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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

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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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 Women's 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 acommitment 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, MD
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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) Ilustrates 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:

_cF—F)
~ 2F(Cos 6)
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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
velocity of sound through the tissue (1540 m/s), F = the
shifted (returned) ultrasound velocity, F, = the original
emitted ultrasound frequency, and 0 = the angle of inci-
dence between the ultrasound beam and the blood flow.

Pulsed- and Continuous-Wave Doppler
Two modes of Doppler ultrasound are typically
employed in standard diagnostic ultrasonography—
pulsed-wave (PW) Doppler and continuous-wave (CW)
Doppler (Figs. 10 and 11). PW Doppler requires individual
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Fig. 9. The Doppler principle: when the sound emitting source (in the illustration, the ambulance ), is moving toward the listener,
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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 PRF. 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 PRF,
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 > >
Pr—D2 ZI/ZP(V§ - V12)+ pTEds+R(v)
1
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corresponding video.)

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

P=4V2-VY

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 2. 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
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Diastole

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-MoODE ECHOCARDIOGRAPHY images, and the ability to correlate them with a simulta-

M-mode images (M stands for “motion”) can be  nheously recorded electrocardiogram, makes M-mode

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

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

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

Systole

cardiac cycle.

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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Table 1
Echocardiographic Views
Patient/transducer
View position Structures imaged Doppler

Left parasternal:
long-axis view

Left parasternal:
RV inflow

Left parasternal:
short-axis
view

Apical: four and
five chamber

Apical: two
and three
chamber

Subcostal

Supine/third to fourth
interspace

Same but tilt
inferomedially,
slight clockwise
rotation

Same but rotate
perpendicular, tilt up
and down to image
from base to apex

Left lateral decub/point
of maximal impulse.
Anterior rotation
produces
five-chamber view.

Same but with
perpendicular rotation.

Supine with hips and
knees flexed/subxiphoid,
at or slightly right
of midline

Overview of cardiac structures,

chamber dimensions, and
ventricular function. Most standard
measurements, including LA,
aortic root, LV diastolic
and systolic dimensions.
RV size and function
measurements variable in this
(and all) views.

Long-axis view of RV,

RA; good view for TV
and regurgitant velocity.

Cross-section of LV to assess global
and regional LV function from apex
to base as transducer is tilted.
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.

All four chambers; ventricular septum,
lateral wall of LV. Atrial septum,
MYV and TV with regurgitant jets and
inflow velocity profiles. Inferior
pulmonary veins seen as they
enter LA. In five chamber view,
aortic valve and root also seen,
good view to assess for aortic
regurgitation or stenosis.

LV anterior and inferior walls,
LA, MV and regurgitant jet.
Three-chamber view brings
aortic valve and root into view,
and shifts to inferolateral and
anteroseptal segments of LV.

Often best view in patients with

hyperinflated lungs; long-axis similar

to parasternal window but may
provide better visualizaion of apex,

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.

Color flow Doppler looking
for mitral regurgitation and
aortic insufficiency.

Color flow Doppler looking
for tricuspid regurgitation;
spectral Doppler (CW)
demonstrating tricuspid
regurgitant velocity.

Color flow Doppler through the
aortic valve for assessment of
aortic insufficiency.

Color flow Doppler looking
for mitral regurgitation, aortic
insufficiency, and tricuspid
regurgitation; spectral
Doppler (PW) of mitral
inflow, outflow tract, and in
suspected aortic stenosis,
CW Doppler of aortic valve.
CW Doppler for assessment
of tricuspid regurgitant
velocity.

Color flow Doppler for mitral
regurgitation (two- and
three-chamber views),
and aortic insufficiency
(three-chamber view).

Color flow Doppler of
intra-atrial septum looking
for evidence of atrial septal
defect.

(Continued)
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Table 1 (Continued)

Patient/transducer

View position

Structures imaged

Doppler

Suprasternal Supine with pillow under
shoulders, head to

left/suprasternal notch.

Ascending aorta, aortic arch, proximal
brachiocephalic vessels, descending
thoracic aorta, and right and main

PW or CW Doppler can be used
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 (FI1G. 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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Right Ventricular Inflow

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

.nﬁ_.,W_wLmM 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.)
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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 F1IVE-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 FOR 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
the diagnosis of MV prolapse. Color flow Doppler
should be used in this view as well to visualize poten-
tial mitral regurgitation in the orthogonal plane to the
four-chamber view.

APICAL LONG-AXIS VIEW

Further counterclockwise rotation of the transducer
head produces the apical long-axis or three-chamber
view (Fig. 14; please see companion DVD for corre-
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
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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

33

(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.

Digital
3 Image Storage Digital
& Acquisition Reporting
- i
\ Local Area
Network
\ Remote
Transthoracic Access
Echocardiography Echo Reading Rooms ' T
Transesophageal
Echocardiography
Echo Research

Lahoratory

Intraoperative
Echocardiography

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).



Chapter 3 / Transthoracic Echocardiography 37
A Suprasternal
Right [ | Left
Parasternal Parasternal
| |
)\ |\ : : \ |
&t\& ,_ o =
O

fil R 4 @

I'\I\:_}:?) ‘ KE' ] *

( \Qx,/ N ///;\ Apical

4 78

\ﬁ/ Subcostal \
B
i Sternum
. Rightupper D Right Ventricle
\ RIGHT i
LUNG © pulmonary n
SIS Left Ventricle
Esophagus

Descending thoracic aorta

Pericardium

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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Fig. 5. Imaging planes: 2D transthoracic echocardiography.
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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/AYV, 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)
: ;’mffiltc d. Measure LA (end of diastole; 2D or M-mode)
eaflets

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. Zoomon 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
. 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
e. CW MV
f. 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

o

Fig. 8. Transducer movements: ROTATION.

Fig. 9. Examination model (sonographer) in the left lateral posi-

tion with attached electrocardiogram leads and transducer in the .
. . . 8. Apical two chamber

left parasternal position. Transducer gel is routinely used. It lor Doopler for MR

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

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

41

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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Transducer

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

Right ventricular free wall
’ / Membranous septum

septum e
* .
Anterior Ieaﬂet\ /

Right coronary cusp

/ Ascending aorta
Ao .

+————— Non-coronary cusp

>4

-

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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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. 22. Patient and transducer positioning: parasternal short-axis view (PSAX).
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Fig. 23. Parasternal short axis-view: aortic valve level (PSAX). (See companion DVD.)
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Fig. 25. Parasternal short-axis (PSAX): aortic valve level. (A,B, 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.)
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Fig. 28. Annotated parasternal short-axis view: mitral valve level (PSAX).
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Fig. 29. Parasternal short axis (PSAX) view: midventricle/papillary muscle level. (See companion DVD.)



52

&

i Mid-ventricular or
Right ventricular /-‘»t‘;.s papillary muscle level

-

cavity ‘el

B ._.._”.._ Left ventricular
}? ---‘ cavity
Posteromedial NP s .R

: Anterolateral
papillary m.uscle . papillary muscle
i ;

e

Mid-posteroinferior -. 5 Pericardium
Apical level

"> Left ventricular
cavity

Pericardium

Parasternal short-axis view

HR_

Bulwer and Rivero

Fig. 30. Annotated parasternal short axis (PSAX) view: midleft ventricle level and apex (PSAX). (See companion DVD.)
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Fig. 31. Patient and transducer positioning: apical location.
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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 )

m

away from the apex. These lower velocities normally exceed 8—10 cm/s. The lateral annulus is the preferred site. (A,B, see com-
panion 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. 44. Patient and transducer positioning: apical long-axis (apical three-chamber [A3C] view).
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Fig. 45. Apical long-axis or apical three-chamber (AC3) view. (See companion DVD.)
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Fig. 46. Apical long-axis or apical three-chamber (AC3) view. (See companion DVD.)
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Color Doppler

Fig. 49. (A) Patient and transducer positioning:

Bulwer and Rivero

subcostal location. (B) Patient and transducer positioning: subcostal location.



Chapter 3 / Transthoracic Echocardiography

Subcostal

Transducer
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Fig. 54. (A) Patient and transducer positioning. Suprasternal location. (B) Patient and transducer positioning: suprasternal location.
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Fig. 58. Coronary artery territories.
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Clinical Utility of Echocardiography
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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 ¢ VO, endocardial definition

studies (micro bubbles) (% stress echocardiography)
e Enhancement of Doppler signals
Functional e MCE—vperfusion imaging: stenosis severity
Three-dimensional (3D) Structure ¢ 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

e 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
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Table 3
Determination of Utility 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 ITa:  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 4 4 1

Diagnose acute MI 1 3 3 4 4 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 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
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 WF. 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 (I)

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 revascularization/ (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¢ (1la)

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.

“TTE 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

Protocol

Utility Indications/comments

Exercise stress
echocardiography

Treadmill, bicycle
(supine or upright)

Diagnostic

Patients with abnormal baseline ECG
or limited exercise tolerance

* Nonspecific ST-T-wave changes

e Left bundle branch block

e Left ventricular hypertrophy

 Digoxin therapy

* Wolff-Parkinson-White syndrome

Prognostic » Chronic coronary artery disease

¢ Post-myocardial Infarction

Risk stratification ¢ In heart failure: contractile reserve,

Pharmacological stress Sympathomimetic amines,

mitral valve function,
right ventricular function

* Perioperative evaluation for
noncardiac surgery

As for exercise stress ¢ Indications as for exercise stress

echocardiography

Pacing stress
echocardiograpy

Stress echocardiography
with Doppler

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

Vasodilators, e.g.,
dipyridamole, adenosine

Other; ergonovine—
ergometrine, enoximone

Atrial
Transesophageal
atrial pacing

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

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-

Echocardiography in Pericardial Disease

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.

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 (Ila)

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® (ITa)
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 (ITa)

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:

1. Extensive anterior MI

2. Atrial fibrillation

3. One or more embolic peripheral or neurological events

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

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

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 (1)

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 (I)

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

Assessment of LV size is one of the most important
components of quantitation of ventricular function.
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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

¢ 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

* Pulmonary embolism

e 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= 1t/3 (LVIDd)?
Teichholz formula: volume = [7/(2.4 + LVIDA)]
(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
e Global function: ventricular wall Left ventricular wall dimensions:
motion and thickening Wall thickness
Internal diameters: LVIDd, LVIDs
e RWM assessment MWES: from linear measures of diastolic and systolic cavity
sizes and wall thickenesses:
¢ Visual estimation of ejection fraction Inner shell = ([LVIDd + SWTd/2 + PWTd/2 J*- LVIDd?

+ LVIDs?) '3 — 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 (o)
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.

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 ALITATIVE AND SEMI-OUANTITATI
g g y (Fig. 5; p QU VE AND S QUAN VE

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
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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).



Chapter 5 / Ventricular Systolic Function

97

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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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
LVEFR

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 PSAX (papillary PSAX (papillary
muscle level) muscle level) muscle level)
LVIDd 35-58 22-3.1
LVIDs 22-4.0 14-22
Fractional shortening 25-43
A4C A4C A4C
LVIDd major 6.9 - 10.3 41-5.7
LVIDd minor 33-6.1 22-31
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 x HR

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 g), but demonstrates ischemia (decreased contractility) at higher doses. At baseline, this region
of the heart (arrows) are hypokinetic—contractility improves at the 5 g infusion rate, is maintained at 10 pg, worsens at 40 ng. 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 nir? 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
“—'/\/\ /\J\.

V-V

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 2.9-3.3 34-3.8 >3.9
diameter (RVD1) (cm)
Mid right ventricular 2.7-3.3 34-3.7 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
Right ventricular diastolic area (cm?) 11-28
Right ventricular systolic area (cm?) 7.5-16
Right ventricular fractional area 32-60

change (%)

Mildly abnormal — Moderately abnormal — Severely abnormal
29-32 33-37 >38
17-19 20-22 >23
25-31 18-24 <17

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



Chapter 6 / Assessment of Diastolic Function

ESPVR
D
a Aortic Valve <«
8 Closes Aortic Valve Opens
Bt
- )
>
— v
EDPVR
Mitral Valve / Mitral Valve Closes
Opens

LYV Volume

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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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 S0—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
MYV (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



Chapter 6 / Assessment of Diastolic Function

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
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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 <l 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 d
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.



126

68 yr
female

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
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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).

NovEL USESs 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 not 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 Mls, 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-I) 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



Chapter 7 / Echocardiography in MI

Ruptured Papillary
rd Musgle
%

i
5 |
=

= o~

RA LA

141

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 Mls, as opposed to anterior MlIs, 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.

Chronic Implications

HEART FAILURE: DECLINE IN SYSTOLIC
AND Di1AsTOLIC 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 M1.

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.
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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
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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/fig1.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, Stress Echocardiography
Echocardiography AA4C, 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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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

[ To 13 16 1‘9 t1 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 1 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 40-45% with akinesis
and thinning of the basal-to-midanteroseptal and anterior wall. Images at peak infusion showed no increase in global systolic function
(estimated EF 40%). The akinetic anteroseptal and anterior segments became progressively dyskinetic during the infusion—consistent
with a transmural infarct/scarring. In addition, the inferior wall, mildly hypokinetic at baseline, becomes akinetic at the high dose of
dobutamine. Overall study was consistent with a large anterior and anteroseptal infarct with no significant peri-infarct ischemia.

Sensitivity was limited because target heart rate was not achieved. (Please see companion DVD for corresponding video.)

coronary artery (see Chapter 7, Figs. 3-5). However,
there can be considerable overlap in perfusion territories
and depends on coronary dominance, which should be
taken into consideration when interpreting segments
that may belong to more than one coronary distribution.
More recently, a 17-segment model has been developed
that takes into account the true apex (see Chapter 5,
Fig. 10B). This model has neither been routinely used,
nor made a significant change in interpretation of stress
echocardiographic images to date.

First, each myocardial segment is assessed for sys-
tolic thickening at rest and overall ventricular function.
Areas of prior infarction are identified by thinned seg-
ments of hypokinesia or akinesia. Thickening is the pri-
mary measure of regional function, not myocardial
motion itself. Second, the myocardial segments are
examined at peak stress or post stress. Normal myocar-
dial segments should sufficiently thicken to a greater
extent with stress. The stress images are then analyzed
in addition to the size of the left ventricular cavity,
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Fig. 6. A 72-yr-old female patient underwent dobutamine infusion with atropine to achieve targeted heart rate. Baseline echocardio-
graphic images showed borderline left ventricular hypertrophy with preserved systolic function. Minimal septal hypokinesis was
noted. With increasing doses of dobutamine, augmentation of all segments accompanied by decrease in left ventricular cavity size up
to a heart rate of 110 bpm. However, at heart rates more than 115 bpm, left ventricular dilatation accompanied by hypokinesis of the
postero-inferior walls from base to apex was observed. These findings were consistent with ischemia in the right coronary/left
circumflex artery territory. The septal wall that appeared mildly hypokinetic at baseline augmented during stress testing, suggesting

no ischemia in this territory.

which should become smaller with augmentation of
ejection fraction. When a myocardial segment thickens
less with stress, hypokinesia or akinesia is present and
signifies stress-induced ischemia (Fig. 6). Dyskinesia is
defined by the presence of outward movement of the
myocardium in systole in an area of akinesis (Fig. 5;
please see companion DVD for corresponding video).
If an abnormal area at rest does not change with
stress, this result is likely secondary to infarcted or
scarred myocardium. The thought is that the greater
the supply—demand mismatch, the greater will be the
deficit during systolic thickening. Areas surrounding
zones of ischemia may display decreased thickening, or
so-called tethering. Overall, the territories correspon-
ding to areas of decreased thickening define the coro-
nary distribution and extent of ischemia (Fig. 7; please
see companion DVD for corresponding video).

A qualitative or quantitative approach to interpreta-
tion can be used. Qualitatively, each myocardial seg-
ment is observed at rest and with stress and an
appreciation for single or multivessel ischemia can be

assessed. However, quantitative schemes have been
developed in order to gain a more objective, standard-
ized interpretation for stress echocardiograms. In this
light, each of the 16 myocardial segments is given a
score: 1 for normal segments; 2 for hypokinetic seg-
ments; 3 for areas of akinesis; 4 for dyskinetic areas;
5 for aneurysmal segments (see Chapter 5, Fig. 1B).
Areas that are unable to be visualized adequately are
not scored. An overall index for wall motion is then
calculated by summing all of the wall scores and
then dividing by the number of segments analyzed.
This can be done for the rest images and also for the
stress images.

When dobutamine is used for the assessment of
myocardial viability, the changes in myocardial thicken-
ing are assessed at rest, low dose, and peak images (see
Chapter 5, Fig. 17). Viable myocardium that is more
likely to recover function with revascularization is typical
when a biphasic response is observed: hypokinesis at rest,
improvement with low-dose dobutamine and worsening
with high-dose dobutamine. This is the most specific
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Fig. 7. A 58-yr-old man with a history of aortic insufficiency stopped 1 min 50 s into a standard Bruce protocol. Baseline echocar-
diogram showed hypokinesis of the basal inferior segment. Despite suboptimal test, peak systolic images showed modest increase in
overall systolic function with estimated ejection fraction of 65-70%. All left ventricular segments, including the basal inferior seg-
ment, showed augmented contractility, with no inducible wall motion abnormalities. This finding indicates viable nonischemic
myocardium with non-flow limiting coronary artery stenosis. (Please see companion DVD for corresponding video.)

response for recovery of function following surgical revas-
cularization. A uniphasic response is seen when an area of
hypokinesis improves continuously with dobutamine
infusion and also indicates myocardial viability but this
area appears to be less likely to recover full function after
revascularization. The definition of ischemia is the same
as with exercise modalities, i.e., worsening of wall thick-
ening with stress infusion of dobutamine.

The range of left ventricular wall motion character-
istics seen during stress echocardiography and their
interpretation are summarized in Table 1.

