by apical, subcostal, and suprasternal views
(Fig. 3).

At each window, a standard images and measurements
are obtained as outlined in Table 1. The still frames in the
protocol described below are from normal individuals.

Depending on the indication, the examination can be
extended according to the clinical indication (Chapter 4).
Additional imaging and analyses are conducted and
discussed in the chapters that follow.

Following image acquisition, the formal echocardio-
graphy report follows. This is usually performed by
attending cardiologists.

PARASTERNAL VIEWS

From the left parasternal position, the parasternal
long-axis (PLAX) views, the right ventricle (RV) inflow
and outflow views, and parasternal short-axis (PSAX)
views are obtained.

Unless stated otherwise, parasternal views refer to
the left parasternal position.

PLAX VIEW

With the index mark at approx the 10 o’clock position
(Fig. 10) indicating a scan plane as shown in Figs. 11
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Long-Axis Plane Short-Axis Plane

@Chamber Plane

Fig. 5. Imaging planes: 2D transthoracic echocardiography.

Transducer Movements: ANGLE

Transducer Movements: TILT

Fig. 6. Transducer movements: TILT. Fig. 7. Transducer movements: ANGLE.
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Table 1
Transducer Movements: ROTATION 2D Transthoracic Echocardiogram Examination Protocol”

1. Parasternal long axis—depth 20-24 cm

2. Parasternal long axis—depth 15-16 cm
a. M-mode MV/AV, aortic root/LA, LV
b. Measure aortic root (end systole; 2D or M-mode)
c. Suspected aortic stenosis measure LVOT 1 cm

Below below aortic leaflets (end systole; 2D)
aoritc d. Measure LA (end of diastole; 2D or M-mode)
leaflets

e. Measure IVS in diastole/LV internal diameter/
posterior wall thickness (2D or M-mode)
f. Measure LV internal diameter in systole (2-D or
M-mode)
g. Zoom on MV/AV
h. Color Doppler on MV/AV for regurgitation
3. RV inflow—depth 20 cm, then 15-16 cm
a. Zoom on TV
b. Color Doppler TV for TR
c¢. CW TR for max velocity
4. Parasternal short axis
a. 2D AV level; zoom on AV, color for
Al width
b. Color Doppler TV for TR, CW TR for velocity
c. Color Doppler PV for PI (PW and CW)
d. 2D image of PA bifurcation, PW from RVOT to
bifurcation (look for PDA)
e. 2D MYV level (color Doppler optional)
f. 2D papillary level
g. 2D apical level
5. Apical four chamber —depth 20-24 cm
6. Apical four chamber—depth 15-16 cm
a. Decrease depth to visualize apex
b. Color Doppler MV for MR
c. PW pulmonary veins
d. PW mitral inflow (tips of leaflets in LV) for velocity,
E:a ratio
. CW MV
PW tissue Doppler at level of mitral annulus (lat-
eral and septal), scale 20:20
g. Visualize RV, color TV
h. CW if TR present
7. Apical five chamber
a. Visualize AV
b. Color Doppler AV for Al
c. PW along septum from apex for valve
d. Aortic stenosis PW 1 cm below AV, freeze and
trace TV1
e. Aortic stenosis CW through AV; freeze and trace
for TV2
f. Afib trace five beats in a row

Fig. 8. Transducer movements: ROTATION.

- o

Fig. 9. Examination model (sonographer) in the left lateral posi-
tion with attached electrocardiogram leads and transducer in the .
left parasternal position. Transducer gel is routinely used. It 8. Apical two chamber

eliminates the air pocket—a poor conductor of ultrasound— a. Color Doppler for MR

between the transducer and the chest wall. (Continued)
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Table 1 (Continued)

9. Apical three chamber

a. Color Doppler MV/AV regurgitation

10. Subcostal four chamber
a. Color Doppler atrial septum for ASD
b. Color Doppler RV for TR
c¢. Visualize IVC; color Doppler, measure IVC, and

PW hepatic vein

11. Suprasternal notch—depth 24 cm, decrease if necessary

a. Color Doppler and PW descending aorta

“Additional views, measurements, and modalities are performed
based on the clinical context, the information requested, and find-
ings encountered during the examination.

2D, two dimensional; MV, mitral valve; AV, atrioventricular;
LVOT, left ventricular outflow tract; LA, left atrium; IVS, interven-
tricular septum; LV, left ventricle; TV, tricuspid valve; TR, tricuspid
regurgitation; CW, continuous wave; Al, aortic insufficiency; PV,
pulmonary vein; PI, pulmonic insufficiency; PW, pulsed wave; PA,
pulmonary artery; RVOT, right ventricular outflow tract; PDA, patent
ductus arteriosus; MR, mitral regurgitation; ASD, atrial septal defect.

Transducer
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Fig. 10. Patient and transducer positioning: parasternal long-
axis views (PLAX).

Ultrasound Display
Parasternal long-axis view (PLAX)

Fig. 11. Parasternal long-axis (PLAX) (depth 20-24 cm). (See companion DVD.)

and 12, and at a depth of 20-24 cm to visualize extra-
cardiac structures, e.g., descending thoracic aorta or
possible pleural effusion, cine images are optimized
(adjust gain, depth, and sector width) and then
acquired. Depth is then decreased to 15-16 cm for
closer views of cardiac structures (area of interest).
At each position during the examination, the desired
standard views (areas of interest) are optimized and

acquired. When a particular frame or measurement is
desired, the freeze function is used, measurements are
taken and/or annotated accordingly.

M-mode sweep through the aortic valve, mitral valve
(MV), and just distal to the tips of the mitral leaflets
and standard measurements are obtained.

Color flow Doppler is applied to the region(s) of inter-
est and images are acquired (Figs. 13-16).
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Fig. 12. Parasternal long-axis (depth 15-16 cm, PLAX).

(See companion DVD.)
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RV INFLOW

With the transducer in the standard PLAX position the
transducer is slightly angled inferomedially (Fig. 17)
until the RV inflow view (Figs. 18-20) comes into view.
Images are then optimized and acquired at depths of
approx 20 and 15-16 cm.

The tricuspid valve is evaluated (by zoom or decrease
depth), color Doppler is applied (Fig. 21A) and followed
by continuous-wave (CW) Doppler interrogation of flow
across the tricuspid valve (Fig. 21B).

RV OUTFLOW

The sonographer may opt to image the RV outflow
by angling supero-laterally with the transducer scan
plane transecting the pulmonary artery (PA) as
shown in (Fig. 21C) followed by Doppler evaluation
(Fig. 21D).

This view provides good visualization of the pul-
monary valves and the bifurcation of the main PA trunk
into the right and left PAs (right pulmonary artery, left
pulmonary artery; “trunk and trousers” view).

PSAX VIEW

With the transducer in the initial left PLAX position
and with the aortic valve in focus, the transducer is then

Diastole Right ventricular free wall

; 3 .
Interventricular )
septum ’ i ) Membranous septum

* Anterior Ieaﬂet\ RV /" Right coronary cusp

(mitral valve) *
. —~ "/ Ascending aorta
Postero-medial oF =

papillary muscle P i) ;.7—- Non-coronary cusp
o5 - S

=
Posterior wall

(left ventricle) Descending thoracic

aorta
Coronary sinus

Parasternal long-axis view (PLAX)

Fig. 13. Annotated parasternal long-axis view (PLAX) (depth 15-16 cm). Ao, aortic root; LA, left atrium; LV, left ventricle; RA, right

atrium; RV, right ventricle.
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Fig. 14. Parasternal long-axis (PLAX) measurements. Ao, aortic root; LA, left atrium; IVS, interventricular septum; LV, left ventri-
cle; ncc, noncoronary aortic cusp; PW, posterior wall; RA, right atrium; rcc, right coronary aortic cusp; RV, right ventricle. M-Mode
sweeps through the aortic valve, mitral valve, and upper left ventricular levels (A—C) reveals structures as shown. (A) Note the sys-
tolic anterior movement of the aortic root during systole. Atrial volumes and hence measured 2D left atrial dimensions are maximal
during systole. Aortic valve leaflets may appear faint on M-mode in young patients with normal aortic valve leaflets (cusps). Note
the thin diastolic closure line and the normal box-like opening and closing profile of the normal aortic cusps (sketch). (C) Shows
M-mode recording done just distal to the tips of the mitral leaflets. This is the standard M-mode image from which to measure left
ventricular dimensions. At end-diastole, the ventricular septal diameter (septal thickness, IVSd), the maximal left ventricular internal
diameter (LVIDA), the left ventricular posterior wall diameter (thickness, LVPWd) are measured. At end-systole, the left ventricular
internal diameter (LVIDs) is measured. The upper limit of normal for maximal wall thickness is 1.1 and 5.5 cm for maximal LVIDd
in the “average” adult. (D) Color flow Doppler is applied to the region of interest to identify regurgitant or stenotic jets across the
aortic and mitral valves. Flow across a ventricular septal defect in the membranous septum (Fig. 13) is best visualized in the PLAX
view. An end-systolic frame is shown in A. (See companion DVD.)

rotated clockwise to approximately the 12 o’clock posi-
tion (Fig. 22) or until the short-axis view of aortic valve
(“inverted Mercedes Benz sign”) is visualized (Figs. 23
and 24).

The aortic valve is then zoomed (decrease depth) and
interrogated by color Doppler (Fig. 25A,B) to evaluate
possible aortic insufficiency (Fig. 26).

The region of interest then moves to the tricuspid
valve. Color Doppler is applied across the valve fol-
lowed by CW Doppler assessment (Fig. 25C,D). Peak
tricuspid regurgitation velocity measured 2.5 m/s.

Next is the evaluation of the pulmonary valve for
pulmonary regurgitation using color flow Doppler,
pulsed-wave (PW) Doppler and CW Doppler.

Imaging of the PA bifurcation, and PW interrogation
from the right ventricular outflow tract to the bifurca-
tion can be performed when looking for a patent ductus
arteriosus.

Slight transducer movements (or angling) toward the
cardiac apex permits the acquisition of a series of
PSAX at the level of the MV, the papillary muscles, and
the apex (Figs. 27-30).
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B E-peak opening (rapid LV filling)
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R

Fig. 15. M-Mode: mitral valve leaflets. Normal ranges for these
dimensions are shown in the EF slope reflects the speed of anterior
mitral leaflet (AML) closure. This pattern is significantly altered in
mitral stenosis, becoming box-like. Posterior mitral leaflet (PML)
movement essentially mirrors that of the anterior leaflet.
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Fig. 17. Patient and transducer positioning: right ventricular
inflow view.
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Fig. 16. Left ventricular M-mode dimensions. M-mode delivers superior image resolution compared to 2D, but variations in cardiac
topography and morphology frequently leads to off-axis measurements. Some newer instrument models are equipped with software
for postprocessing (measuring M-mode from selected 2D images) to overcome this frequent pitfall. However, it is logistically sim-
pler to obtain 2D measurements—*“leading edge to leading edge”—during image acquisition as shown.
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APICAL FOUR-CHAMBER VIEW

The examination proceeds to the apical position,
with the index mark at approx 3 o’clock position
(Fig. 31). The apical four-chamber view is then visu-
alized and optimized, initially at a depth 20-24 cm,
and then 15-16 cm for better visualization of cardiac
structures (Figs. 32-34).

Depth is then further decreased to visualize the left
ventricular apex (Fig. 35A). This is important when
looking for apical thrombus.

Next come color flow Doppler (Fig. 35B) assess-
ment of the MV for regurgitation followed by PW
Doppler to the pulmonary vein , usually the right upper
pulmonary vein (Fig. 35C,D).

Mitral inflow (left ventricular inflow) is assessed
by PW at the level of the tips of the mitral leaflets
(Fig. 36A) to assess velocities and the E/A ratio. This
is followed by CW Doppler across the MV.

Tissue Doppler imaging (or Doppler tissue imag-
ing) at the mitral annulus (lateral and septal Fig. 36B)
with the velocity scale set at 20:20 (Fig. 36C,D) is
then performed.

RV function is evaluated by systolic function
assessment (see Chapter 4) color Doppler and CW
across the tricuspid valve to assess tricuspid regurgita-
tion (Fig. 37).

APICAL FIVE-CHAMBER VIEW

Superior angulation of the tranducer toward to
aortic valve level brings the aortic root into view
(Figs. 38-40).

The aortic valve is visualized and color Doppler
applied to assess aortic insufficiency.

Color flow Doppler application reveals flow along the
interventricular septum, the left ventricular outflow tract
and the aortic outflow (Fig. 40B).

PW Doppler interrogation along the interventricu-
lar septum from the apex to the valve can detect intra-
cavitary gradients including dynamic left ventricular
outflow tract obstruction (Fig. 40C). CW Doppler
across the aortic valve detects peak transaortic gradi-
ents (Fig. 40D).

In suspected or existing aortic stenosis (see Chapter 11)
the following measurements should be performed: PW
measurement is acquired at 1 cm below the aortic valve.
The “freeze” function is applied and the spectral
Doppler envelope is traced to quantify the velocity time
integral (TVI or VTI). CW Doppler across the aortic
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valve is then performed and its TVI measured. From
these, the aortic valve area can be calculated using con-
tinuity equation.

APICAL TWO-CHAMBER VIEW

Counter-clockwise rotation of the transducer as
shown in Figs. 41-43 permits visualization of the apical
two-chamber view.

This view permits the best visualization of the infer-
oposterior ventricular wall.

Color flow Doppler is applied to assess for mitral
regurgitation and additional measurements, e.g., tissue
Doppler can be performed (Fig. 43).

APICAL THREE-CHAMBER VIEW

Further anti-clockwise rotation of the transducer
(with the index mark pointing toward the right shoulder
(Fig. 44) permits visualization of the apical three-
chamber view (Figs. 45-47).

Color Doppler application (Fig. 48) can reveal aortic
and mitral regurgitation.

SUBCOSTAL VIEWS

Proper patient positioning for subcostal imaging are
shown in Fig. 49A,B.

The knee-flexed position relaxes the upper abdominal
muscles and breath holding at end-inspiration moves the
heart closer to the transducer thereby improving visuali-
zation (Figs. 50 and 51).

Several views are obtainable from the subcostal
position, but the subcostal four-chamber view is rec-
ommended in the standard examination.

Tricuspid and mitral regurgitation are well visualized
on color flow Doppler, and the interatrial septum is then
evaluated for a patent foramen ovale or an atrial septal
defect (Fig. 52).

Anti-clockwise rotation of the transducer permits
visualization and pulsed Doppler examination of the
IVC, the intrahepatic veins, and the upper abdominal
aorta (Fig. 53).

SUPRASTERNAL VIEWS

With the patient supine and the neck extended the
standard transthoracic examination concludes with the
suprasternal examination (Figs. 54 and 55).

This includes the application of color Doppler and
pulsed Doppler to the descending thoracic aorta (Fig. 56).
Coarctation of the aorta can be visualized in this view.
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Fig. 18. Anatomical sketch: right ventricle inflow scan plane.
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Fig. 19. Right ventricular inflow scan plane and two-dimensional image. (See companion DVD.)

EXAMINATION REPORT

The examination report follows recommendations
outlined by the America Society of Echocardiography.

The standard report format includes patient
demographic data, echocardiographic evaluation—
comprising semi-quantitative and quantitative
measures, Doppler assessment, and wall scoring
(Figs. 57-59).

SUMMARY

Optimal image acquisition in 2D echocardiography is
the foundation for accurate assessment and interpretation.

Familiarity with the normal transthoracic examina-
tion serves as the basis for interpreting abnormality.

Additional components and applications of 2D
transthoracic echocardiography are addressed in the
chapters that follow.
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Fig. 21. Right ventricular (RV) inflow and outflow. Color Doppler still frame of the RV ventricular inflow (A) at end systole. Color
Doppler should guide Doppler examination across the tricuspid valve. Mild tricuspid regurgitation—a finding in normal individuals—
was detected on color Doppler. The resulting spectral Doppler profile shows peak tricuspid regurgitant velocity measuring 2.5 m/s (B).
Color Doppler applied across the right ventricular outflow tract/pulmonary artery (C) shows peak ejection velocities of 1.4 m/s on
continuous-wave (CW) spectral Doppler (D) with mild pulmonary regurgitant velocities of 1.0 m/s. (A,C, see companion DVD.)
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Fig. 23. Parasternal short axis-view: aortic valve level (PSAX). (See companion DVD.)
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Fig. 26. Annotated parasternal short-axis view: pulmonary artery view (PSAX). (Level just superior to still frame shown in Fig. 24;
see companion DVD.)
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Fig. 27. Parasternal short axis view: mitral valve level (PSAX). (See companion DVD.)



Chapter 3 / Transthoracic Echocardiography

Diastole : Right ventricular

7 free wall
Right ventricular eglps. a |
cavity : #. Left ventricular
\ outflow tract

Interventricular (LVOT)

Anterior leaflet

mitral valve

Posterior leaflet
mitral valve

Pericardium Basal infero-posterior wall 50

- - HR
Parasternal short-axis view
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Fig. 34. Defining morphological left and right ventricles on two-dimensional (2D) echocardiography (A4C). The confluence of the
interventricular and interatrial septa and the septal insertions of the tricuspid and mitral valve leaflets constitute the internal cardiac
crux (cross). The normal cross-like configuration on 2D echocardiography is not symmetrical. The septal leaflet of the tricuspid valve
is inserted more apically, i.e., toward the cardiac apex. This relationship becomes important in evaluating certain congenital heart
lesions, e.g., atrioventricular canal defects. Another distinguishing echocardiographic feature of the morphological right ventricle is
its coarser trabeculated endocardial surface (including the moderator band), the presence of a tricuspid valve, and the absence of two
distinct papillary muscles. These characteristics are important in segmental sequential analysis of congenital heart disease. (See
companion DVD.)
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Fig. 35. Apical four-chamber view (A4C). Zooming on (reduce depth) the left ventricle (A) provides better definition of the left ven-
tricular endocardium and apex. Further improved definition can be achieved by use of a higher frequency transducer and/or contrast
agent. Diastolic A4C frame with superimposed color flow Doppler (B) shows flow extending from the right and left upper pulmonary
veins through the mitral valve toward the left ventricle. Pulmonary vein flow (C) is phasic, with normal systolic (S) and diastolic (D)
peaks (D). This pattern varies with age and disease states, e.g., diastolic heart failure and restrictive cardiomyopathy. (See compan-
ion DVD.)
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Fig. 36. Apical four-chamber view (A4C). Pulsed Doppler evaluation of normal mitral inflow shows early rapid filling (E) velocities
and lower A velocities owing to atrial contraction (A). The normal E:a ratio is >1. Loss of A velocities is seen in atrial fibrillation.
Clear identification of mitral annulus (B) is necessary for optimal tissue Doppler imaging (TDI or DTI). Mitral annular movement
assessed on TDI normally shows three waveforms (C,D): systolic velocities toward the apex (S, ) and diastolic velocities (E_and A )

away from the apex. These lower velocities normally exceed 8—10 cm/s. The lateral annulu% is the preferred site. (A,B, see com-
panion DVD.)

Color flow Doppler
S a=
syStOIe ] HeOMHz  140mm

Adult Echo
General

_RV- ‘E | = ., 00206

& HR= SShpm
3<——— Tricuspid

RA . Tregurgitation

velocity (TR Vmax)

Fig. 37. Apical four-chamber view (A4C). (A, see companion DVD.)
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Fig. 38. Apical four-chamber view (anterior/superior tilt)—also known as apical five-chamber (A5C) view. (See companion DVD.)
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Fig. 41. Apical long-axis or apical two-chamber (A2C) view. (See companion DVD.)
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Fig. 46. Apical long-axis or apical three-chamber (AC3) view. (See companion DVD.)

End-SystOIG / LV apex

Interventricular I

3 septum
Posterior Wall 3
0 & Left ventricular

outflow tract (LVOT)
s
Anterior leaflet Y

.

Right coronary

mitral valve L / cusp

Posterior leaflet -

- +—Aortic root
mitral valve

*—— Ascending

LA aorta

-

Apical three-chamber view (A3C)

Fig. 47. Annotated apical three-chamber view (A3C). (See companion DVD.)



62

Bulwer and Rivero

Color Doppler . 1 Color Doppler

(ER G . [ —— Systole

Fig. 48. Apical long-axis or apical three-chamber (A3C) view. (See companion DVD.)

Fig. 49. (A) Patient and transducer positioning: subcostal location. (B) Patient and transducer positioning: subcostal location.
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Fig. 54. (A) Patient and transducer positioning. Suprasternal location. (B) Patient and transducer positioning: suprasternal location.
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SCOPE OF ECHOCARDIOGRAPHY

Cardiac ultrasonography has evolved considerably
since the first M-mode recording of ventricular wall
movement in 1953 (Table 1 A,B). Reasoned application
of this technology can improve patient care, optimize out-
comes, and streamline costs in cardiovascular practice.

Cardiac ultrasonography has both practical and tech-
nical advantages over other cardiovascular imaging tech-
niques (Table 2). Doppler echocardiographic assessment
of cardiovascular structure, function, and hemodynamics
is a reliable noninvasive tool to localize and quantify the
severity of cardiovascular disorders in a cost-effective
and noninvasive manner.

EVIDENCE-BASED USE
OF ECHOCARDIOGRAPHY

Given its great clinical utility, widespread avail-
ability, and comparative advantages, the temptation
exists to request echocardiography as “routine.” Such
tendencies should be discouraged, because echocar-
diography, although less costly than other imaging tech-
niques, still adds to the burden of health care costs.
Furthermore, incidental findings of no clinical signifi-
cance in otherwise normal individuals can create unnec-
essary alarm and additional expensive testing.

Echocardiography, therefore, is no substitute for a
careful history and cardiovascular examination. Requests

From: Contemporary Cardiology: Essential Echocardiography: A Practical Handbook With DVD
Edited by: S. D. Solomon © Humana Press, Totowa, NJ
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Modalities and Applications of Cardiac Ultrasonography

Transthoracic Echocardiography

Modality

Application

Utility/assessment

Two-dimensional (2D)

echocardiography

M-mode
echocardiography

Doppler
echocardiography

Stress
echocardiography

Contrast
echocardiography

M-mode (standard)

M-mode
(with color Doppler)

Spectral Doppler:
PW, CW

Color flow Doppler
(multigated PW)

TDI (or DTI)

Tissue velocity imaging,
Doppler strain imaging,
strain quantification,
left ventricular torsion

Exercise, pharmacological,
pacing

Right-sided contrast
studies (agitated saline)

Structure

Function

Structure

Function

Function

Function

Function

Function
Function

Functional

Structural

Chamber size

Wall thickness

LV mass

Valve structure, morphology, integrity
Masses (tumor, clot, vegetation) in cardiac
chambers

Pericardial effusion

Congenital heart disease

(children and adults)

Global systolic function

Regional wall motion

Chamber size

Wall thickness

LV mass

SAM

Mitral valve prolapse
Pericardial effusion
Pericardial tamponade
Dyssynchrony and cardiac
resynchronization therapy
Diastolic function

(flow propagation velocity)
Aortic regurgitation severity

Velocities and gradients (peak, mean)
Valvular stenosis and regurgitation severity
Prosthetic valve evaluation

Pericardial tamponade

(respirophasic changes)

Constrictive pericarditis vs.

restrictive cardiomyopathy

Congenital heart disease (shunts,
obstructive lesions, conduits, baffles)

MPI (Tei index)

Intracardiac shunts®

Valvular stenosis and regurgitation severity
Prothetic valve evaluation

Congenital heart disease (shunts,
obstructive lesions, conduits, baffles)
Ventricular diastolic and systolic function
Dyssynchrony and resynchronization therapy
Diastolic function

Diagnosis, risk stratification, and prognosis
in coronary artery disease

Right-to-left shunts

PFO

Persistent left superior vena cava

(Continued)
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Table 1A (Continued)
Transthoracic Echocardiography

Modality Application Utility/assessment

Left-sided contrast Structural e LVO, endocardial definition

studies (micro bubbles) (% stress echocardiography)
* Enhancement of Doppler signals
Functional * MCE—perfusion imaging: stenosis severity
Three-dimensional (3D) Structure e Cardiac dimensions, volumes, mass
echocardiography Function  Left and right ventricular quantification,

flow dynamics, mechanics, perfusion
* Dyssynchrony and cardiac resynchronization
therapy

CW, continuous wave; DTI, Doppler tissue imaging; LV, left ventricle; LVO, left ventricular opacification; MCE, myocardial contrast
echocardiography; MPI, myocardial performance index; PFO, patent foramen ovale; PW, pulsed wave; TDI, tissue Doppler imaging; SAM,

systolic anterior motion.