PITFALLS

Stress echocardiography has its advantages and dis-
advantages (Table 2). Several caveats should be taken
into account during interpretation. False-positive stress
echocardiograms can result from a number of issues.
First, a hypertensive response has been associated with a
higher likelihood of wall motion abnormalities with
stress in the setting of nonobstructive coronary artery
disease. A hypertensive response has been defined as a
systolic blood pressure over 220 mmHg for men and
systolic blood pressure higher than 190 mmHg for
women or as an increase in diastolic blood pressure
higher than 10 mmHg with exercise or diastolic blood
pressure higher than 90 mmHg during exercise. The exact
mechanisms for this phenomenon are unclear but may be

a result of abnormal loading conditions that eventually
lead to subendocardial ischemia at the microvascular level.

Left bundle branch block may be a cause for false-
positive readings (Fig. 8; please see companion DVD
for corresponding video). With left bundle branch
block, septal motion may be abnormal with systole as a
result of the interventricular conduction delay. In this
setting, one should again focus on thickening of the
myocardium in the septal area and not on the septal
motion. False-positive results may be related to
increased heart rates in this setting. Therefore, one
might speculate that vasodilator stress may be more
specific in this setting, as has been the case with adeno-
sine nuclear perfusion imaging.

Finally, interpretation of echocardiographic images
can be difficult in certain patients. These patients may
be obese individuals in whom inadequate penetration of
the ultrasound beam results in poor endocardial resolu-
tion. Myocardial diseases, e.g., myocarditis can affect
systolic performance and regional wall motion. Stress
testing in this setting (for evaluation of chest pain)
should be interpreted with caution (Fig. 9). Further,
patients with chronic obstructive lung disease and
hyperinflated lungs may impede the quality of echocar-
diographic images. In situations where endocardial
border definition may be tenuous, the addition of intra-
venous echocontrast agents may help to better delineate
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Table 2
Advantages/Disadvantages of Stress Echocardiography

Advantages

Sensitivity and specificity comparable to exercise nuclear imaging

Utility in diagnosis, prognosis, and risk-stratification

Assessment of multiple parameters: systolic function, valvular function, and ischemia

Widely available

Portability

Relatively inexpensive

No radiation

No need for iodinated contrast agents

Disadvantages

Highly dependent on sonographer and interpreter skills

Difficult acoustic windows can limit imaging. Echocontrast agents may be necessary

Immediate Post-Exercise

Diastolic Frames

Fig. 8. A 62-yr-old man with baseline left bundle branch block (LBBB) exercised for 3 min, achieving peak heart rate of 115 bpm
and peak blood pressure of 110/60 mmHg. Definity® (perflutren lipid microspheres) contrast agent was administered to improve
endocardial border definition. Baseline images revealed moderately impaired left ventricular systolic function with abnormal
septal motion (likely related to his LBBB) and hypokinesis of the mid- and distal septum. Postexercise images showed no
increased contractility and worsening of septal hypokinesis. Findings are consistent with ischemia in the mid- and distal ante-
rior septum—areas supplied by the left anterior descending coronary artery (see Chapter 7, Figs. 3-5; see also companion DVD

for corresponding video).

regional endocardial thickening (Figs. 8 and 10;
please see companion DVD for corresponding video
for Fig. 8). This procedure should be routinely
employed should any question arise regarding image
resolution on rest imaging. Ideally, if one should use

contrast, it should be used for each set of images (rest
and stress) so as to compare similar images with one
another.

Acquisition of images post-treadmill exercise demands
extensive experience in obtaining quality images for
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Fig. 9. A 35-yr-old woman with recent onset chest pain and dyspnea exercised for 13 min on the Bruce protocol, stopping owing to fatigue.
At rest (heart rate 60 bpm), basal inferior wall hypokinesis with preserved function of the remaining left ventricular segments were pres-
ent. Immediate postexercise images obtained between heart rates 136—180 bpm showed abnormal septal motion with augmented contrac-
tility of the remaining segments. The differential diagnosis included postmyocarditis or a cardiomyopathy with possible exercise-induced
septal ischemia at achieved workload. Clinical correlation and/or further evaluation with another investigative modality was recommended.
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Fig. 10. A 47-yr-old male status postheart transplant. Myocardial contrast agent (Definity®, perflutren lipid micropsheres) was used to
improve endocardial definition both at baseline and during image acquisition. Dobutamine was infused up to a peak dose of 20 pg/kg/min.
The target heart rate of 160 bpm was achieved. Peak blood pressure was 180/87 mmHg. Echocardiographic parameters were normal at
baseline, and dobutamine stress echocardiography images revealed normal recruitment of systolic function with no evidence of ischemia.
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interpretation. Correct image orientation is essential
to accurate diagnoses. In turn, accurate interpretation
and diagnosis depends chiefly on experience of the
sonographer in acquiring images and on the expertise of
the physician interpreting them. Therefore, it is essential
that the interpreting physician have a complete under-
standing of resting transthoracic principles prior to gain-
ing experience with stress echocardiography.

In summary, stress echocardiography is a routine
diagnostic procedure for the initial assessment of
coronary artery disease, the follow up of patients with
known coronary artery disease, and for management
decisions regarding revascularization in patients with
chronic coronary disease. It is a powerful tool in the
assessment of regional and overall myocardial func-
tion in skilled hands. As its use broadens, new appli-
cations are emerging, such as the assessment of

Bermudez and Chen

valvular disease and contrast myocardial perfusion,
continuing to expand this already versatile modality.
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DEFINITION

Cardiomyopathies are a varied group of heart dis-
eases that are characterized by abnormalities of the heart
muscle. Although these generally exclude those secondary
to coronary artery disease, hypertension, congenital, valvu-
lar, or pericardial pathology, this definition has loosened,
and terms such as “ischemic cardiomyopathy” or “hyper-
tensive cardiomyopathy” have become popular (Fig. 1).

Cardiomyopathy is traditionally divided into three
functional categories: dilated, hypertrophic, and restric-
tive (Fig. 2, Table 1). Echocardiography, in conjunction
with the clinical presentation, serves as the basis for this
categorization. Evaluation of cardiac structure and func-
tion by two-dimensional (2D), M-mode, and Doppler
can help in the diagnosis, management, and prognosis in
patients with cardiomyopathy. The various cardiomyo-
pathies may share features in their presentation and
echocardiographic characteristics.

DILATED CARDIOMYOPATHY

CASE PRESENTATION

A 56-yr-old male presented to the emergency
department following worsening episodes of short-
ness of breath, orthopnea, and paroxysmal nocturnal
dyspnea. His history of dyspnea began 7 yr ago and at
that time he was started on an angiotensin-coverting

enzyme inhibitor, furosemide, and digoxin. Investi-
gations revealed no clear cause of his cardiomyo-
pathy, but he admitted a 20-yr history of excess
alcohol intake. An echocardiogram done at that time
reported an ejection fraction of less than 20%. Cardiac
catheterization was normal except for a 30% stenosis
of the midleft anterior descending artery.

At the time of presentation, his medications
included captopril, lasix, digoxin, potassium chlo-
ride, aspirin, multivitamins, and unspecified dietary
supplements. He had no known drug allergies. His
family history was significant for coronary heart
disease. He smoked more than two packs of ciga-
rettes daily for more than 20 yr, and averaged
almost a quart of alcoholic beverages of various
descriptions. He admitted no intravenous drug use,
but occasionally used cocaine.

On examination, he was afebrile, pulse rate 119
bpm, blood pressure 112/71 mmHg, respiratory rate
18 breaths/min, and oxygen saturation measured 94%
on room air. Significant cardiorespiratory findings
included an elevated jugular venous pressure of
12.0 cm, basilar crackles up to the lower third of
both lung fields, and a laterally displaced apex beat.
He was in sinus thythm with occasional premature
ventricular contractions. Normal S1, a split S2, and
a palpable S3 gallop were noted, but no murmurs.
Bilateral pitting edema of both lower extremities
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| Dilated | | Hypertrophic | | Restrictive
Idiopathic Anatomic Primary
Alcohol & Variants idiopathic
Toxins Assymetric Loeffler's
Infections (septal) Endomyocardial
Immune Subaortic fibrosis
Genetic Apical Secondary
Peripartum Midcavity Infiltrative
Concentric Amyloidosis
Sarcoidosis
Storage Diseases
Hemochromatosis

WAY,

Glycogen storage

Lysosomal storage

]
Specific

Arrhythmogenic Unclassified | |
Right Ventricular
Cardiomyopathy
Idiopathic Left ventricular  Ischemic
Genetic noncompaction Hypertensive
Autosomal dominant Endocardial Valvular
Autosomal recessive fibroelastosis  Metaboliic
Naxos disease Mitochondrial Connective tissue
(mal de Meleda) diseases disease
General system
disease
Muscular/
neuromuscular
Toxic

Fig. 1. Cardiomyopathies: classification.
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Fig. 2. Cardiomyopathies: three major functional types. Two-dimensional and Doppler echocardiography play central roles in the
identification of the three major functional types of the cardiomyopathies. Major distinguishing features of these classes are listed in
Table 1. Ao, aorta; LA, left atrium; LV, left ventricle.

was present and all peripheral pulses were palpable,
although of reduced volume. Sinus tachycardia at
112 bpm, frequent premature ventricular contractions
and 1.0 mm ST depression in V6, left axis deviation,
left atrial enlargement, poor R-wave progression

and lateral ST/T-wave abnormalities were all noted

on his electrocardiogram (ECG).
Echocardiography revealed a dilated cardiomyo-

pathy. Some of his images are shown in Figs. 3 and 4

(please see companion DVD for corresponding video).
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Table 1

Cardiomyopathies: Three Major Functional Types
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Dilated cardiomyopathy

Hypertrophic cardiomyopathy

Restrictive cardiomyopathy

Clinical presentation
and frequency

Cardiac chamber
dimensions

Wall dimensions

Systolic indices and
ejection fraction
(normal >55%)

Diastolic function

Valvular function:

Dyspnea on exertion;
congestive heart failure

Dilated cardiac chambers,
esp. the left ventricle;
dilated atria; right sided
chambers can be dilated
as well

Normal, mildly increased,
or decreased

Reduced systolic function;
decreased EF, <30%

Impaired; may reflect
volume overload

MR secondary to annular

Often asymptomatic; syncope;
sudden death;
genetic mutation
(~1 in 500)

Reduced left ventricular
cavity size; dilated atria

Asymmetric septal hypertrophy
most common; other variants
seen (Fig. 8)

Normal or increased systolic
function; dynamic LVOT
obstruction and intracavitary
gradients

Impaired; asynchronous
relaxation

MR with SAM of mitral leaflets

Progressive dyspnea, right-sided
heart failure; features of
underlying disorder

Reduced ventricular cavity size;
dilated atria—marked; dilated
right sided chambers

Usually increased, and may
involve all cardiac chambers

Normal systolic function in
early phases; reduced with
advanced disease

Impaired with progressive
restrictive physiology

MR and TR frequent

MR; TR dilation and apical

tethering; TR frequent

Table modified from Warner Stevenson L. Diseases of the myocardium. In: Cecil Textbook of Medicine, 22nd ed. Goldman L, Ausiello D.,

eds., Saunders, Philadelphia: 2004:441-454.

EF, ejection fraction; LVOT, left ventricular outflow tract; MR, mitral regurgitation; SAM, systolic anterior motion; TR, tricuspid

regurgitation.

Dilated cardiomyopathy is characterized by a dilated
poorly functional left ventricle. The echocardiographic
appearance of dilated cardiomyopathy can be remarkably
similar despite the multiple etiologies (Table 2). Although
regional wall motion abnormalities can be extremely
suggestive of an ischemic etiology, some patients with
nonischemic cardiomyopathy have regional dysfunction.

Dilated cardiac chambers characterize advanced stages
of a dilated cardiomyopathy, predominantly the left ven-
tricle, associated with accompanying systolic dysfunc-
tion. All indices of ventricular systolic function—Ieft
ventricular volumes, ejection fraction, stroke volume, car-
diac output, and others—are generally reduced (Table 3;
see also Chapter 4, Tables 4-7). Nevertheless, some
patients may demonstrate minimal dilatation with sig-
nificant ventricular dysfunction.

Wall thickness in dilated cardiomyopathy is usually
within normal limits, but may be increased or decreased.
Overall cardiac mass is invariably increased (Fig. 5).
Dilated cardiomyopathy often leads to dilated mitral
annulus, papillary muscle displacement resulting in poor
mitral leaflet coaptation, both of which contribute to

functional mitral regurgitation. These are best visualized
using parasternal and apical windows. (Fig. 6; please
see companion DVD for corresponding video; see also
Chapter 14, Figs. 5 and 6). Dilated cardiomyopathy
may present with relative sparing of regional wall func-
tion, especially of the basal and inferior walls (Fig. 3;
please see companion DVD for corresponding video),
or with multiple regional wall motion abnormalities,
although, if nonischemic in etiology, not usually in a
coronary distribution. Distinguishing between ischemic
and nonischemic etiology by echocardiography can be
challenging.

A dilated akinetic-hypokinetic left ventricular cham-
ber increases the risk of intracardiac thrombus, which is
more prone to form in areas of relative stasis. The major-
ity of thrombi that form are mural; therefore, careful
examination of the ventricular walls, using techniques
to improve visualization of spontaneous echocontrast
or thrombus (such as using a high-frequency transducer
or myocardial contrast agents) should be employed.
Intracavitary thrombi are more common in the left ven-
tricular apex (see Chapter 7, Figs. 11 and 12).
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Fig. 3. Dilated cardiomyopathy. Left ventricular, left atrial, and right ventricular dilatation are seen in the parasternal long-axis view
(A). Wall thicknesses were within normal limits. Severe hypokinesis with akinetic segments, poor wall thickening are seen. Reduced sys-
tolic function leads to poor aortic valve opening, premature closure secondary to reduced stroke volume, and reduced anterior motion of
aortic root during systole (B). M-mode at the mitral valve level shows increased E-point septal separation. Note poor mitral valve clo-
sure, the akinetic septum, and the relatively preserved postero-basal segment (C). M-mode more just distal to the mitral leaflets
(D) shows dilated ventricular chambers with minimal excursion of the ventricular walls, little difference between systole and diastole,
and calculated ejection fraction of 15% (Teichholz method, see Chapter 4). (Please see companion DVD for corresponding video.)

PW Mitral Inflow:

Fig. 4.
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Table 2
Causes of a Dilated Cardiomyopathy on Echocardiography

Idiopathic (most common)

Ischemic

Valvular heart disease

Chronic hypertension

Tachyarrythmias (including SVTs, VTs)

Toxins (alcohol, anthracycline, e.g., daunorubicin)

Infections (HIV and viral, bacterial, parasitic,
including Chagas)

Metabolic

Systemic and connective tissue disease

Other

SVT, supraventricular tachycardia; VT, ventricular tachycardia.

Table 3
Dilated Cardiomyopathy: Echocardiographic Findings

Modality Description

Two-dimensional ~ Dilated left ventricle® (sine qua non)

findings Dilated right ventricle” (frequent)

Dilated atria (frequent)
Low left ventricle ejection fraction”

Low right ventricle ejection fraction”
reduced indices of systolic function
(see Chapter 4)

Normal wall thickness, sometimes
decreased or increased

Sometimes spontaneous echo contrast
+ intracavitary thrombus

M-Mode Dilated cardiac chambers

increased E-point septal separation

Doppler findings  Diastolic dysfunction®—initial
impaired relaxation * later

restrictive pattern (see Chapter 5);

mitral regurgitation (functional):
secondary to apical tethering
(“tenting”) leading to restricted
leaflet closure, annular dilatation,
and papillary muscle displacement

“Association with adverse outcomes.

165

Robert Padera, MD
Brigham and Women's Hospital

Fig. 5. Dilated cardiomyopathy: explanted heart. Gross explanted
heart specimen (minus atria) from 56-yr-old male with end-stage
dilated cardiomyopathy who received a heart transplant. Note the
marked increase in total heart mass (heart weighed 780 g; normal
< 360 g). Bilateral atrial enlargement was present, but portions of
both atrium remained within transplant recipient. No intracavitary
thrombus was seen.

Additional Parameters

Evaluation of right heart function, including the
presence of right-sided chamber dilatation, tricuspid
regurgitation, and pulmonary artery pressures, should
be assessed in patients with cardiomyopathy, and can
have prognostic importance (see Chapter 4). High tri-
cuspid regurgitation velocities have been associated
with worse outcomes.

Patients with dilated cardiomyopathy frequently
exhibit some degree of diastolic dysfunction. Diastolic
dysfunction almost always accompanies systolic dys-
function. A very rapid mitral deceleration time (DT) is
indicative of so-called restrictive physiology, which can
be seen on pulse-wave Doppler evaluation of mitral
inflow. A “restrictive” Doppler pattern has been associ-
ated with worse prognosis in patients with heart failure
(Fig. 7). Mitral DT less than approx 140 ms is associ-
ated with poor prognosis.

Fig. 4. (Opposite page) Dilated cardiomyopathy. Parasternal short-axis views at the papillary muscle level shows dilated cardiac
chambers. Note the thinned septal regions (A). Apical four-chamber view (B) shows four-chamber dilatation and apical tethering
(tenting) of mitral valve leaflets—factors contributing to mitral regurgitation. Mitral inflow pulse Doppler velocity profile appears
normal (C), but when integrated with the reduced velocities and reversed pattern seen on Doppler tissue imaging (D), should be interpreted
as “pseudonormal”—both evidence of diastolic dysfunction. (Please see companion DVD for corresponding video.)
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Fig. 6. Dilated cardiomyopathy: Mitral regurgitation. Mitral annular dilatation, lateral papillary muscle displacement, and apical tethering
prevent normal leaflet coaptation. The result is typically mitral regurgitation (MR) with a centrally directed jet. Worsening MR heralds
a worse prognosis. Color M-mode Doppler across the mitral valve (apical four-chamber view) during diastole provides a spatio-temporal
display of blood velocities across the vertical interrogation line. This parameter may be less affected by loading conditions. The slope of this
flow signal—flow propagation velocity (Vp)—is the slope of the first aliasing velocity measured on the E wave. Normal Vp is > 55 cm/s.
Vp < 45cm/s may indicate impaired relaxation. (Please see companion DVD for corresponding video.)