Table 1B
Modalities and Applications of Cardiac Ultrasonography

Congenital heart disease (children and adults): shunts, obstructive lesions, conduits, baffles

Monitoring invasive procedures, e.g., percutaneous shunt closures, catheter ablation, coronary

TEE e Improved visualization when TTE is limited
e Masses (tumor, clot, vegetation) in cardiac chambers
e Infective endocarditis
e Diseases of the large vessels (aorta, pulmonary arteries, and pulmonary veins)
e Prosthetic valve evaluation
e Intra-operative echocardiography
[ ]

Intracardiac °

ultrasonography flow reserve assessment, valvuloplasty
IVUS e Plaque burden in coronary artery disease

¢ Guide to percutaneous coronary intervention
e Perioperative cardiovascular evaluation

IVUS, intravascular ultrasonography; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.

Table 2
Practical Advantages of Echocardiography Over Other
Noninvasive Cardiac Imaging Modalities

(e.g., Cardiac CT, Cardiac MRI)

Good diagnostic performance

Excellent clinical utility

Widely available

Portable (in-hospital and point-of-care testing)
Immediate results

Safe

Lower cost

Minimal patient discomfort

No radiation (compare CT, angiography, and so on)
No special breath-holding (compare MRI)

CT, computed tomography; MRI, magnetic resonance imaging.

should underscore the clinical context, the questions that
need to be answered, and how the results would impact
further management (Table 3).

This chapter incorporates the 2003 joint guidelines
issued by the American College of Cardiology (ACC),
the American Heart Association (AHA), the American
Society of Echocardiography (ASE), and others.

It is within this broad context that the evidence for
echocardiography (two-dimensional, M-mode, Doppler,
and transesophageal echocardiography) was evaluated
by the ACC/AHA/ASE task force. They employed a
three-class system to limit the use of echocardiogra-
phy to situations in which the incremental information
provided can benefit patient management. Follow-up



74

Bulwer et al.

Table 3
Determination of Ultility for Echocardiography

1. How will it affect the referring physician’s diagnosis (impact on diagnostic and prognostic thinking)?

2. Does it then influence patient management (therapeutic impact)?

3. Now does the test compare with other modalities.

or serial studies are generally indicated only when

there is a change in clinical status, and when the infor-

mation thereby provided can improve patient care.
AHA/ACC Classification

Class I: Evidence and/or general agreement of benefit.
Class IIa:  Weight of evidence in favor.

Class IIb:  Evidence not well established.

Class III:  No evidence of its utility.

Newer and rapidly evolving echocardiographic
modalities and techniques (Table 1A,B), e.g., three-
dimensional, tissue Doppler, myocardial contrast imag-
ing, intracardiac, and intravascular ultrasound were not
addressed in the ACC/AHA/ASE guidelines and are not
covered in this chapter.

Because echocardiographic techniques are heavily
operator-dependent, the guidelines also highlighted the
need for appropriate training and competence in echocar-
diography. This is especially relevant as techniques and
their applications evolve.

ECHOCARDIOGRAPHY IN CLINICAL
PRACTICE: GENERAL CONSIDERATIONS

A careful history and physical examination remains
the cornerstone of sound medical management.
Echocardiography assists in the diagnosis and manage-
ment of patients who exhibit symptoms and signs sug-
gestive of heart disease, as well as those with existing
cardiovascular disease. Common requests for echocar-
diography include patients with murmurs, chest pain,
dyspnea, palpitations, syncope, or an abnormal electro-
cardiogram (ECG) (Tables 4-6).

An abnormal finding on echocardiography may be
incidental to the clinical question. Therefore, discussions
between the referral and the echocardiography teams are
encouraged. This ensures that appropriate emphasis is
given to answer the clinical question. Although echocar-
diographic screening of the general population and ath-
letes with a normal cardiovascular history is not
recommended, conditions exist where such screening is
advisable (Table 7).

Echocardiography in Acute Chest Pain
and Myocardial Ischemia

Chest pain may be cardiac or noncardiac in origin.
Echocardiography, although useful, should not inter-
fere with the management of patients with myocardial
infarction. It adds little to the diagnosis if ECG and car-
diac enzymes are already clearly diagnostic for acute
myocardial infarction (Table 8). When doubt exists,
e.g., nondiagnostic ECG changes, or when other causes
of chest pain are entertained, transthoracic echocardio-
graphy can be of value. New regional wall motion
abnormalities appearing in previously normal ventricu-
lar segments support the diagnosis of acute myocardial
ischemia and may precede changes in the ECG.
Likewise, other findings may argue against acute coro-
nary syndrome, including pericardial effusion (as
might be seen in pericarditis), and right ventricular
enlargement (as might be seen in pulmonary
embolism). Although new regional wall motion abnor-
malities can be highly suggestive of acute ischemia or
infarction, this diagnosis can be considerably more
challenging in patients with prior history of myocar-
dial infarction or abnormal regional wall motion.

Following myocardial infarction, echocardiography
can have substantial value (Chapter 7). Early and late
post-myocardial infarction complications, e.g., ventric-
ular septal defect or papillary muscle rupture can be
diagnosed with echocardiography. In the postinfarction
period, echocardiography can assist with the diagnosis,
risk assessment, and prognosis (Table 8).

In chronic myocardial ischemia, echocardiography
can provide added information on disease severity and
risk stratification that impacts further clinical manage-
ment (Tables 8 and 9; Chapter 8). Where indicated,
exercise or pharmacological stress echocardiography
are useful adjuncts in assessing global and regional sys-
tolic function as well as myocardial contractile reserve.

PULMONARY EMBOLISM

Although less sensitive and specific than ventilation-
perfusion scans and pulmonary angiography in acute
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Table 4

Common Clinical Signs, Symptoms, or Conditions for Which Echocardiography Is Indicated

Clinical symptom
or sign

Possible echocardiographic
findings

Indications for echocardiography

Clinical signs

Systolic murmur

Diastolic murmur

Continuous murmur

Thrill
Mid-systolic click
Third heart sound

Dyspnea

Cyanosis

Cardiomegaly on

Aortic sclerosis

Aortic stenosis
Subaortic stenosis
Mitral regurgitation
Tricuspid regurgitation
Pulmonic stenosis
Atrial septal defect
Aortic regurgitation
Mitral stenosis

Atrial septal defect
Patent ductus arteriosus

Ventricular septal defect
Mitral valve prolapse

Left ventricular dysfunction

Left ventricular dysfunction
Valvular heart disease
Right ventricular enlargement
Right ventricular dysfunction
Atrial septal defect with
Eisenmenger’s physiology
Unsuspected congenital
heart disease
Pericardial effusion

Indicated in patients with cardiac symptoms or ECG abnormalities
Not indicated when the murmur is clearly identified as innocent
or benign by an experienced clinician

Indicated for the diagnosis of all diastolic murmurs

Not indicated for repeat studies when a definitive diagnosis has
previously been made and signs/symptoms have not changed

Indicated for all continuous murmurs except when previously
diagnosed without change in symptoms or signs

Indicated for evaluation of thrill except when previously
diagnosed without change in symptoms or signs

Indicated when the diagnosis of prolapse has not previously
been made

Indicated for the diagnosis of a new third heart sound in
patients not known to have left ventricular dysfunction

Indicated for dyspnea in the presence of clinical signs/symptoms
of heart disease
Not indicated when dyspnea is attributable to a noncardiac cause

Indicated for patients with cyanosis not otherwise explained

Indicated for patients with undiagnosed cardiomegaly

chest radiograph Cardiomyopathy detected on chest radiography
Left ventricular hypertrophy
Congenital heart disease
Clinical symptoms
Syncope Aortic stenosis Indicated for evaluation of possible aortic stenosis in patients with
Left ventricular dysfunction undiagnosed systolic murmur and syncope
(predisposes patients to Not indicate in patients with neurocardiogenic or Vaso-vagal
arrhythmia) syncope
Chest pain Regional wall Indicated in patients with ECG abnormalities and no previous
motion abnormalities history of infarction
Right ventricular enlargement  Indicated for the diagnosis of myocardial infarction when standard
and dysfunction diagnostic methods are not definitive
Pericardial effusion Indicated for ECG abnormalities suggestive of pericarditis
Conditions
Supraventricular Atrial septal defect (common Indicated in patients undergoing electrophysiological study or
tachycardia with WPW syndrome) ablation or in patients being considered for anti-arrhythmic

Epstein’s anomaly
Atrial enlargement

therapy
May not be indicated in young patients who have no other
symptoms or signs and whose arrhythmia breaks easily

(Continued)
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Table 4 (Continued)

Clinical symptom Possible echocardiographic

or sign findings Indications for echocardiography

Atrial fibrillation Left atrial enlargement Indicated in patients with new atrial fibrillation or flutter who
or flutter have not had a recent echocardiogram

Mitral stenosis

Mitral regurgitation

Left ventricular
dysfunction/hypertrophy

Pericardial abnormalities

ECG, electrocardiogram; WPW, Wolff-Parkinson-White.
Reproduced from Solomon SD. Principles of echocardiography. In: Braunwald E, Goldman L, eds. Primary Cardiology, 2nd ed.
Philadelphia, Saunders-Elsevier, 2003.

Table 5
Clinical Utility of Echocardiography
Two Color flow
dimensional Doppler Doppler CW Doppler TEE Stress

Pericardial disease 1 2 3 4 4 N/A
Valvular heart disease

Murmur 1 1 1 3 4 N/A

Mitral stenosis 1 1 1 — 3 3

Mitral regurgitation 1 1 1 — 3 N/A

Aortic stenosis/regurgitation 1 1 1 — 3 3

Prosthetic heart valve dysfunction 1 1 1 — 2 N/A
CAD

Chest pain syndrome 1 3 3 4 4 1

Rule out CAD 1 3 3 4 4 1

Diagnose acute MI 3 3 N/A
Complications of MI

Aneurysm 1 3 3 4 4 N/A

Thrombus 1 3 3 4 4 N/A

VSD/papillary muscle rupture 1 1 1 3 2 N/A

Assess LV function 1 1 2 4 4 3
Congenital heart disease 1 1 1 3 3 3

Atrial septal defect 1 1 1 2 2 4
Cardiomyopathy

Dilated 1 1 1 3 4 3

Hypertrophic 1 1 1 3 4 3
Endocarditis 1 1 1 4 2 N/A
Pulmonary hypertension

Known 1 1 1 2 3 3

Occult 1 1 1 2 3
Congestive heart failure 1 1 1 4 4 3

(Continued)
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Table 5 (Continued)
Two Color flow
dimensional Doppler Doppler CW Doppler TEE Stress
Stroke/source of embolus 1 2 2 1 2 N/A
Aortic dissection 2 2 1 4 1 N/A
Dyspnea evaluation 1 1 1 1 4 1

1, indicated and essential; 2, often required—may add, informative; 3, necessary in select instances for specific question; 4, rarely necessary.
CW, continuous wave; TEE, transesophageal echocardiography; CAD, coronary artery disease; LV, left ventricle; MI, myocardial

infarction; VSD, ventricular septal defect; N/A, not applicable.

Reproduced with permission from Armstrong WE. Echocardiography. In: Humes HD, ed. Kelly’s Textbook of Internal Medicine, 4th ed.

Philadelphia, Lippincott-Raven, 2000.

Table 6

Electrocardiographic Abnormalities Suggestive of Heart Disease in Asymptomatic Patients

ECG abnormality

Possible echocardiographic finding

Pathological Q-waves

Right bundle branch block, RSR” pattern
Left bundle branch block

Atrial flutter
Atrial fibrillation

Delta wave (Wolff-Parkinson-White
syndrome)

ST-segment elevation

Low-voltage ECG
Electrical alternans
LVH criteria on ECG

Regional wall motion abnormalities consistent
with previous infarction

Atrial septal defect

Regional wall motion abnormality consistent
with infarction

Pericardial effusion
Mitral valve abnormalities
Left atrial dilatation
Atrial septal defect
Ebstein’s anomaly

Acute myocardial infarction
Ventricular aneurysm
Acute pericarditis

Amyloid and infiltrative cardiomyopathies
Pericardial effusion

Left Ventricular Hypertrophy
Hypertrophic cardiomyopathy

ECG, electrocardiogram; LVH, left ventricular hypertrophy.
Modified from Solomon SD. Principles of Echocardiography. In: Braunwald E, Goldman L, eds.
Primary Cardiology, 2nd ed. Philadelphia, Saunders-Elsevier, 2003.

pulmonary embolism, echocardiography has value in
detecting right ventricular enlargement and dysfunc-
tion that result from the acute increase in pulmonary
vascular resistance and right ventricular afterload.
Echocardiography is also helpful in distinguishing pul-
monary embolism from other causes of acute chest
pain, e.g., acute myocardial infarction, acute pericardi-
tis, or cardiac tamponade. Direct visualization of a
large pulmonary saddle embolus in the pulmonary

arteries or the right heart chambers is detectable,
although seen only occasionally (Table 8; Chapter 18).

DISEASES OF THE GREAT VESSELS

Transesophageal echocardiography is the preferred
modality if acute aortic dissection is suspected as it is
more sensitive than the transthoracic examination.
(Table 8; Chapter 20). Aortic dissection involving the
ascending aorta may be accompanied by pericardial
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Table 7
Clinical Conditions in Which Screening Echocardiography is Indicated in Asymptomatic Patients
Suspected condition Clinical indications for screening Echocardiographic findings
Hypertrophic Patients with a first degree-family relative Unexplained ventricular hypertrophy
cardiomyopathy with hypertrophic cardiomyopathy Systolic anterior motion of the mitral valve
or sudden death at a young age
Patients with unexplained left ventricular Left ventricular outflow tract obstruction
hypertrophy on an electrocardiogram
Marfan syndrome Patients with a first-degree relative with Aortic root dilatation
Marfan syndrome
Patients with the classic findings of Myxomatous degeneration of the mitral
Marfan syndrome and tricuspid valves
Familial dilated Patients with more than one first-degree Left ventricular dilatation or dysfunction
cardiomyopathy relative with a history of cardiomyopathy Mitral regurgitation
Patient’s undergoing Baseline echocardiogram to assess Reduced left ventricular function after
potential cardiotoxic ventricular function chemotherapy

therapy (chemotherapy) Before additional cycles of chemotherapy

Modified from Solomon SD. Principles of Echocardiography. In: Braunwald E, Goldman L, eds. Primary Cardiology, 2nd ed.
Philadelphia, Saunders-Elsevier, 2003.

Table 8
Echocardiography in Chest Pain and Coronary Artery Disease

Class I indications (ACC/AHA/ASE, 2003)

Echocardiography useful in: myocardial ischemia/infarction, aortic dissection, valvular heart disease especially aortic
stenosis, mitral valve prolapse, pericarditis, hypertrophic cardiomyopathy, and pulmonary embolism.

Chest pain Chest pain with suspected acute myocardial ischemia, when baseline ECG and lab biomarkers
are nondiagnostic (I)
Chest pain in suspected aortic dissection (I)
Chest pain and clinical evidence of valvular, pericardial, or primary myocardial disease (I)
Chest pain, hemodynamic instability unresponsive to simple therapeutic measures (1)

Acute myocardial Diagnosis
ischemic syndromes Echocardiography during or within minutes of chest pain (I)
Diagnosis of suspected acute ischemia or infarction not evident by standard means (I)
Measurement of baseline LV function (I)
Evaluation of patients with inferior MI and clinical evidence suggesting possible
RV infarction (I)
Assessment of mechanical complications and mural thrombus? (I)

Risk assessment, prognosis, and assessment of therapy

Assessment of infarct size and/or extent of jeopardized myocardium (I)
In-hospital assessment of ventricular function when the results are used as a guide
to therapy (I)
In-hospital or early post-discharge assessment of the presence/extent of inducible ischemia
whenever baseline abnormalities are expected to compromise ECG interpretation® (I)
Assessment of myocardial viability when required to define potential efficacy
of revascularization® (I)

Aortic dissection To diagnose, localize, and assessment of the extent (I)
other aortic diseases Follow-up of aortic dissection, especially when complicated or progression is suspected (I)
Aortic aneurysm? (I)
Aortic intramural hematoma (I)
Aortic rupture (I)

(Continued)
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Table 8 (Continued)

Class I indications (ACC/AHA/ASE, 2003)

Acute pulmonary
embolism

Pericardial disease

Chronic ischemic
heart disease

Interventions
in coronary
artery disease

Degenerative or traumatic aortic disease with clinical atheroembolism(I)

Aortic root dilatation in Marfan syndrome or other connective tissue syndromes? (I)

First-degree relative of a patient with Marfan syndrome or other connective tissue
disorder for which TEE is recommended? (I)

For distinguishing cardiac vs noncardiac etiology of dyspnea in patients in whom clinical
and laboratory clues are ambiguous¢ (I)
Follow-up of pulmonary artery pressures in patients with pulmonary hypertension
in response to treatment (I)
Lung disease with clinical suspicion of cardiac involvement or suspected cor pulmonale (I)
Suspected pulmonary hypertension (I)

Suspected pericardial disease, including effusion, constriction, or effusive-constrictive process (I)

Suspected bleeding into the pericardial space, e.g., trauma, perforation (I)

Follow-up studies to evaluate recurrence of effusion or to diagnose early constriction.

Repeat studies directed to answer a specific clinical question (I)

Pericardial friction rub in the setting of acute MI, and accompanied by persistent
pain, hypotension, and nausea (I)

Diagnosis

Diagnosis of myocardial ischemia in symptomatic individuals® (I)

Exercise echocardiography for diagnosis of myocardial ischemia in selected patients
(whose ECG assessment is less reliable owing to digoxin, LVH with >1 mm ST depression
at rest on baseline ECG, pre-excitation syndrome (Wolff-Parkinson-White), complete LBBB,
with intermediate pretest likelihood of CAD (I)

Assessment of global ventricular function at rest (I)

Assessment of myocardial viability (hibernating myocardium) for planning revascularizatior/ (I)

Assessment of functional significance of coronary lesions (if not already known) in planning
percutaneous transluminal coronary artery angioplasty® (I)

Diagnosis, Risk Stratification, Clinical Management

Prognosis of myocardial ischemia in selected patients (whose ECG assessment
is less reliable) with the following ECG abnormalities: pre-excitation syndrome
(Wolff-Parkinson-White), electronically paced ventricular rhythm, >1 mm ST depression
at rest, complete LBBB¢ (Ila)

Detection of coronary arteriopathy in patients postcardiac transplantation (Ila)

Detection of myocardial ischemia in women with an intermediate pretest likelihood
of CAD¢ (I1a)

Assessment of LV function when needed to guide institution and modification of drug therapy
in patients with known or suspected LV dysfunction (I)

Assessment for restenosis after revascularization in patients with atypical recurrent
symptoms? (I)

Assessment for restenosis after revascularization in patients with typical
recurrent symptoms? (Ila)

Assessment of LV function in patients with previous myocardial infarction when needed to
guide possible placement of ICD in patients with known or suspected LV dysfunction (I1a)

“TEE is indicated when TEE studies are not diagnostic.

PExercise or pharmacological stress echocardiogram.

‘Dobutamine stress echocardiogram.

ITTE should be the first choice in these situations, and TEE should only be used if examination is incomplete or additional information

is needed.

“Exercise or pharmacological stress echocardiogram.

/Dobutamine stress echocardiogram.

CAD, coronary artery disease; ECG, electrocardiogram; ICD, implantable cardioverter-defibrillator; LBBB, left bundle branch block;
LVH, left ventricular hypertrophy; MI, myocardial infarction; RV, right ventricle; TEE, transesophageal echocardiography; TTE, transtho-

racic echocardiography.
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Table 9
Stress Echocardiography: Utility and Indications

Bulwer et al.

Protocol

Utility

Indications/comments

Exercise stress
echocardiography

Pharmacological stress
echocardiography

Pacing stress
echocardiograpy

Stress echocardiography
with Doppler

Treadmill, bicycle
(supine or upright)

Sympathomimetic amines,
e.g., dobutamine,
dobutamine (+ atropine)
—agent of choice (US)

Vasodilators, e.g.,
dipyridamole, adenosine

Other; ergonovine—
ergometrine, enoximone
Atrial
Transesophageal
atrial pacing

Diagnostic

Prognostic

Risk stratification

As for exercise stress
echocardiography
(in patients unable
to exercise)

As for exercise stress
echocardiography
(in patients unable
to exercise)

Diagnostic

Low gradient aortic
stenosis (with left
ventricular
dysfunction)

Heart failure; assessment
of systolic/diastolic
dysfunction

Patients with abnormal baseline ECG
or limited exercise tolerance

* Nonspecific ST-T-wave changes

* Left bundle branch block

e Left ventricular hypertrophy

 Digoxin therapy

¢ Wolff-Parkinson-White syndrome

 Chronic coronary artery disease

* Post-myocardial Infarction

¢ In heart failure: contractile reserve,
mitral valve function,
right ventricular function

 Perioperative evaluation for
noncardiac surgery

¢ Indications as for exercise stress
echocardiography (when patients
unable to exercise)

* Myocardial viability assessment
(for biphasic response)

» Contractile reserve in patients with
heart failure and low-gradient
aortic stenosis

Less sensitivity than with
sympathomimetic amines
(use mainly outside the US)

Diagnostic evaluation of vasospastic
coronary artery disease

Patients with known
or suspected coronary
artery disease

Assessment of contractile
reserve (Dobutamine
stress)

Mitral regurgitation and
Transmitral Doppler
indices using exercise
or pharmacological
protocols

effusion, cardiac tamponade, or new onset aortic regur-
gitation. These, along with a proximal dissection flap,
can be rapidly sought on a limited transthoracic study
while awaiting an emergent transesophageal echocar-

diography examination or contrast CT sean.

Echocardiography in Pericardial Disease

The normal pericardium is best assessed by imag-
ing techniques other than echocardiography, but in
pathological states, e.g., acute pericarditis, pericar-
dial effusion or tamponade, echocardiography is of
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Table 10
Dyspnea, Edema, and Diseases of the Heart Muscle

Class I indications (ACC/AHA/AS/E, 2003)

Dyspnea, edema, and

cardiomyopathy (CM) or clinical heart failure* (I)

Assessment of LV size and function in patients with suspected CM

Edema with clinical signs of elevated CVP when a potential cardiac etiology is suspected
or when CVP cannot be reliably estimated and high clinical suspicion of heart disease® (I)
Dyspnea with clinical signs of heart disease® (I)
Unexplained hypotension, especially in the ICU“ (I)
Exposure to cardiac toxins, to guide additional or increased dose (I)
Re-evaluation of LV function in patients with established CM with documented change in
clinical status or as guide to medical therapy (I)
Suspicion of HCM based on abnormal physical exam, ECG, or family history (I)
Intraprocedural contrast echocardiographic assessment of myocardial infarct zone
during septal alcohol ablation in HCM (I)

Hypertension

Assessment of resting LV function, hypertrophy, or concentric remodeling when

important in clinical decision making (1)
Detection and assessment of functional significance of concomitant CAD by

stress echocardiography (I)

Follow-up assessment of LV size and function in patients with LV dysfunction when there
has been a documented change in clinical status or to guide medical therapy (I)

“TEE when TTE not diagnostic.

CAD, coronary artery disease; CM, cardiomyopathy; CVP, central venous pressure; HCM, hypertrophic cardiomyopathy; ICU, inten-

sive care unit; TEE, transesophageal echocardiography.

diagnostic valve, and can serve as a guide to manage-
ment (Table 8; Chapter 10). Echocardiography is the
most efficient method to assess the size and hemody-
namic consequences of pericardial effusion.