Deceleration time

Fig. 7. Mitral inflow profiles showing evidence of diastolic dysfunction in dilated cardiomyopathy. The mitral inflow pulse Doppler pro-
file in dilated cardiomyopathy often shows an impaired relaxation pattern (A) with prolonged deceleration time (DT > 200 ms) and rever-
sal of the normal E:a ratio during the early stages. Later worsening of diastolic dysfunction is accompanied by a compensatory increase
in left atrial filling pressures (driving pressure) results in early rapid filling of the left ventricle (a tall, thin E-wave) in the setting of a dilated
left atrium. The marked fall in the A-wave velocity reflects atrial systolic dysfunction owing to a poorly compliant left ventricle.

RESTRICTIVE AND INFILTRATIVE

CARDIOMYOPATHY artery disease. Both his previous coronary angio-
gram done in 1999 and a nuclear study in 2002 were
reported as normal. His past medical history also

CASE PRESENTATION

includes aortic valve replacement in 5 yr earlier,

A 76-yr-old male was admitted for investigation
and management of decompensated heart failure. He
presented earlier with a 3-mo history of progressive
shortness of breath on exertion, paroxysmal nocturnal
dyspnea, and ankle swelling. He denied any chest
pain or palpitations. He gave no history of coronary

paroxysmal atrial fibrillation, chronic obstructive
pulmonary disease, essential thrombocytopenia,
hypertension, and bilateral carpal tunnel syndrome.
Significant investigations include an elevated brain
natriuretic peptide levels, mild cardiomegaly on
chest X-ray, and bilateral pleural effusions. His ECG
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Subcostal

Fig. 8. Restrictive cardiomypathy: amyloid heart disease. Concentric left ventricular hypertrophy with reduction in left ventricular
cavity size, dilated left atrium, left-sided pleural effusion (arrow, A), and smaller pericardial effusion (arrow, B) are features consistent
with cardiac amyloidosis. Note thickened right ventricular wall and interatrial septum with moderate increase in right ventricular
cavity size. A distinctive, but not specific sign of cardiac amyloidosis is the “ground-glass” or “sparkling” appearance of the
myocardium (A-C). Right heart failure with increased right sided pressures are evident in this patient. Note the markedly dilated
inferior vena cava (IVC, D). (Please see companion DVD for corresponding video.)
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Fig. 9. Restrictive cardiomypathy: amyloid heart disease. Doppler profiles in 76-yr-old male with decompensated heart failure and
amyloid cardiomyopathy shows classic Doppler findings in restrictive cardiomyopathy (A). Right upper pulmonary venous flow with
reduced systolic:diastolic flow ratio (B). Mitral inflow profile with increased E:a ratio < 2 (C). Markedly reduced velocities on
Doppler tissue imaging (D). Blunted Vp slope on color flow propagation velocity M-mode.
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Table 4
Restrictive Cardiomyopathy

Common Causes of Restrictive Cardiomyopathy

Primary Idiopathic
Hypereosinophilic syndrome (Loeffler
endocarditis)
Endomyocardial fibrosis
Secondary Infiltrative disease:

amyloidosis (primary, secondary), sarcoidosis
Post-radiation, carcinoid syndrome
Storage diseases, hemochromatosis,

glycogen storage diseases
Diabetes mellitus (most common)

Table 5
Cardiomyopathies With Diastolic Dysfunction

Restrictive cardiomyopathy
Dilated cardiomyopathy
Hypertrophic cardiomyopathy
Hypertensive cardiomyopathy
Ischemic cardiomyopathy

was notable for low-voltage QRS complexes and left
bundle branch block.

Echocardiographic study showed preserved left
ventricular ejection fraction and echocardiogenic
speckling suggestive of cardiac amyloid. His pul-
monary artery pressure on echocardiography was
estimated at 50 mmHg plus right atrial pressure.
Selected still frames are shown in Figs. 8 and 9
(please see companion DVD for corresponding
video for Fig. 8).

The restrictive cardiomyopathies are characterized
by diastolic dysfunction because of poor ventricular
compliance (reduced chamber distensibility). The
underlying restrictive or infiltrative processes (Table 4),
despite the specific etiology, typically lead to progres-
sive biventricular stiffness and elevated filling (dias-
tolic) pressures, manifesting clinically as exertional
dysnea and right heart failure. Yet it is important to rec-
ognize that diastolic dysfunction is not specific to
restrictive cardiomyopathy, and frequently accompa-
nies other cardiomyopathies that are not primarily
restrictive (Table 5).

The diagnosis of restrictive cardiomyopathy is prima-
rily clinical, but 2D and Doppler echocardiography play
supportive/confirmatory roles (Table 6). Left ventricular
cavity size is characteristically preserved, but wall

Bulwer and Solomon

Table 6
A Summary of Echocardiographic Findings
in Restrictive Cardiomyopathies

Modality Findings

Two-dimensional Normal ventricular volumes,

findings preserved systolic function, marked
biatrial enlargement
Doppler findings Limited (<20%) variation in inflow

velocities with respiration
(compared with constrictive
pericarditis)
Reduced isovolumic relaxation time
(<70 m/s)
Increased E velocity (>1 m/s)
Reduced deceleration time (<160 ms)
Reduced A velocity (<0.5 m/s)

Reduced A wave duration

Mitral inflow

Increased E:a ratio (>2)
Pulmonary vein Reduced systolic flow
Increased diastolic flow
Reduced systolic:diastolic flow ratio

Increased peak atrial reversal
velocity and duration

Reduced Em velocity (lateral
annulus), <8—10 cm/s

Quantitative: Vp < 45 cm/s
(quantitative)
(normal >55 cm/s)

visual estimate: blunted Vp slope
(normal ~90°, upright)

Doppler tissue
imaging

Color M-mode
(flow propagation
velocity; Vp)

thicknesses may be normal, increased, or even
decreased. In amyloid heart disease, the prototype
restrictive cardiomyopathy, concentric left ventricular
thickening is typical and systolic function preserved
(until the advanced stages). The pattern of myocardial
wall thickening (involving the right ventricle and intera-
trial septum) are clues to the diagnosis (Table 7). Right
ventricular dilatation frequently occurs and biatrial
enlargement is almost always present. In addition, a
small pericardial effusion and nonspecific valvular thick-
ening are common. A “ground-glass” or “sparkling”
appearance of ventricular myocardium is distinctive, but
nonspecific for amyloid. However, when combined with
other echocardiographic findings, it is highly suggestive
of amyloid.

A helpful confirmatory parameter in cardiac amy-
loid is assessment of the voltage-to-mass ratio.
Amyloid infiltration of the myocardium increases ven-
tricular mass (Fig. 10) while reducing QRS voltage.
This finding may be characteristic of amyloid and
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Table 7
Echocardiographic Findings in Amyloid Heart Disease

Modality Description

Two-dimensional/
M-mode findings

Left ventricular hypertrophy
(with low QRS voltages or
pseudoinfarct pattern on
electrocardiogram), diminution of
left ventricular cavity size, right
ventricular hypertrophy, distinctive
“ground-glass or sparkling”
appearance of myocardium
(nonspecific), thickened inter-atrial
septum and valve leaflets, biatrial
enlargement, echocardiographic
signs of right heart failure,
multi-valvular regurgitation; small
to moderate pericardial effusion,
LV function usually preserved until
advanced stages

Diastolic dysfunction (commonest
and earliest abnormality),
restrictive cardiomyopathy
Doppler profile

Doppler findings

other infiltrative disease, and distinguish it from other
causes of increased wall thickness, such as hyperten-
sive hypertrophy or hypertrophic cardiomyopathy.

Doppler profiles found in restrictive cardiomyopathy
(Table 6) reveal abnormal diastolic filling patterns (see
also Chapter 6). Reduced ventricular compliance
(increasing ventricular stiffness) requires greater filling
pressures, i.e., elevated ventricular end-diastolic pres-
sures and markedly increased atrial pressures.

In the early stages, an impaired relaxation pattern
predominates (Fig. 7A). Early rapid filling is slowed
(decreased peak E velocity with prolonged DT) and
increased atrial filling (kick) is required to compensate.
E:a reversal or E:a ratio less than 1 and DT greater than
200 m/s defines the condition. Over time, increased
early rapid filling is restored as higher filling pressures
generated by a now dilated/thickened atria compensate
and manifests as a “pseudonormalized” pattern. Repeat
recordings during stage 2 of the Valsalva maneuver can
unmask pseudonormalization—this acutely reduces
filling pressures and reveals the underlying impaired
relaxation. Pulmonary venous flow patterns provide
supportive evidence. As the pathological processes
ensue, a restrictive pattern becomes established (Fig. 9).
The tall steep E-wave reflects higher transmitral gradi-
ents with very rapid equilibration during early diastole.
Deteriorating atrial function frequently leads to atrial
fibrillation (absent A-wave) or a markedly diminished
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Fig. 10. Restrictive cardiomyopathy: amyloid heart disease. Gross
heart specimen from a 66-yr-old man patient with systemic amy-
loidosis who died from congestive heart failure. Heart weighed
650 g (adjusted normal <350 g). Note thickened left ventricle with
reduced cavity size, dilated atria, and intracardiac device. Biatrial
enlargement reflects the consequences of impaired ventricular
filling—a characteristic of restrictive cardiomyopathies.

A-wave (E:a ratio >1 and DT <150 ms). The most reli-
able diastolic abnormality by echocardiography is
reduced myocardial relaxation velocities. Patients with
advanced restrictive heart disease, such as amyloid, can
have lateral mitral annular diastolic velocities of 5 cm/s
or less (see Chapter 6).

The more common etiologies for restrictive cardio-
myopathy are: (1) cardiac amyloid, which is the most
common cause in the industrialized world; (2) hypere-
osinophilic syndrome and endomyocardial fibrosis,
common in parts of Latin America, Asia, and Africa;
(3) carcinoid heart disease (see Chapter 19); (4) Sarcoi-
dosis (sarcoid granulomata primarily affect the retic-
ulo-endothelial system, the lungs, and skin, but cardiac
involvement occurs). Right heart failure may be a
sequel to pulmonary fibrosis, but sarcoid granulo-
matous infiltration of the heart can lead to a restrictive
cardiomyopathy as well as impaired systolic function
and conduction disturbances (Fig. 11).

Restrictive cardiomyopathy can resemble, and can be
difficult to distinguish from, constrictive pericarditis.
Preservation of systolic function and abnormal diastolic
filling patterns are seen in both. However, a thickened
pericardium and respirophasic variation in inflow velo-
cities are indicative of constrictive pericarditis (Fig. 12).
In addition, mitral annular diastolic relaxation velo-
cities are typically normal in patients with constrictive
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Fig. 11. Restrictive cardiomypathy: cardiac sarcoid. Echocardiographic images and a gross heart specimen from a 58-yr-old female
who succumbed to complications related to severe pulmonary sarcoid, pulmonary fibrosis, and bronchiectasis are shown. In addition
to Doppler indices consistent with a restrictive cardiomyopathy, biatrial enlargement and right ventricular hypertrophy secondary to

pulmonary hypertension were seen (A-D).

— YN VNS PNEPN VRPN VN

— N Y

E
. A
Mitral Inflow A.A /\.A A./\ /\.A 4\ }\
DT > 150 ms DT <150 ms
S

Tissue Dopp

-ler imaging /\/'V/‘\/'V/\I'V/VV/VV/-\/-V
Ey M
M

Restriction

Normal Constriction

Fig. 12. Doppler indices: constrictive pericarditis vs restrictive
cardiomyopathy. Simplified schema integrating Doppler profiles
of mitral inflow, Doppler tissue imaging, and respirophasic
changes to distinguish constrictive pericarditis from restrictive
cardiomyopathy. Other Doppler profiles of tricuspid valve
flow (Chapter 10, Fig. 12), pulmonary venous flow, and hepatic
venous flow, should be integrated to improve assessment.
However, the basis of the distinction remain the clinical presenta-
tion, two-dimensional echocardiographic findings, and computed
tomography /magnetic resonance imaging.

physiology, whereas quite abnormal in patients with
restrictive disease.

Clinically silent diastolic and systolic dysfunction
eventually occurs in most patients with diabetes
mellitus, even in well-controlled individuals. Diabetic
cardiomyopathy is increasingly recognized as perhaps
the most prevalent type of restrictive cardiomyopathy.

HYPERTROPHIC CARDIOMYOPATHY

CASE PRESENTATION

A 27-yr-old Caucasian male presented with
episodes of palpitations. He gave no history of
prescription drug or illicit drug use or smoking
and led a physically active lifestyle. Family history
was significant for hypertrophic cardiomyopathy.
Physical examination was completely normal,
including cardiac examination at rest and during
Valsalva maneuver. His ECG showed normal sinus
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Fig. 13. Case presentation: hypertrophic cardiomyopathy. Thickened interventricular septum (IVS) measuring 20 cm, normal poste-
rior wall thickness, and normal chamber sizes are seen on parasternal long-axis (PLAX) view (A). M-mode at the mitral valve level
shows the hypertrophied septum with E-point septal contact (B). Parasternal short-axis view confirms assymetric hypertrophy
(C), which most often spares the basal posterior wall as shown on this M-mode through the short-axis view at the mitral level (D).
(Please see companion DVD for corresponding video.)

rhythm, heart rate of 67 bpm, normal intervals, and
normal axis. Right ventricular conduction delay,
left ventricular hypertrophy (LVH), and repolariza-
tion abnormalities were present.

On echocardiography, his left ventricular size
was normal with normal left ventricular function
and ejection fraction 70-75% (Figs. 13 and 14,
please see companion DVD for corresponding
video). No regional wall motion abnormalities were
present but marked septal hypertrophy with maxi-
mal wall thickness of 24 mm (proximal-midseptum)
was noted. Only minor systolic anterior motion
(SAM) of the mitral chords was seen. No significant
intracavitary gradient was detected either at rest
or with the Valsalva maneuver. Reversed curvature
of the interventricular septum was seen. The aortic
root and leaflets were normal but trace aortic regur-
gitation was present. The right ventricle, tricuspid
valve, and both atria were normal in size and func-
tion. The inferior vena cava and the pericardium
were normal.

Hypertrophic cardiomyopathy is typically defined as
unexplained ventricular hypertrophy, and can be gener-
ally diagnosed in a patient with hypertrophy not associ-
ated with hypertension or other obvious causes, such as
aortic stenosis. The majority of cases of hypertrophic
cardiomyopathy are caused by sarcomeric genetic
mutations, although many specific gene mutations
have been identified. Approximately 50% of cases are
autosomal dominant.

Hypertrophic cardiomyopathy exhibits great hetero-
geneity both in morphological appearance and clinical
presentation. Most patients with hypertrophic cardiomy-
opathy present clinically between ages 20 and 40 yr.
Presentation later in life is generally associated with less
severe forms of the disease.

Echocardiography has great utility in hyper-
trophic cardiomyopathy (Table 8). It helps establish
the diagnosis in symptomatic patients, and exclude
secondary causes of ventricular hypertrophy. It is
an essential screening tool in identifying and moni-
toring relatives of affected patients. 2D, M-mode,
and stress echocardiography are indispensable for
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Fig. 14. Case presentation: hypertrophic cardiomyopathy. Spectral Doppler profiles of patient in our case presentation shows nor-
mal Doppler profiles in the evaluation of pulmonary venous flow, mitral inflow, and Doppler tissue imaging at the lateral mitral
annulus (A-C). Pulse Doppler interrogation along the septum using apical windows showed no stepwise increase in gradient
(D,E). Continuous-wave Doppler evaluation confirmed the same (E).

Table 8
Utility of Echocardiography in Hypertrophic Cardiomyopathy

1. Definitive diagnosis; excludes secondary causes,
e.g., aortic stenosis

2. Screening tool for first-degree and other relatives

3. Assessment of morphological variants—and distribution
and magnitude of left ventricular outflow tract gradients

4. Assessment of mitral regurgitation severity (when present)

5. Evaluation of diastolic function

6. Patient selection for intervention procedures
e.g., septal ablation or surgical myotomy-myectomy
(stress echocardiography and other maneuvers)

7. Myocardial contrast echocardiography: improves success
rate of septal ablation and reduce need for permanent
pacing

8. Monitoring and follow-up postmedical or surgical
intervention

detecting dynamic outflow tract obstruction and its
various components, as well as in the assessment of
provocative maneuvers. Intraprocedural myocardial
contrast echocardiography can improve the success

rates of septal ablation procedures for hypertrophic
cardiomyopathy.

Echocardiographic Findings

Echocardiographic features of the most common
variant—assymetric septal hypertrophy—includes
marked hypertrophy along the length of the entire inter-
ventricular septum, often at the expense of the left
ventricular cavity and normal or increased ventricular
systolic function. Often, the septal-to-posterior wall
thickness ratio is greater than 1.3, although it is also not
uncommon to find relatively concentric hypertrophy.
Reversed curvature of the interventricular septum is a
typical finding in hypertrophic cardiomyopathy.
Typically, hypertrophy extends down the majority of
the length of the septum and is distinct from upper
septal disproportionate thickening common in hyper-
tensive hypertrophy of the elderly.

A typical feature of the enlarged interventricular sep-
tum is its impact on the Doppler profile of the left ventric-
ular outflow tract (LVOT). This “dagger-shaped” spectral
Doppler pattern reflects late-peaking systolic flow through
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Fig. 15. Hypertrophic cardiomyopathy: variants. Hypertrophic cardiomyopathy morphology exhibits heterogeneity. The most
common variant is assymetric septal hypertrophy involving the entire septum (B). Discrete upper septal hypertrophy displays a
sigmoid-shaped septum (C). It is not the same as discrete/disproportionate upper septal thickening (DUST) or “septal knuckle”
often seen in the elderly. The apical variant of hypertrophic cardiomyopathy (D) was first described in Japan, but occurs globally.
The left ventricular chamber assumes an “ace of spades” configuration and is best seen in the apical 4-chamber view. It must be
differentiated from left ventricular noncompaction. The concentric pattern of hypertrophic cardiomyopathy (E) occurs, exhibiting
symmetrical thickening of the entire left ventricular wall. Concentric left ventricular hypertrophy with pressure overload states can
be confused with this variant. Hypertrophied papillary muscles or midventricular hypertrophic cardiomyopathy is an uncommon

variant. It may be associated with midcavity obstruction.

the LVOT (Fig. 15). Echocardiographic features found
in hypertrophic cardiomyopathy are summarized in
Table 9 and Figs. 16 and 17.