ECHOCARDIOGRAPHY IN DYSPNEA,
VENTRICULAR DYSFUNCTION,
AND HEART FAILURE

In patients with suspected heart failure, echocardio-
graphy is useful in evaluating global and regional
ventricular function. In patients with heart failure, post-
myocardial infarction, and cardiomyopathy, quantita-
tive and semi-quantitative indices of ventricular
function (e.g., chamber dimensions, ejection fraction,
and cardiac output) are of important diagnostic and
prognostic value (Table 10; Chapters 5, 6, and 9).

CARDIAC MURMURS AND VALVULAR
HEART DISEASE

The medical history, physical examination, and cardiac
auscultation are fundamental to proper assessment of

murmurs and valvular heart disease, but echocardiogra-
phy plays an invaluable role (Table 11; Chapters 11-15).

Patients with systolic murmurs need echocardio-
graphic evaluation when cardio-respiratory symptoms
are present. Asymptomatic patients benefit only when
there is a reasonably high probability of underlying
structural heart disease. All diastolic and continuous
murmurs should be further evaluated by echocardiogra-
phy, but systolic murmurs deemed innocent by an
experienced clinical examiner do not warrant echocar-
diography. Serial follow-up of patients is indicated
when there is a change in clinical status.

Echocardiography is needed in patients with valvular
heart disease to confirm the diagnosis, assess the sever-
ity, and influence clinical management (Table 11). Such
patients also benefit from additional echocardiography
when there is a subsequent change in symptoms and
signs, including pregnancy. Echocardiography is justi-
fied in severe valvular heart disease even when
such patients are asymptomatic. The timing and follow-
up of interventions in patients with valvular heart
disease, including prosthetic valves, can be guided by
the parameters obtained by echocardiography.
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Table 11

Echocardiography in Cardiac Murmurs and Valvular Heart Disease

Class I indications (ACC/AHA/ASE, 2003)

Cardiac murmur on auscultation

No symptoms

Symptoms

Valvular heart disease (VHD)

Both valvular stenoses (VS)
and regurgitation (VR)

Valvular stenoses (VS)

Valvular regurgitation (VR)

Mitral valve prolapse

Interventions in valvular heart
disease and prosthetic valves

Diastolic or continuous (I)

Holosystolic or late systolic (1)

Grade 3 or midsystolic (I)

Abnormal physical findings, ECG, CXR (IIa)

Symptoms/signs of heart failure, MI, syncope (I)
Symptoms/signs consistent with infective endocarditis (1) and thromboembolism (I)

Diagnosis (I)

Assessment of hemodynamic severity (I)

Assessment of LV and RV size, function, and hemodynamics (I)

Re-evaluation of patients with known VS or VR with changing symptoms or signs (I)

Assessment of hemodynamic severity and ventricular compensation in patients
with known VS or VR in pregnancy (I)

Re-evaluation of asymptomatic patients with severe VS or VR (I)

Assessment of hemodyamic significance of mild to moderate VS by Doppler
echocardiography (Ila)

Re-evaluation of patients with mild to moderate AS with LV dysfunction or
hypertrophy, even if asymptomatic (Ila)

Re-evaluation of asymptomatic patients with mild to moderate VR with ventricular
dilatation (I)

Assessing the impact of medical therapy on VR severity and ventricular compensation
and function when it might change medical management (I)

Assessment of valvular morphology and regurgitation in patients with h/o anorectic
drug use or agent associated with VHD, who are asymptomatic, have cardiac
murmurs, or inadequate auscultation (I)

Diagnosis

Assessment of hemodynamic severity, leaflet morphology, and/or ventricular
compensation in patients with physical signs of MVP, e.g., systolic click, murmur (I)

Assessment of timing of valvular intervention based on ventricular compensation,
function, and/or severity of primary and secondary lesions (I)

Selection of alternative therapies for MV disease, e.g., balloon valvuloplasty, operative
valve repair, valve replacement” (I)

Use of echocardiography (especially TEE) to guide performance of intervention
techniques and surgery (e.g., balloon valvotomy and valve repair) for
valvular disease (I)

Post-intervention baseline studies for valve function (early) and ventricular
remodeling (late) (I)

Re-evaluation of patients with valve replacement with changing clinical signs
and symptoms; suspected prosthetic dysfunction (stenosis, regurgitation)
or thrombosis® (I)

“TEE adds incremental value over TTE.
AR, aortic regurgitation; AS, aortic stenosis; CXR, chest X-ray; LV, left ventricle; MR, mitral regurgitation; MS; mitral stenosis; RV,
right ventricle; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.

INFECTIVE ENDOCARDITIS

its major diagnostic criteria. Detection and characteriza-

Although the diagnosis of infective endocarditis  tion of vegetations and perivalvular structures is made
should be made clinically, the Duke classification  possible by echocardiography (Table 12; Chapter 15).
includes positive echocardiographic findings as one of  Such findings have important prognostic value.
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Table 12
Echocardiography in Infective Endocarditic

Class I indications (ACC/AHA/ASE, 2003)

Both native and prosthetic valves Detection and characterization of valvular lesions, their hemodynamic severity,
and /or ventricular compensation® (I)
Detection of associated abnormalities (e.g., abcesses, shunts)? (I)
Re-evaluation in complex endocarditis, e.g., virulent organism, severe hemodynamic
lesion, aortic valve involvement, persistent fever or bacteremia, clinical change,
or symptomatic deterioration (I)

Native valves Detection of vegetations and characterizations of lesions in patients with congenital
HD suspected of having infective endocarditis (I)
Evaluation of patients with high clinical suspicion of culture-negative endocarditis® (I)
If TTE is equivocal, TEE evaluation of bacteremia especially Staphylococcus
bacteremia or fungemia without a known source (I)
Evaluation of persistent non-Staphylococcus bacteremia without a known source® (I1a)
Risk stratification in established endocarditis® (Ila)
Prosthetic valves Evaluation of suspected endocarditis and negative cultures® (I)

Evaluation of bacteremia without known source® (I)
Evaluation of persistent fever without evidence of bacteremia or new murmur® (Ila)

“TEE adds incremental value over TTE.
TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.

Table 13
Echocardiography in Syncope, Palpitations, and Arrhythmias

Class I indications (ACC/AHA/ASE, 2003)

Syncope

Anatomical cardiac differential diagnosis includes: aortic dissection, aortic stenosis, atrial myxoma, cardiac tamponade,
hypertrophic cardiomyopathy, mitral stenosis, myocardial ischemia/infarction, pulmonary embolism, pulmonary hypertension

Syncope in a patient with clinically suspected heart disease (I)

Peri-exertional syncope (I)

Palpitations and Arrhythmias

Stuctural heart disease leading to, or associated with arrhythmias include: congenital heart disease; acquired diseases of the
coronary arteries, myocardium, pericardium, or valves

Arrythmias with clinical suspicion of structural heart disease (I)

Arrythmia in a patient with family history of a genetically transmitted cardiac lesion associated with arrhythmias e.g.,
tuberous sclerosis, rhabdomyoma (I)

Evaluation of patients as a component of the workup before electrophysiological ablative procedures (I)

Arrhythmia requiring treatment (IIa)

TEE or intracardiac ultrasound guidance of radiofrequency ablative procedures (Ila)

Precardioversion

Patients requiring urgent (not emergent) cardioversion for whom extended precardioversion anticoagulation is not desirable“ (I)
Patients with prior cardioembolic events thought to be related intra-atrial thrombus? (I)

Patients for whom anticoagulation is contraindicated and for whom a decision about cardioversion will be influenced by
TEE results? (I)

Patients for whom intra-atrial thrombus has been demonstrated in previous TEE“ (I)

Evaluation of patients for whom a decision concerning cardioversion will be impacted by knowledge of prognostic factors
(such as LV function or coexistent mitral valve disease) (I)
Patients with atrial fibrillation of <48 h duration and other heart disease (TEE only)* (Ila)

“TEE when TTE not diagnostic.
TEE, transesophageal echocardiography; LV, left ventricle.
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Table 14

Cardiac Masses, Tumors, and Vascular Occlusive Events

Class I indications (ACC/AHA/ASE, 2003)

Cardiac masses and tumors

Suspect in the context of the clinical presentation, e.g., patients with:

. Extensive anterior M1

. Atrial fibrillation

. One or more embolic peripheral or neurological events

. Suggestive auscultatory findings, e.g., tumor plop

. Hemodynamic findings suggesting intermittent obstruction to intracardiac flow
Evaluation of clinical syndromes and events suggestive of underlying cardiac mass (I)

b AN W N~

Evaluation of underlying cardiac disease known to predispose to mass formation for whom a therapeutic decision regarding
surgery or anticoagulation will depend on the results of echocardiography (I)

Follow-up or surveillance studies after surgical removal or with masses known to have a likelihood of recurrence (i.e.,
myxoma) (I)

Patients with known primary malignancies when echocardiographic surveillance for cardiac involvement is part of the
disease staging process (I)

Neurological and vascular occlusive events

Patients (any age) with abrupt occlusions of a major peripheral or visceral artery (I)
Younger patients (typically <45 yr) with neurological events without evidence of cerebrovascular disease or
other obvious cause (I)
Older patients (typically >45 yr) with neurological events with no evidence of cerebrovascular disease or
other obvious cause (I)
Patients for whom a clinical therapeutic decision (e.g., anticoagulation) will depend on the echocardiography results (I)

Table 15
Adult Patients With Congenital Heart Disease (CHD)

Class I indications (ACC/AHA/ASE, 2003)

Two main groups:

1. CHD compatible surviving to adult life without surgery or interventional catheterization

2. CHD compatible surviving to adult life after surgery or interventional catheterization

General rule: all patients with CHD must be followed indefinitely

Essential: knowledge of anatomy, clinical issues, treatments, expected residua for each patient

Patients with clinically suspected CHD, as evidenced by signs and symptoms such as murmur, cyanosis, unexplained arterial
desaturation, and an abnormal ECG or radiograph suggesting CHD (I)

Patients with known CHD when there is a change in clinical findings on follow-up (I)

Patients with known CHD when there is uncertainty as to the original diagnosis or when the precise nature of the structural
abnormalities or hemodynamics is unclear (I)

Periodic echocardiograms in patients with known CHD lesions and for whom ventricular function and atrioventricular valve
regurgitation must be followed, e.g., patients with a functional single ventricle after Fontan procedure, transposition of the
great arteries after Mustard procedure. L-transposition and ventricular inversion, and palliative shunts (1)

Patients with known CHD for whom the following pulmonary artery pressure is important, e.g., with hemodynamically
important, moderate, or large VSD, single ventricle, or any of the above with an additional risk factor for pulmonary HTN (I)

Periodic echocardiography in patients with repaired (or palliated) CHD with the following: change in clinical condition or
clinical suspicion of residual defects, obstruction of conduits and baffles, LV or RV function that must be followed,
or when there is a possibility of hemodynamic progression or a history of pulmonary HTN (I)

To direct interventional procedures: catheter valvotomy, radiofrequency ablation, and interventions in the presence of
complex cardiac anatomy (I)

Identification of the site of origin and initial course of coronary arteries (TEE may be indicated in some patients) (I)

CHD, congenital heart disease; HTN, hypertension; TEE, transesophageal echocardiography.
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Table 16
The Ciritically Ill and Injured Patient

Class I indications (ACC/AHA/ASE, 2003)

The critically ill patient

Special considerations in the critically ill patient in the emergency or critical care units. Recommendations vary
according to the clinical scenario and among institutions. Critically ill patients have highly differing clinical
circumstances. Clinical presentation of, e.g., chest pain or shock may be atypical. Detectable conditions by
echocardiography include: acute MI and complications, cardiac tamponade, aortic dissection, complications
of prothestic valves, source of embolism.

The hemodynamically unstable patient (I)

Suspected aortic dissection (1)

Transesophageal echocardiography (TEE) most valuable and provides the most definitive diagnosis in:
Suspected aortic dissection (I)

The hemodynamically unstable patient with sub-optimal transthoracic echocardiography (TTE) images (I)
The hemodynamically unstable patient on a ventilator (I)

Major trauma or postoperative patient (unable to be positioned for TTE) (I)

Suspected aortic injury (I)

Other conditions in which TEE is superior (1)

The critically injured patient

Special considerations in the critically injured patient in the emergency or critical care units. Recommendations vary among
institutions and the clinical scenario—critically injured patients have highly differing clinical circumstances.

Serious blunt or penetrating chest trauma (suspected pericardial effusion or tamponade) (I)
Mechanically ventilated multiple-trauma patient or chest trauma patient (I)
Suspected pre-existing valvular or myocardial disease in the trauma patient (I)

The hemodynamically unstable multiple-injury patient without obvious chest trauma, but with a mechanism of injury
suggesting potential cardiac or aortic injury (deceleration or crush) (I)

Widened mediastinum, post-injury suspected aortic injury (I)
Potential catheter guide wire, guide wire, pacer electrode, or pericardiocentesis (I)

Table 17
Intra-Operative Echocardiography

Class I indications (ACC/AHA/ASE, 2003)

Utility in mitral valve repair, valve replacement, ischemic heart disease, minimally invasive cardiac surgery, air
embolization, aortic atheromatous disease

Evaluation of acute, persistent, and life-threatening hemodynamic disturbances in which ventricular function and its
determinants are uncertain and have not responded to treatment (I)

Surgical repair of valve lesions, hypertrophic obstructive cardiomyopathy (HCM), and aortic dissection with possible
aortic valve involvement (I)

Evaluation of complex valve replacements requiring homografts or coronary reimplantation, such as the Ross procedure (I)
Surgical repair of most congenital heart lesions that require cardiopulmonary bypass (CPB) (I)

Surgical intervention for endocarditis when preoperative testing was inadequate or extension to perivalvular tissue is
suspected (I)

Placement of intracardiac devices and monitoring of their position during port access and other cardiac surgical
interventions (I)

Evaluation of pericardial window procedures in patients with posterior or loculated pericardial effusions (I)
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Echocardiography in Syncope, Palpitations,
and Arrhythmias

Syncope can be secondary to underlying structural heart
disease, such as congenital heart disease or aortic stenosis.
When underlying structural heart disease is suspected,
echocardiography is warranted (Table 13). Echocar-
diography is a useful adjunct in patients with arrhythmias
scheduled for ablative procedures and electrical cardiover-
sion (Table 13; Chapter 16). Echocardiography is rarely of
benefit in patients with isolated palpitations.

Cardiac Masses, Tumors, and Vascular
Occlusive Events

Echocardiography is useful for detecting cardiac
masses and tumors, including thrombi. When symp-
toms and signs are suggestive, e.g., embolic events or
neurological symptoms, echocardiography can be use-
ful (Table 14; Chapters 17 and 19). However, if the
findings do nothing to aid management, as in the termi-
nally ill patient, there is no justifiable clinical role for
echocardiography.

Echocardiography in Adult Congenital
Heart Disease

Echocardiography plays an invaluable role in the
management of adult congenital heart disease. Doppler
echocardiography has largely obviated the need for inva-
sive pre-operative assessment of shunts and gradients in
this patient population (Table 15; Chapter 21 and 22).

Echocardiography in the Critically 11l
or Injured Patient

Despite the logistical challenges of performing
echocardiography in these settings, the critically ill and
the critically injured patient can greatly benefit from
echocardiographic evaluation of mechanical causes of
hemodynamic instability and possible cardiac injury
(Table 16). The subcostal transthoracic examination or
the transesophageal route may be the only available
windows. The latter is the examination of choice when
aortic injury or dissection is suspected.

Transesophageal Echocardiography
and Intra-Operative Echocardiography

The basics of the transephageal examination are pre-
sented in Chapter 23. Intra-operative echocardiography

Bulwer et al.

is now a standard during cardiac surgical procedures,
especially for valvular pathology and complex cardiac
surgical intervention (Table 17).
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CASE PRESENTATION orthopnea, paroxysmal noctural dyspnea, and

A 72-yr-old Caucasian male with a history of acute deterioration 2 d before admission.
coronary artery disease and congestive heart failure Past medical history: he suffered a myocardial
was relatively well until he began experiencing infarct 6 mo earlier and underwent cardiac
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Fig. 1. (Continued)

catheterization and coronary angiography, which
revealed significant three-vessel disease. Two years
previously, he underwent placement of an implantable
cardioverter defibrillator with biventricular pacing
following episodes of ventricular tachycardia. His
additional medical problems included hypertension,
dyslipidemia, chronic obstructive pulmonary disease,
and chronic renal impairment.

On physical examination, he was tachypneic
(respiratory rate >40 breaths/min) with a regular
pulse of 62 bpm, and blood pressure measuring
180/90 mmHg. His oxygen saturation on pulse
oximetry was 93% on room air. He was afebrile
and acyanotic. His jugular venous pressure was
elevated and inspiratory crackles were heard half-
way up both lung fields posteriorly. His chest
X-ray showed signs of pulmonary edema with
enlarged cardiac silhouette. Echocardiographic

assessment of left ventricular function revealed a
moderately dilated left ventricle (LV) with
severely reduced global systolic function with
regional variation. Select images from his
echocardiogram are shown in Fig. 1A-D (please
see companion DVD for corresponding video).

A major clinical application of echocardiography is
the assessment of ventricular systolic function. This is
a fundamental part of the standard echocardiographic
examination, but is especially important in patients
with heart failure and post-myocardial infarction (Fig.
2). Two-dimensional (2D) and Doppler echocardiogra-
phy plays important roles in the diagnosis, manage-
ment, and risk stratification of patients with systolic
dysfunction.

Common causes of LV dysfunction in industrialized
countries are listed in Table 1. Precipitating factors
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Fig. 1. (Continued)
ECHOCARDIOGRAPHIC ASSESSMENT

(Table 2) should always be sought and the examination
should be interpreted within this wider context (Table 3).
This chapter discusses echocardiographic assessment of

systolic function.

OF LV SIZE
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Assessment of LV size is one of the most important
components of quantitation of ventricular function.
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LV Areq, d = 76,63 cm
Major Axis = 12,44 cm
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LV Areq, s = 69.36 cm

Fig. 1. (A) A 72-yr-old man with history of coronary artery disease and heart failure. The left ventricular ejection fraction measured
15%. The apical septal and apical inferior segments were aneurysmal. The entire anterior wall, mid- and distal lateral walls, anterior
septal, midposterior segment, midseptal segments, midinferior segment, and basal septal segments were akinetic. The basal lateral and
basal inferior segments were hypokinetic. The basal inferior segment contracts and thicken normally. Right ventricular size was not
enlarged and right ventricular systolic function was preserved. (B) Computerized record of regional wall motion scores. Computerized
record of left ventricular wall motion of patient in A with wall motion score index (WI) of 3.1 (normal = 1) (please see C). (C) Left
ventricular segmental nomenclature. Left ventricular segmental nomenclature according to the American Heart Association/American
Society of Echocardiography recommendations (see Fig. 10A,B). (D) Left ventricular volumes calculated by the biplane method of
discs. The recommended method of quantifying left ventricular ejection fraction employs volumetric calculations using two orthogo-
nal biplanes according to the method of discs, (see Fig. 14). (Please see companion DVD for corresponding video.)
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Fig. 2. The role of echocardiography in heart failure.

Qualitative and quantitative data derived from echocar-
diography, e.g., LV dimensions and wall thickness,
can influence patient management and serve as potent
predictors of outcomes (Table 4). In patients with chronic
stable coronary artery disease, there is a consistent
relationship between heart size and outcomes. As
heart size increases, so does mortality. The same
applies to patients without heart failure. Data from the
Framingham Heart Study showed that even in patients
without a history of heart failure or myocardial infarc-
tion, LV size (by M-mode echocardiography) was an
important predictor of subsequent risk of heart failure.

Table 1

Common Underlying Causes of Ventricular Dysfunction

e Ischemic heart disease (~75% in industrialized
countries)

* Cardiomyopathies
* Pressure overload states
Hypertensive heart disease
Valvular heart disease: aortic stenosis
* Volume overload states
Valvular heart disease: aortic incompetence, mitral
regurgitation
Ventricular septal defect
* Rapid ventricular rate states

Sustained ventricular tachycardias (e.g., atrial
fibrillation with rapid ventricular response)

* Congenital heart disease

LV DIMENSIONS BY M-MODE

The oldest and still widely used method for linear
measurements of LV size is M-mode echocardiography.
It is simple, reproducible, accurate (when properly
applied), and provides excellent endocardial border def-
inition (owing to high frame rate). The American Society
of Echocardiography (ASE) recommends measurement
of LV dimensions with the M-mode line perpendicular to
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Table 2

Common Precipitants of Heart Failure

e Therapeutic noncompliance

e Arrhythmias

e Acute ischemia, including myocardial infarction

e Systemic or cardiac infection, e.g., myocarditis

e Physical, environmental, and emotional stress

e Pulmonary embolism

* High output states, e.g., anemia, thyrotoxicosis,
pregnancy

e Drugs and toxins, including nonsteroidal
anti-inflammatory drugs, ethanol

Table 3
Pathophysiological Mechanisms in Heart Failure

Structural
abnormalities

Cellular/cardiac myocyte abnormalities:
necrosis, fibrosis, hypertrophy,
excitation—contraction coupling
Left ventricular remodeling:
dilatation, increased sphericity,
aneursymal dilatation
Coronary artery abnormalities:
stenosis, endothelial inflammation

Functional
abnormalities

Mitral regurgitation
Myocardial “stunning” or hibernation
Arrhythmias

Neuro-hormonal =~ Renin-angiotensin-aldosterone system

influences Sympathetic nervous system
Others
Comorbidities Age, coronary artery disease, diabetes,

hypertension, renal dysfunction,
metabolic syndrome, anemia

Table modified from Jessup M, Brozena S. Heart failure.
N Engl J Med 2003;348:2007-2018.

the long axis of the heart and immediately distal to the
tips of the mitral valve leaflets in the parasternal long-
axis view (Fig. 3).

Measurements are taken at end-diastole (d)—defined
as the beginning of the QRS complex—but preferably
using the at the widest LV cavity diameter, and at end-
systole (s)—using the narrowest LV cavity diameter. The
leading-edge convention of the ASE is the recommended
method of measurement. The diastolic measurements
obtained are the interventricular septal wall thickness, the
LV internal diameter at end diastole (LVIDd) and poste-
rior wall thickness. In systole, the LV systolic diameter
(LVIDs) is measured (Fig. 3). Calculations of other
indices of LV systolic function, e.g., LV ejection fraction
(EF), volumes, and mass can then be performed (Table 4).
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Table 4
M-Mode Parameters Used to Assess Left Ventricular
Systolic Function
LVID (LVIDs < 3.7 cm; LVIDd < 5.6 cm are normal)

Left ventricular WT
Percent change in WT = (WTs — WTd/WTs)

Left ventricular volume
Prolate ellipse calculation: volume= n/3 (LVIDd)?
Teichholz formula: volume = [7/(2.4 + LVIDd)]
(LVIDd)?
Ejection fraction (EDV — ESV)/EDV
Fractional shortening (FS) (%) = (LVIDd — LVIDs)/LVIDd
Mitral valve E point—septal separation (normal > 7 mm)

Left ventricular mass (Mass,,)) = 0.8 x [1.04 (IVS + PWT
+ LVIDd)* - LVIDd*] + 0.6 g

LVIDs, left ventricular internal diameter at end systole; LVIDd,
left ventricular internal diameter at end diastole; WT, wall thick-
ness; WTs, wall thickness at end systole; WTd, wall thickness at
end diastole; EDV, end diastolic volume; ESV, end systolic vol-
ume; IVS, septal wall thickness, PWT, posterior wall thickness.

LIMITATIONS OF M-MODE
MEASUREMENTS

A common pitfall of M-mode measurements is the
nonperpendicular alignment of the M-mode line in
relation to the long axis of the LV. This leads to overes-
timation of ventricular dimensions. Two-dimensional
(2D)-guided M-mode measurements can aid proper
alignment thereby minimizing error.

Another challenge is to accurately identify the endo-
cardial and epicardial borders and avoid confusion with
contiguous structures, e.g., chordae, trabeculations near
the posterior wall, and false-tendons. The endocardial
border is distinguished from ventricular trabeculations
and chordae by its appearance as a continuous line of
reflection throughout the cardiac cycle. The latter struc-
tures appear intermittently. The epicardium lies just
anterior to the highly echo-reflective parietal peri-
cardium (see Chapter 3, Figs. 13 and 14).