LVOT Obstruction and SAM of the Mitral Valve

Marked narrowing of the LVOT is seen or inducible in
about one-fourth of patients. The result is dynamic LVOT
obstruction (Fig. 18; please see companion DVD for cor-
responding video). This involves more than obstruction
caused by the hypertrophied septum. SAM of the anterior
mitral valve leaflet and abnormalties of the entire mitral
valve complex commonly occur (Table 10). Enlarged elon-
gated mitral leaflets and abnormalities of the subvalvular
apparatus—papillary muscles and chordal attachments—
all participate in the septal anterior motion and outflow
tract obstruction. A posteriorly directed mitral regurgitant
jet typically accompanies SAM.

SAM of the mitral valve (Figs. 18 and 19; please see
companion DVD for corresponding video) is not pathog-
nomonic of hypertrophic cardiomyopathy; it occurs in

Table 9
Echocardiographic Findings in Hypertrophic Cardiomyopathy
Modality Description
Two- e Asymmetric; isolated septal hypertrophy
dimensional (commonest variant), although
findings concentric hypertrophy also common
 Septal: Posterior wall thickness ratio >1.3
elongated mitral leaflets—coaptation
point along the body, not the tips of
leaflets (Figs. 18 and 19)
M-mode e SAM of mitral valve; midsystolic
notching/fluttering of the aortic valve
Doppler * Dynamic LVOT obstruction; “dagger-shaped”
findings CW profile; mitral regurgitant

(accompanying SAM) with posteriorly
directed jet; relaxation abnormality/
diastolic dysfunction

LVOT, left ventricular outflow tract; CW, continuous wave;
SAM, systolic anterior motion.
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Fig. 16. Hypertrophic cardiomyopathy: concentric variant. Hyper-
trophic cardiomyopathy of the concentric variety in a 38-yr-old
male who succumbed to surgical complications unrelated to his
cardiomyopathy. Note the massive hypertrophy confined to the
left ventricle and marked dilatation of his left atrial chamber.

Table 10
Factors Contributing to Dynamic Left Ventricular
Outflow Trait Obstruction

Septal hypertrophy
Systolic anterior motion of mitral valve leaflets

3. Systolic anterior displacement of entire mitral valve
complex (including papillary muscles)

Redundant mitral valve leaflets
5. Hydrodynamic drag forces (Venturi effect)

secondary hypertrophic cardiomyopathies and hyper-
contractile states (Table 11). The time of onset and the
duration of SAM are best appreciated on M-mode
echocardiography. Both such measurements are related
to the severity of LVOT obstruction (Fig. 20).

A midsystolic drop in LVOT velocities—a reflec-
tion of impedance to flow within the aorta—typically
manifests as midsystolic notching and fluttering
of the aortic valve leaflets on M-mode (“lobster
claw abnormality,” Fig. 21). Dynamic outflow
obstruction may be absent at rest, but provoked by
maneuvers that reduce preload (e.g., Valsalva maneuver
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Fig. 17. Hypertrophic cardiomyopathy. Spectral Doppler profile of
characteristic “dagger-shaped” flow distal to the hypertrophied
septum. This reflects late peaking maximal velocities—a manifes-
tation of some obstruction to systolic flow.

or amyl nitrite inhalation (Table 12; Fig. 22); or
increased by maneuvers that increase preload, such as
simple leg lifting.

Dynamic outflow obstruction is best appreciated on
continuous-wave Doppler. Interrogation of velocities
across the LVOT produces a characteristic late-peak-
ing Doppler profile. Using the simplified Bernoulli
equation, peak velocities can be converted into pres-
sure gradients across the LVOT. Exercise provokes
increased LVOT gradients and exercise stress echocar-
diography may provide better correlation between
symptoms and disease severity compared to amyl
nitrite inhalation (Table 12, Fig. 23A).

A similar pattern of dynamic outflow tract obstruc-
tion can be seen in midcavity obstruction owing to
variant hypertrophic cardiomyopathy (Fig. 23B). The
discrete or disproportionate upper septal hypertrophy
(“DUST”) commonly seen in elderly individuals bears
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Fig. 18. Dynamic left ventricular outflow tract obstruction. Dynamic left ventricular outflow tract obstruction with systolic anterior
motion of the mitral valve leaflets (SAM) are shown in this parasternal long-axis (PLAX) view (A). Suboptimal mitral leaflet coap-
tation accompanies SAM and is typically accompanied by a posteriorly directed mitral regurgitant jet. Note the turbulence created in
within the left ventricular outflow tract (arrow, B). Apical five-chamber (A5C) views of the same features above are shown (D).

(Please see companion DVD for corresponding video.)

no clear etiological relationship to hypertrophic
cardiomyopathy. Nevertheless, the prominent septal
“knuckle” found in DUST may cause dynamic out-
flow tract obstruction (Fig. 24).

Mitral Regurgitation in Hypertrophic
Cardiomyopathy

A posteriorly directed jet of mitral regurgitation typ-
ically accompanies SAM of the mitral valve for reasons
explained previously (Figs. 18 and 19). It temporally
follows the onset of LVOT obstruction and care should
be taken not to confuse its Doppler velocity profile with
that of LVOT obstruction. The peak gradients, timing,
and configuration of the spectral Doppler profile help
to differentiate between the two.

Diastolic Dysfunction in Hypertrophic
Cardiomyopathy
Diastolic filling of the left ventricle is impaired
in about 80% of individuals with hypertrophic car-
diomyopathy, and can even be observed in asympto-
matic patients without overt hypertrophy but who are

genetically affected. No clear relationship exists
between the severity of hypertrophy and the severity of
diastolic dysfunction. Asynchronous myocardial relax-
ation of the hypertrophied muscle can lead to complex
patterns of intracavitary flow during diastole.

Echocardiography in Septal Ablation
and Myectomy-Myotomy

Echocardiography plays a central role in identi-
fying clinically significant LVOT obstruction that
requires intervention, i.e., septal ablation or myec-
tomy-myotomy of the hypertrophied muscle. Intra-
procedural echocardiography with myocardial
contrast imaging has become routine during alcohol
septal ablation (Fig. 25).

The septal perforating branch of the left anterior
descending coronary artery that supplies the hyper-
trophied septum (where it contacts the anterior mitral
leaflet) is cannulated via a percutaneous transluminal
approach and myocardial contrast agent then injected.
Intraprocedural echocardiography is essential to guide
and monitor the procedure and dehydrated alcohol is
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Fig. 19. Systolic anterior motion of the mitral valve (SAM).
SAM of the mitral valve dynamically obstructs normal left ven-
tricular outflow (LVOT). Note the anterior movement of both
mitral leaflets (and supporting mitral structures) and the incom-
plete coaptation at a point halfway the body of the elongated
mitral leaflets. These result in the characteristic posteriorly
directed jet of mitral regurgitation (Fig. 18). (Please see com-
panion DVD for corresponding video.)

Table 11
Systolic Anterior Motion

Hypertrophic cardiomyopathy

Left ventricular hypertrophy

Infiltrative cardiomyopathies with septal involvement
Hypercontractile states

Mechanical causes

Others
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Fig. 20. Systolic anterior motion of the mitral valve (SAM).
M-mode at the mitral valve level can reveal the timing and dura-
tion of the SAM of the mitral valve leaflets. A linear relationship
exists between the time of onset and duration of SAM, and the
severity of the dynamic left ventricular outflow tract (LVOT)
obstruction (Pollick C. Circ 1984:69, 47). Note that systolic
anterior displacement involves not just the anterior mitral
leaflet, but also the chordae and papillary muscles—giving
appearance of “crowding” during systole on M-mode (arrow
labeled SAM).

injected when the site of maximal obstruction is
identified. Improved success rates and fewer compli-
cations occur when myocardial contrast echocardio-
graphy is employed.

Intra-operative transeophageal echocardiography is
routinely employed during surgical myectomy-myotomy
of the hypertrophied septum.

Apical Variant of Hypertrophic Cardiomyopathy

A peculiar variant of hypertrophic cardiomyopathy
that accounts for near 25% of cases in Japan and 40%
in parts of China (but <5% of cases in the United
States) is characterized by “giant” negative T-waves on
ECG (Fig. 26) and “spade-like” geometry of the left
ventricular cavity at end-diastole on 2D echocardio-
graphy. It runs a more benign course and presents later
than other variants, but unfamiliarity with its ECG find-
ings and echocardiographic features, including com-
plex mitral filling patterns (Figs. 27 and 28) can lead to
injudicious management.
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Fig. 21. Midsystolic aortic valve notch/flutter. M-mode through the aortic root at the aortic valve level. In this elderly woman, a sep-
tal “knuckle” shows the impact of dynamic left ventricular outflow tract obstruction on aortic valve behavior. Midsystolic notching and
fluttering are common—a reflection of turbulence and dynamic nature of the obstruction—the so-called “lobster claw” abnormality.

Table 12
Physiological States, Maneuvers, and Interventions That Influence LVOT Gradient in Hypertrophic Cardiomyopathy
Preload Afterload Contractility
Valsalva (strain phase) decrease decrease -
Standing decrease - -
Leg raising decrease - -
Exercise increase increase increase
Isometric handgrip - increase -
Tachycardia decrease - increase
Hypovolemia decrease decrease increase
Amyl nitrite inhalation decrease decrease increase
IVCS; general anaesthesia — or decrease - decrease

Conditions that decrease preload, lower afterload, and increase contractility generally increase LVOT gradient (and the
systolic murmur)

Table modified from Wynne J, Braunwald E. The Cardiomyopathies. In: Braunwald’s heart disease—a Textbook of Cardiovascular
Medicine, Zipes DP, Libby P, Bonow RO, Braunwald E eds., Elsevier Saunders. Philadelphia, 2005.
IVCS, intravenous conscious sedation; LVOT, left ventricular outflow tract.

Athelete’s Heart or Hypertrophic (and medico-legal) challenges. Hypertrophic cardiomy-

Cardiomyopathy? opathy is the most common cause of death in athletes.
Sudden cardiac death in the young, specifically in the ~ Current data indicate that hypertrophic cardiomyopathy
athletic population, poses clinical, echocardiographic  is responsible for up to one-third of such deaths.
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Fig. 22. Valsalva maneuver and hypertrophic cardiomyopathy. Gradients across the left ventricular outflow tract obstruction are influenced
by conditions affecting preload (Table 11). A,B show velocities at rest on pulse Doppler with accelerated flow evident on color flow
Doppler. In this patient, peak gradients averaged 50 mmHg, but exceeded 100 mmHg during the strain phase of the Valsalva maneuver.
This was associated with chest pain he was referred for septal ablation.
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Fig. 23. (Continued)
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Fig. 23. (A) Exercise stress testing in hypertrophic cardiomyopathy. Stress testing in hypertrophic cardiomyopathy can provide infor-
mation on gradients that correlate with patient symptoms and serve as a guide to the timing and efficacy of interventions. Systolic
frames postexercise show marked ventricular outflow obstruction (top panels) Baseline pulse Doppler (PW) shows shows normal aortic
outflow velocities (bottom left panel), which markedly accelerate, exceeding 5 m/s (bottom right panel). (B) Dynamic midcavity
obstruction. Sketch depicting late-peaking Doppler velocity envelope in midcavity obstruction in hypertrophic cardiomyopathy involv-
ing primarily the midleft ventricular segments and papillary muscles (see also Fig. 27A).
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Fig. 24. DUST: discrete/disproportionate upper septal hypertrophy in the elderly. Disproportionate upper septal hypertrophy is com-
monly seen in othewise normal elderly individuals. Note the relationship of the septal “knuckle” to the left ventricular outflow tract
(A) with flow acceleration on color flow Doppler (B). Spectral Doppler envelope shows late-peaking velocities (C). The impaired
relaxation pattern (E:a ratio < 1) occurs in normal aging (D).
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Fig. 25. Septal ablation: intraprocedural echocardiography. Images from the same patient in Fig. 23 are obtained pre- and postseptal
ablation. At baseline (A) in the cardiac catheterization suite, resting gradient was 50 mm (B) increasing to 100 mmHg with Valsalva
(C). Cannulation of the septal artery supplying the offending septal region followed by slow infusion of dehydrated alcohol to ablate
the same. Echocardiographic staining of the injected septal region is evident (D). Immediately postprocedure, the resting gradient fell
remarkably at baseline (E) and during Valsalva (E). Repeat echocardiography done 2 wk later showed continued echocardiographic
and clinical improvement.
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Fig. 26.
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Fig. 27. Intracavitary isovolumetric relaxation time (IVRT) flow. (A) Asynchronous relaxation of the hypertrophied ventricle is com-
mon in hypertrophic cardiomyopathy. Early relaxation of the apical anterior segments can create low (suction) pressure regions within
the left ventricular cavity during the IVRT. This resulted in a complex pattern of flow that appeared triphasic (top panels; B). Systolic
midcavity obstruction can result in bidirectional flow as shown on color flow Doppler (bottom left panel). Color M-mode of mitral
inflow pattern in this patient shows an irregular filling pattern (bottom right panel). (B) Sketch depicting the intracavity IVRT flow
patterns on spectral Doppler discussed in Fig. 26A.

Fig. 26. (Opposite page) A 12-lead electrocardiogram in a 65-yr-old male with coronary artery disease, hyperlipidemia, and type 2
diabetes. A 12-lead electrocardiogram in this patient with apical variant hypertrophic cardiomyopathy shows normal sinus rhythm, left
atrial enlargement, increased QRS voltage, and deep T-wave inversion in the precordial leads.
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Fig. 28. Doppler indices of diastolic function in apical hypertrophic cardiomyopathy. Mitral inflow Doppler velocity profile in
65-yr-old male suggests mild left ventricular relaxation abnormality (A) with relatively normal pulmonary venous flow Doppler (B).
Relatively low velocities are seen on Doppler tissue imaging with reversal of the normal E : A ratio (C) and blunted Vp slope on

color flow propagation velocity M-mode (D).

The most challenging scenario occurs when the hall-
mark features of hypertrophic cardiomyopathies are
absent, and when left ventricular wall thickness lies
within the “gray zone” of 13-15 mm. Echocardio-
graphy within the clinical context is central to making
the distinction. The distinction can have significant
implications for further patient management (Table 13).

HYPERTENSIVE CARDIOMYOPATHY

CASE PRESENTATION

A 34-yr-old male Haitian immigrant with no
reported past medical history suddenly reported
feeling unwell while playing with sister’s children.
He vomited, fell to floor unresponsive, and was
taken to hospital where his blood pressure meas-
ured 320/220 mmHg. Head computed tomography
showed scan showed subarachoid hemorrhage.

Appropriated management was instituted, but
his blood pressure proved extremely difficult to con-
trol. He was extubated, but expired 10 d following

admission. His echocardiography images and videos
appear in Figs. 29-31.

Hypertension is the most prevalent cardiovascular dis-
ease, and hypertensive heart disease including LVH is
far more prevalent than the other cardiomyopathies com-
bined. LVH is a strong independent risk factor for cardio-
vascular morbidity and mortality in population studies, in
primary and secondary hypertension, and in patients with
heart disease. Echocardiographically derived LVH is a
better measure (more sensitive) and a stronger predictor
of outcomes than electrocardiographic LVH.

A summary of echocardiographic findings in
hypertensive cardiomyopathy is shown in Table 14.
Echocardiographic findings in hypertension generally
present less dramatically than in our case presenta-
tion, but concentric LVH remains the hallmark
echocardiographic finding. This manifests as
increased left ventricular wall thickness with no
increase in cavity size. Remodeling can occur in
response to ischemic injury or heart failure.
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183

Parameters for Differentiating Athelete’s Heart Vs Hypertrophic Cardiomyopathy Within “Gray Zone”

“Gray zone” of LV wall
thickness 13—15 mm

Athlete’s heart

Hypertrophic cardiomyopathy

Clinical presentation

LV cavity
Pattern of hypertrophy

Systolic function and EF
Diastolic function;

E_ velocities
Left atrial size

Asymptomatic; ECG signs of LVH
often present

LV cavity > 55 mm

Physiology concentric LVH; may regress
with deconditioning

Increased EF; hyperdynamic systolic
function; bradycardia

Normal highly compliant LV; brisk
E  velocities

Normal

Most asymptomatic; but also syncope,
tachyrrhythmias, dynamic murmur, sudden
death, family history, gene mutations; ECG
often shows bizarre patterns

LV cavity < 45 mm

Asymmetric septal hypertrophy and other
variants (Fig. 13)

Normal or increased EF; normal systolic function

Impaired diastolic indices with reduced
E  velocities

Enlarged

EF, ejection fraction; ECG, electrocardiogram; LV, left ventricular; LVH, left ventricular hypertrophy.

Fig. 29. Case presentation: hypertensive cardiomyopathy. These images are from a 33-yr-old Haitian immigrant who was perfectly
“well” until he vomited and fell to the floor unresponsive. Admission blood pressure was 300/150 mmHg show severe concentric left
ventricular hypertrophy on two-dimensional and M-mode. Computed tomography scan showed a large right frontoparietal acute hem-
orrhage with subarachnoid and intraventricular extension.

Standards for the echocardiographic diagnosis of
LVH on echocardiography compare left ventricular
mass to body surface area (left ventricular mass
index 2134 g/m? [men] and >110 g/ m? [women]), or

height (=163 g/m for men and 2121 g/m for women).
Left ventricular mass calculations are based on
geometric assumptions of the left ventricle (see
Chapter 5, Table 5 and Fig. 13). 3D echocardiography
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Fig. 30. Case presentation: hypertensive cardiomyopathy. Apical four-chamber view shows isolated marked concentric left ventricu-
lar hypertrophy with left atrial dilatation (A). Doppler tissue imaging, mitral inflow patterns, and right upper pulmonary venous flow
Doppler showed evidence of impaired diastolic function (B-D).