A major drawback of M-mode measurements is
that these are valid only when LV geometry is normal.
When LV geometry is abnormal, as in aneurysmal
remodeling or in the presence of regional wall motion
abnormality following myocardial infarction, M-mode
measurements of heart size may be misleading. An
exponential relationship exists between ventricular
diameters and ventricular volumes. M-mode parameters,
and indeed all other parameters of LV systolic function,
are dependent on ventricular loading conditions.
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Fig. 3. Two-dimensional-guided M-mode measurements and derived indices. M-mode is simple, reproducible, and accurate when
ventricular geometry is normal. It provides good endocardial resolution. The ejection fraction (EF, Teich) is an automated calculation

based on the Teichholz method (see Table 4).

Diameter 1
Diameter 2

Fig. 4. Prolate ellipsoid. One geometric model used to calculate
left ventricular volumes from on M-mode measurements
assumes an elliposoid shape for the left ventricle. This model
uses diameters (D) and length to calculate areas and volumes.
A hemi-ellipsoid model is preferred in left ventricular volumetric
and mass quantification using two-dimensional echocardiography
(Figs. 13 and 15).

LV VOLUMES AND EF BY M-MODE

Estimates of LV volumes and EF by M-mode rely
on geometrical assumptions of LV morphology. The
simplest formula cubes the LVIDd. Another calculates
volume using the formula for a prolate ellipsoid (Fig. 4).
These measures become even more inaccurate when
applied to dilated ventricles. The Teichholz method
(Table 4) is commonly used to calculate ventricular

volumes from M-mode measurements (from which EF
can be calculated). However, this method is only rec-
ommended when ventricular geometry is relatively nor-
mal (see Chapter 3, Fig. 14D). Specifically, in patients
with myocardial infarction involving the apex, M-mode
measurements, which are obtained at the base of the
heart, will underestimate ventricular size and overesti-
mate ventricular function.

LV PARAMETERS
BY 2D ECHOCARDIOGRAPHY

2D echocardiography is the primary modality used
for qualitative and quantitative assessment of ventricu-
lar systolic performance (Table 5). In postmyocardial
infarction and heart failure patients, 2D echo has great
utility in their management and risk stratification. An
inverse relationship exists between cardiovascular mor-
bidity, mortality, and LV systolic function—specifically
LVEEF. EF, however, is not the only predictor of survival
in patients with advanced heart failure.

LIMITATIONS OF 2D ASSESSMENT
OF LV SYSTOLIC FUNCTION

2D echocardiography is not a true tomographic tech-
nique (like cardiac computed tomography or cardiac
magnetic resonance imaging). Off-axis measurements,
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Table 5
Two-Dimensional Parameters in Left Ventricular Function
Qualitative/semi-quantitative parameters Quantitative parameters
¢ Global function: ventricular wall Left ventricular wall dimensions:
motion and thickening Wall thickness
Internal diameters: LVIDd, LVIDs
* RWM assessment MWES: from linear measures of diastolic and systolic cavity
sizes and wall thickenesses:
e Visual estimation of ejection fraction Inner shell = ((LVIDd + SWTd/2 + PWTd/2 ]?- LVIDd?

+ LVIDs®) '* — LVIDs
([LVIDd + SWTd/2+ PWTd/2] — [LVIDs + inner shell])
(LVIDd + SWTd/2 + PWTD/2) x 100%

MWES =

* Longitudinal ventricular shortening Left ventricular quantification
Biplane method of discs (modified Simpson’s rule)
Multiple diameter method
Others based on assumptions for left ventricular geometry,
e.g., cylinder-hemiellipse, biplane ellipsoid, hemisphere-cylinder,
bullet, models

e Mitral annular motion Left ventricular ejection fraction (%) = [(EDV — ESV)/EDV] x 100%
Left ventricular mass (Mass ) = 0.8 X [1.04 (LVIDd + PWTd +
SWTd)? — (LVIDd)*] + 0.6 g
Left ventricular wall stress (G)
Meridional wall stress
Circumferential

Table modified from Recommendations for Chamber Quantification. American Society of Echocardiography, 2005.

RWM, regional wall motion; LVIDd, left ventricular internal diameter at end diastole; LVIDs, left ventricular internal diameter at end
systole; MWES, mid-wall fractional shortening; SWTd, septal wall thickness; PWTd, posterior wall thickness; EDV, end diastolic volume;
ESV, end systolic volume; FS, fractional shortening.

- ;1 |
End systole

\

"End systole

Fig. 5. Left ventricular foreshortening. Foreshortening (shown right) occurs when the imaging plane does not transect the center of
left ventricular apex (left). It is a common source of error in left ventricular quantification in two-dimensional echocardiography.
(Please see companion DVD for corresponding video.)

e.g., foreshortening, easily occur (Fig. 5; please see QUALITATIVE AND SEMI-QUANTITATIVE

companion DVD for corresponding video). Distortions MEASURES OF LV SYSTOLIC FUNCTION
of LV geometry seen in patients with ischemic heart

disease pose challenges to 2D assessment (Figs. 1A,B Making linear measurements of cardiac chamber
and 6). dimensions by 2D echo follows the principles outlined
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Left Ventricular Remodeling

B

C

Fig. 6. Three-dimensional (3D) images showing gross distortion of left ventricular geometry post-myocardial infarction. 3D repre-
sentation of progressive remodeling of the left ventricle in a patient with a large anterior-apical myocardial infarction. Note the pro-

gressive distortion of the ventricular geometry with time (A-C).

using M-mode described earlier (see also Chapter 3,
Fig. 16). “Eyeball” estimates of LVEF are routinely used
in clinical practice, but interobserver variability is high,
and should be “calibrated” by quantitative measurements.

Accurate assessment of ventricular wall movements
during the cardiac cycle is dependent on image qual-
ity. Optimal image acquisition is influenced by
patient characteristics, operator skill, and instrument
settings. Proper patient positioning helps to optimize
imaging of parasternal and apical views (Chapter 3,
Fig. 9). Images are best acquired at end-expiration or
during quiet respiration.

Failure to accurately visualize the endocardial border
introduces uncertainty into 2D measurements. To mini-
mize this, techniques to improve endocardial border def-
inition, e.g., harmonic imaging, B-color imaging, LV
opacification with contrast agents, and Doppler based
techniques are often employed (Figs. 7 A,B and 8;
please see companion DVD for corresponding video).

QUALITATIVE GRADES
OF LV SYSTOLIC FUNCTION

Normal ventricular walls thicken during systole—a
manifestation of myocardial fiber shortening—as both
ventricles contract. Ventricular systolic contraction is
accompanied by a reduction in ventricular cavity size
and can be qualitatively assessed as normal, reduced, or
hyperdynamic (Fig. 9). Normally, 60—70% of ventricular
end-diastolic volume is ejected during each cardiac cycle.

Reduction of LV systolic function can be estimated to
the nearest 5 or 10% by an experienced observer. EF of
55% or more is generally considered normal. EF
between 40 and 55% is considered mildly reduced; EF
between 30 and 40% is considered moderately
reduced; EF less than 30% is considered severely

reduced. Global reduction of systolic function is
frequently accompanied by regional variation.

When the EF exceeds 70%, it is considered to be
“hyperdynamic.” EFs exceeding 75% manifest as near
obliteration of ventricular cavity when viewed from the
parasternal or apical windows. This can be seen in hypo-
volemia or in patients with hypertrophic cardiomyopathy.

Estimations of EF by experienced sonographers
correlates well with other quantitative measures of EF.
It is, therefore, a practical first step in qualified hands.

GRADING REGIONAL WALL MOTION

Regional LV wall motion assessment generally
employs the 16-segment model recommended by the ASE
(1989), or the more recent 17-segment model (which adds
an additional region for the apex). Ventricular segment
scores are assigned based on two qualitative measures of
ventricular wall behavior during systole: (1) wall move-
ment (contraction) and (2) wall thickening. Graded scores
of contractility of the individual segments range from a
normal score of 1 to the worst score of 5 (Figs. 1B and
10A; please see companion DVD for corresponding video
for Fig. 8). The myocardium of a dysfunctional segment
thickens less, or becomes thinner, during systole.

A segment that shows noticeable reduction in con-
tractility is hypokinetic and assigned a score of 2.
A segment that barely moves or thickens during systole
is akinetic (score = 3). Dyskinetic myocardium moves
paradoxically during systole (score = 4). Aneurysmal
myocardium remains deformed during diastole. The
integrated wall motion score is the sum of the scores
divided by the number of scored segments. A wall score
index of 1 indicates normality. Larger scores reflect
more severe degrees of systolic dysfunction (Fig. 1B;
please see companion DVD for corresponding video).
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Fig. 7. (A) Tissue harmonic imaging. Even with suboptimal imaging (left panel, parasternal short axis view of the left ventricle) tis-
sue harmonic imaging markedly improves endocardial definition. Note reverberation artefacts (arrows) arising from ribs. (B) Left
ventricular opacification/endocardial border definition. Contrasts methods assist in delineating the endocardial border. Left ventricu-
lar opacification using microspheres (e.g., Optison® or Definity®) are popular (compare left and middle panels). Another myocardial
contrast imaging technique is shown in right panel. (Please see companion DVD for corresponding video.)

In an effort to standardize nomenclature of myocardial
segments across other cardiac imaging specialties, the
American Heart Association (2002) issued a unifying
17-segment model (Fig. 10B). Using this model, LV
segments 1-6 are at the base (mitral valve level), seg-
ments 7—12 are in the middle (papillary muscle level),
segments 13—16 occupy the apical region, and segment 17
represents the very tip of the apex. The latter does not
encroach into the ventricular cavity. The segmental
numerical model can be matched to the more practical
anatomical descriptive terminology as shown in Fig.10B.

The segmental numerical model nomenclature also
corresponds well with coronary artery distribution (see
Chapter 3, Fig. 58; Chapter 7, Figs. 3-6). From this, var-
ious indices of coronary artery territory involvement,
e.g., left anterior descending artery, may be derived.

LIMITATIONS OF REGIONAL WALL
MOTION ASSESSMENT

Regional wall motion assessment is heavily influ-
enced by image quality. Endocardial border definition
deteriorates when still frames are acquired from digital
video files. The audio/video interleaved (AVI) and the
digital imaging and communications in medicine
(DICOM) video format are the two most popular.
Digital videos consist of multiple still frames in rapid
succession, usually in the order of 30-60 frames per sec-
ond. When the video is stopped, and a single still frame
is selected, image quality characteristically degrades,
including endocardial border definition.

Angulation of the transducer during acquisition
of short-axis views may misrepresent true segmental
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Fig. 8. Dynamic endocardial border analysis. Dynamic left ventricular endocardial border analysis is shown in this patient with mitral
stenosis (and a severely dilated left atrium). (Please see companion DVD for corresponding video.)

anatomy and is avoided by using the recommended
technique (Fig. 11). Translational and rotational move-
ments of the heart during the cardiac cycle cannot be
avoided, but can be minimized by acquiring images
during end-expiration. Care should be taken to avoid
triggering the Valsalva maneuver.

Restricted septal movement can be mistaken for septal
hypokinesis or akinesis. Apparent hypokinesis of the sep-
tum can be seen following any surgery that breaches the
pericardium. Closer observation of the septum will often
show normal systolic thickening in the absence of true
ischemic injury.

Paradoxical septal motion in the presence of other-
wise normal septal myocardium is seen in right ventri-
cle (RV) pressure and volume overload states (Chapters
18 and 21), pericardial effusion and constrictive peri-
carditis (Chapter 10), or with certain arrhythmias, e.g.,
left bundle branch block.

QUANTITATIVE MEASURES
OF LV SYSTOLIC FUNCTION

Comparisons of LV end-diastolic and end-systolic
dimensions form the basis of quantitative estimates of
LV function, e.g., fractional shortening and EF (Fig. 12,
Table 6). Fractional shortening—the percentage change
in the LV minor axis in a symmetrically contracting
ventricle—can be derived using the formula:

Fractional Shortening (FS)(%)
= (LVIDd - LVIDs)/LVIDd x 100%
FS =25% — 45% (normal range)

Volumetric estimates of LV volumes by 2D echocar-
diography are based on three geometric methods that
combine measurements of LV dimensions and area to
calculate volume (Table 6; Fig. 13A). These are:

1. Prolate ellipsoid method.
2. Hemi-ellipsoid (bullet) method.
3. Biplane method of discs (modified Simpson’s rule).

The prolate ellipsoid method assumes a prolate ellip-
soid systolic and diastolic LV geometry). Area-length
or length-diameter methods can be used. The single-
plane and biplane area-length methods are shown in
Fig. 13B,C.

The combined geometric model—of a hemisphere
and an ellipsoid (hemi-ellipsoid)—provides a better
estimate of LV volume (Fig. 13D), but the biplane
method of discs (modified Simpson’s rule) is recom-
mended by the ASE and the European Association of
Echocardiography. This method does not assume a pre-
determined geometry of the LV, but instead defines the
LV geometry following manual tracing of the acquired
LV cavity borders. The LV volume is then quantified by
assuming the LV cavity is a stack of elliptical discs
whose volumes are quantified and summated (Fig. 14).

Two orthogonal views—apical four-chamber and api-
cal two-chamber—and manual tracing of endocardial
borders manually traced at end systole and end-diastole
are needed. Automated software divides the LV into a
stack of discs oriented perpendicular to the long axis of
the ventricle, and summates their individual volumes
(Fig. 14).
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Systole

Fig. 9. Normal systolic function. Knowledge of normal left ventricle systolic function is essential for interpreting abnormalities.

From the end-diastolic frame, the end-diastolic vol-
ume is calculated. From the end-systolic frame, the
end-systolic volume is calculated. The stroke volume
(SV) is then:

SV =EDV - ESV (mL)

The EF is therefore:

_ EDV-ESV
- EDV

Cardiac output (CO) is product of the EF and the
heart rate (HR):

EF x100%

CO = EF x HR

The advantage of the modified Simpson’s method over
other volumetric methods listed in Table 5 is that it makes
no assumptions about ventricular geometry. Nevertheless,
considerable sonographer experience is required as

images must be optimized and endocardial borders accu-
rately identified and traced according to convention.
Poor endocardial border definition, foreshortened views,
and improper technique can compromise this technique.

LVEF shows high correlation, but less striking agree-
ment, with radionuclide ventriculography and contrast
cine-angiography. Even quantitative measures of LVEF
can be inaccurate owing to limitations inherent in quan-
tification formulae, as well as those of cardiac ultra-
sonography itself. Interobserver-variability remains a
vexing issue in 2D echocardiography.

LIMITATIONS OF VOLUMETRIC MEASURES
(EF) OF LV SYSTOLIC FUNCTION

Overwhelming evidence from landmark clinical
trials in heart failure and postmyocardial patients
have demonstrated the proven value of LVEF assessment
on patient management and prognosis. Nevertheless,
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Fig. 10. The American Society of Echocardiography (ASE) issued a 16-segment left ventricle model for wall motion assessment. The
American Heart Association’s (AHA) 17-segment model has an additional apical segment “cap” added to harmonize left ventricular
segment nomenclature with nuclear cardiology and cardiac magnetic resonance imaging. (A) A 16-segment model of left ventricular
segments (ASE). (B) A 17-segment model of left ventricular segments (AHA).

LVEEF is not the sole or a complete measure of LV
function. Diastolic and other measures of ventricular
function are needed because nearly 40% of patients
with clinical heart failure have persevered systolic
function (normal LVEF). Furthermore, systolic func-
tion can be abnormal even in the presence of normal
LVEF.

Quantification of LV volumes by 2D echocardiogra-
phy faces significant technical and clinical limitations.
As 2D echocardiography is not a true tomographic

technique, LV foreshortening and off-axis views remain
a challenge. The LVEF may be normal in patients with
acute myocardial infarction, as hypokinesis or akinesis
in the affected myocardial territory may be compen-
sated by hyperkinesis in the unaffected segments. The
same LVEF in a patient with mitral regurgitation has a
different clinical and prognostic implication than in a
patient with aortic stenosis.

Therefore, the tendency by many clinicians to
request an echocardiographic study for “LVEF only” or
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Fig. 11. Angulated vs orthogonal parasternal short-axis imaging of the left ventricle (LV). The angulation technique (left) may acquire
short-axis views of the LV segments tangentially, thereby influencing the accuracy of regional wall motion assessment. Images are
best acquired at planes orthogonal to the long axis of the left ventricle as shown (right).
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Fig. 12. Left ventricular cavity dimensions.

to equate the LVEF as “the sole measure” of LV func-
tion should tempered with other parameters of function.

LV MASS

A clear relationship exists between LV mass and
outcomes in cardiovascular disease, especially in
hypertension. LV mass is calculated using the formula
listed in Table 5 and is based on an area-length
method or that for a cylinder hemi-ellipsoid model
(Fig. 13). Such measurements of LV mass, whether by

Table 6
Cardiac Measurements by Two-Dimensional
Echocardiography
Normal Index adjusted
range (cm) for BSA
Window (mean — SD) (cm/m?)
PLAX PLAX PLAX
LVIDd 35-6.0 23-3.1
LVIDs 2.1-4.0 14-2.1
Fractional shortening 25 -46 —

PSAX (papillary
muscle level)

PSAX (papillary PSAX (papillary
muscle level) muscle level)

LVIDd 35-58 22-3.1
LVIDs 22-4.0 1.4-22
Fractional shortening 25-43
A4C A4C A4C

LVIDd major 6.9 -10.3 4.1-5.7
LVIDd minor 33-6.1 22-3.1
LVIDs minor 1.9-37 1.3-2.0
Fractional shortening 27 -50

BSA, body suface area; PLAX, parasternal long-axis ; LVIDd,
left ventricular internal diameter at end diastole; LVIDs, left ven-
tricular internal diameter at end systole; PSAX, parasternal short-
axis; A4C, apical four chamber.

M-mode or 2D, essentially subtract ventricular cavity
volume from the total ventricular volume to obtain the
“shell” or myocardial volume (Fig. 15). This value
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A Area-Length Geometric Models
for Calculating Left Ventricular Volumes
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Fig. 13. Geometric models to estimate left ventricle (LV) volumes by two-dimensional echocardiography use short-axis area multi-
plied by long-axis length. Comparison of volumes at end-systole and end-diastole can be a measure of LV systolic function.

multiplied by the density of the myocardium gives the
LV mass.

Left ventricular mass (Mass, )
=0.8 X [1.04 AVS + PWT + LVIDd)’ - LVIDd*] + 0.6 g

Accurate measures are crucial, as errors will be cubed.

3D Echocardiography

3D echocardiography will likely replace current
echocardiographic methods of calculating ventricular
mass and volumes in the near future (Figs. 16A-D;
please see companion DVD for corresponding video).
The limitations and assumptions of 2D and M-mode
echocardiography are overcome by both real-time and
off-line reconstructive 3D echocardiography. Modern
3D equipment uses planar array transducer technology
to obtain a pyramidal “volume” of data. This makes 3D
echocardiography less dependent on the sonographer
imaging the correct plane.

ASSESSMENT OF MYOCARDIAL VIABILITY

Dobutamine echocardiography can provide additional
information on the LV contractile reserve. This has value
in predicting recovery of function following coronary
revascularization procedures. Assessment of myocardial
viability is also important in heart failure patients.

The important clinical question that frequently con-
fronts the cardiology team is whether coronary revascu-
larization procedures will benefit a particular patient
with LV dysfunction. To answer this, we need to help
predict the probability of improvement following the
proposed revascularization procedure. Nuclear tech-
niques assess myocardial perfusion, but not contractile
reserve. A biphasic response on dobutamine stress
echocardiography, however, can be a good predictor of
improvement in patients scheduled to undergo coronary
revascularization procedures (Fig. 17; see companion
DVD for corresponding video; see also Chapter 8).
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Fig. 14. (A,B) Modified Simpson’s method. The American Society of Echocardiography recommends the modified Simpson’s
method (biplane method of discs) for calculating left ventricular volumes and ejection fraction. Manual tracing of ventricular endo-
cardium at end-systole and end-diastole from two orthogonal planes, and summation of the volumes of discs derived, serve as the

basis of this calculation.

DOPPLER ASSESSMENT OF VENTRICULAR
SYSTOLIC FUNCTION

Doppler assessment provides complementary and
alternative indices of ventricular systolic function
(Table 7). Traditional Doppler indices are used to
calculate SV and CO. SV is calculated from the
equation: volume = area X velocity time integral;
where area is the cross-sectional area of ventricular
outflow or inflow tract of interest; velocity time inte-
gral corresponds to the velocity time integral across

the same. CO is then calculated according to the
equation:
CO =SV xHR

Cardiac index calculated by dividing CO by body
surface area.

Doppler indices have the advantage in being inde-
pendent of geometric assumptions used in M-mode and
2D-based calculation of volumes. The most accurate and
reproducible Doppler method for calculating SVs uses the
left LV outflow tract (LVOT) diameter and the velocity
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Fig. 15. Left ventricular mass. The area-length method for using a cylinder hemi-ellipsoid of the left ventricle (LV) is the recom-
mended equation for measuring LV mass. It is a simple formula with easily obtainable measurements. End-diastolic measurements
using parasternal short-axis (PSAX) and apical four-chamber at the mid- or high-papillary muscle levels are made and inserted into
the equation as shown. The sum of a + d is the end-diastolic LV cavity length; b = minor axis radius; t = wall thickness; A = total
planimetered PSAX area at the mid- or high-papillary muscle level; A,= LV cavity planimetered PSAX area.

time integral across the LVOT by pulsed Doppler exam-
ination (Fig.18A; see also “Continuity Equation” in
Chapter 11) LVOT geometry most closely approximates
a circle compared with the ellipsoid mitral annulus (Fig.
18B), and is logistically easier to measure than the pul-
monary artery diameter (Figs. 18C). Tricuspid annular
geometry is complex, and is almost never used to cal-
culate SVs.

Continuous-wave Doppler of the mitral regurgitant
jet can reveal clues about LV performance by assessing
changes in LV pressure over time (dP/dT). The pressure
is measured at two points (at ~1 m/s and 3 m/s after the
onset of the mitral regurgitation) and the Bernoulli
equation (dP = 4v?) applied. Normal dP/dT is greater
than 1200 mmHg/s.

OTHER DOPPLER MEASURES
OF VENTRICULAR SYSTOLIC FUNCTION

Tissue Doppler imaging is a useful tool in ventricular
diastolic function assessment, but also shows promise in
assessing systolic function (Fig. 19). Doppler interroga-
tion of the mitral annulus can provide a measurable index
of annular movement and velocity, and the information

derived can be extrapolated to assess ventricular function.
A good relationship exists between tissue Doppler assess-
ment of myocardial contraction velocity and LVEF.

Tissue velocity imaging employs color codes to
reflect ventricular longitudinal shortening using the
scheme: red—for movement toward the transducer, and
blue—movement away from transducer (Fig. 20; please
see companion DVD for corresponding video). It is
based on the rationale that most of the cardiac muscle
fibers are oriented longitudinally. A direct relationship
exists between pulsed-wave tissue velocity imaging and
ventricular systolic function.

EF is not a load-independent measure of contractil-
ity. Load is important when considering contractility
and this is not normally accounted for in traditional
measures. Newer less load-dependent methods, e.g.,
Doppler strain imaging, are being investigated.
Strain—a dimensionless quantity, measures deforma-
tion produced by the application of stress. It represents
the percentage change in myocardial fiber length from
its original or unstressed dimension (Fig. 21A-C).
Comparisons of Doppler velocities at interrogation
points along the myocardium are used to measure
LV strain.
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Fig. 16. (Continued)
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Fig. 16. Left ventricle (LV) quantification by three-dimensional (3D) echo. (A) Apical full-volume cropped 3D image. (B) Semi-
automatic border detection with multiplanar reconstruction (MPR) in 3D echocardiography. (C) A 17-segment 3D volumetric data
for left ventricular segmental analysis. 3D echocardiography overcomes several limitations of 2D echocardiography in quantifica-
tion of systolic function including: endocardial border definition, foreshortening, off-axis views, and translational motion. It is
slated to supercede 2D echocardiography in the assessment of LV function, mass, and volumetric assessments. 3D echo is espe-
cially valuable in right ventricular assessment and quantification, with utility comparable to that of cardiac magnetic resonance
imaging. (D) LV systolic frame with diastolic reference mesh. (E) Systolic frame in patient with cardiomyopathy and asynchrony.
(Please see companion DVD for corresponding video.)
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Fig. 17. Dobutamine stress echocardiogram: biphasic response. A biphasic response on dobutamine stress echocardiography may be
a candidate for coronary artery revascularization procedures. This patient shows augmentation of a previously poorly functioning
region on low dose dobutamine (10 pg), but demonstrates ischemia (decreased contractility) at higher doses. At baseline, this region
of the heart (arrows) are hypokinetic—contractility improves at the 5 [Lg infusion rate, is maintained at 10 ug, worsens at 40 pg. This
represents an ischemic region that augmented at low doses that can benefit from revascularization. (Please see companion DVD for
corresponding video.)

Table 7
Doppler Indices of Left Ventricular Systolic Function
Traditional Doppler indices Newer Doppler indices
SV =VTI x CSA = VTI x nr? TDI/DTI

= VTI x tD¥4 = 0.785 D*> x VTI

Measurement sites:
LVOT
Left ventricular inflow (mitral valve)
Pulmonary artery

CO =SV xHR TVI for left ventricular dyssynchrony
CI = CO/body surface area
CW Doppler in mitral regurgitation: Doppler strain imaging:

dP/dt = 32/time (mmHg/s) strain and strain rate
Velocity/acceleration times, e.g., aortic Left ventricular torsion by TDI

flow/velocity acceleration, aortic ejection time

SV, stroke volume; VTI, velocity time integral; CSA, cross-sectional area; D, diameter; TDI, tissue
Doppler imaging; DTI, Doppler tissue imaging; LVOT, left ventricular outflow; CO, cardiac output; HR,
heart rate; CI, cardiac index; TVI, tissue velocity imaging; CW, continuous wave; dP/dT, rate of ventric-
ular pressure rise.
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Fig. 18. (A) Stroke volume by Doppler (LVOT). (B) Stroke volume by Doppler (mitral inflow). (C) Stroke volume by Doppler

(pulmonary artery).

MYOCARDIAL PERFORMANCE INDEX
(TEI INDEX)

The myocardial performance index (MPI) is a
Doppler-derived integrated measure of ventricular sys-
tolic and diastolic function.

It has been the subject of much interest since its
inception in 1995, and has been well received for its

ability to assess both LV and RV function in a variety
of patients—heart failure, cardiomyopathy, coronary
heart disease, heart transplantation, and in prospective
clinical trials. It is reproducible, easy to measure and
can predict morbidity and mortality in patients with
cardiomyopathy and heart failure.

When applied to the LV, it is the sum of the isovolumic
contraction and relaxation times (ICT + IRT) divided by
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Fig. 19. Tissue Doppler imaging (TDI). Tissue Doppler assesses myocardial velocities during the cardiac cycle. Doppler shift meas-
ured at the lateral (A) and septal annulus (B) are shown. Systolic shifts (S ) are upward (positive). Shifts away from the transducer
(E, and A ), reflecting early and late diastolic velocities, are downward (negative).

Fig. 20. Tissue velocity imaging (TVI). Differential tissue velocities by color Doppler can detect differential contractility of left ven-
tricle (LV) segments—and color coded as shown. This reflects LV dyssynchrony and impaired LV systolic function. (Please see com-

panion DVD for corresponding video.)

the ejection time. These measurements are obtained by
Doppler assessment of both LV inflow and outflow and
using the formula (Fig. 22):

(ICT + IRT)

ET
The MPI has its limitations. It is not a load-inde-
pendent measure, and one of its components, the IRT, is
less discriminatory in patients with worsening diastolic
dysfunction. Therefore, despite its utility, it should
complement (not substitute) established measures of
LV function, e.g., ventricular volumes and EF.

Left Ventricular MPI =

ASSESSMENT OF RV FUNCTION
IN HEART FAILURE
AND POSTMYOCARDIAL INFARCTION

In patients with heart failure, RV dysfunction is
associated with increased mortality. RV dysfunction is
an important predictor of risk and heart failure follow-
ing myocardial infarction.

MORPHOLOGICAL CONSIDERATIONS

The RV exhibits a far more complex geometry than
that of the LV. It is thin walled (<0.5 cm) and assumes
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Fig. 21. Doppler strain imaging. Doppler strain imaging showing normal synchronous tissue Doppler tracings of three interrogated

myocardial segments are shown.

a flattened pear-shaped appearance folded over the LV
(Fig. 23). Such geometry makes it especially difficult to
assess by 2D techniques. Most volumetric methods of
RV assessment are complex and not well validated,
especially in diseased states—when RV geometry is
becomes even more complex (Chapter 18).

RV CHAMBER DIMENSIONS

Like the LV, the RV should be assessed using multi-
ple windows. The subcostal window provides the best
visualization of the RV free wall. RV size, wall thick-
ness, and systolic function should be recorded, and
systolic function described as normal or reduced to
varying degrees. RV enlargement can be estimated
using the “rule of thirds” in the parasternal long-axis
view, or by comparing its size relative to that of the LV
in the apical four-chamber view. The RV diameter does
not normally exceed one-third the total ventricular
width in the apical four-chamber view (Fig. 24; Tables
8 and 9).

Attempts to quantify RV volumes and systolic
function by echocardiography include indices like tri-
cuspid annular motion, tricuspid fractional shorten-
ing, and RV fractional area change (RVFAC).
Tricuspid annular motion refers to the distance the
tricuspid annulus moves in the antero-posterior direc-
tion. Tricuspid fractional shortening is an assessment

Myocardial Performance
- (Tei) Index =

ICT + IRT
ET

Fig. 22. Myocardial infarction (Tei) index.

of the difference between the maximal and minimal
distance between the tricuspid annuli during the car-
diac cycle. RVFAC is assessed by measuring RV
areas in the apical four-chamber view and comparing
the relative change between diastolic and systole.
When all three approaches are compared to cardiac
magnetic resonance imaging (MRI), the best correla-
tion is seen with RVFAC measurements. RV MPI has
also proven a useful measure of RV function.
Standards for RV volumetric assessment, however,
are yet to be established.
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Fig. 23. Right ventricular morphology.

Right Ventricular Dimensions

Fig. 24. Right ventricle dimensions (cm). (Please see compan-
ion DVD for corresponding video.)

ECHOCARDIOGRAPHY TO DETERMINE
ETIOLOGY OF SYSTOLIC DYSFUNCTION

Echocardiography can be of use in determining the
etiology of systolic dysfunction (Table 1). Patients
with ischemic heart disease almost always have dis-
crete regional wall motion abnormalities—most often
secondary to prior myocardial infarction. In contrast,
global systolic dysfunction, without regional varia-
tion, is more suggestive of nonischemic cardiomy-
opathy. Severe regurgitant valvular heart disease,
such as mitral and aortic regurgitation, can lead to a

dilated LV with reduced systolic function. Pressure
overload conditions, such as aortic stenosis, severe
hypertension, or coarctation, usually lead to hypertro-
phy, although ventricular dilatation and dysfunction
can occur late in the course of disease. Various forms
of congenital heart disease can lead to systolic dys-
function and can usually be identified on echocardio-
graphy. Infiltrative diseases such as amyloidosis can
cause severe LV dysfunction and can usually be iden-
tified by pathognomonic echocardiographic features.
In the case of amyloid, severe LV hypertrophy, “speck-
led” appearing myocardium, atrial dilatation, nonspecific
valve thickening and pericardial effusions are common.
Occasionally, hypertrophic cardiomyopathy can ulti-
mately lead to ventricular dilatation and dysfunction (so-
called “burnt-out” hypertrophic cardiomyopathy).

USE OF CONTRAST AGENTS
IN ECHOCARDIOGRAPHY

As early as the late 1960s, it was noted that intravas-
cular injection of almost any solution resulted in a con-
trast effect detectable by echocardiography. Contrast
microbubbles are used nowadays to complement the
imaging process in ultrasound. The advances in imag-
ing modalities in the modern ultrasound systems in tan-
dem with the development of newer agents has made
contrast imaging more effective and applicable in daily
clinical practice.
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Table 8
Reference Limits and Partition Values of Right Ventricular Size

Reference range Mildly abnormal Moderately abnormal Severely abnormal
RV Dimensions
Basal right ventricular 2.0-2.8 2.9-33 3.4-3.8 >3.9
diameter (RVDI) (cm)
Mid right ventricular 2.7-3.3 3.4-3.7 3.8-4.1 >4.2
diameter (RVD2) (cm)
Base-to-apex length 7.1-7.9 8.0-8.5 8.6-9.1 >9.2

(RVD3) (cm)

Table modified from Recommendations for Chamber Quantification. American Society of Echocardiography (ASE), 2005.

Table 9
Reference Limits and Partition Values of Right Ventricular Size and Function as Measured in the Apical Four-Chamber View
Reference range  Mildly abnormal — Moderately abnormal — Severely abnormal
Right ventricular diastolic area (cm?) 11-28 29-32 33-37 >38
Right ventricular systolic area (cm?) 7.5-16 17-19 20-22 223
Right ventricular fractional area 32-60 25-31 18-24 <17

change (%)

Table modified from Recommendations for Chamber Quantification. American Society of Echocardiography (ASE), 2005.

CONTRAST AGENTS

Contrast agents are encapsulated bubbles of gas
smaller than the red blood cells and, therefore, capa-
ble of circulating freely within the body. The use of
contrast dates back to 1968 when Gramiak and Shah
first used injected saline to enhance the signals from
the blood pool. This was followed years later by
encapsulated air bubbles, and more recently by the use
of encapsulated low solubility gas bubbles (such as
perfluorocarbons). These newer agents are capable of
passing through the pulmonary circulation without
destruction.

Contrast agents approved for use in the United States
to improve LV opacification (LVO) in technically diffi-
cult echocardiograms include Optison®, an octafluoro-
propane within albumin microspheres, Definity™, an
octafluoropropane in a phospholipid shell, and Imavist®,
a perfluorohexane and other perfluorocarbon gases
encapsulated within a surfactant shell. In Europe,
Sonovue™, which contains sulfur hexafluoride in a
phospholipid shell, is widely used.

The ideal contrast agent should be a nontoxic, easily
injectable intravenously (as a bolus or infusion) and
should remain stable during cardiac and pulmonary
passage for the duration of the ultrasound examination.

The agent should have strong echogenic interaction in
response to incident ultrasound waves.

PREPARATION AND ADMINISTRATION
OF THE CONTRAST AGENT

The ASE recommends that cardiac sonographers take
the appropriate steps to become trained in the prepara-
tion and administration of contrast agents. The sono-
grapher is often the first person to recognize the need for
contrast, but the physician is ultimately responsible for
prescribing its use, which should be done on a case-by-
case basis.

Venous access and appropriate instrument settings
should be performed prior to preparation of the contrast
agent. Each agent has a different method of preparation
and administration. Each manufacturer’s separate instruc-
tions should therefore be followed. The choice between
bolus vs continuous infusion depends on the indication
for the study and the type of information required. Bolus
administration is easier to perform and is sufficient for
LVO and Doppler enhancement. However, continuous
infusion may be required for myocardial perfusion stud-
ies and quantitative analysis. A registered nurse or physi-
cian usually administers the injection or infusion of the
contrast agent while the sonographer acquires the images.
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ULTRASOUND AND CONTRAST

The mechanical index (MI) represents the normalized
energy to which a target (such a bubble) is exposed in an
ultrasound field. It gives an estimate of the peak nega-
tive pressure to which tissue is exposed. In simple terms,
the MI is the intensity of the transmitted ultrasound
beam. It varies with the depth in the image. In most of
the ultrasound systems, the MI ranges from 0.1 to 2.0.
In the absence of attenuation, the MI is maximal at the
focus of the ultrasound beam.

Gas bubbles are very effective scatterers of ultra-
sound waves within the diagnostic frequency range
compared to solids. The degree of scattering increases
as the MI is increased. Echo signals from microbub-
bles contain harmonics, which can be detected. Bubble
destruction at high MI emits a strong harmonic echo.

There are three main patterns of scattering produced
by microbubbles, depending on the peak pressure of the
incident sound field. At a peak pressure of less than
100 kPa (MI < 0.1), bubbles produce “linear” oscilla-
tions resulting in backscatter enhancement. During this
low MI imaging, bubbles act as simple, but powerful, echo
enhancers. This is the principle utilized for enhancing
spectral Doppler such as in pulmonary venous flow
signals. At a peak pressure of 100 kPa to 1 MPa
(MI 0.1-1.0), there is “nonlinear” oscillation resulting in
harmonic backscatter. This principle is utilized in har-
monic B-mode LVO and real-time perfusion imaging. At
a peak pressure of more than 1 MPa (MI > 1.0), there is
bubble disruption resulting in transient harmonic echoes.
This is the principle utilized in power Doppler imaging.

CONTRAST IMAGING MODES

Conventional grayscale imaging results in linear
backscatter, and, hence, is useful for enhancement of the
LV cavity, providing better endocardial definition (see
Fig. 7B). The concept of “harmonic imaging” emerged
from the observation that “nonlinear” oscillations of the
microbubbles results in the generation of “second har-
monics.” Therefore, imaging can be improved by prefer-
ential detection of these “second harmonics” that emanate
directly from the microbubbles themselves rather than the
tissue. In harmonic B mode imaging, the transmitted
frequency typically lies between 1.5 and 3 MHz and the
received frequency between 3 and 6 MHz to enable
detection of these bubble harmonics.

“CONTRAST-SPECIFIC”’ IMAGING MODALITIES

Although harmonic imaging improves visualization
of bubble harmonics, it imposes some fundamental
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limitations in bandwidth and hence fails to completely
suppress the tissue harmonics. Detection of bubbles in
myocardial capillaries (i.e., perfusion), therefore,
would require tedious off-line background subtraction
to suppress the echoes produced by the tissue. To over-
come this, “contrast specific” methods are required for
assessment of myocardial perfusion by enhancing con-
trast harmonics while suppressing tissue harmonics.
Examples of such modalities are:

1. Pulse inversion: high MI technique. By sending two
pulses (one inverted) in rapid succession toward the
tissue, summation occurs and results in a strong har-
monic signal that is exclusively from the microbub-
bles. However, wall motion artifacts could still
attenuate image quality.

2. Harmonic power Doppler: intermittent imaging
(high MI technique). The strong, transient echoes
produced by bubble destruction provide a highly
sensitive method of imaging the microbubbles. The
disadvantage is that wall motion (which produces a
Doppler shift), is also detected and this potentially
interferes with image quality.

3. Low power “real-time” contrast imaging (power
pulse inversion/power modulation/coherent imag-
ing): this is a nondestructive, continuous real-time
imaging (low MI) technique. In this mode, sequences
of more than two pulses are transmitted in alternating
phase. Although the sensitivity may be slightly lower
than the high power technique, this method allows
wall motion information to be available without the
need for bubble disruption. This method is much eas-
ier to use and avoids many artifacts that occur with
high power harmonic imaging. The echoes from the
bubbles are well separated from those of tissues,
thereby providing better characterization of “real-
time” myocardial perfusion.

Clinical Uses of Contrast Echocardiography
LV OPACIFICATION

One of the most common clinical indications for
echocardiography is in the assessment of regional and
global LV function. This should be accurate and repro-
ducible. A pre-requisite for reliable assessment of LV
function is accurate visualization of the endocardium. In
up to 20% of resting studies, endocardial border defini-
tion is suboptimal—defined as the inability to visualize
at least two myocardial segments of the LV. The advent
of tissue harmonic imaging has significantly improved
endocardial definition compared to fundamental imaging.
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Fig. 25. Frame (i) is immediately following a high power ultrasound flash that destroys the microbubbles within the myocardium.
Frames (ii) to (iv) show replenishment of microbubbles in the septum and lateral walls within two heartbeats. A clear apical perfu-
sion defect (A) that persists is demonstrated. (Reproduced with permission from R Janardhanan, et al. Myocardial contrast echocar-
diography: a new tool for assessment of myocardial perfusion. Ind Heart J 2005;57:210-216.)

Nevertheless, 5-10% of studies employing tissue har-
monics imaging are still suboptimal.

The primary clinical use of contrast echocardio-
graphy is for LVO (Chapter 5, Fig. 7B; Chapter 8, Figs.
8 and 10). By injecting microbubbles that traverse the
pulmonary circulation, the LV can be opacified and
endocardial definition significantly improved. Studies
using contrast-enhanced LVO have shown excellent
correlation with MRI in the determination of LV vol-
umes and EF. Currently, this use is the only Food and
Drug Administration-approved indication for echocar-
diographic contrast agents.

Many studies have shown the incremental value of
using contrast agents to improve image quality, the per-
centage of wall segments visualized, and the confidence
of interpretation of resting and stress echocardiography
images (Chapter 8, Figs. 8 and 10). Contrast agents in
stress echocardiography should be used whenever rest-
ing image quality is suboptimal.

Contrast agents can assist in the identification of LV
thrombi. Approximately 15-45% of echocardiographic
studies may fail to identify a LV thrombus. Fundamental
imaging from the apical windows may fail to detect

apical LV thrombi owing to near-field artifacts. The use
of contrast agents permits almost 90% of initially non-
diagnostic images to become diagnostic.

ENHANCEMENT OF DOPPLER FLOW SIGNALS

The accuracy of spectral Doppler velocity measure-
ments depends on obtaining a clear envelope of the
Doppler signal. The quality of Doppler recordings, e.g.,
tricuspid regurgitation velocity, pulmonary venous sig-
nals, and so on, can be augmented by using contrast
agents. Contrast agents may also be useful in the detec-
tion of suspected intracardiac and intrapulmonary shunts.

Echocardiographic Contrast Agents vs Saline
Contrast. Echocardiographic contrast agents that tra-
verse the pulmonary circulation differ from agitated
saline contrast used for detecting intracardiac shunts.
Saline bubbles do not traverse the pulmonary circulation,
except when an arterio-venous malformation is present.
Because they do not traverse the pulmonary circulation,
agitated saline contrast provide no LVO under normal
conditions. Echocardiographic contrast agents that tra-
verse the pulmonary circulation should not be used to
diagnose intracardiac shunts.
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Myocardial Perfusion Imaging

Myocardial contrast echocardiography (MCE) can
accurately assess both myocardial blood volume and
microbubble velocity (both of which determine myocar-
dial blood flow). Although not yet licensed for this
indication, MCE shows great potential as a clinical tool
to evaluate myocardial perfusion.

MCE may be superior to techniques like sestamibi
SPECT in the detection of myocardial perfusion. This
is most likely explained by the superior temporal and
spatial resolution of MCE over SPECT. Furthermore,
MCE can be performed at the bedside and does not
involve ionizing radiations.

MCE detects contrast bubbles at the capillary level
within the myocardium and hence, is marker of capil-
lary integrity. This is the principle behind the use of
MCE in patients post-MI in the detection of myocardial
viability (Fig. 25).

Safety Considerations. Current contrast agents
have an excellent safety profile, and complications
are rare. Allergic reactions have been occasionally
reported. However, in patients with intracardiac or
intrapulmonary right-to-left shunts, the potential
for adverse events are slightly greater. There are con-
flicting reports of increased frequency of premature
ventricular complexes especially with high MI-trig-
gered imaging. However, this has not been shown in
larger studies.
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CASE PRESENTATION

A 63-yr-old female presents to her primary care
physician complaining of increased exertional dys-
pnea. Her exercise tolerance has been slowly declin-
ing for the past several months and she occasionally
notes orthopnea and paroxysmal nocturnal dyspnea.
She has had no anginal symptoms. Her past medical
history is notable for hypertension, diabetes, and
obesity. Physical examination is notable for poorly
controlled blood pressure, elevation of central
venous pressures, a fourth heart sound and murmur
compatible with mitral regurgitation, and mild
lower extremity edema. Echocardiography shows
concentric left ventricular hypertrophy and vigorous
systolic function without segmental wall motion
abnormalities. There is mild mitral regurgitation
and moderate left atrial enlargement.

PHYSIOLOGY OF DIASTOLE

Diastole is the portion of the cardiac cycle that
spans from isovolumic ventricular relaxation to the

completion of antegrade mitral flow. There are four
distinct phases of diastole (Fig. 1): (1) isovolumetric
ventricular relaxation: an active, adenosine triphos-
phate (ATP)-requiring process that occurs from end-
systole until left ventricular pressure falls below left
arterial pressure leading to mitral valve (MV) opening;
(2) rapid early ventricular filling: blood flows from left
atrium (LA) into the left ventricle (LV) during contin-
ued, active, then passive LV relaxation; (3) diastasis:
active ventricular relaxation is completed and near
equilibration of LA and LV pressures occurs with
resultant slow LA filling from pulmonary venous (PV)
flow; and (4) atrial systole: increased transmitral pres-
sure gradient from atrial contraction results in acceler-
ation of blood flow from LA to LV.

Normal diastolic function is dependent on rapid ven-
tricular relaxation and a compliant chamber. The normal
ventricle relaxes quite vigorously leading to rapid pres-
sure decline early in diastole. This contributes to a
suction effect that draws blood from the LA into the LV
despite relatively low LA pressures. This process is
energy-dependent, fueled by the hydrolysis of ATP
to release actin and myosin cross-bridges. As such,
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Fig. 1. Cardiac cycle: with spectral doppler relationships. (A) Intracardiac pressures and volumes recorded throughout the cardiac
cycle shown with spectral Doppler and volumetric relationships. A, atrial filling; E, rapid early filling; EDV, end-diastolic volume;

ESV, end-systolic volume; IVRT, isovolumetric relaxation time.

diastolic function is vulnerable to disease states that
may compromise energy production, such as myocar-
dial ischemia. Experimental studies have demonstrated
that diastolic function is more sensitive to ischemia than
systolic function, with diastolic abnormalities being
manifested earlier than systolic function after blood
supply is compromised.

Ventricular stiffness or compliance is another critical
determinant of proper diastolic function. The normal ven-
tricle is relatively compliant so that small changes in vol-
ume are accompanied by proportionally small changes in
pressure. Many factors contribute to ventricular stiffness,
including intrinsic distensibility and elasticity, wall thick-
ness, cavity dimensions, and pericardial constraint

Table 1
Factors Influencing Left Ventricular Filling

Left ventricular compliance
Intrinsic distensibility and elasticity
LV cavity dimensions
Rate of relaxation
Left atrial compliance
Left atrial pressure
Valvular regurgitation: Aortic (AR); Mitral (MR)
Pericardial restraint

(Table 1). If compliance decreases, there will be an exag-
gerated rise in pressure in response to increased volume.

The atria act as reservoir, conduit, and pump during
the cardiac cycle, therefore, processes that disrupt normal
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Fig. 2. Normal pressure-volume loop. (A) Ventricular filling. (B)
Isovolumetric contraction. (C) Systolic ejection. (D) Isovolumetric
relaxation. EDPVR: end-diastolic pressure-volume relationship;
ESPVR: end-systolic pressure-volume relationship.

atrial function may also contribute to diastolic dysfunc-
tion. In young, healthy subjects, atrial contraction con-
tributes approx 20% of ventricular filling. This proportion
increases slightly with aging but typically does not
exceed 50% of ventricular filling.

DIASTOLIC DYSFUNCTION

Congestive heart failure is a major public health
problem in the United States. Approximately
500,000 new cases are diagnosed annually and it is
the most common discharge diagnosis in hospital-
ized patients. In the majority of cases, heart failure is
a result of a combination of systolic and diastolic
abnormalities, but in approximately one-third of
patients, heart failure symptoms are primarily caused
by diastolic dysfunction, as LV systolic function is
relatively preserved.