Brigham and Women's Pathology

Fig. 31. Case presentation: hypertensive cardiomyopathy. Gross heart specimen showed cardiomegaly (740 g, normal < 360 g)
with severe concentric cardiomyopathy). A small left ventricular papillary muscle infarct and pericardial effusion measuring
100 mL were present.
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Table 14
Hypertensive Cardiomyopathy: Echocardiographic Findings:
A Summary

Modality Description

Concentric left ventricular
hypertrophy

(TLV mass); normal or
hyperdynamic systolic function
(if no co-existent coronary artery
disease); aortic root dilatation
(elderly); aortic valve sclerosis
(elderly); mitral annular
calcification (elderly); increased
left atrial size + atrial fibrillation

Two-dimensional o
findings

M-mode e Concentric left ventricular hyper-
trophy; systolic anterior motion
(with severe hypertrophy)
Relaxation abnormality/diastolic

dysfunction

Doppler .
findings

can provide more accurate estimates of left ventricular
mass and LVH.

Patterns of hypertrophy other than concentric LVH
can occur in hypertension and the extent and geo-
metric appearance is related to the duration, the
severity, and the nature of the hemodynamic load.
Diastolic dysfunction is seen in LVH owing to hyper-
tension, but the earliest echocardiographic signs in
hypertension (without LVH) are lower E/A ratios and
longer isovolumic relaxation times. Hypertension
commonly co-exists with diabetes, and both condi-
tions cause diastolic dysfunction, even when the
diagnosis is subclinical.

MISCELLANEOUS CARDIOMYOPATHY

Left Ventricular Noncompaction

Left ventricular noncompaction is a rare unclassi-
fied cardiomyopathy with markedly prominent apical
trabeculae with deep intertrabecular recesses (Fig. 32).
These are best visualized on color flow Doppler of the
left ventricle using apical windows. The trabecula-
tions have a spongy appearance on short axis views
and should not be confused with intracavitary
thrombi. (Fig. 33; please see companion DVD for cor-
responding video). Left ventricular noncompaction
may present in childhood or later adulthood. The
prognosis is generally poor. Associated intracavitary
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Fig. 32. Apical hypertrophic cardiomyopathy vs left ventricular
(LV) noncompaction. The apical variant of hypertrophic car-
diomyopathy should not be confused with LV noncompaction.
The latter exhibits a spongiform appearance-reflecting deep tra-
beculations within the endocardium.

thrombi and embolic complications have been
reported in the setting of systolic dysfunction.

Stress-Related Cardiomyopathies

There is renewed interest in a peculiar form of dilated
cardiomyopathy initially described in Japan and named
“takotsubo” (Japanese for octopus trap—Fig. 34) for its
echocardiographic appearance (Fig. 35; please see com-
panion DVD for corresponding video). It occurs in
stressful states and predominantly affects women. Stress
or stress-related cardiomyopathies include those named
“transient myocardial stunning owing to sudden emo-
tional stress” and “acute reversible cardiomyopathy
provoked by stress.” These are helpful clinical termi-
nologies, but transient apical ballooning best describes
the morphological and temporal presentation.

Stress cardiomyopathies mimic acute myocardial
infarction and acute coronary syndromes, but a constel-
lation of features help to draw the distinction (Table 15).
Echocardiographic features in the acute phase show
marked apical hypokinesis-akinesis with compensatory
hyperkinesis of the basal left ventricular segments,
resulting in a balloon-like apex during systole
Recovery of normal function within 4 wk of presenta-
tion is typical. A not-too-dissimilar picture occurs in
some patients with proven myocardial infarction who
recover normal ventricular function on serial echocar-
diographic examination.
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Fig. 33. Left ventricular noncompaction. Parasternal long-axis images from a 41-yr-old female whose initial presentation was heart fail-
ure in pregnancy shows evidence of systolic impairment (noncompaction) that results from exuberant apical trabeculations (arrows, A).
Parasternal short-axis view shows a similar appearance (arrows, B). Color Doppler application to the left ventricular region reveals deep
intertrabecular recesses within the markedly thickened endocardium (C). Apical long axis view shows the localized distribution of the
pathology vis-a-vis apical and mid-inferior regions of the left ventricle (D). (Please see companion DVD for corresponding video.)
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Fig. 34. Transient apical ballooning: Takotsubo.

Arrhy thl'nogenlc Right Ventr l.cular characterized by progressive fibro-fatty replacement
Cardiomyopathy (Dysplasia) of right ventricular myocytes. It is diagnosed on the basis
Arrhythmogenic right ventricular cardiomyopathy  of the clinical presentation, the ECG, noninvasive
(dysplasia) ARVD/ARVC is a rare cardiomyopathy  imaging (Table 16) and magnetic resonance imaging,
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Fig. 35. Transient myocardial stunning: stress-related Takotsubo: transient left apical ballooning. Apical four-chamber views in this
62-yr-old female who presented with chest pains show akinetic apical segments, markedly hypokinetic mid-ventricular segments,
with preserved basal segments—a pattern not consistent with coronary artery anatomy. Work-up for acute myocardial infarct—
enzymes, electrocardiogram, and cardiac catheterization—were nondiagnostic. Follow-up echocardiogram 6 wk later showed normal
cardiac function. (Please see companion DVD for corresponding video.)

Table 15
Stress-Related Cardiomyopathies: Echocardiographic Findings: A Summary

Modality Findings

Two-dimensional findings ¢ Apical akinesis or dyskinesis (“apical ballooning”); moderate-to-severe dysfunction at
midventricular level; preserved basal systolic function; overall severe left ventricular
dysfunction (median ejection fraction ~20%); rapid resolution of ventricular dysfunction at
24 wk

Other * Female preponderance; emotional stress (exaggerated sympathetic stimulation); elevated
plasma catecholamines (T2-3X values seen in myocardial infarction); electrocardiogram
changes (QT, T-wave); minor elevation in cardiac enzymes (e.g., troponin I); normal
coronary arteries/no fixed stenoses (angiography)

and histological examination of right ventricular biopsies ~ (autosomal dominant mode of inheritance) and is more
(Fig. 36 [please see companion DVD for corresponding ~ common in males and in young adulthood. It is a cause
video] and Table 16). Some cases exhibit strong familial ~ of sudden cardiac death in athletes.
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Fig. 36. Transthoracic echocardiography in this 37-yr-old male who presented with recurrent episodes of tachycardia were normal
except for moderate right ventricular dilatation with decreased right ventricular function (A,B). Magnetic resonance imaging (MRI)
scan (using fat saturation mode, B, insert) showed moderate right ventricle dilatation, decreased right ventricular systolic function,
dyskinesis of the basal free wall of the right ventricle, and a highlighted area indicating fatty replacement (arrow). MRI image
courtesy Raymond Kwong, MD, Brigham and Women’s Hospital. (Please see companion DVD for corresponding video.)

Table 16
Arrhythmogenic Right Ventricular Cardiomyopathy:
Summary of Echocardiographic Findings

Modality Description

Two-dimensional — Right ventricle dilatation; right

findings ventricular free wall hypokinesis
Doppler findings  Tricuspid regurgitation and increased
right heart pressures (with right heart
failure)
Comment Magnetic resonance imaging, can present

with ventricular tachycardia with left
bundle branch block contour, right
axis deviation, T-wave abnormalities
or supraventricular arrhythmias
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CASE PRESENTATION

A 59-yr-old woman presents with a history of
diabetes mellitus, hypertension, and end-stage renal
disease. She presented with several weeks of fevers,
sweats, fatigue, and progressive exertional dyspnea.
On initial evaluation, she was mildly short of breath.
Vital signs were: temperature, 100.2°F; pulse, 108;
blood pressure, 98/60. Physical examination was
notable for bibasilar rales, jugular venous pressure
(JVP) of 10 cm H,O, and mild peripheral edema.
Chest X-ray showed cardiomegaly, clear lung
parenchyma, and small bilateral pleural effusions.
She was admitted for further evaluation. The follow-
ing morning, she underwent peritoneal dialysis, after
which she developed worsening dyspnea and transient
hypotension. Electrocardiogram (ECG) at that time
revealed sinus tachycardia and electrical alternans.
An urgent echocardiogram was performed (Fig. 1;
please see companion DVD for corresponding video).

INTRODUCTION

This chapter reviews key topics in pericardial disease
and their characteristic echocardiographic features.
Echocardiography serves a vital role in the diagnosis

and evaluation of pericardial disease, which is often
difficult to recognize by bedside examination alone.

ANATOMY

The pericardium consists of two layers that surround
the heart and proximal portions of the great vessels. The
inner layer, the visceral pericardium, is a thin serosal
membrane formed by a single layer of mesothelial cells.
This layer reflects back on itself to line the outer layer,
the parietal pericardium—a thick, fibrous structure pro-
viding mechanical support to the heart by means of liga-
mentous links to the sternum, diaphragm, and vertebrae.
The parietal and visceral pericardium form a closed
space circumscribing the heart, with finger-like projec-
tions leading to blind pockets around the great vessels.
Reflections of the pericardium at the pulmonary veins
and at the aorta and pulmonary trunk result in the oblique
and transverse sinuses, respectively (Fig. 2A,B).

A few anatomical descriptions are notable regarding
the complexity of pericardial anatomy. First, because of
the nature of pericardial reflections around the systemic
and pulmonary vessels, the pericardium blankets the ante-
rior and medial aspects of the right atrium, whereas the
pericardial space terminates around the vena cavae supe-
riorly and posteriorly. The pericardial space reaches lateral
to the left atrium and to the pericardial reflections around

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

191



192

A ERGE

Pande and Lilly

Systole

Fig. 1. Case vignette: 59-yr-old female with fever, fatigue, and progressive exertional dyspnea. (A) Subcostal and parasternal long-axis
views showing right ventricular diastolic collapse (green arrow) in the midst of a relatively large pericardial effusion. Right ventricu-
lar diastolic collapse is a highly specific (90-100%) finding in cardiac tamponade. (B) M-Mode echocardiography (top left panel) of
the same patient in A shows right atrial inversion or systolic collapse (arrows). Exaggerated respirophasic changes in right ventricular
outflow pattern is shown on pulsed wave Doppler examination of the right ventricular outflow tract (top right panel). M-mode through
right ventricle on subcostal views confirms right ventricular diastolic collapse (arrows, bottom left panel). Inferior vena cava plethora
with loss of normal respirophasic movements—an indication of increased right atrial pressures—was present (bottom right panel).

(Please see companion DVD for corresponding video.)

the tethering pulmonary veins. Therefore, the common
locations where pericardial fluid can collect are medially,
laterally, and apically, whereas superior and posterior
extension is necessarily limited by pericardial reflections.

Epicardial fat is a common anatomic and echocardio-
graphic finding, often present on the anterior aspect of the
cardiac surface. It is more common in older patients with
obesity or diabetes. It is occasionally detected posteriorly
where it can be particularly difficult to distinguish from

pericardial effusion as discussed next (Fig. 3; please see
companion DVD for corresponding video).

A small amount (15-35 mL) of pericardial fluid
separates the two layers and serves a physiological
lubricating function. The fluid consists of a plasma
ultrafiltrate generated by the mesothelial lining of the
pericardium and is drained by the thoracic lymphatic
system. This small amount of pericardial fluid may be
visualized by echocardiography under normal conditions,
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Fig. 2. Pericardium: anatomical relationships. The pericardium completely invests the heart and proximal portions of the great
vessels and consists of two separate layers—the thin visceral pericardium (epicardium) and a thicker fibrous parietal pericardium.
(A) Posterior view. The inferior parietal pericardium is adherent to the central tendon of the diaphragm. Most of the lateral and poste-
rior parietal pericardium is in contact, but not adherent to the parietal pleura. A portion of the anterior parietal pericardium lies immedi-
ately posterior to the sternum and related fascia. (B) Lateral view. The transverse pericardial sinus lies between the arterial and venous

poles of the heart. The oblique pericardial sinus is a blind recess running between the pulmonary veins and the inferior vena cava.
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Fig. 3. Pericardial fat pad. Subcostal views show a prominent pericardial fat pad (becoming more prominent during systole). It is
more common in obese and older adults. (Please see companion DVD for corresponding video.)

usually posterior to the left ventricle (LV) near the atrio-
ventricular groove.

Echocardiographically, the pericardium is visualized
as a thin, echo-dense structure surrounding the heart,
most evident at the posterior cardiac interface (Fig. 4).
The pericardium can usually be visualized in all standard
echocardiographic windows such that diffuse pericardial
pathology can be observed in most views. Localized peri-
cardial disease, such as loculated fluid collections or
hematomas, may require more focused examinations. In
patients with pericardial fluid or infiltration, the peri-
cardium appears more prominent and distinction between
the parietal and visceral layers is often more evident.
In general, the evaluation of pericardial thickness by

transthoracic echocardiography is less accurate than by
other imaging modalities, such as computerized tomo-
graphy or magnetic resonance imaging.

PHYSIOLOGY

The normal physiological functions of the peri-
cardium are of some debate, given the relatively benign
consequences of its absence, either surgically or congen-
itally. Nevertheless, one obvious mechanical function
is to allow the heart to beat in a minimal friction envi-
ronment. Another function may be one of passive
restraint of the structures contained by the pericardium.
Specifically, the fibrous parietal pericardium likely



194

Parasternal
long axis

Apical
4-Chamber

Pande and Lilly

Parasternal
Short axis

Fig. 4. Normal pericardium. The normal pericardium appears as a hyperechoic linear structure surrounding the heart. Increased echo-
reflectivity occurs at the interface between cardiac tissue and the air-filled lungs (see arrows). Normal pericardial thickness is less
than 3 mm (best assessed by transesophageal echocardiography), but its appearance on transthoracic echocardiography is influenced

by image quality and instrument settings.

contributes to resting diastolic pressures within the heart
and it may also limit acute cavity dilation. Although these
effects may be modest in normal individuals, in states of
pericardial pathology they can have a profound impact on
the heart’s hemodynamic performance. Of particular
import is that the relative stiffness of the parietal peri-
cardium causes the intrapericardial pressure to rise rap-
idly with an acute increase in volume. Conversely, a
chronic, slow accumulation of pericardial fluid is better
tolerated because pericardial stretching with augmented
compliance can gradually increase over time.

The mechanical restraint of the pericardium contributes
to ventricular interdependence: the LV and right ventricle
(RV) share a common wall in the interventricular septum
and are surrounded by the relatively noncompliant peri-
cardium. Therefore, the volume in one ventricle can influ-
ence the diastolic pressure and filling characteristics of
the opposite chamber. This physiology is accentuated in
states of pericardial pathology (Table 1), as described in
“Chronic Constrictive Pericarditis” and “Pericardial
Effusions and Compressive Syndromes” sections.

ACQUIRED PERICARDIAL DISEASE

Acute Pericarditis

Pericarditis is the most common affliction of the peri-
cardium and reflects inflammation that can result from a
broad variety of local and systemic disorders. Most
causes can be assigned to one of six categories: infec-
tious, “idiopathic,” metabolic, collagen vascular/auto-
immune disease, postinjury, and neoplastic.

Viral infections and “idiopathic” are the most com-
mon categories of pericarditis accounting for 40-80%
of cases in hospitalized patients. Although idiopathic
pericarditis is a diagnosis of exclusion, most such cases
are likely viral in origin.

Microbiological agents that can infect the peri-
cardium include viruses, bacteria, fungi, and parasites.
The most commonly involved viruses include cocksack-
ievirus, echovirus, and adenovirus, although pericardial
involvement can occur with virtually any viral infec-
tion. Pericardial effusions occur in 15-40% of patients
with AIDS. These are mostly classified as idiopathic,
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Table 1
Spectrum of Acquired Pericardial Diseases

Acute pericarditis

Infectious”

Idiopathic*

Metabolic, e.g., uremia, myxedema
Collagen vascular/autoimmune disease

Trauma—direct or indirect, e.g., surgery, postmyocardial
infarction, radiation

Neoplastic—primary or secondary
Drugs, e.g., procainamide, hydralazine, methysergide
Other associations, e.g., pancreatitis

Chronic pericarditis * constrictive pericarditis
Idiopathic*

After cardiac surgery/pericardial injury*
Infectious, e.g., tuberculosis, viral, pyogenic
Postviral or purulent pericarditis

Neoplastic

Mediastinal radiation

Uremia (dialysis)

Collagen vascular disease

Pericardial effusions and compressive syndromes

“Most common causes.

although a variety of viral, bacterial, and fungal pathogens
have been isolated.

Bacteria are now a rare cause of pericarditis. In the
preantibiotic era, such purulent pericarditis occurred
as a complication of pulmonary or pleural infections
with extension to the pericardium, mostly owing to
Streptococcus pneumoniae or Staphyloccocus aureus
(Fig. 5). Antibiotics have markedly reduced the inci-
dence of complicated pulmonary infections, and the
incidence of purulent pericarditis has fallen accord-
ingly. The demographic of patients with purulent peri-
carditis has also shifted from otherwise healthy
individuals with pulmonary infections to older patients
with systemic comorbid conditions. Other implicated
agents include gram-negative bacilli, meningococci,
legionella, and, in children, Haemophilus influenzae.