The pathophysiological basis of diastolic dysfunc-
tion is that adequate filling of the ventricles, and,
therefore, adequate cardiac output, occurs at the
expense of abnormal elevation of intracardiac filling
pressures. In some instances, intracardiac filling pres-
sures may be normal at rest, but rise precipitously
with exercise. This altered pressure—volume relation-
ship (Figs. 2 and 3) can result in symptoms of pul-
monary congestion, such as shortness of breath or
exercise intolerance. Table 2 lists different causes of
diastolic dysfunction as well as conditions that may
mimic it.
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Fig. 3. Pressure-volume loop in diastolic dysfunction. The
EDPVR in a patient with diastolic dysfunction (shown with dot-
ted line) is shifted upwards and to the left—for any given vol-
ume, the diastolic filling pressure acquired to achieve that
volume is higher.

Table 2
Conditions That Cause or Mimic Diastolic Dysfunction

Conditions associated with diastolic dysfunction
Hypertension

Ischemic heart disease

Hypertrophic cardiomyopathy

Restrictive cardiomyopathy

Constrictive pericarditis and cardiac tamponade
Dilated cardiomyopathy

Cardiac transplant rejection

Conditions that mimic diastolic dysfunction
Pulmonary disease

Deconditioning

Anemia

Thyroid disease

Valvular heart disease

Congenital heart disease

STANDARD ECHOCARDIOGRAPHIC
ASSESSMENT OF DIASTOLIC FUNCTION

Doppler Interrogation of Flow

Traditionally, evaluation of spectral Doppler patterns
of mitral inflow has been used to assess LV diastolic
function. This approach assumes that transmitral flow
velocity is an accurate surrogate for volumetric flow.
However, transmitral velocities reflect the pressure
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E/A ratio > 1
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Fig. 4. Normal transmitral flow pattern. Pulse wave Doppler profile of normal transmitral flow during diastole sampled at the tip of
the mitral leaflets using the apical four-chamber view. Note the early (E) and atrial (A) velocities representing early and late filling.

DT, deceleration time.

gradient between the LA and LV, rather than actual
flow. Furthermore, this parameter is highly dependent
on loading conditions, heart rate and rhythm, atrial con-
tractile function, and age, thereby limiting its ability to
accurately describe diastolic function. Despite these
limitations, because transmitral Doppler flow is easy to
acquire and well described, characterization of these
waveforms remains the basis for categorizing patterns
of diastolic function.

TRANSMITRAL DOPPLER PROFILES

Figure 4 shows a normal transmitral flow pattern.
There are two major components of normal transmitral
flow: the rapid early filling phase, designated the E-wave,
and filling associated with atrial contraction, designated
the A-wave. Normal transmitral flow is characterized by
an E:A ratio slightly greater than one and relatively brisk
(150-220 ms) E-wave deceleration, defined as the time
from the peak of the E-wave to the end of early mitral
flow. The atrial contribution to ventricular filling typically
does not exceed 20%.

Technical Issues in Measuring MV Inflow

Normal flow is directed toward the mid- to dis-
tal posterolateral wall (approx 20° lateral to the
apex); this lateral direction becomes more exagger-
ated with LV dilation (see Fig. 5).

1. Position the sample volume at the tips of the
leaflets. Recordings obtained from the mitral

annulus, between the body of the leaflets or apical
to the leaflet tips have lower peak E-velocities. E-
wave deceleration time is lengthened when the
sample volume is too apically placed and short-
ened when the sample volume is too close to the
mitral annulus.

2. Orient the image such that the transducer beam
is parallel to flow (color flow Doppler may be
used to optimize beam placement).

3. Sample volume size should be 1-2 mm; pulse
wave Doppler should be used.

4. The velocity scale should be adjusted according to
the peak velocity recorded (normal range of
60-130 cm/s); velocity filters should be mini-
mized to record middiastolic flow and eliminate
wall motion artifacts, sweep speed 50—100 mm/s.

5. Record several cardiac cycles during breath
holding at the end of expiration.

CLASSIFICATION OF MITRAL INFLOW PATTERNS

General classification of diastolic function is based
predominantly on the pattern of mitral inflow as deter-
mined by the relative heights of the E- and A-waves
(E:A ratio), their peak velocities, and the rate of decel-
eration of the E-wave. Acceleration of flow across the
MV (reflected predominantly in peak E-wave velocity)
is influenced primarily by the transmitral pressure gra-
dient. This pressure gradient is directly related to LA
pressure and inversely related to ventricular relaxation
(as LA pressure rises, or LV relaxation declines, peak
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Fig. 5. Measuring mitral valve inflow (see Technical Issues in Measuring MV Inflow section for explanation).

E-wave velocities tend to increase). Deceleration of mitral
inflow is directly related to MV area and inversely
related to ventricular compliance (as MV area or compli-
ance decrease, E-wave deceleration time increases). Mitral
inflow patterns are highly modulated by filling pressures
and loading conditions, particularly LV preload. A rise in
LA pressure is associated with an increase in peak E-
wave velocity. Conversely, decreased LA pressure can be
associated with a decrease in peak E-wave velocity as
well as E-wave deceleration time, independently of the
intrinsic relaxation properties of the LV. This dependence
limits the clinical applicability of using MV inflow patterns
to predict filling pressures and diastolic function (Fig. 6).

ABNORMAL MITRAL INFLOW PATTERNS

Impaired Relaxation

The Doppler pattern of impaired relaxation (Fig. 7) is
characterized by E- to A-wave reversal (peak A-wave
velocity > peak E-wave velocity, or E:A < 1) and pro-
longation of E-wave deceleration time more than 220 ms.
This pattern may be seen more commonly in elderly
patients and is not necessarily accompanied by patho-
physiological changes, but it generally suggests early
abnormalities of diastolic function if detected in patients
less than 60 yr old. This pattern occurs because as
LV relaxation becomes impaired or LV compliance
decreases and LA pressure has not become abnormally
elevated, there is greater impedance to blood flow from
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Fig. 6. Limitation of transmitral Doppler profile. Transmitral
Doppler profiles showing normal and mild diastolic dysfunction
profiles. The limitation of relying on transmitral flow patterns
alone for the assessment of diastolic function is that a normal E:A-
wave ratio can occur in patients with impaired relaxation and ele-
vated filling pressure (right column). This ambiguity in the
relationship of E:A ratio and the severity of diastolic dysfunction
mandates the incorporation of other echocardiographic parameters
to arrive at an accurate assessment of diastolic function. Doppler
tissue imaging profiles are less influenced by loading conditions.
Impaired relaxation and increased preload states of diastolic dys-
function are both associated with reduced E_ velocities.

LA to LV, manifested as a diminution in peak E-wave
velocity and a slowing of deceleration. Given the slowing



124

Diastolic
Function

Ho

Mitral
Inflow

Velocity

Normal Mild Moderate Severe
Dysfunction Dysfunction Dysfunction
Impaired Pseudo- Restrictive

Relaxation Normal Pattern

R P X T P R DN
4 .

. DT l< 220

/:A
'>ézn |
Time (milliseconds)

1150-200 l<150 |

AL Al

Fig. 7. Transmitral Doppler flow patterns. Transmitral Doppler flow patterns showing normal filling, impaired relaxation (A-wave >
E-wave), pseudonormal filling and restrictive filling (E-wave > A-wave; increased E-wave velocity and shortened E-wave decelera-
tion time). These patterns form the basis of grading diastolic function from mild to severe (grade 1-4).

Table 3
Stages of Diastolic Dysfunction
Delayed Pseudonormal Restrictive

Normal Normal relaxation filling filling

(young) (adult) grade 1 grade 2 grades 3—4
E:A >1 >1 <1 1-2 >2
EDT (ms) <220 <220 >220 150-200 <150
IVRT (ms) <100 <100 >100 60-100 <60
Pulm vein S/D <1 >1 >1 <1 <1
Pulm vein AR (cm/s) <35 <35 <35 >35¢ >25¢
E, (cm/s), lateral mitral annulus >12 >8-10 <8 <8 <8
LV relaxation Normal Normal 2 3 l
LV filling pressure Normal Normal T T T

Table modified from Garcia MJ, Thomas JD, Klein AL. New Doppler echocardiographic applications for the study of diastolic func-

tion. J Am Coll Cardio 1998;32:865-875.
“Unless atrial mechanical failure present.

AR, pulmonary venous peak atrial contraction reversal velocity; EDT, early left ventricular filling deceleration time; IVRT, isovolumic

relaxation time; S/D, systolic-to-diastolic pulmonary venous flow ratio.

of early LV filling and the greater contribution by atrial
contraction, patients with this pattern of MV inflow often
are poorly tolerant of tachycardia (decreased diastolic
filling period) and atrial fibrillation (loss of atrial kick).
This pattern has been designated as grade 1 diastolic dys-
function. The grades of diastolic dysfunction are sum-
marized in Table 3.

Pseudonormal MV Inflow

If elevated intracardiac filling pressures are superim-
posed upon impaired LV relaxation, the Doppler pattern

of mitral inflow can again appear normal, with an E:A
ratio greater than 1 and decreased E-wave deceleration
time (Fig. 7). This occurs because increased LA pres-
sure re-establishes a higher gradient between the LA
and the LV, providing a larger pressure head to drive LV
filling in early diastole. The result is a higher peak
E-wave velocity and more rapid filling (decreased
E-wave deceleration time). The fact that this appar-
ently normal pattern occurs in the presence of impaired
LV relaxation and elevation of left-sided filling pres-
sures underlies the problem with using mitral inflow
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profiles as the sole measure of diastolic function (Fig. 6).
This pattern has been designated as grade 2 diastolic
dysfunction.

Restrictive Mitral Inflow

With further progression of diastolic dysfunction
and rise in filling pressures, LV filling can become
restrictive with an increase in peak E-velocity (owing
to a higher transmitral gradient resulting from
increased LA pressures), marked shortening of the E-
wave deceleration time (owing to rapid equilibration of
LA and LV diastolic pressures in the noncompliant
LV), and a diminutive A-wave (owing, in part, to high
LV diastolic pressures and coexistent atrial systolic
dysfunction). The result is a tall, thin E-wave and small
A-wave with the bulk of LV filling occurring over a
very brief period of time in early diastole (Fig. 7). This
pattern has been designated as grade 3 diastolic dys-
function (if the pattern is reversible) or grade 4 (if the
pattern is irreversible; see next section). The develop-
ment of restrictive mitral inflow can be an ominous
sign in patients with heart failure. A cohort of patients
with advanced heart failure who showed an irre-
versibly restrictive pattern had a worse prognosis and
increased mortality as compared to patients who did
not have this pattern.

Altering MV Inflow Patterns

Because MV inflow, particularly the E-wave, is
highly dependent on loading conditions, maneuvers
that alter preload can alter patterns of mitral inflow. In
addition to demonstrating the underlying pathophysiol-
ogy, performing these maneuvers simultaneously with
echocardiography may assist in discriminating between
normal and pseudonormal filling. Decreasing LV pre-
load (nitroglycerin administration, diuresis) is asso-
ciated with a decrease in peak E-wave velocity and
E-wave deceleration time. Thus, the underlying
impairment of LV relaxation may be unmasked by this
maneuver, with the caveat that even individuals with
normal LV relaxation may appear to have an impaired
relaxation pattern with excessive volume depletion. If a
patient has a restrictive pattern of MV inflow, decreas-
ing preload may cause a transition to a pseudonormal
pattern. If this can be accomplished, it is associated
with a better prognosis than an irreversibly restrictive
pattern.

Increasing LV preload (intravenous fluid bolus,
passive leg raising) increases peak E-wave velocity
and decreases E-wave deceleration time. Thus, a patient
with an impaired relaxation pattern at baseline may
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develop a pseudonormal pattern; a patient with a pseudo-
normal pattern may appear restrictive.

PV DOPPLER FLOW PATTERNS

Evaluation of PV flow provides further information
about LV diastolic function and can be used to more
accurately interpret mitral filling patterns. There are typ-
ically three components of PV flow (Fig. 8): (1) S-wave,
during ventricular systole. Forward flow from the pul-
monary veins to the LA is driven by atrial relaxation and
apical descent of the mitral annulus during ventricular
systole. There may be two components to the S-wave;
(2) D-wave, during ventricular diastole. Diastolic flow
is largely passive and follows mitral inflow from LA to
LV; (3) Ar-wave, atrial reversal as the force of atrial con-
traction forces a small amount of blood retrograde from
the LA to the pulmonary veins.

As with mitral inflow, the pattern of PV flow varies
with age. In children and young adults, the typical pattern
is S < D-wave. During adulthood, S > D is the normal
pattern (Fig. 8). Impaired LV relaxation may be perceived
as increased atrial afterload and lead to decreased LA
compliance and impaired atrial relaxation. This is
reflected by blunting of the PV S-wave such that it is
lower than the D-wave. Decreased LV compliance may
also lead to an increase in the peak velocity and duration
of the atrial reversal wave, as blood flows preferentially
into the pulmonary veins rather than into the noncompli-
ant LV. Thus, integration of PV flow patterns may assist
with the proper interpretation of mitral flow patterns in
the assessment of diastolic function (Fig. 9). If a normal-
appearing MV inflow pattern is accompanied by a PV
pattern with S <D and/or an increased A -wave, it may be
more correctly interpreted as pseudonormalized (Table 3).

Technical Issues in Measuring PV Flow

1. Obtain an apical four-chamber view with slight
anterior angulation (Fig. 10). Color flow
Doppler may be used to help localize PV flow.

2. In pulse wave Doppler mode, a 2- to 3-mm sam-
ple volume is placed 1-2 cm into the pulmonary
vein. Typically the right upper pulmonary vein
is most optimally aligned with the transducer
beam in this view, but all may be sampled to
obtain the best spectral pattern.

3. The velocity filter setting should be as low as pos-
sible. If the Doppler signal is weak or incomplete,
a 4- to 5-mm sample volume, higher Doppler gain
or supine positioning of the patient may be helpful.
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Fig. 8. Normal pulmonary venous flow patterns. Doppler patterns of pulmonary venous flow in a normal 18-yr-old male (A) and a
normal 68-yr-old female. Note the typical S < D pattern in children and young adults and the typical S > D pattern in older adulthood.

ISOVOLUMIC RELAXATION TIME

The isovolumic relaxation time (IVRT) of the LV is
the time interval between aortic valve closure to MV
opening and the start of transmitral flow. This is influ-
enced by the rate of LV relaxation and LA pressure.
Excessive prolongation of IVRT (>100 ms) is associ-
ated with impaired relaxation, whereas abnormal
shortening of IVRT (<60 ms) is associated with eleva-
tion of LA pressure. This time interval is typically
measured from Doppler recordings, which display the
transient of aortic valve closure and the spectral pat-
tern of mitral inflow.

Technical Issues in Recording IVRT

1. From an apical view using PW Doppler, position a
3- to 4-mm sample volume near the mitral leaflet
tips to display mitral inflow. The transducer beam
is then angulated toward the LV outflow tract until
the transient of aortic valve closure appears above
and below the baseline. [IVRT is measured as the
time interval between the aortic valve transient and
the onset of mitral inflow (Fig. 11).

2. If the results are suboptimal, CW Doppler can
be used with similar positioning, to simultane-
ously record aortic and mitral flow. IVRT is
measured as the time between the cessation of
aortic flow and the onset of mitral flow.

ADVANCEMENTS IN THE ASSESSMENT
OF DIASTOLIC FUNCTION

Doppler Tissue Imaging

Doppler tissue imaging (DTI), also known as tissue
Doppler imaging (TDI), enables the measurement of
the high amplitude, low velocity signals of myocardial
motion, rather than blood flow velocities as with stan-
dard Doppler interrogation. This is accomplished by
bypassing the high pass filter (to pick up strong signal
reflections from the myocardium) and using low gain
amplification (to eliminate weaker blood flow signals)
(Fig. 12; see companion DVD for corresponding
video). The main advantage of DTI information is that
it is less load-dependant than standard Doppler. The
assessment of early myocardial relaxation velocities
provides an additional window on LV diastolic function



Chapter 6 / Assessment of Diastolic Function 127

Normal Older adult or Diastolic
Young Adult Impaired relaxation  Dysfunction

A . AA—a. A _xn

80
Pulmonary

Vein 60
Flow 40

20

Comparative
Mitral
Diastolic
Flow Pattern

Fig. 9. Pulmonary venous flow: normal vs dysfunction. Doppler patterns of pulmonary venous flow. Abnormal pulmonary venous
flow is characterized by blunting of the systolic wave and increased atrial reversal velocity and/or duration. S, systolic flow; D, dias-
tolic flow; A, atrial reversal.
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Fig. 10. Measuring pulmonary venous flow (see Technical Issues in Measuring PV Flow section for explanation).
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Fig. 12. Doppler tissue imaging technique (see Technical Issues in Performing Doppler Tissue Imaging section for explanation).

(Please see companion DVD for corresponding video.)

in a manner complementary to evaluation of mitral
inflow and PV flow patterns (Table 3).

Spectral waveforms from pulse wave tissue Doppler
are used to measure peak myocardial velocities. The
apical views allow the most favorable alignment of the
transducer beam to the longitudinal motion of the heart.

The sample volume is typically placed in the ventricular
myocardium immediately adjacent to the mitral annulus
to minimize contamination from the translational and
rotational motion of the heart and to maximize the
longitudinal excursion of the annulus as it descends
toward the apex in systole and ascends away from the
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Fig. 13. Integrating mitral inflow Doppler and Doppler tissue imaging. Pulsed wave tissue Doppler imaging spectral waveforms with
simultaneous standard Doppler mitral valve inflow. In the normal heart, there is brisk early myocardial relaxation. With impaired
relaxation, there is marked slowing of the early myocardial relaxation velocity. S , systolic myocardial tissue Doppler velocity;
E , early myocardial relaxation velocity; A , myocardial velocity associated with atrial contraction.

apex in diastole. Thus, a cardiac cycle is represented by
three waveforms (Fig. 12): (1) S,, systolic myocardial
velocity above the baseline; (2) E, early diastolic
myocardial relaxation velocity below the baseline; (3)
A, myocardial velocity associated with atrial contraca-
tion, below the baseline. The subscripts “a” for annulus
or “m” for myo- cardial (E, or E ) or the superscript
“prime” (E’) are used to differentiate tissue Doppler
velocities from the corresponding standard Doppler
blood flow velocities.

The peak E_ velocity is used in the analysis of LV
diastolic function. This can be measured from any
aspect of the mitral annulus (lateral, septal, inferior,
or anterior from the apical four- and two-chamber
views, respectively), however the lateral and septal
velocities are most commonly employed. Owing to
intrinsic differences in myocardial fiber orientation,
septal E_velocities tend to be slightly lower than lat-
eral E_velocities. E_reflects the velocity of early
myocardial relaxation as the mitral annulus ascends
from the apex toward the base in association with
early rapid LV filling (E-wave). DTI has been vali-
dated against invasive measures of LV filling and has
been found to correlate relatively well with tau, the
time constant of isovolumic relaxation. E_is also
somewhat more robust than mitral inflow patterns

under different loading conditions. Reduction in lat-
eral E_velocity less than 8—10 cm/sec is an indication
of impaired LV relaxation (Table 3). In contrast to
standard mitral flow inflow patterns, E_velocities
tend to remain consistently reduced through all
phases of diastolic dysfunction (Fig. 13).

Technical Issues
in Performing Doppler Tissue Imaging

1. From the apical views, decrease the image
depth to focus on the LV and mitral annular
region (Fig. 12).

2. Adjust the image to orient the transducer beam
as parallel to the motion of the wall as possible.

3. Using the color tissue Doppler mode, place
the sample volume on the ventricular side of the
annulus in a position where the myocardium
stays within the sample volume for a maxi-
mum amount of the cardiac cycle.

4. Use a sample volume of 3—6 mm. A smaller size
may be required if LV systolic function is poor
(the spectral pattern will appear unfocused). Try
to optimize frame rate.

5. Switch to pulse wave DTI and record during a
held breath at the end of expiration.
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Fig. 14. Color M-mode flow propagation velocity. Color M-mode propagation velocities in a patient with normal (left) and abnormal
(right) diastolic function. Vp, color M-mode color flow propagation velocity (normal Vp [cm/s] > 45; diastolic dysfunction < 45).

NovVEL USEs or DTI

In addition to assessing diastolic function, E_ velo-
cities can be used to estimate LV filling pressures,
to discriminate between constrictive pericarditis and
restrictive cardiomyopathy, and to differentiate ath-
lete’s heart from hypertrophic cardiomyopathy (HCM).

ESTIMATION OF LV FILLING PRESSURES

Several investigators have performed simultaneous
cardiac catheterization and echocardiographic studies
to estimate LV filling pressures using the ratio of the
mitral inflow E-wave and the tissue Doppler E -wave.
Different regression formulas have been proposed to
calculate either LV end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure. Perhaps more
practical than specific regression formulae is the corre-
lation with the ratio of E/E_alone.

E/E, more than 10-15 correlates with an elevated
LVEDP (>12 mmHg).

E/E_ less than 8 correlates with a normal LVEDP.

DIFFERENTIATION BETWEEN CONSTRICTIVE
AND RESTRICTIVE PHYSIOLOGY

With both constrictive pericardititis and restrictive
cardiomyopathy, there is abnormal LV filling. With
constrictive physiology, extrinsic factors (pericardial
constraint) impede normal filling of the LV. In the case
of restrictive cardiomyopathy, abnormal filling is sec-
ondary to factors intrinsic to the myocardium that cause
impaired relaxation and decreased compliance. E,
velocities with constrictive pericarditis in the absence
of coexistant myocardial pathology are typically nor-
mal. In contrast, E_velocities in restrictive cardiomy-
opathy are typically reduced (see Chapter 9, Fig. 13).

DIFFERENTIATION OF ATHLETES’ HEARTS FROM HCM

Approximately 2% of elite athletes may have an
increased LV wall thickness, raising the potential
diagnosis of HCM. It can be clinically challenging to
discriminate the physiologic hypertrophy that results
from intense athletic conditioning from pathological
hypertrophy. Recent studies incorporating measure-
ment of E_ velocities may be helpful in making this dif-
ferentiation. Athletes typically have brisk E_velocities,
reflective of a highly compliant LV, whereas individu-
als with HCM typically have reduced E_ velocities
owing to decreased LV compliance and impaired LV
relaxation (see Chapter 9, Table 14).

Color M-Mode

Color M-mode Doppler imaging from the apical
four-chamber window is an alternative method to relate
mitral inflow to LV relaxation, again in a less load-
dependent manner than standard transmitral Doppler.
The velocity of propagation of flow (Vp) from the LV
base toward the apex is measured in early diastole. The
slope of this flow signal is thought to represent the LV
intraventricular gradient, influenced by active recoil
(suction forces) and relaxation. This is accomplished by
measuring the slope of the leading edge of flow (the
transition from black to color) or an isovelocity line
(e.g., the first aliasing velocity line). Normal Vp exceeds
55 cm per second. Vp less than 45 cm per second is
thought to indicate impaired relaxation. In real practice,
precise measurement of Vp has proven challenging, thus
the most common application of this technology is as a
qualitative measure of diastolic function. If the Vp slope
appears nearly upright by visual estimate, this is an
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indication of preserved diastolic function. If the Vp
slope appears quite blunted, this indicates impaired
diastolic function (Fig. 14).

COMPREHENSIVE ECHOCARDIOGRAPHIC
ASSESSMENT OF DIASTOLIC FUNCTION

Accurate assessment of diastolic function requires
the assessment of multiple parameters. By integrating
information gleaned from mitral inflow patterns, PV
flow, and TDI, as well as looking for surrogate evidence
of decreased LV compliance, such as left ventricular
hypertrophy or LA enlargement, the overall state of LV
diastolic function may be best evaluated (Table 3).

Diastolic Function Assessment Algorithm

1. Assess overall LV and RV systolic function from
two-dimensional images. “Yes” answers increase the
likelihood of diastolic dysfunction.

a. Are chamber sizes normal?
i. Is LA enlargement seen?
ii. Is LVH present?
iii. Is LV systolic function abnormal?
b. Standard Doppler interrogation of mitral inflow
and PV flow.

i. If mitral inflow appears normal, integrate the
above information and assess the PV flow
pattern to differentiate from a pseudonormal
pattern.

c. DTI to measure E .

d. Color M-mode of mitral inflow with qualitative
assessment of Vp.

e. If further investigation is required, consider:

i. Assessment of mitral filling patterns in
response to alterations in loading conditions
(administration of sublingual nitroglycerin to
decrease preload or passive leg raising to
increase preload).

ii. Response to exercise.
iii. Estimation of LV filling pressures using E/E .
iv. Measurement of IVRT.
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CASE PRESENTATION

An 80-yr-old male with a history of hypertension
who presented with acute onset of chest pain associ-
ated with mild shortness of breath and palpitations,
lasting a total of 20 min by the time he was trans-
ported to the hospital. On physical exam he appeared
uncomfortable, diaphoretic, tachycardic, and with a
blood pressure of 90/60 mmHg. Lungs were clear to
auscultation, and a cardiac exam revealed an S3 with-
out murmurs or rub. His electrocardiogram (ECG)
displayed 5-mm ST elevations in leads V1-5 with
lesser elevations in the inferior leads, and the initial
chest X-ray showed clear lungs. Cardiac enzymes
were sent, and the patient started on aspirin and
heparin in addition to lytic therapy with Retavase®.

The patient was ultimately transferred to a terti-
ary care institution for cardiac catheterization. He
became chest pain-free en route, but catheterization
showed a tight proximal left anterior descending
(LAD) stenosis, which was balloon-angioplastied

and stented. However, only partial flow was noted
at the end of the procedure. Left ventriculogram
was not done because of an elevated creatinine
level, and instead a transthoracic echocardiography
(TTE) was performed.

Figure 1A,B (please see companion DVD for
corresponding video) shows the typical immediate
sequelae of an acute anteroseptal myocardial
infarction (MI). Note: (1) left ventricular hypertro-
phy, as indicated by wall thicknesses of more than
11 mm in diastole, indicative of long-standing
hypertension; (2) normal sized left ventricle (LV)
(end-diastolic diameter <5.6 cm at the base in
parasternal long axis), but decreased shortening
fraction (increased end-systolic diameter >4.0 cm);
(3) absence of myocardial thickening in systole
(akinesis) of the anterior and anteroseptal wall
from midventricle to apex. In an ongoing untreated
MI involving only one coronary artery territory,
the other territories with preserved coronary blood
supply will often be hyperdynamic.

From: Contemporary Cardiology: Essential Echocardiography: A Practical Handbook With DVD
Edited by: S. D. Solomon © Humana Press, Totowa, NJ
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Fig. 1. Case presentation: 80-yr-old male with hypertension and acute-onset chest pain. Parasternal long-axis (PLAX) and short-
axis (PSAX) images from an 80-yr-old male with acute-onset chest pains. Note marked antero-septal hypokinesis (arrows) of left
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Fig. 2. Pseudo-dyskinesis in 54-yr-old male with end-stage liver disease. Left ventricular walls in this 54-yr-old male with end-stage
cirrhosis owing to chronic alcohol use and hepatitis C virus infection was normal during diastole (A—C). Apparent hypokinesis/
dyskinesis in the postero-inferior walls (B,D, arrows) was a result of external pressure from tense ascites secondary to his end-stage
liver disease. (Please see companion DVD for corresponding video.)

ECHOCARDIOGRAPHIC FINDINGS
IN ACUTE MI

WALL MOTION ABNORMALITIES

Among the earliest detectable changes in myocardial
ischemia or an acute MI are regional LV and potentially
also right ventricular wall motion abnormalities. The LV
can be divided into 17 anatomic segments, which can be
viewed as a composite from the standard echocardio-
graphic views, and have standardized nomenclature as
recommended by the American Heart Association (AHA)
(see Chapter 5, Figs. 1 and 10). Normal wall motion
(normally kinetic segments) is seen as wall thickening,
caused by the contraction of individual myocardial fibers;
on echocardiography, this is seen as the radial distance
between the epi- and endocardial borders, which increases
by at least 10-20% during systole. Abnormal wall motion
owing to insufficient blood supply to the myocardium
may be graded as hypokinetic (thickening, but less

than normal), akinetic (no thickening), and dyskinetic or
aneurysmal (no thickening, with outward movement of
the segment during systole, owing to increased intraven-
tricular pressure on a scarred and noncontractile area of
myocardial fibrosis). In general, myocardium that is
transmurally infarcted tends to have more severe dys-
function, with akinetic or dyskinetic motion.

It is important to carefully distinguish between wall
thickening, as opposed to just epicardial or endocardial
border movement during systole. Pitfalls in diagnosing
wall motion abnormalities abound: these include both
false-positives owing to poor visualization of the endo-
cardium (the artifact of echo “dropout”), superior angu-
lation of the probe such that the membranous,
nonmuscular portion of the upper interventricular
septum is misinterpreted as an infarct, extracardiac
compression of the inferior wall by ascites or abdominal
contents (“pseudodyskinesis,” see Fig. 2; please see
companion DVD for corresponding video), and para-

Fig. 1. (Continued) ventricular regions supplied by the left anterior descending coronary artery during systole. Compare these
regions to the segments and coronary artery territories depicted in Figs. 3-5. (Please see companion DVD for corresponding video.)
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Fig. 3. “Bull’s eye” left ventricular segmentation (American Heart Association [AHA]) with corresponding coronary artery territo-
ries. “Bull’s eye” left ventricular segmentation (AHA nomenclature) with corresponding coronary artery supply. There are six basal
segments (1-6), beginning with the antero-basal segment, and numbering in an anti-clockwise direction The next six middle segments
(7-12) follow the same pattern, followed by the next four apical segments, and the last segment (17) occupying the tip. Compare this

to the anatomical schema shown in Figs. 4 and 5.

doxical or dissynchronous septal motion owing to bun-
dle branch blocks or postsurgical states. False-negatives,
i.e., missing a wall motion abnormality that is present,
can also occur owing to poor image quality or off-axis
imaging. In some cases, the injection of an intravenous
contrast agent can help delineate endocardial borders.

The main epicardial coronary arteries supply distinct
territories that should be individually evaluated during
the ultrasound exam. In general, the LV can be divided
into anterior, inferior, septal, and lateral quadrants. At
the basal and midventricular levels, the septal and lateral
walls are further subdivided into anterior and inferior
sections. (Many cardiologists refer to the basal-most
and more lateral portion of the inferior wall as the
“posterior” wall.) Each wall is further divided along the
long-axis into basal, mid, and apical thirds, with the dis-
tal apex designated as a separate segment, giving a total
of 17 wall segments under the AHA scheme (Fig. 3;
Chapter 5, Figs. 1 and 10).

CORONARY ARTERY TERRITORIES

The majority of the blood supply to the heart is
from the left main coronary artery, which normally

arises from the left coronary cusp and divides into
the LAD artery and left circumflex (LCX) (see Fig.
4). The LAD supplies most of the anterior ventricu-
lar wall (proceeding from base to apex, segments 1,
7, 13 [Fig. 5], and its septal branches also supply the
anterior two-thirds of the septum [segments 2, 8,
14]). In addition, diagonal branches of the LAD sup-
ply the anterolateral wall (segments 6, 12). Large
LADs can occasionally “wrap around” the apex of
the heart and supply the distalmost portion of the
inferior wall (segments 15, 17). The LCx runs in the
atrioventricular groove and its branches (obtuse mar-
ginals) supply the inferolateral and lateral wall (seg-
ments 5, 11, 16). The right coronary artery (RCA)
arises from the right coronary cusp, and supplies
blood to the inferior one-third of the septum and the
inferior wall (segments 3, 9, 14). It also supplies the
right ventricle (RV) as well.

In an acute MI, a blockage in the coronary artery
owing to a ruptured plaque and intraluminal thrombus
causes partial or complete occlusion of the arterial
lumen. This in turn reduces blood flow to the supplied
segments, reduces contraction (and relaxation) of
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Fig. 4. Coronary blood supply. Anatomical sketch depicting coronary blood supply. Still frames of right and left coronary angiograms
appear as inserts. These main epicardial arteries give rise to intramural branches that further subdivide into subepicardial and subendo-
cardial arterioles and capillary plexuses. In the normal heart, anastomotic branches and networks connect the major coronary arteries.
These serve as the framework for collateral circulation development following total or near-total occlusion of a major epicardial artery.

Coronary
Arteries

Fig. 5. Coronary artery territories and segments. Anatomical left ventricular segments used in reporting regional wall motion
(American Heart Association classification) and their corresponding blood supply. Significant overlap and congenital variations in
coronary blood supply can occur.

individual myocytes, and thereby causes a wall motion  basal to apical segments, whereas a more distal block-
abnormality in the respective segment. At least a 70%  age will affect only more apical segments. An acute left
reduction in cross-sectional diameter is required before =~ main coronary artery occlusion can be lethal, as it sup-
the stenosis becomes hemodynamically significant.  plies an extensive territory, and only the inferior septum
A proximal lesion will tend to affect more territory, i.e.,  and inferior wall would be spared. A lesion in the
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Fig. 6. An 89-yr-old male with multiple malignancies and pre-existing coronary artery disease. This 89-yr-old male with three-vessel
disease and multiple malignancies presented with chest pains and dyspnea. Diastolic images show infero-postero basal hypokinesis that
were less apparent during systole. Collateral circulation develops in response to significant ischemia, and make a significant contribu-

tion to blood flow and improved ventricular function.

Table 1
Utility of Echocardiography in Detecting Complications
of Myocardial Infarction

Early complications

Regional wall motion abnormalities

Infarct expansion

Right ventricular infarction

Pericardial effusion

Mitral regurgitation

Papillary muscle rupture

Ventricular septal defect

Ventricular free wall rupture + pseudoaneurysm

Late complications

Ischemic cardiomyopathy * mitral regurgitation
Intracavitary thrombus, esp. ventricular

Left ventricular aneurysm

Pericardial effusion

proximal RCA can additionally cause RV dysfunction
and infarction, which can contribute to hypotension dur-
ing an inferior MI. When the RV is infarcted, RV dilation,
RV segmental wall motion abnormalities, and tricuspid
regurgitation may be seen on echocardiography.

The presence of previously existing coronary artery
disease can modify the wall motion abnormalities
seen during an acute MI. Small collateral vessels
from other unobstructed coronary arteries can
develop and perfuse the peripheral territory of
affected vessels, thus diminishing the dysfunctional
territory (Fig. 6).

A wall motion score index has been developed as a
scale for quantitating the extent and severity of LV systolic
function. The system uses a 14 or 16 segment division of
the LV (similar to the AHA system previously detailed),
and assigns a number to each wall segment from 0-5
(0, hyperkinetic; 1, normal; 2, hypokinetic; 3, akinetic;
4, dyskinetic; 5, aneurysmal [see Chapter 5, Fig. 1B]).
The wall motion score index score is equal to the sum of
these numbers/number of segments visualized, such that a
normokinetic ventricle should have a score of 1.0. This
score has prognostic value, as a higher score is correlated
with morbidity and mortality following MI.

THE ROLE OF ECHO IN EVALUATING CHEST PAIN

Echocardiography is often called into use during
episodes of chest pain to determine whether ischemia is
the cause of the chest pain, as opposed to a noncardiac
cause. Echocardiography—specifically transthoracic
studies—can play a crucial role in acute MI. This is espe-
cially true for detecting early and late complications of
MI (Table 1). Wall motion abnormalities are pathognomic
of ischemia or early infarct, and have been shown to pre-
cede ECG changes and chest pain. However, it should be
kept in mind that smaller (subendocardial) coronary arter-
ies can cause more subtle or more localized wall motion
abnormalities, and thus the sensitivity of echocardiogra-
phy for subendocardial ischemia is reduced. However, in
the absence of visualized wall motion abnormalities,
other causes of chest pain should be considered. Although
noncardiac chest pain is frequently the case, other
etiologies such as aortic or coronary artery dissection,
pericarditis, myocarditis, and endocarditis should be
considered in the differential diagnosis.
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INDICATIONS FOR TRANSTHORACIC
ECHOCARDIOGRAPHY DURING
AND AFTER MI

When is an echocardiogram of clinical utility in the
setting of an acute MI? Simply stated, TTE is appropriate
when (1) the diagnosis is unclear, (2) complications of MI
are suspected, and (3) the results add information that
may be used to risk-stratify a patient and guide future
therapy.

In the uncomplicated acute MI, symptoms are the
direct result of ongoing ischemia, which causes chest
pain, as well as systolic and diastolic dysfunction. The
segmental myocardial dysfunction can be extensive
enough to cause a drop in cardiac output, leading to left-
sided (and occasionally right-sided) heart failure. In this
situation, the diagnosis is clear from a focused history,
physical, and ECG, and the first priority should be to
stabilize the patient with medical therapy, then proceed
as soon as possible to primary revascularization strate-
gies, i.e., thrombolysis and/or angioplasty. Obtaining an
echocardiogram in the setting of an uncomplicated MI
would only delay appropriate therapy.

However, if the patient had persistent or recurrent
chest pain, ECG changes, hypotension, a new mur-
mur, congestive heart failure, stroke, or a late tach-
yarrhythmia, an echocardiogram would be crucial to
rule out serious post-MI complications in the acute
and chronic setting (discussed in the remainder of this
chapter).

In this patient’s case, a TTE was ordered after the
angioplasty to evaluate LV ejection fraction (EF),
because a left ventriculogram was not performed dur-
ing his catheterization. Of note, an echocardiogram is
not automatically indicated in all postinfarct patients
for risk stratification; if there is already enough clin-
ical information from the patient’s history, physical,
and available data (e.g., ventriculogram) to estimate
postinfarct cardiac function and guide therapy,
echocardiography may be redundant. For instance,
93-98% of patients with interpretable EKGs, no his-
tory of Q-wave MI or congestive heart failure, and an
index MI that is not a Q-wave or anterior infarction
will have LVEFs more than 40% (Krumholz et al. and
Silver et al.). However, this clinical predictor of
EF has only been applied to elderly (>65 yr old)
patients, and certain conditions (presentation >6 h
after the onset of chest pain, a history of coronary
artery bypass surgery, and diabetes mellitus) invalidate
the rule.
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Subacute Complications

Echocardiography is useful for detecting negative
sequelae in the first 1-3 wk after MI. Many of these
complications are associated with more extensive
Q-wave or transmural infarcts, and their cumulative inci-
dence appears to be decreasing in the current era of reper-
fusion by angioplasty or thrombolysis. Nevertheless,
when they occur, they are often heralded by abrupt clini-
cal decline (hypotension and flash pulmonary edema, i.e.,
cardiogenic shock), and echocardiography can be the key
to a swift diagnosis.

ACUTE SEVERE MITRAL REGURGITATION

Acute severe mitral regurgitation (MR) is caused by
infarct and subsequent rupture of the chordae tendinae
(Fig. 7), a papillary muscle (Fig. 8; please see compan-
ion DVD for corresponding video), or a muscle head.

Clinically a new harsh holosystolic murmur may be
appreciated, although if the patient is extremely
hypotensive and in cardiac shock, one may not be appre-
ciated. Because the anterolateral papillary muscle
receives dual blood supply from both the LAD (diago-
nals) and LCx, it is far less likely to rupture than the pos-
teromedial papillary muscle, which is supplied mainly
by the RCA (posterior descending artery) alone. Hence,
papillary muscle rupture is seen more frequently with
inferior infarcts, and more frequently involves the
posterior leaflet (although there is crossover between
chordae from individual papillary muscles and the
corresponding leaflet). It is more common to see one
head, or tip, of a papillary muscle disrupted, rather than
the entire muscle trunk.

By two-dimensional (2D) echocardiography, one
will see a flail (or partially flail) leaflet corresponding
to the ruptured supporting muscle and chordae, which
prolapses into the left atrium during systole. A triangu-
lar or pyramidal mobile echodensity, which represents
the head of the papillary muscle, attached to the tip of
the flail leaflet is pathognomic. Color Doppler will usu-
ally show severe MR, which can be extremely eccentri-
cally directed away from the defective leaflet. Thus,
anterior flail mitral leaflets will cause the visualized
MR color jet to be directed posterior and laterally; pos-
terior flail leaflets cause an eccentric anteroseptally
directed jet of MR.

Severe MR can also occur in the absence of rup-
ture of the mitral apparatus. The mechanism
involves incomplete closure of the valve, and is
thought to be a result of papillary muscle dysfunc-
tion (particularly with occlusion of the LCx artery),
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Fig. 7. Flail anterior mitral valve leaflet in a 53-yr-old male with dilated cardiomyopathy. This 53-yr-old male with dilated car-
diomyopathy, mitral regurgitation, and atrial fibrillation developed partial flail of anterior mitral valve leaflet (A, arrow in parasternal
long-axis [PLAX] view; B, M-mode view). Note the severe mitral regurgitation with a posteriorly directed jet (C,D).

termed “ischemic MR” and/or lateral displacement of
the papillary muscles by LV dilatation (see “Chronic
Implications” section).

Pitfalls in detecting severe MR: this eccentricity of
MR jet, particularly the “wall-hugging” jets can be
severe enough to cause the diagnosis to be missed
entirely on echocardiography. (1) Eccentric wall jets may
escape the scan plane, and when they are seen by color
Doppler jet area, are usually underestimated in volume
by at least 40%. Other pitfalls which can cause severe
MR to be undetected on echo include: (2) “wide-open”
MR with a completely incompetent valve and very high
left atrial pressures, in which there is less pressure gradi-
ent and flow turbulence between the left atrium and ven-
tricle; (3) a failing LV that is unable to generate much
driving pressure for forward or backward cardiac output;
(4) very transient MR in a tachycardic patient; and (5)
inappropriately high- or low-gain settings. It cannot be
emphasized enough that when a strong clinical suspicion
for acute MR or other subacute complications for MI
exists, the absence of such a finding on TTE even after
diligent scanning does noft rule out the complication. In
such cases, the decision tree should rapidly progress to
either a TEE for confirmatory diagnosis if the patient

can be stabilized, or else directly to the operating room
for exploratory surgery.

VENTRICULAR SEPTAL DEFECT

Ventricular septal defect (VSD) owing to rupture once
complicated 0.5-3% of acute MIs, before the widespread
use of thrombolytic therapy. The risk of developing VSD
was highest in patients who were female, hypertensive,
60 yr or older, and without a previous history of angina or
MI (Birnbaum). The latter risk factor is presumed to be
a result of the absence of collateral flow preserving
infracted segments. However, a more recent analysis
of the Global Utilization of Streptokinase and Tissue
Plasminogen Activator for Occluded Coronary Arteries
(GUSTO-)) trial has revealed that the incidence of VSD
after reperfusion therapy has declined to 0.2-0.3% in
patients receiving thrombolysis, far lower than previous
(Crenshaw). Infarctions of large territories, involving the
RV, or those caused by total occlusion of the culprit
vessel were more likely to develop VSD.

In the unreperfused patient, ruptures were rare
early in the course of MI. When they did occur within
the first 24 h, they are thought to be owing to large
intramural hemotomas that dissect directly through a
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Fig. 8. Ruptured papillary muscle in a 74-yr-old male post-myocardial infarction. This 74-yr-old male presented with severe dyspnea
and mitral regurgitation post-myocardial infarction. Echocardiographic images revealed avulsed papillary muscle and chordae
attached to anterior mitral leaflet that prolapsed intermittently into the left atrium (apical four-chamber and apical three-chamber
[A3C] views, A,C). Severe mitral regurgitation with a posteriorly directed jet was seen (B,D). At surgery for emergency mitral
valve replacement, two-thirds of the posterolateral papillary muscle was totally detached. (Please see companion DVD for

corresponding video.)

large infarcted area. VSDs are more common 3-5 d
after the acute MI, when the pathogenesis involves
necrosis and thinning of the septum, with tissue disin-
tegration hastened by the release of lytic enzymes
from inflammatory cells. Interestingly, although the
use of thrombolytics reduces the size of the infarct
and risk of septal rupture, the onset of septal rupture
in thrombolysed patients appears to be earlier (median
time from onset of MI to rupture was 1 d in GUSTO-I
trial and 16 h in the Should We Emergently Revas-
cularize Occluded Coronaries in Cardiogenic Shock
(SHOCK) trial, perhaps because of more intramyo-
cardial hemorrhage.

Although 2D echo alone has limited sensitivity detect-
ing VSDs, the addition of color Doppler increases the
sensitivity and specificity of TTE for detecting VSD to
almost 100%. On echocardiogram, the VSD may be seen
as a discrete discontinuity or echo “dropout” in the mus-
cular portion of the interventricular septum (Fig. 9A).

Because of the asymmetry of most defects, it is important
to inspect the septum from multiple windows when a
VSD is suspected. The actual orifice size may range
from millimeters or up to several centimeters in maximal
dimension, and often expands during systole compared
to diastole. Color flow Doppler will demonstrate turbu-
lence and left-to-right flow through the VSD, because
LV pressures are higher than RV pressures continuously
throughout the cardiac cycle (Fig. 9B; please see com-
panion DVD for corresponding video). Injecting agitated
saline intravenously (“bubble study”) can occasionally
help define left-to-right flow by showing a negative con-
trast effect in the RV emanating from the VSD orifice.
Morphologically, septal ruptures can be described as a
simple perforation (i.e., direct defect through both sides
of the septum at the same level), or more complex, with
irregular serpiginous tracts entering and exiting the
septum at different levels. Anterior VSDs are usually sim-
ple and located toward the apex (as in the ensuing case
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Fig. 9. (A) Postmyocardial infarction ventricular septal defect in a 72-yr-old male. This 72-yr-old male with a 1-wk history of chest pains
and inferior myocardial infarction showed a breach in the mid-to-basal infero-septal segments on two-dimensional echocardiography
(left panel, arrow). Color Doppler revealed a left-to-right shunt consistent with a ventricular septal defect. This was confirmed on ventricu-
lography. Angiography revealed 100% right coronary artery occlusion. (B) Continuous-wave (CW) Doppler examination of postmyo-
cardial infarction ventricular septal defect. CW Doppler of the ventricular septal defect showed a high-velocity left-to-right (3.0 m/s) flow
with limited low-velocity flow (1.4 m/s) in the opposite direction during diastole. (Please see companion DVD for corresponding video.)

vignette), whereas inferior infarctions often involve the
adjacent basal septum and are more likely to be complex.

Echocardiography of a patient with VSD should define
the location, type (simple or complex), and size of the
defect if possible. Additional useful information includes
an estimate of the degree of left-to-right shunting (by the
combined 2D and Doppler technique of estimating Qp and
Qs), the pressure gradient across the septum (from which

RV systolic pressure [RVSP] can be calculated using the
formula RVSP = systolic BP — 4[VSD velocity]?, or
RVSP = right atrial pressure + 4[TR velocity]?), and RV
function. In severe VSDs, there may be associated rupture
of papillary muscles or even free wall rupture (see “Free
Wall Rupture” section).

Clinically, a significant VSD will be heralded by the
patient experiencing chest pain, dyspnea, and potentially
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cardiogenic shock. The shunting of blood across the
VSD may be appreciated on physical exam as a harsh
loud holosystolic murmur at the left sternal border and a
palpable thrill. As the LV fails, systemic vascular resist-
ance increases (to maintain blood pressure), and right-
sided pressures increase, the amount of left-to-right
shunting will decrease and biventricular failure ensues.
Mortality of VSD is high, approx 24% in the first day
and reaching up to 82% at 2 mo in medically treated
patients, and, thus, operative repair (or in some cases,
potentially closure with a percutaneous septal occluding
device) should be initiated as soon as possible.

CASE PRESENTATION (CONTINUED)

Two days later, the patient developed recurrent
chest pain. An ECG showed sinus tachycardia and
persistent ST elevations. Echocardiogram showed
akinetic aneurysmal apex and paradoxical septal
motion. Post-MI VSD at the apical septum with
L-R shunt flow, measuring 1.5-1.7 cm. The gradi-
ent across the gradient was 49 mmHg. The LV was
hyperdynamic at the base and midventricle and the
RV was dilated and diffusely hypokinetic. An emer-
gent intra-aortic balloon pump was placed and the
patient underwent surgical repair with a pericardial
patch. Repeat TTE showed patch material and no
residual shunting.