Mycobacterial infections involving the pericardium
were, at one time, a common cause of chronic pericardial
effusions and constrictive pericarditis. However, the
advent of effective anti-tuberculous therapy has resulted
in less than 1% of patients with pulmonary tuberculosis
(TB) developing acute or chronic pericarditis. TB peri-
carditis is typically a result of extension from contiguous
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Fig. 5. Acute bacterial pericarditis. This 42-yr-old woman with
a 2-wk history of chills, fever and pleuritic chest pains devel-
oped fulminant septicemia (Staphylococcus aureus), endocardi-
tis with new-onset aortic regurgitation, and multisystem failure.
Her parasternal long axis image (A) showed a pericardial effu-
sion (arrow), but no echocardiographic evidence of tamponade.
Examination of the pericardium revealed a deep red pericardium
with fibrinoid deposits on both visceral and parietal layers (B).

sites, such as the lung, spine, or mediastinal/hilar nodes,
or via hematogenous seeding. Although rare in industri-
alized societies, in Africa and Asia TB pericarditis
remains one of the most common causes of pericardial
effusion. Establishing the diagnosis can be difficult, even
after pericardiocentesis, as analysis of pericardial fluid
rarely detects acid-fast bacilli, and cultures are negative
for TB in nearly 50% of cases. An elevated level of the
enzyme adenosine deaminase in the pericardial fluid is
highly suggestive of this diagnosis. Antibiotic therapy is
the same as that for pulmonary TB; the addition of
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Fig. 6. Primary malignant mesothelioma of the pericardium. This 68-yr-old female with a history of gastric cancer, stroke, myocar-
dial infarction, and heart failure presented with chest pains and heart block. She underwent echocardiography that showed a near-
circumferential echolucency (arrows, A,B) that mimicked a pericardial effusion with fibrinoid echodensities. Pathological
examination diagnosed a primary malignant mesothelioma of the pericardium—a rare finding (arrows, C,D). (Please see companion

DVD for corresponding video.)

corticosteroid treatment has been shown to improve out-
comes and reduce the need for surgical pericardiectomy.
Fungal pericarditis is rare. Typically, pericardial invol-
vement occurs as a consequence of systemic fungal
infections, such as disseminated histoplasmosis or coc-
cidiomycosis. In the case of histoplasmosis, up to 6%
of patients with disseminated disease are found to have
pericardial involvement. In some cases this represents
a sterile inflammatory response to adjacent infection in
mediastinal nodes, whereas in others direct infection may
occur. Pericardial infection from Candida, Aspergillus,
cryptococcus usually arises only in debilitated and
immunocompromised patients. Localized fungal infec-
tion of the pericardium is rare and is usually a compli-
cation of cardiac and/or mediastinal surgery.
Autoimmune disorders, including systemic lupus ery-
thematosus, rheumatoid arthritis, and scleroderma may
cause acute pericarditis as the first manifestation of the
systemic illness. Acute rheumatic fever can involve the
pericardium as part of a pancarditis. Certain drugs may

cause pericarditis and/or pericardial effusion either by
inducing a lupus-like syndrome (e.g., hydralazine or
procainamide), or by nonlupus, unknown mechanisms
(e.g., minoxidil, anthracycline antitumor agents).

Uremic pericarditis occurs in up to one-third of patients
with chronic renal failure and those on chronic hemodial-
ysis. A pericardial friction rub is often heard on ausculta-
tion, but of note, pain is frequently absent. Management
usually involves nonsteroidal anti-inflammatory drugs
and more aggressive dialysis.

Pericardial inflammation after cardiac injury can
occur in a variety of settings, including postmyocar-
dial infarction, postcardiac surgery, or as a result of
penetrating or blunt trauma to the heart. The mecha-
nism of this syndrome may be a hypersensitivity reac-
tion owing to myocardial antigens released by the
primary injury.

Neoplastic pericarditis results from advancement of
malignancy into the pericardium, either by direct exten-
sion from adjacent structures or from hematogenous or
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Table 2
Pericardial Disease: Echocardiographic Findings

Acute pericarditis®
Normal
Pericardial effusion

Findings related to contributing factors, e.g., valvular
involvement or vegetations in endocarditis/sepsis

Chronic pericarditis
Pericardial thickening =+ calcification

Pericardial effusion * increased echogenicities
(fibrinous), strands (adhesions)

Abnormal septal motion: septal “bounce” diastolic
“checking,” septal “shudder”

Cardiac Tamponade®

Pericardial effusion

Right atrial inversion/compression

Right ventricular diastolic compression/collapse

Respiro-phasic changes in right and left ventricular
volumes (2D)

Exaggerated respiro-phasic variation on Doppler
examination of transvalvular flow:

Reciprocal changes in right vs left heart signs owing to
ventricular interdependence

Right-sided changes: TV¢, IVC, PV: T during
inspiration; | during expiration;

Left-sided changes: MV¢, AV: | during inspiration;
T during expiration

IVC: plethora/loss of normal respirophasic movement

“Acute pericarditis is a clinical diagnosis.

bCardiac tamponade is a clinical diagnosis.

‘MV and TV are better indicators.

PV, pulmonic valve; IVC, inferior vena cava; TV, tricuspid
valve; MV, mitral valve; AV, aortic valve.

lymphatic spread. The most common malignancies
involving the pericardium are carcinomas of the lung
and breast and lymphomas. Pericardial malignancies,
although rare, are notoriously difficult to detect on
echocardiography (Fig. 6; please see companion DVD
for corresponding video). Clinical manifestations include
chest discomfort, atrial arrythmias, and at its extreme,
cardiac tamponade.

Echocardiographic findings in pericarditis depend
on the nature and the tempo of the inflammatory
process (Table 2). In some patients, the echocardiogram
may be entirely normal. In others, a pericardial effusion
may be present. Fibrinous stranding may be evident and
provides evidence of an ongoing inflammatory process.
Increased echogenicity within the pericardial space
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may raise suspicion for intrapericardial blood, thrombus,
or malignancy (Fig. 7).

Over time, persistent inflammation results in increased
pericardial thickness and stiffness. Thickening is manifest
as increased echogenicity of the pericardial layers. The
hemodynamic significance of pericardial effusions, when
present, should be carefully assessed (see “Pericardial
Effusions and Compressive Syndromes” section), par-
ticularly if clinical features suggest a process of acute
onset and rapid course.

Chronic Constrictive Pericarditis

Chronic constrictive pericarditis results from the ini-
tial or repeated healing of pericardial inflammation,
with granulation and scar tissue formation leading to
fibrosis and obliteration of the pericardial space. This
results in a firm, fibrous, noncompliant encasement
around the heart and impairment of ventricular filling
during diastole.

Historically, the most common cause of chronic peri-
carditis with constriction was tuberculous pericarditis.
In developing nations, this remains a potential etiology.
In the United States, however, this diagnosis is now rare;
more likely causes include past episodes of viral or puru-
lent pericarditis, postcardiac injury/surgery, neoplastic
pericarditis, mediastinal radiation, chronic uremia, or
repeated pericarditis owing to collagen vascular disease.

The physiological consequences of pericardial con-
striction relate to impaired late diastolic filling of the
ventricles. Early diastolic filling is rapid owing to the
associated elevated atrial pressures and the absence of
impedance to flow into the ventricles during that phase.
However, there is a precipitous cessation of ventricular
filling in mid- to late diastole as ventricular expansion
is prevented by the physical limits imposed by the con-
stricting pericardium. The atrial pressure tracings of
patients with constrictive pericarditis show unimpaired
early diastolic filling, reflected by a rapid “y” descent.
In ventricular pressure tracings, the “dip-and-plateau”
configuration reflects the rapid “dip” of early diastole,
and the “plateau” of late diastole as the stiffened peri-
cardium limits further filling (Fig. 8).

The clinical presentation of constrictive pericarditis
is usually subtle and gradual. Patients may describe
weakness, fatigue, lassitude, and anorexia, reflective of
chronic illness, as well as exertional dyspnea and periph-
eral edema. Physical findings reflect the consequences of
chronically elevated heart pressures, particularly on the
right side of the circulation: jugular venous distention
(sometimes with the classic Kussmaul sign—an
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Fig. 7. Increased echogenicity within pericardial space. Subcostal view showing mobile echodensities (arrow) within the pericardial
effusion (double arrow). The differential diagnosis includes hemopericardium, suppurative infection, and malignancy.

Constrictive
Pericarditis

LV |

Pressure |

'J<«Plateau

) . <==Dip

Time
Fig. 8. Pressure tracings in constrictive pericarditis (see
“Chronic Constrictive Pericarditis” section). a, a wave; LA, left
atrium; LV, left ventricle; RA, right atrium; v, v-wave; X, x
descent; y, y descent.

abnormal rise in jugular venous pressure upon inspiration),
hepatomegaly, ascites and peripheral edema. Occasionally,
a pericardial knock can be auscultated as a low-pitched
early diastolic sound. The ECG often reveals diffuse
T-wave flattening. Atrial fibrillation is common.

Certain echocardiographic findings are consistent
with the diagnosis of constrictive pericarditis (Table 2).
Typically, ventricular chamber sizes and wall thick-
nesses are normal. Imaging may reveal a thickened peri-
cardium (Fig. 9), although this is an insensitive finding
(computed tomography and magnetic resonance imaging
are often more useful in delineating abnormal pericardial
thickness). Often, the inferior vena cava (IVC) and
hepatic veins are dilated, owing to an elevated right atrial
pressure. M-mode recordings may reveal multiple linear
and parallel echoes posterior to the LV representing the
thickened pericardium. More helpful is the finding of
impaired outward movement of the posterior LV wall
during mid- to late diastole, reflecting the filling limit of
the stiffened pericardium (Fig. 10). This finding, known
as posterior wall “flattening,” is relatively sensitive, pres-
ent in 85% of patients with constrictive pericarditis, but
is nonspecific as up to 20% of normal individuals also
demonstrate this pattern. Other echocardiographic fea-
tures in constrictive pericarditis include paradoxical
motion of the interventricular septum (septal “bounce”)
and premature opening of the pulmonic valve in diastole,
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Fig. 9. Constrictive pericarditis. Parasternal long-axis (PLAX) view showing loculated pericardial effusion (arrow) and pericardial
thickening with increased calcification (arrowhead).

~ |eft ventricular
free wall
flattening

Fig. 10. Constrictive pericarditis. M-Mode echocardiogram showing posterior wall diastolic flattening—a characteristic finding in
constrictive pericarditis.

especially with inspiration (Fig. 11; please see com- Doppler evaluation provides further evidence of
panion DVD for corresponding video). Commonly, the  constrictive physiology. Pulsed Doppler interrogation
normal respiratory variation of the diameter of the IVC ~ of hepatic vein flow shows an accentuated A-wave.
is blunted. Pulsed Doppler of transmitral diastolic inflow shows
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Constrictive Pericarditis” Mechanism of Septal "Bounce"
(also called Diastolic "Checking" or "Shudder")

"Bounce"

Abrupt cessation
of diastolic filling
within a noncomp-
liant pericardium
leads to a
noticeable pattern
of "checks" and
"bounces"
(shuddering)
of the interventri-
cular septum.
This is a reflection of

"Checking"

ventricular interdependence

Fig. 11. Mechanism of septal “bounce”/diastolic “checking”/ “‘shuddering” in constrictive pericarditis. Signs of ventricular interde-
pendence are manifest in constrictive pericarditis. During inspiration, right heart filling proceeds at the expense of left ventricular fill-
ing (seen on spectral Doppler pattern)—shifting the interventricular septum to the left. This is followed by an abrupt cessation of
diastolic filling (diastolic “checking”) corresponding to a third heart sound or pericardial “knock.” During expiration, increased left
heart filling occurs at the expense of the right ventricle with reciprocal movement in the interventricular septum. (Please see com-

panion DVD for corresponding video.)
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Reciprocal patterns of ventricular filling as assessed on pulsed
Doppler examination of mitral (MV) and tricuspid (TV) inflow

Fig. 12. Constrictive pericarditis. Sketch depicting exaggerated patterns of ventricular filling in inspiration and expiration in con-
strictive pericarditis. In inspiration, an exaggerated increase in right ventricular (tricuspid valve [TV]) inflow velocities occurs at the
expense of left ventricular (mitral valve [MV]) inflow as manifest on pulsed Doppler tracings. During expiration, reciprocal changes
occur. Similar respirophasic variations on pulsed Doppler can be seen in pulmonary embolism, right ventricular infarction, and

chronic obstructive pulmonary disease.

an increased E velocity with a shortened deceleration
time and a reduced A-wave velocity, owing to impaired
late diastolic filling. Marked respiratory variation may
be noted in early diastolic right and left ventricular

filling, with a more than 25% increase of transtricus-
pid valve flow and more than 25% decrease of trans-
mitral valve flow during inspiration (Fig. 12; see
Chapter 9, Fig. 12).
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Fig. 13. (See legend, next page)

Pericardial Effusions and Compressive Syndromes

Pericardial effusions develop as a response to injury
of the pericardium. The clinical presentation of the
effusion may vary depending on the etiology, but as
intrapericardial pressure rises, cardiac chamber compres-
sion can occur with the development of the clinical
syndrome of cardiac tamponade. The variability of

cardiac compression from a pericardial effusion depends
not only on the overall volume of effusion but also on the
rate at which the fluid has accumulated. A very gradually
developing pericardial effusion, as may be seen in
chronic hypothyroidism, may enlarge to more than a liter
in volume without evidence of cardiac compression, as
the pericardium stretches over time. Conversely, acute



202 Pande and Lilly

Fig. 13. Pericardial tamponade. (A) Two-dimensional parasternal long axis views (top panels), and M-mode taken from parasternal
long axis (bottom left panel) and subcostal (bottom right panel) positions in a patient with cardiac tamponade. The arrows in the
top right and bottom left panels indicate RV collapse. (B) Systolic and diastolic parasternal short axis views (PSAX) showing diastolic
compression of right ventricular outflow tract. Respirophasic variation in flow across pulmonary valve on pulsed Doppler examination
is shown (bottom panel). (C) Apical four-chamber views showing both right and left atrial inversion (collapse, curved arrows) dur-
ing systole. Right atrial systolic collapse is a sensitive finding in pericardial tamponade, but left atrial systolic collapse is less com-
monly seen. (Please see companion DVD for corresponding video.)

Fig. 14. Cardiac tamponade: ventricular filling. Minor respirophasic variation in left ventricular filling (mitral valve inflow Doppler)
was seen in the patient featured in Fig. 13A-D was seen, but right ventricular filling (tricuspid valve inflow) showed marked

respirophasic changes.

hemorrhage into the pericardium could cause clinical
tamponade with less than 100 cc of fluid accumulation.
The pathophysiology of pericardial tamponade
relates to the elevation of intrapericardial pressure and
the consequent compression of the cardiac chambers
(Fig. 13A-C; please see companion DVD for corre-
sponding video). As the intrapericardial pressure rises,
there is a progressive increase, and eventually equal-
ization of diastolic pressures of all four cardiac chambers.
This leads to impairment of venous return and filling of
the ventricles during diastole (Fig. 14). In distinction to

pericardial constriction, impairment of ventricular fill-
ing in tamponade occurs throughout diastole, including
the early phase. This is reflected by a blunted “y”
descent on the atrial pressure tracings. The impairment
of ventricular filling leads to elevated systemic and pul-
monary venous pressures and reduced stroke volume
and cardiac output. Pulsus paradoxus results when the
inspiratory increase in venous return to the heart
expands the RV and, because of ventricular interde-
pendence, reduces LV filling such that LV stroke volume
subsequently falls.
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Fig. 15. Pericardial effusion: anatomical relationships. Images from two different patients showing anatomical relationships of ante-
rior and posterior pericardial effusions (parasternal long axis view, A) and postero-lateral effusion (parasternal short axis view, B).
Note the presence of marked left ventricular hypertrophy in A. Standard abbreviations apply; also PA, pulmonary artery, bTAo,
descending thoracic aorta. (Please see companion DVD for corresponding video.)

The etiologies of pericardial effusions are largely the
same as those that cause acute pericarditis (Table 1).
Large effusions are most commonly seen in malignan-
cies, tuberculous pericarditis, myxedema, uremia, and
connective tissue diseases. One important cause of a
pericardial effusion unrelated to pericarditis is hemo-
pericardium, e.g., owing to perforation of a cardiac
chamber as may occur after chest trauma, or iatrogeni-
cally during a cardiac catheterization procedure.

The clinical manifestations of a pericardial effusion
may include the sharp, pleuritic chest pain of pericardi-
tis, dyspnea, cough, or a dragging or heavy sensation in
the chest. In the case of tamponade, the presentation
may be more dramatic, including more pronounced
dyspnea, hypotension, and/or shock.

Physical findings related to pericardial effusion are
variable. Jugular venous distention is evident when the
effusion is compressive such that there is elevation of
right-sided filling pressures. The cardiac exam may be
notable for a faint apical impulse, soft or muffled heart
sounds, and if tamponade is present, hypotension and
tachycardia. The classic sign of cardiac tamponade,
pulsus paradoxus (>10 mmHg fall in systolic blood
pressure with inspiration) is suggestive of tamponade in
the appropriate clinical setting, although it can also be
detected in other forms of intrathoracic pathology.
Laboratory studies that suggest the presence of a peri-
cardial effusion include an enlarged, globular heart on
chest radiography, and low voltage and/or electrical
alternans on the ECG.

Echocardiographic imaging for evaluation of pericar-
dial fluid is very sensitive and relies on the visualization
of an echolucent space between the pericardial layers

Table 3
Pericardial Effusion:
Echocardiographic Differential Diagnosis

Pericardial fat pad

Pleural effusion

Pericardial cyst

Primary mesothelioma of the pericardium (rare)

(Fig. 15; please see companion DVD for corresponding
video). Volumes as little as 15-50 mL of fluid can be
detected. On two-dimensional (2D) imaging, an echo-
free space superior to the right atrium in the apical four-
chamber view is the most sensitive finding.

Actual characteristics of pericardial fluid can be dif-
ficult to determine echocardiographically. Findings such
as increased echogenicity of the fluid may suggest the
nature and composition of the fluid but the correlative
power of such findings is unreliable.

Other conditions can mimic the presence of a
pericardial effusion (Fig. 3, Table 3). As previously
described, epicardial fat is a common finding, usually
located on the anterior surface of the heart, although it
may also be observed posteriorly where it can be con-
fused with an effusion. Distinguishing features include
the more granular echogenic appearance of fat com-
pared to effusion. Left-sided pleural fluid may also be
confused with pericardial effusion, but the descending
aorta provides a useful landmark in distinguishing the
two (Fig. 16). In the parasternal long-axis view, pleu-
ral fluid extends posterior to the descending aorta,
whereas pericardial fluid is usually limited anterior to it.
Visualization of atelectatic lung tissue adjacent to
pleural fluid is also helpful (Fig. 7; see Chapter 19).
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Fig. 16. (A) Pericardial vs (B) pleural effusion. Parasternal long
axis views showing the anatomical relationships of pericardial vs
pleural effusions (arrows) and their relationship to the descending
thoracic aorta (DTA0). Note the small pericardial effusion (arrow
at upper left) in B.

Confusion between pericardial fluid and ascites can
occur in the subcostal view, which can be resolved by
defining the diaphragmatic border.