Pseudoaneurysm

A pseudoaneurysm is thought to be secondary to a
subacute ventricular perforation that is locally con-
tained. Pathologically, all three layers of the heart are
disrupted, such that blood from the LV courses through
endocardium and myocardial wall into the pericardial
space (Fig. 10A,B; please see companion DVD for cor-
responding video). Local containment of the extruded
blood by adherent parietal pericardium and scar tissue
forms a globular echo-free space adjacent to and
continuous with the LV internal chamber. Because
of the local containment adjacent to the ventricle,
this space appears similar to a ventricular aneurysm
(Fig. 10C,D).

The distinction between these two entities is vitally
important: a pseudoaneurysm is a surgical emergency
because of risk of impending rupture, whereas a true
aneurysm is less likely to rupture and can often be
observed. A key difference is that there is no myocardium
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in the wall of a pseudoanuerysm. Both entities may
contain associated formed thrombus. In general, echo
characteristics associated with a pseudoaneurysm include:

1. A narrow neck (an orifice:pseudoaneurysm body
diameter <0.5).

2. An abrupt or ragged interruption in the LV wall,
indicating a through-and-through discontinuity of all
layers of the heart, as opposed to the gradual taper-
ing and thinning of the myocardial layer seen in a
true aneurysm. (This criteria is better for anterior
than inferior aneurysms.)

3. Color or pulse-waved Doppler showing bidirectional
blood flow and increased turbulence within the neck
of the aneurysm.

4. If the patient is stable enough and the diagnosis is
unclear from standard echocardiography, the injec-
tion of intravenous echo-opaque contrast agents such
as Optison or Definity may help define a pseudoa-
neurysm, by delineating the myocardial tear and
extravasating into the pericardial space.

The most frequent presentation of pseudoaneurysm
is chest pain and congestive heart failure, although
patients may also present with syncope, vagal symp-
toms, or nonspecific symptoms (Frances et al.). Sudden
cardiac death occurs in a small percentage. However,
in a completely contained rupture, more than 10% of
patients are entirely asymptomatic. Persistent ST-segment
elevations occur in 20% of patients with pseudo-
aneurysms, and it is possible that recurrent ischemia or
reinfarction may contribute to its pathogenesis.
Pseudoaneurysms appear about twofold more common
after inferior MlIs, as opposed to anterior MIs, but have
been seen arising from lateral and apical walls as well.
The mortality is high owing to late rupture, and opera-
tive treatment should be undertaken urgently.

Free Wall Rupture

Free wall rupture is one of the most feared complica-
tions of MI, owing to its sudden onset and lethality.
Unlike pseudoaneurysm, in a free wall rupture blood
flows freely into the pericardium and thorax, causing car-
diogenic shock and tamponade. It is seen 2—8 d after MI,
with risk factors similar to those for VSDs: patients with
Q-wave MI or their first MI are at highest risk. Female
gender, advanced age, and hypertension increase the risk,
as does delayed recognition of the MI or continued phys-
ical activity. Acute chest pain, agitation, and cardiogenic
shock occur abruptly and 90% of cases are fatal.

Echocardiograms of acute free wall ruptures are
rare, owing to the rapid lethality of this complication.
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Fig. 10. (Continued)

However, if captured, the findings on TTE (or TEE) may
include a pre-existing pseudoaneurysm (now ruptured),
discontinuity or marked thinning and akinesis of the
involved wall at the terminal territory of the culprit
occluded vessel, a pericardial effusion (occasionally with
thrombus in the pericardial sac), and low velocity color
Doppler flow into the pericardium. Prompt surgery is the
only treatment for this complication.

Left Ventricular Thrombus

Left ventricular thrombus is a relatively common
complication of MI. It has been found in 20-60% of
cases in postmortem series before the thrombolytic era.
More recent Gruppo Italiano per lo Studio della
Streptochinasi nell’ Infarto Miocardico (GISSI)-3 study
data shows an overall incidence of 5.1% in thrombol-
ysed patients, and patients with anterior infarcts, large
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Fig. 10. (A) Pseudo-aneurysm (postmyocardial infarction [post-MI]). This 64-yr-old woman suffered an inferior MI and required
implantable cardioverter defibrillator placement. Her apical two-chamber images show a narrow-necked cavity (left panel) that
communicated with the left ventricular cavity. No intracavitary thrombus was seen. Surgical removal confirmed it was a pseudo-
aneurysm. (B) Pseudo-aneurysm: anatomy. A post-MI pseudoaneurysm of the left ventricular wall is essentially a contained ruptured
of the ventricular wall that is not lined by myocardium. (C) 77-yr-old female with history of previous MI and of ventricular aneurysm.
Her parasternal long-axis (PLAX) and apical long axis images show aneurysmal remodeling of the basal infero-posterior wall. No
intracavitary thrombus was seen. (D) Anatomy: true aneurysm. In a true ventricular aneurysm, the entire wall of the aneurysm is still
lined by endocardium/myocardium. (Please see companion DVD for corresponding video.)

dysfunctional territories, or LVEF less than 40% are at
the highest risk. Anticoagulation is usually indicated to
prevent systemic embolization.

Transthoracic echocardiography has a sensitivity of
nearly 95% and specificity of 90% for LV thrombi. (TEE
is less sensitive, and therefore an inappropriate test for

detecting LV thrombi; this is because of difficulty
visualizing the apex, which is more distant from the TEE
probe, particularly in patients with large dilated ventri-
cles.) Thrombi are usually detected between 4 and 14 d
after the infarct, and typically appear as discrete,
echogenic, homogenous speckled masses lying adjacent
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to an akinetic or dyskinetic segment of endocardium.
The individual characteristics of thrombi vary widely;
many appear fixed and adherent to the endocardial
wall (“mural thrombi”) with smooth laminar surfaces,
but they may also be rounded or pyramidal, have inde-
pendently mobile portions and protruding filaments,
or be pedunculated. Those that are mobile or protrud-
ing are at particularly high risk of embolization, and
adjacent hyperkinetic myocardial segments also
increase embolic potential. Older or well-organized
thrombi are often observed to include more echo-
bright elements.

With anticoagulation, LV thrombi have been observed
to resolve in 47% of patients by 1 yr and 76% by 2 yr of
follow-up, although they are less likely to resolve in
those patient with apical dyskinesis.

Pericardial Complications: Infarct-Related
Acute Pericarditis, Tamponade

Less severe complications of MI frequently involve the
pericardium. Early or acute pericarditis, as defined by a
pericardial friction rub with or without chest discomfort
and/or ECG changes typical of pericarditis, is estimated
to occur in 5-20% of patients with MI, with the lower
incidence in patients who have smaller infarcts or those
who are thrombolysed. The rub is generally transient and
lasts 3 d or less. A pericardal effusion occurs in up to one-
third of cases—similar to the other complications of MI,
larger infarctions or concurrent RV infarctions appear to
be risk factors. The effusions are usually asymptomatic,
small in size, and only rarely cause tamponade. However,
the effusions may take weeks to months to resolve, and
patients with significant effusions appear to have higher
morbidity and mortality.

Post-MI pericarditis, or Dressler’s syndrome, may
occur as a late complication of MI (and cardiac
surgery) weeks to months after the acute event. It is
characterized by pleuritic chest pain, a pericardial rub,
fever, and elevated leukocyte count.Echocardiography
of the pericardium may show a thickened pericardium
and/or pericardial effusion, often with associated
“shaggy” echodensities, which represent fibrin, and
inflammatory material within the pericardium adher-
ent to the visceral or parietal pericardium. Adjacent
“sympathetic” pleural effusions may be present as
well. The incidence of post-MI pericarditis was esti-
mated in up to 3—4% of infarcts before the thrombol-
ysis era, but appears to have declined enormously in
reperfused patients.
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Chronic Implications

HEART FAILURE: DECLINE IN SYSTOLIC
AND DiAsToLIC FUNCTION

Echocardiography is a useful tool for risk assess-
ment and determining prognosis in the weeks to months
after an MI. The EF is the most frequently used index
of clinical heart failure, and both EF and infarct size
have been shown to be a strong predictors of survival
post-MI (see Chapter 5). Emerging indications for auto-
matic implantable cardioversion defibrillator placement
post-MI include an EF of 30% or less, with or without
ventricular tachyarrhythmias.

Diastolic dysfunction (see Chapter 6) is also abnor-
mal both early and late in the course of MI, and quan-
titative measures of LV relaxation or restriction can
have prognostic and therapeutic implications as well.

DILATION AND REMODELING: HEART FAILURE

Although an infarct causes immediate local myocar-
dial dysfunction in the necrosed segments, further adja-
cent and even distal territories may be negatively affected
and become functionally abnormal in the few months fol-
lowing an acute infarct. This process has been termed car-
diac remodeling, or infarct expansion (see Chapter 5,
Fig. 6). On cardiac ultrasound, this is manifested by
enlargement of the hypokinetic or akinetic zones, which
are still viable, as well as overall dilatation of the LV
chamber. The ventricle often takes on a more spherical
shape, with an aneurysmal apex. Pathologically, LV
hypertrophy is usually present as measured by overall LV
mass, but because the overall internal chamber size has
increased, the measured wall thicknesses on echocardio-
graphy may remain within normal limits. Angiotensin-
converting enzyme inhibitors have been shown to limit
the process of remodeling after MI.

ANEURYSM (AND THROMBUS)

Injured myocardial segments may become scarred,
and if extensive enough can “balloon out” to form
aneurysmal segments (Fig. 11; please see companion
DVD for corresponding video). These appear as
thinned, highly echogenic areas of scarred myocardium,
which are in continuity with the adjacent viable
myocardium, have wide necks, and appear to bulge
from the LV cavity in systole. See “Pseudoaneurysm”
and “Free Wall Rupture” sections for the distinction
between aneurysms and pseudoaneurysms; these can be
difficult to discriminate, and in some cases may require
surgical/pathological determination. Although they can
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Fig. 11. A 74-yr-old male with a 2-mo history of myocardial infarction (MI) and congestive heart failure. This 74-yr-old man with a
history of MI 2 mo earlier presented with wide-complex tachycardia requiring implantable cardioverter defibrillator placement.
Echocardiography revealed large left ventricular aneurysm measuring approx 9 x 9 cm in two dimensions. Ejection fraction was esti-
mated at 10% (A,C). Moderate mitral regurgitation was seen by color Doppler. (B) No left ventricular thrombus was observed. Higher
frequency echocardiogram revealed the presence of spontaneous echocontrast in the aneurysmal segment (D). (Please see compan-

ion DVD for corresponding video.)

Fig. 12. A 40-yr-old male with left ventricular thrombus. Apical four-chamber image shows moderately directed left ventricle with
global hypokinesis and estimated ejection fraction of 25%. An echodensity was observed in the apical region (A, arrow), which, on
higher frequency and color Doppler imaging, showed appearances consistent with a thrombus. (Please see companion DVD for

corresponding video.)

arise from anywhere in the LV, the majority involve the
apex. Many (from 34 to 77%) of these aneurysms are
associated with indwelling mural thrombi, with com-
prises a stroke risk (see Fig. 12; please see companion

DVD for corresponding video; see also “Free Wall
Rupture” section). Finally, because the scar comprising
the aneurysm cannot conduct electrical impulses, it can
form the substrate for ventricular tachycardias.



148

MITRAL REGURGITATION (WITHOUT FLAIL LEAFLET)

Mild or greater degrees of MR often accompany
remodeling post-MI, and increasing severity is associated
with increased cardiovascular mortality. In the absence of
a flail leaflet owing to rupture of a papillary muscle or
chordae, the MR appears to be caused by incomplete
valve closure, which in turn is because of displacement of
the papillary muscles, with the laterally displaced chordae
tethering the leaflets open. On echocardiogram, the ante-
rior leaflet appears elongated and both leaflet tips are
angulated toward the lateral apex. The mitral leaflet tips
appear not to coapt fully at end-diastole, and a clear jet of
color flow Doppler originating at or just proximal to the
central orifice can be seen. Whether interventions such as
mitral annuloplasties or LV aneurysectomies, which
decrease the amount of MR, actually decrease cardiac
morbidity or mortality remains to be seen.

In summary, echocardiography serves as a diagnos-
tic and prognostic tool to guide therapeutic intervention
in both the acute myocardial infarct as well as the after-
math. It should be used judiciously to answer specific
questions in a given clinical scenario, and an appropri-
ately high suspicion for the development of acute or
chronic complications should be borne in mind.
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INTRODUCTION

Stress echocardiography is a common diagnostic
procedure used in the evaluation of coronary artery dis-
ease. In fact, stress echocardiography is now a widely
accepted test utilized for the diagnosis, prognostication,
and risk stratification of ischemic heart disease (Fig. 1).
Imaging is most often coupled with treadmill stress,
however, it can be easily coupled with pharmacological
stress, bicycle exercise, or pacing. In skilled hands,
stress echocardiography is safe, versatile, and accurate,
providing important information on segmental wall
motion and overall ventricular function.

The interpretation of echocardiographic images is
based on changes in regional myocardial thickening
with stress. In the setting of significant coronary artery
disease, regional myocardial thickening will decrease
as a result of oxygen supply—demand mismatch. The
area supplied by the stenosed coronary artery will,
therefore, display a change in contraction, enabling the
identification and extent of underlying coronary
ischemic disease. In the absence of hemodynamically
significant coronary stenoses, an increase in systolic
wall thickening should be observed in all coronary terri-
tories with a decrease in the size of the left ventricular
cavity. Therefore, localization and burden of ischemic
heart disease can be routinely assessed.

INDICATIONS

Stress echocardiography is indicated in the diagnosis
of coronary artery disease in those with an intermediate
likelihood of coronary artery disease and an abnormal
electrocardiogram (Fig. 1, Table 1). Those individuals
with left bundle branch block, Wolff-Parkinson-White
syndrome, left ventricular hypertrophy, digoxin use, or
more than 1 mm ST segment depression on electrocar-
diogram should undergo imaging with stress as inter-
pretation of ST segments are an unreliable marker of
ischemia in these settings. If the patient is able to
exercise, treadmill stress, or bicycle stress (supine or
upright) should be performed. When this is not feasible,
dobutamine stress may be used. In the United States,
vasodilator stress is an uncommon modality for stress
echocardiography.

In peri-operative evaluations for noncardiac surgery,
stress echocardiography can aid in risk stratification.
According to the American College of Cardiology/
American Heart Association guidelines, stress echocar-
diography is indicated when there are intermediate pre-
dictors of cardiovascular risk with low functional
capacity or when a high-risk surgical procedure is
planned. When high-risk results are obtained (extensive
inducible wall motion abnormalities) from this testing,
coronary angiography is usually warranted. However,
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Patients with Stable Chest Pain
or low-risk or intermediate-risk unstable angina
or previous MI or post-revascularization
CAD diagnosis | Yes Need for risk/ No Need to guide
certain? P prognostic assessment? » medical management?
Noi< Yes Yes No
Contraindications Yes
to stress testing?
No¢
—— Yes .
Symptoms warranting|_y,. (" Consider coronary
angiography? angiogram
No¢4
Can patient No Pharmacologic A4
> i
exercise? imaging study Continue/
Yes ¢ Initiate/
Modify Treatment
Resting ECG No Exercise as appropriate
interpretable imaging study

Yes ¥

Perform
exercise test

Is test result
high risk?

Consider coronary angiography
revascularization

No*

Is diagnosis and | No
prognosis certain?

Consider imaging study
angiography

Yes |

Fig. 1. American College of Cardiology/American Heart Association (ACC/AHA) guideline update on stress testing. (Modified from
ACC/AHA Exercise Testing Guidelines: http://www.acc.org/clinical/guidelines/exercise/figl.htm.)

when no wall motion abnormalities can be induced with
adequate stress, surgery can usually be performed at rel-
atively low risk for perioperative events.

Stress echocardiography can be used for prognostic
purposes in those with chronic coronary artery disease
and in post-myocardial infarction. As in risk stratifica-
tion, the extent and severity of ischemia as evidenced
by inducible wall motion abnormalities is a main deter-
minant of prognosis, as well as overall left ventricular
function. Among individuals with known or suspected

coronary disease, a normal stress echocardiogram por-
tends a more benign prognosis compared to those with
abnormal stress echocardiography results. In addition,
the presence of viability with dobutamine echocardiog-
raphy (biphasic response) in those with coronary artery
disease can identify those in whom revascularization
and functional recovery is more likely (see Chapter 5,
Fig. 17).

Finally, stress echocardiography can be utilized with
Doppler to evaluate valvular function. In those individuals
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Table 1
Overview of Qualitative Reporting of Left Ventricular Wall Motion Abnormalities
During Stress Echocardiography

Wall motion/endocardial

Wall motion/endocardial

thickening at baseline thickening at peak stress Interpretation
Normal Hyperdynamic Normal

Normal Hypokinetic-akinetic Ischemic
Hypokinetic Worsening hypokinesis Ischemic

Akinetic (+ wall thinning) Akinetic-dyskinetic Infarcted

Hypokinetic/akinetic Augmentation with lower dose Viability with ischemia
of dobutamine; deterioration
with high dose (biphasic response)
Exercise Stress Echocardiography
Protocol

Baseline 2D Digital Images: PLAX, PSAX, puress Echocardiography
Echocardiography A4C, A2C -+ Color Doppler P P
(+/- contrast agent)

Exercise Test
(Treadmill,
Bicycle)

Standard Exercise Test Report
(Duration, Peak HR, BP, ECG changes,
Symptoms, Reason for Stopping etc.)

Assess Global and Regional
Thickening
Wall Motion

both at baseline and post-
exercise

Qualitative and Quantitative
Scoring

Immediate

Post-Exercise Digital Images: PLAX, PSAX,
Echocardiography A4C, A2C,-+ Color Doppler
(+/- contrast agent)

Fig. 2. Exercise stress echocardiography protocol.

with small, calculated aortic valve areas, low ejection
fractions, and low transaortic gradients, stress echocar-
diography can be used to increase cardiac output and
further define the severity of aortic stenosis by calcu-
lating changes in aortic valve area with stress. In a
similar fashion, mitral stenosis can be evaluated and
pulmonary systolic pressures calculated after or at
peak stress. Therefore, in situations where the severity
of stenotic valve lesions is questioned, stress echocar-
diography may provide important information to
guide management decisions.

STRESS PROTOCOLS
Exercise Echocardiography (Fig. 2)

Standardized images are acquired before the initiation
of exercise and immediately after exercise. Two paraster-
nal views (parasternal long axis and parasternal short
axis) and two apical views (apical four-chamber and
apical two-chamber) are used to assess endocardial wall

motion (Fig. 3; please see companion DVD for corre-
sponding video). A common practice is to hold atrioven-
tricular nodal blocking agents prior to testing, as the
attainment of at least 85% of predicted maximal heart
rate is desirable. It is important that the acquisition of
images occurs immediately postexercise when using the
treadmill machine. If images are acquired late after exer-
cise, the heart rate may decrease substantially, giving
time for any peak wall motion abnormalities to subside
and, therefore, go undetected. The use of a supine bicycle
machine may improve the timing of image acquisition,
as images can be acquired at almost any time point during
exercise and give true peak stress imaging. It is, there-
fore, believed that supine bicycle imaging may improve
the sensitivity of testing over treadmill exercise.

Pharmacological Stress Echocardiography (Fig. 4)

Pharmacological stress echocardiography is utilized
when patients are unable to exercise maximally. In the
diagnosis of the coronary artery disease, stress to maximal
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Immediate Post-Exercise

PLAX

73 bpm -

—

i

Peak Systolic Frames

Peak Systolic Frames

Fig. 3. This 45-yr-old man with a history of hypertension and new right bundle branch block exercised for 12 min on a standard
Bruce protocol, stopping secondary to fatigue. Heart rate and blood pressure at peak exercise was 179 bpm and 168/78 mmHg,
respectively. There was 1-mm ST segment depression in lead III, becoming upsloping in V4-V6. Baseline left ventricular dimen-
sions were within normal limits with estimated ejection fraction of 60—65%. No regional wall motion abnormalities were present.
Immediate postexercise imaging showed appropriate decrease in left ventricular chamber size with augmented contractility of all
ventricular (A,B). (Please see companion DVD for corresponding video.)
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Dobutamine Stress Echocardiography

Protocol
|Stress Echocardiography
Dobutamine |Interpretation and Report
Infusion
5 - 40 ug/kg/min 40

30 | Assess Global and Regional

Thickening

20 Wall Motion
both at baseline and at each

1 0 stage

5

Qualitative and Quantitative
Scoring

e 10 13 16 1‘9 11 2 1‘1 5

Baseline 2D
Echocardiograhy |

(+/- contrast agent)

Digital Images: PLAX, PSAX,
A4C, A2C, + Color Doppler

Atropine Arm
when failure to achieve
maximum predicted HR

Fig. 4. Dobutamine stress echocardiography protocol.

levels is an important component in the evaluation.
However, in regard to viability testing, dobutamine
echocardiography is primarily utilized over exercise
stress in the identification, localization, and extent of
viable myocardium.

Dobutamine is the most commonly utilized pharma-
cological agent that is combined with echocardiography
for the assessment of coronary artery disease. This car-
diac inotrope provides stress through B1 receptor stimu-
lation and increasing myocardial oxygen consumption.
Typically, dobutamine is infused in 3—5 min stages start-
ing at low doses (5 pg/kg/min) and increased until the
maximal predicted heart rate is achieved or peak infu-
sion levels are reached (40 pg/kg/min) (Figs. 4 and 5).
Additional intravenous injections of atropine may be
used to augment the heart rate in some individuals whom
higher heart rates are needed. At peak levels, it is not
uncommon to observe a drop in systolic blood pressure,
owing to the mild vasodilatory effects of dobutamine. In
contrast to exercise stress, this drop is not specific for
severe coronary ischemia.

Echocardiographic images are obtained in the same
views as treadmill testing, i.e., the parasternal long,
parasternal short, apical four-, and apical two-chamber
views. Images are acquired at rest before infusion, low
dose infusion (5 or 10 pg/kg/min), peak infusion, and
postinfusion. Images are displayed in quad-screen
format (the four views mentioned previously on one

screen) for each stage and routinely digitized for inter-
pretation (Fig. 5; please see companion DVD for corre-
sponding video). This protocol is often augmented
when resting wall motion abnormalities are seen on the
echocardiographic images. In this case, images are
often acquired at both low dose levels (5 and 10
pg/kg/min) to capture any changes in wall motion with
low-dose infusion.

Vasodilator and Pacing Stress

As in nuclear stress testing, vasodilator stress has
been used in combination with echocardiography. The
agents typically used are dipyridamole or adenosine,
both of which cause coronary vasodilation and perfu-
sion mismatch with subsequent ischemia when signifi-
cant stenoses are present. This approach has not been
routinely applied in the United States, however, has
been more extensively used in Europe.

Pacing can be used when exercise and pharmacolog-
ical means are not feasible because of contraindica-
tions. Pacing is more favorably achieved via the atrium,
as ventricular pacing may cause differential wall con-
traction and theoretically pacing induced wall motion
abnormalities. Atrial pacing can be accomplished through
esophageal pacing leads. This modality has not gained
wide use, because it appears more invasive than pharma-
cological stress and may cause discomfort in some
patients. Nonetheless, this modality offers an alternative
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Fig. 5. (See legend facing page)

to pharmacological measures, and ensures the ability
to achieve maximal heart rates.

INTERPRETATION

The myocardium is divided into 16 segments (see
Chapter 5, Fig. 10A) corresponding to different coronary

territories: left anterior descending distribution, right
coronary artery distribution, and left circumflex distri-
bution. In general, the anterior, septal, and apical seg-
ments are supplied by the left anterior descending,
lateral, and basal posterior segments by the left circum-
flex, and the inferior and posterior segments by the right
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Fig. 5. A 64-yr-old female with coronary artery disease and aortic valve disease underwent dobutamine stress echocardiography.
Graded doses of dobutamine were infused in 3 min stages to a peak dose of 40 pg/kg/min. Atropine (0.4 mg X 3) was given to achieve
heart rate targets. Maximal heart rate achieved was 118 bpm (74% of predicted heart rate) and blood pressure was 110/82 mmHg.
Patient had no symptoms. Baseline electrocardiogram showed normal sinus rhythm with ST abnormalities suggestive of a digitalis
effect. Baseline echocardiogram showed dialated ventricular cavity size with estimated ejection fraction (EF) of 40-4