Quantitation of pericardial fluid by echocardiography
is imprecise, although estimates can be made imaging in
multiple planes. Small effusions (100200 mL) are gen-
erally observed only posteriorly in the supine patient,
and the echolucent space between the parietal and vis-
ceral percardium is generally less than 0.5 cm. Moderate
effusions (200-500 mL) separate the pericardial layers
by 0.5-2 cm in diameter, and are usually seen circum-
ferentially. Large effusions (greater than 500 mL) extend
more than 2 cm in diameter and almost always surround

Pande and Lilly

the heart. A swinging motion of the heart during the
cardiac cycle may be seen, with electrical alternans as
the ECG correlate (Fig. 17).

Loculated pericardial effusions require more careful
echocardiographic inspection to identify and character-
ize. These typically occur in the setting of previous
pericardial or cardiac surgery, severe or chronic inflam-
mation, or neoplastic disease, all of which create
adhesions and closed spaces within the pericardial sac
(Fig. 18; please see companion DVD for corresponding
video). Localized fluid collections, which cause com-
pression of only a single cardiac chamber, may create
severe hemodynamic embarrassment without classic
features of cardiac tamponade (Fig. 19). A specific
form of loculated pericardial fluid collection is a
pericardial hematoma that can form after cardiac sur-
gery or cardiac laceration. After cardiac surgery, such
hematomas are usually located anterior and lateral to the
right atrium, and may have a variable echocardiographic
appearance, ranging from an echolucent collection to a
highly echogenic mass. They are prone to cause cardiac
compression, particularly of pliable chambers such as
the atria, and it is important to distinguish them from
intra-atrial thrombi (Fig. 20).

Once a pericardial effusion has been identified, it
is important to assess its hemodynamic significance,
i.e., to evaluate for the echocardiographic features of
cardiac tamponade. It is important to emphasize that the
diagnosis of cardiac tamponade is a clinical one, associ-
ated with elevated venous pressures, hypotension, and
tachycardia, supported by appropriate imaging and lab-
oratory findings.

There are several features on 2D echocardiography
that suggest a hemodynamically significant pericardial
effusion (Table 2). Most sensitive is cyclical compres-
sion, inversion, or collapse of the right atrium. This is
first observed in late ventricular diastole and persists into
early ventricular systole; the sensitivity of this sign for
tamponade is between 90 and 100%. The specificity of
this sign for tamponade is lower, ranging between 60 and
80%, but can be improved if the right atrial inversion
time index is used. This is a quantitative measure of the
amount of time in the cardiac cycle the right atrium is
compressed or inverted as a fraction of the total cardiac
cycle. If the right atrial inversion time index is more
than 0.34, this sign has higher sensitivity and specificity
for hemodynamically significant tamponade. Left atrial
compression or inversion is less sensitive but more

Fig. 18. (Opposite page) Adhesions in chronic pericarditis. Images of chronic pericarditis showing effusions with adhesion strands
bridging visceral and parietal pericardium (arrows) from three different patients (A-C). (Please see companion DVD for

corresponding video.)
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Fig. 17. Large pericardial effusion with “mechanical alternans.” These apical four-chamber views demonstrate the swinging motion
(curved arrows) of the heart within a large pericardial effusion (PE). This “mechanical alternans” corresponds to electrical alternans
on the electrocardiogram.

thickened parietal
pericardium with adhesions
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Fig. 18.
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Loculated
effusion

Fig. 19. Localized pericardial effusion with cardiac compression. This patient who underwent a previous pericardial window creation
for malignant effusions presented with hypotension. An apical four-chamber view (A) reveals multiple, loculated fluid collection at the
ventricular apex, lateral to the left ventricle (LV), posterior to the left atrium, and adjacent to the right atrium (see arrows). (B) M-mode
echocardiography through the LV apex shows a region of loculated effusion (see arrow). (C) A schematic highlights the anatomical
relationships of the loculated pockets of fluid. (D) An apical three-chamber view shows another view of the apical effusion.

specific, in that normal left atrial pressure tends to be
higher than right atrial pressure.

A more specific sign of cardiac tamponade is the
echocardiographic finding of RV diastolic collapse,
compression, or inversion. These patterns are visualized
as persistent posterior or inward motion of the RV free
wall during diastole, representing elevation of intra-
pericardial pressure above RV diastolic pressure. The
parasternal or subcostal long-axis views are best for
visualizing this effect. The sensitivity of this finding is
less than that of right atrial collapse (approx 60-80%),
but the specificity is high (between 90 and 100%).

Several clinical factors may affect the sensitivity and
specificity of RV collapse including intravascular vol-
ume depletion, the presence of pulmonary hypertension
and RV hypertrophy. The degree and duration of the
compression correspond to the severity of the hemody-
namic effect.

IVC plethora, or dilation of the inferior vena cava
without respirophasic changes in flow or IVC size (<50%
reduction in diameter during inspiration on 2D subcostal
view), indicative of elevated right-heart pressures, is also
a sensitive sign of cardiac tamponade (Fig. 21). However,
right-heart pressures may be high for any number of
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Fig. 20. Intra-pericardial hematoma. Apical four-chamber view showing large opacity, apparently within right atrial cavity, which was

confirmed to be an intrapericardial hematoma.

- |

Fig. 21. Inferior vena cava. Loss of normal respirophasic variation of the inferior vena cava diameter (<50% decrease during inspi-
ration) is a reflection of significantly increased right atrial pressures. S, systole; D, diastole.

reasons, including right-sided heart failure, pulmonary
hypertension, constrictive pericarditis, or tricuspid valve
disease. Thus, specificity of this finding for tamponade is
low, between 20 and 40%.

Doppler examination of right and left ventricular
inflow patterns are helpful in confirming tamponade
physiology. These findings underscore the physiological

concept of ventricular interdependence, as reflected by
the accentuation of the normal reciprocal patterns in
mitral and tricuspid flow patterns during respiration.
Normally with inspiration, RV early diastolic filling
increases while left ventricular filling decreases, and
these changes are seen as small changes in pulsed
Doppler inflow velocities across the tricuspid and mitral
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Fig. 22. Mitral inflow. Pulsed wave Doppler of mitral valve inflow showing exaggerated respirophasic pattern of left ventricular

filling. This may be observed in the presence of cardiac tamponade.

valves, respectively. With cardiac tamponade, there is
exaggeration of these physiological changes. Specifically,
an increased respiratory variation of diastolic filling of
the tricuspid or mitral inflows (i.e., >25%) is suggestive
of tamponade physiology (Fig. 22).

CONCLUSION OF CASE PRESENTATION

Based on the echocardiographic findings and clin-
ical impression of cardiac tamponade, the patient was
taken urgently to the cardiac catheterization labora-
tory, where right-heart catheterization confirmed
tamponade physiology with elevation and equaliza-
tion of pericardial and intracardiac diastolic pres-
sures. She underwent pericardiocentesis without
complication. Clinical and cytological evaluation for
TB and malignancy were unrevealing, and the diag-
nosis of uremic pericarditis was made. There has been
no recurrence with a more aggressive dialysis regime.
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INTRODUCTION

Transthoracic echocardiography has largely replaced
cardiac catheterization as the primary modality for the
hemodynamic assessment of valvular heart disease. A
comprehensive evaluation of valve structure, function,
and hemodynamics is possible through a carefully per-
formed transthoracic study. In the case of aortic stenosis,
echocardiography is used to define the initial severity of
disease, etiology, and monitor its progression through
serial follow up studies. Evaluation of aortic stenosis
would be incomplete without a comprehensive examina-
tion of overall left ventricular function and estimation of
pulmonary artery pressures. Transthoracic echocardio-
graphy, therefore, can provide important information
about the initial diagnosis, management, and follow-up of
adult patients with native aortic valve stenosis.

ETIOLOGY

When considering the etiology of aortic stenosis, it
is important to consider the age and the demographics
of the patient (Fig. 1). Rheumatic valvular disease,
once the most common form of aortic stenosis, is less
common today in developed countries. Commissural
fusion is a hallmark of this disease and often presents

with concomitant mitral stenosis (Fig. 2; please see
companion DVD for corresponding video). Less
commonly, the commissures may fuse eccentrically,
producing a de facto bicuspid valve. In this case, dif-
ferentiation from a congenitally bicuspid valve can be
difficult.

Calcific degeneration is currently the most common
form of aortic stenosis in the developed world. It gener-
ally presents later in adult life and is sometimes called
senile calcific degeneration (Fig. 3). Commissural fusion
can occur, but is not a hallmark of this disease process.
Calcification is visualized as “echo bright” reflectivity of
the valve leaflets and the aortic root.

Congenital bicuspid aortic valves may calcify and
thicken over time, eventually producing stenotic lesions
that present earlier than other common causes of adult
aortic valvular stenosis (Fig. 1). When observed in the
parasternal short-axis view, bicuspid aortic valves exhibit
either a vertical or a horizontal commissural orientation
in the parasternal short-axis view. In the vertical orienta-
tion, commissures are in the anterior and posterior posi-
tion with a right and left cusp. In the horizontal
orientation, commissures are in the right and left
positions, with anterior and posterior cusps. Raphes are
commonly seen in both of these orientations (Fig. 4).

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. The etiology of aortic stenosis by age group. (Reproduced with permission from Passik CS, Ackermann DM, Pluth JR, Edwards
WD. Temporal changes in the causes of aortic stenosis: a surgical pathologic study of 646 cases. Mayo Clin Proc 1987;62:119-123.)

Diastole

Apical long axis

Systole

Apical long axis

Fig. 2. (See legend, facing page)

The appearance of the valve in systole is characteristic
of this etiology, and has been referred to as a fish-mouth
appearance, rather than the triangular appearance of
normal valves (Fig. 5; please see companion DVD for
corresponding video).

TWO-DIMENSIONAL ASSESSMENT

Important morphological information can be gained
from initial two-dimensional (2D) views of the aortic
valve. Leaflet restriction in the setting of adequate cardiac

output is the hallmark of aortic stenosis, which can be
readily discerned in the parasternal long-axis view.
Failure of aortic leaflets to open fully with ventricular
ejection often signifies some degree of aortic stenosis
(Fig. 6; please see companion DVD for corresponding
video). Eccentric valve opening visualized in the
parasternal long views is a further clue to the presence
of a bicuspid aortic valve. Stenotic aortic valves are
generally thickened or calcified. This is easily seen on
either 2D or M-mode assessment of the valve (Fig. 7).
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Fig. 2. (A-C) Aortic stenosis showing thickened valve leaflets. (C) Commissural fusion (arrows) is a hallmark feature of rheumatic
valvular heart disease. (Please see companion DVD for corresponding video.)

Fig. 3. Calcific (“senile”) degeneration of aortic valve showing “echo-bright” reflection (arrows).

Therefore, the 2D characteristics of the aortic valve
can provide important clues to the etiology of aortic
stenosis (Table 1).

DOPPLER ASSESSMENT

Doppler measurements across the aortic valve are
essential to the determination of the severity of aortic

stenosis. As the aortic valve narrows, the velocity of
blood flow across the valve will generally increase. This
velocity is dependent on the pressure gradient across the
valve. Continuous-wave (CW) Doppler measurements
across the aortic valve should be performed where the
ultrasound beam is most parallel to the flow of blood
across the valve. Therefore, measurements are best
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Fig. 4. Sketch showing bicuspid aortic valve variants with different commissural orientations (parasternal short-axis views [PLAX]).
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acquired in the apical five-chamber, right parasternal long
axis, or suprasternal views to obtain the highest velocities
across the valve. The maximum velocity obtained is
highly dependent on accurate transducer positioning, and
will be underestimated when Doppler beam angle devi-
ates from that of blood flowing through the stenotic valve
(Fig. 8). A nonimaging probe can be used if inadequate
envelopes are found with the duplex imaging transducer.

The calculation of transvalvular pressure gradients
is based upon the Bernoulli principle. The modified
Bernoulli principle relates the transaortic pressure
gradient to the square of the maximal velocity found
on CW Doppler: P =4V2, and is used when the velocity
of blood proximal to the stenosis is negligible. In sig-
nificant aortic stenosis, high gradients across the
aortic valve can be seen. The relationship is accurate
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Fig. 5. Bicuspid aortic valve during diastole (A) and systole (B) in parasternal short-axis (PSAX) view. Note horizontal commissure
(arrow) in diastole and “fish mouth” appearance during systole. (C,D) Systolic doming of bicuspid aortic valve during systole
(parasternal long-axis view [PLAX]). (Please see companion DVD for corresponding video.)

Systole

Fig. 6. Aortic stenosis showing restricted leaflet opening (arrow) during systole (parasternal long-axis view [PLAX]). Left ventricular ejec-
tion fraction was reduced, hence “low stroke volume-low gradient” aortic stenosis. (Please see companion DVD for corresponding video.)

when the velocity proximal to the stenosis is less than
1.5 m/s. Should the velocity in the left ventricular out-
flow tract (LVOT) exceed 1.5 m/s, then the long version
of the Bernoulli equation should be used to calculate
the transaortic gradient. Therefore:

-V

Transaortic pressure gradient =4 (V wor)

when Vivor 2 1.5 m/sec

In most cases, the modified Bernoulli equation is an
accurate and simple measure of the peak instantaneous
transaortic pressure gradient.

Peak transaortic gradient measured by Doppler
should be differentiated from the peak-to-peak gradient
obtained at cardiac catheterization. Hemodynamically,

the peak-to-peak gradient measures the difference
between the peak left ventricular pressure and the peak
aortic pressure—which are not measured simultaneously.
Therefore, peak-to-peak gradients are not physiologi-
cal, and no Doppler measurement exactly corresponds
to this measurement in the cathetherization laboratory.
However, mean gradients across the aortic valve are
similar when measured by Doppler and by cardiac
catheterization.

The Doppler derived mean gradient is the average
gradient over the systolic ejection period. This is usu-
ally calculated by tracing the CW envelope obtained
across the aortic valve, and the numerical values are
automatically calculated by the machine’s software
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Fig. 7. M-mode through aortic valve showing characteristic thickening of valve leaflets in aortic stenosis (compare Chapter 3, Fig. 14A).

Table 1
Two-Dimensional Characteristics of Classic Aortic Stenosis
According to Disease Etiology

Calcific

degenerative Rheumatic Bicuspid

Eccentric closure line No No Yes
in the parasternal
long-axis

Leaflet doming No Yes Yes
in systole

Commissural fusion No Yes No

Associated aortic No No Yes
coarctation

Fish-mouth appearance No No Yes

of valve in systole

package (Fig. 9). It is important to ensure that it is actu-
ally the aortic envelope that is traced, as a mitral or tri-
cuspid regurgitant jet may mimic an aortic stenotic
envelope (Fig. 10).

CALCULATION OF AORTIC VALVE AREA

The calculation of aortic valve area (AVA) is based
on the continuity equation (Fig. 11). This equation
relates the flow proximal to the stenosis and flow
through the valve.

AreaLVOT X VLVOT =AVA XV

max

Where the AVA is the aortic valve area and V__ is the
maximal velocity obtained by CW Doppler. V . is the
velocity in the LVOT obtained by pulse wave Doppler
usually in the apical five-chamber view. Area . is the
area of the LVOT and is calculated by multiplying 7 by
the square of the radius of the LVOT. The equation thus

becomes:
AVA = mi(radius of LVOT)* XV, /V

Therefore, the AVA can be easily calculated using
velocities. Alternatively, the velocity time integral
(VTI) can also be used instead of velocities to obtain
the AVA.

ASSESSMENT OF STENOSIS SEVERITY

The normal aortic valve orifice area in adults ranges
from 2 to 4 cm? In general terms, severe stenosis is
not seen with an AVA of more than 1.0 cm?. According
to American College of Cardiology/American Heart
Association guidelines, severe aortic stenosis is seen
when the AVA is less than 1 cm? (Table 2). Transvalvular
gradients should not be ignored when assessing severity
of aortic stenosis. Overall, when the mean transvalvular
gradient exceeds 50 mmHg, severe stenosis is usually
present.

Alternative methods of assessing aortic stenosis
severity exist (Table 3). The Doppler Velocity index or
Dimensionless index is a measure of the ratio of the
LVOT velocity to the AV velocity using CW Doppler
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Fig. 8. (A) Continuous-wave (CW) Doppler of maximum velocity across stenotic aortic valve. (B) Optimal Doppler alignment for

assessment of peak velocities in aortic stenosis.

across the aortic valve (Fig.12). It is normally higher
than 0.28 but decreases with significant aortic stenosis.
An index of less than 0.25 generally correlates with
severe aortic stenosis. VTI may be used instead of
velocities. In addition, because peak transvalvular gra-
dients are linearly correlated with mean gradients, a
peak gradient greater than 4.5 m/s is also indicative of
severe stenosis.

Therefore, a combination of methods may be used
to assess aortic stenosis severity. Nonetheless, symp-
toms are the major guide to therapeutic decisions, and
no single measurement is used to guide referral for
surgical intervention. Thus, echocardiographic meas-
urements of severe stenosis in conjunction with the
wider clinical picture are the benchmarks for referral for
aortic valve replacement.
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Fig. 9. Calculation of trans-aortic gradients by continuous-wave Doppler.

LOW-GRADIENT AORTIC STENOSIS

In some situations, patients present with severe aor-
tic stenosis (calculated AVA <1.0 cm?) and low trans-
valvular gradients (<30 mmHg). These patients have
low ejection fractions and low cardiac output (Fig. 6).
In this situation, the calculated AVA may be small sec-
ondary to the low flow state, and should be interpreted
with caution. These patients may benefit from further
testing to differentiate true severe aortic stenosis from
apparent severe aortic stenosis owing to a functionally
stenotic valve because of the low output state.
Dobutamine echocardiography can help to differenti-
ate these two conditions. With the infusion of low-dose
dobutamine, stroke volume increases and the calculated
AVA increases in those with functionally stenotic valves.
However, in those with true severe aortic stenosis, the
calculated AVA remains unchanged. Low-dose dobuta-
mine challenge therefore can assess the ‘“contractile
reserve”’—a predictor of which patients are more likely
to benefit from aortic valve replacement.

Even patients with critical stenoses (valve area
<0.75 cm?), low gradients (<30 mmHg), and low
ejection fraction (<35%) may benefit from aortic valve
replacement if they exhibit contractile reserve. Those who
do not exhibit augmentation in cardiac output are prob-
lematic and prognosis is generally poor. The quantitative
assessment of severity with low-dose dobutamine

challenge should follow the same guidelines as in other
situations (AVA, transvalvular gradients, and dimen-
sionless index).

Although planimetry may be used to measure the
orifice area by transesophageal echocardiography, it is
not commonly implemented in clinical scenarios, as
transvalvular gradients and AVA can be easily applied
in most situations.

PITFALLS

The accurate assessment of aortic stenosis severity is
contingent on factors related to the subject, image
acquisition and analysis, and the interpretation of the
data (Table 4). Potential pitfalls related to the patient
cannot be helped, but the importance of a meticulous
transthoracic examination by a skilled operator cannot
be overstated. It is essential to acquire the maximum
velocity using multiple windows to avoid underestima-
tion of the peak velocity measurement and hence over-
estimation of AVA (Fig. 8). In addition, because the
LVOT radius is squared in the continuity equation, care-
ful measurement of this parameter is crucial for accurate
calculations.

The modified Bernoulli equation (P = 4V? ) should
not be used when the velocity proximal to the stenosis
(V,op) s greater than 1.5 cm®. The long version of the
Bernoulli equation should be used to calculate a more
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Fig. 10. Distinguishing aortic stenosis from mitral regurgitation on Doppler examination. Both jets both occur in systole and appear
as downward spectral velocity shifts when recorded from the apex. The onset of ventricular systole and mitral regurgitation occurs
prior to aortic valve opening. In addition, mitral regurgitation is longer in duration.

accurate peak transaortic gradient. In this situation, the
proximal velocity cannot be ignored, as the modified
Bernoulli is based on a negligible value for the proxi-
mal velocity.

It is essential to acquire adequate transaortic
envelopes via CW Doppler. The aortic envelope must be

distinguished from that of mitral regurgitation and tricus-
pid regurgitation. These envelopes are generally longer in
duration as valve regurgitation usually encompasses iso-
volumetric contraction and relaxation. In addition,
inspection of diastole often shows the presence of an
aortic regurgitation signal that is not seen with mitral
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Fig. 11. The continuity equation and assumptions for measuring aortic valve area (AVA) in aortic stenosis.
A complete assessment of aortic stenosis incorpo-
CEA _Table 2 by Valve A rates other aspects of the transthoracic echocardiogram,
Severity of Aortic Stenosis by Valve Area as well as other factors that predict progression in indi-
Severity Caleulated valve area Vidqal patie.:nts. AorFic insufficiency freque.ntly accom-
] R panies aortic stenosis and should be taken into account
Mild >1.5 cm , when considering surgery. The degree of left ventricu-
Moderate 1-1.5 em lar hypertrophy and LV function reflects the hemody-
Severe <1 cm?

regurgitation. Mitral regurgitant velocities generally
exceed 4-5 m/s, and usually exceed the transaortic velocity
when found in the same patient.

A subaortic membrane should be considered when
high velocities are observed on CW Doppler in the
setting of normal aortic valve leaflet excursion on 2D
examination. Local flow acceleration during color
flow Doppler examination can often be seen in the
LVOT even when no membrane is seen on transtho-
racic imaging (Fig. 13; please see companion DVD
for corresponding video). In this situation, trans-
esophageal echocardiography may confirm the pres-
ence of a subaortic membrane. Early systolic closure
of the aortic valve leaflets on M-mode imaging may
be seen in this condition.

namic impact of the stenosis. Pulmonary hypertension
in the presence of severe aortic stenosis may be an omi-
nous sign. The presence of a bicuspid aortic valve
should always prompt a search for coarctation of the
aorta, because there is an established association
between the two conditions.

CONCLUSION

Transthoracic echocardiography is the standard for
evaluation of aortic stensosis severity. If a careful exam-
ination is performed, cardiac catheterization is rarely
needed for confirmation. Many institutions only employ
cardiac catheterization merely to assess coronary arteries’
status prior to aortic valve replacement. Transthoracic
echocardiography remains a comprehensive tool in the
initial diagnosis, follow up, and management of patients
with aortic valvular disease.
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Table 3
Echocardiographic Quantitation Parameters to Assess Aortic Stenosis Severity
Components Measurement Acquisition site Echo modality Utility
Continuity equation LVOT diameter, PLAX, A5C, A3C, 2D, pulsed Doppler, Accurate, reproducible,
LVOT VTI, AS5C, A3C, SSN, CW Doppler flow-dependent
AV VTI right PLAX
mean gradient
Doppler velocity index Peak LVOT, A5C, A3C, CW or pulsed Doppler  Useful in patients
(dimensionless index) Peak AV right PLAX, SSN with AF, PVCs,
and prosthetic valves
Doppler pressure Doppler maximum  AS5C, A3C, right CW Doppler
gradients gradient, Doppler PLAX, SSN
mean gradient
Maximum aortic Maximum velocity ~ AS5C, A3C, right CW Doppler
jet velocity PLAX, SSN
Planimetry 2D planimetry Midesophageal views TEE Planimetry by TEE,

when transthoracic
study suboptimal

A3C, apical three-chamber view; A5C, apical five-chamber view; AF, atrial fibrillation; CW, continuous wave; 2D, two-dimensional;
LVOT, left ventricular outflow tract; PLAX, parasternal long axis; SSN-suprasternal notch; TEE, transesophageal echocardiography; VTI,
velocity time integral; PVC, premature ventricular contraction.
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Fig. 12. The Doppler velocity index or dimensionless index by CW Doppler across aortic valve. The continuous-wave Doppler enve-
lope shows a peak velocity of 3.8 m/s across aortic valve. The velocity proximal to the valve (depicted by the bright lower veloci-
ties highlighted by the arrow) reached 87 cm/s. The ratio of the latter to the former is less than 0.25. This Doppler velocity index,
also known as dimensionless index, is normally more than 0.25, but decreases with significant valve stenosis.
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Table 4
Pitfalls in the Echocardiographic Assessment of Aortic Stenosis

Pitfalls related to subject Body habitus and anatomy

General status: postoperative, acute illness, chest disorders—chronic obstructive pulmonary
disease, and so on.

Physiology: rate, thythm
Pitfalls related to image Operator skill and experience
acquisition Mistaking MR or TR for AS

Pitfalls re: continuity equation acquisition
Underestimation of AVA if highest VTI or velocity not recorded
Difficulty measuring LVOT diameter, e.g., heavy calcification
Subaortic obstruction leading to difficulty measuring LVOT or VTI
Inaccurate PW sampling—Ieading to over or under-estimation

If patient not in sinus rhythm: 8-10 quality beats needed to accurately assess parameters,
otherwise use CW, and measure Doppler velocity (dimensionless) index

Pitfalls related to analysis Inter- and intra-observer error in assessment

and interpretation Learning curve
Pitfalls related to method Flow dependence: affects most methods, especially the continuity equation
of assessment Low-dose dobutamine challenge may be needed to assess contractile reserve

APF, atrial fibrillation; AS, aortic stenosis; AVA, aortic valve area; CW, continuous wave Doppler; LVOT, left ventricular outflow tract;
MR, mitral regurgitation; PVC, premature ventricular contraction; PW, pulsed wave; TR, tricuspid regurgitation; VTI, velocity time integral.

Sub-valvular
aortic stenosis

Apical Long Axis Views

Fig. 13. Subvalvular aortic stenosis (arrows) with fixed membrane seen in apical long-axis view (A). (Please see companion DVD
for corresponding video.)
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INTRODUCTION

Aortic regurgitation occurs when a fraction of the
blood ejected from the left ventricle into the aorta
during systole flows back into the left ventricle during
diastole. The onset may be acute or chronic depending
on etiology, and can be categorized as mild, moderate,
or severe (Table 1). This backflow of blood results in
both volume and pressure overload of the left ventricle
leading to increased left ventricular work. Volume over-
load can, over time, lead to left ventricular dilation
and hypertrophy. Although many patients with aortic
regurgitation remain asymptomatic for many years,
significant aortic regurgitation can eventually lead to
congestive heart failure. Echocardiography plays a
valuable role in the assessment and management of
patients with underlying aortic regurgitation.

ECHOCARDIOGRAPHIC ASSESSMENT
IN PATIENTS WITH AORTIC
REGURGITATION

Echocardiographic assessment of patients with aor-
tic regurgitation involves assessment of valve morphol-
ogy, the aortic root, the degree of aortic regurgitation,
and assessment of ventricular size and function.

ASSESSMENT OF AORTIC VALVE
MORPHOLOGY

To evaluate the patient with aortic regurgitation, it is
important to first investigate the morphology of the aor-
tic valve and adjacent structures (including the aortic
root) followed by an assessment of the impact of aortic
regurgitation on left ventricular geometry and function.
Doppler measurements provide semiquantitative and
quantitative assessment of the degree of severity of aor-
tic regurgitation. Both transthoracic and transesophageal
echocardiography may be used to evaluate and quanti-
tate the severity of valvular dysfunction.

ANATOMY OF AORTIC VALVE

The aortic valve is trileaflet in most people. In individ-
uals with trileaflet aortic valves, the mechanism of aortic
regurgitation may be secondary to abnormalities of the
aortic sinuses, annulus, leaflets and/or the geometrical rela-
tionship between the aortic valve and the left ventricu-
lar outflow tract (Figs. 1 and 2). For example, patients
with Marfan syndrome may have dilated aortic sinuses
and aortic annulus resulting in malcoaptation of the aortic
leaflets and central aortic regurgitation, but otherwise nor-
mal aortic valve leaflets (Fig. 3; please see companion
DVD for corresponding video). Patients with endocarditis

From: Contemporary Cardiology: Essential Echocardiography: A Practical Handbook With DVD
Edited by: S. D. Solomon © Humana Press, Totowa, NJ
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Table 1
Etiology of Aortic Regurgitation

Diseases involving the aortic cusps (leaflets)

* Senile calcific degeneration
e Bicuspid aortic valves
e Rheumatic valvular heart disease

* Endocarditis
Diseases involving the aortic root

e Hypertension
* Bicuspid aortic valve complex

e Collagen disorders, e.g., Marfan
and Ehlers Danlos syndromes

e Aortic dissection (Type A)

e Trauma

e Aortitis (vasculitic, infectious)
e Ventricular septal defect

may have a normal aortic annulus and aortic sinuses, but
destruction of valve leaflets can ensue, leading to aortic
valvular dysfunction (Fig. 4; please see companion DVD
for corresponding video). In those patients with degene-
rative aortic valve disease, combined abnormalities of the
annulus, sinuses, and leaflets may provide the anatomic
basis for aortic regurgitation (annulo-aortic ectasia).
Patients with congenital heart disease such as a ventricular
septal defect (especially the membranous and peri-
membranous varieties) may have an anatomically abnor-
mal relationship between the left ventricular outflow tract
and aortic valve leading to aortic regurgitation (Fig. 1).

A small proportion (1-2%) of the total adult popula-
tion has bicuspid aortic valves (Fig. 5; please see com-
panion DVD for corresponding video). These valves
often lead to stenosis, regurgitation, or both, owing to
abnormal leaflet architecture and coaptation. Bicuspid
aortic valves are associated with dilatation of the aortic
sinuses. Patients with aortic dilatation owing to hyper-
tension often develop aortic regurgitation, usually with
a central regurgitant jet. In addition, some human lym-
phocyte antigen (HLA) types (e.g., HLA B27) are asso-
ciated with an increased risk of root dilatation leading
to aortic insufficiency.

ECHOCARDIOGRAPHIC EVALUATION
OF AORTIC VALVE MORPHOLOGY

The parasternal long-axis view is used to measure the left
ventricular outflow tract, aortic annulus, and aortic sinuses.
Leaflet thickening and prolapse can be visualized from

Sallach and Reimold

this imaging window. A congenitally abnormal valve
should be strongly suspected whenever markedly eccen-
tric leaflet coaptation is seen in parasternal views. Color
jet width (see “Doppler Echocardiographic Evaluation of
the Patient With Aortic Regurgitation” section) is also
measured in this view. Parasternal short-axis images are
the optimal views for identifying leaflet morphology (tri-
cuspid vs bicuspid or quadricuspid). Vegetations may
appear as masses attached to the valve leaflets that may
prolapse into the left ventricular outflow tract. Endo-
carditis can cause valve leaflets to perforate, becoming
evident as color flow abnormalities that indicate leaflet
perforation. In patients with aortic regurgitation, the
dimensions of the aortic annulus, aortic sinuses and sino-
tubular junction should be recorded, and the presence or
absence of valve thickening and other congenital abnor-
malities should be noted.

IMPACT OF AORTIC REGURGITATION
ON THE LEFT VENTRICLE

Over time, aortic regurgitation can lead to progres-
sive left ventricular dilation and eccentric left ventricu-
lar hypertrophy. Left ventricular dilation is influenced
by the degree and duration of regurgitation. In chronic
regurgitation, therefore, it is uncommon for a patient
with severe aortic regurgitation to have normal left ven-
tricular chamber dimensions. Most patients with signif-
icant aortic regurgitation develop left ventricular
dilation prior to developing left ventricular systolic dys-
function. The extent of left ventricular dilation predicts
the need for subsequent aortic valve replacement.
Women with aortic regurgitation tend to have smaller
ventricles for the same degree of aortic regurgitation
compared to men. For this reason, chamber dimensions
should be indexed to body surface area. Left ventricular
size and function can predict outcomes and/or need
for surgery (e.g., an end-diastolic diameter of 80 mm
and an end-systolic diameter >50 mm). An indexed end-
systolic diameter (>25 mm/m?) is a useful cutoff in both
men and women. A left ventricular ejection fraction less
than 55% and changes in ejection fraction on exertion
are also predictors of outcomes in aortic regurgitation.

Careful measurements of left ventricular end-diastolic
and end-systolic dimensions as well as ejection fraction,
therefore, are important components of evaluating
patients with aortic regurgitation (Fig. 6A,B). These
dimensions are typically measured from the parasternal
long-axis view, from which the ejection fraction may can
be calculated, or alternatively from volumes obtained using
apical windows (see Chapter 4).
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Parasternal
short axis view

Aortic valve leaflet orientation
L, left cusp (leaflet); R, right cusp; N, non-coronary cusp

Fig. 1. Anatomical relationships of aortic valve and leaflets on two-dimensional echocardiography.
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Fig. 2. Sketch illustrating various etiologies of aortic regurgitation.

Aortic regurgitant flow leads to rapid increase in left
ventricular diastolic pressure. When this exceeds left
atrial pressure, the mitral valve closes. Premature closure
of the mitral valve and other echocardiographic signs of
left ventricular overload may be evident (Fig. 7).

Because aortic regurgitation hemodynamically over-
loads the left ventricle, it leads to an absolute increase in
left ventricle ejection fraction. Patients whose ejection
fraction falls below 55% have depressed left ventricular
systolic function. This may be partly reversible if aortic
valve replacement is undertaken within 6 mo of the devel-

opment of systolic dysfunction. For this reason assessment
of systolic function is an important component of the
echocardiographic examination in aortic regurgitation.

DOPPLER ECHOCARDIOGRAPHIC
EVALUATION OF THE PATIENT
WITH AORTIC REGURGITATION

Color flow Doppler imaging provides a semiquantita-
tive method to evaluate the severity of aortic regurgita-
tion. The regurgitant jet can be visualized by color flow
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Fig. 3. Aortic regurgitation secondary to aortic root dilatation in a 26-yr-old female with Marfan syndrome. Annular dilatation can
lead to inadequate central coaptation of valve leaflets and aortic regurgitation. (Please see companion DVD for corresponding video.)
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Fig. 4. Endocarditis of aortic valve leaflets showing vegetations. Endocarditis may lead to leaflet destruction as seen in this view.
(Please see companion DVD for corresponding video.)

imaging in multiple views. Color flow Doppler in the 1 cm) the aortic valve. In patients with aortic regurgitation
parasternal long axis view provides an estimate of the size ~ because of trileaflet aortic valves this jet width is propor-
of the regurgitant orifice (Fig. 8). The color jet diameter (or  tional to the size of the aortic valve defect. If the orifice is
width) is measured in diastole immediately below (within  irregular, as in bicuspid aortic valve disease, the color jet
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Fig. 5. Bicuspid aortic valves may have a visible raphe—the fusion ridge of two aortic leaflets. The aortic orifice often exhibits an ovoid
or “fish mouth” appearance during systole. PSAX, parasternal short axis view. (Please see companion DVD for corresponding video.)
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Fig. 7. M-mode showing premature diastolic closure of the mitral valve—a reflection of the hemodynamic impact of aortic regurgitation
on the left ventricle. Other M-mode signs include anterior mitral valve leaflet fluttering (and less commonly, septal diastolic fluttering).
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Parasternal long axis view

Fig. 8. Ratio of the aortic jet width (diameter) to left ventricular outflow tract (LVOT) diameter. The diameter of the color jet is meas-
ured immediately beneath the aortic valve is a semi-quantitative index of aortic regurgitation severity.

width is not related to the degree of regurgitation. The
ratio of jet diameter to left ventricular outflow tract diam-
eter can be calculated (Fig. 9). This ratio can provide a
semi-quantitative estimate of the degree of regurgitation:
less than 10%, trace; 10-24%, mild; 25-65%, moderate;
and greater than 65%, severe.

Measurement of the vena contracta—the regurgitant jet
as it traverses the aortic orifice or the effective regurgitant
area—can also be used to estimate aortic regurgitant sever-
ity. Using a Nyquist limit of 50-60 cm/s, a vena contracta
width of less than 0.3 cm correlates with mild aortic
regurgitation. A vena contracta width of 0.3-0.6 cm is
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Fig. 9. Semi-quantitative assessment of aortic regurgitation severity by the vena contracta width. Note the three components of
the aortic regurgitant flow: the flow convergence—above the orifice, the vena contracta—through the orifice, and the regurgitant

jet—below the orifice.

consistent with moderate aortic regurgitation, whereas a
vena contracta width greater than 0.6 cm indicates severe
aortic regurgitation (Fig. 9).

Visualization of the color jet of aortic regurgita-
tion on the parasternal short-axis view is another
method for quantitation of the severity of regurgita-
tion (Fig. 10A). The regurgitant color jet area can be
measured and compared to that of the left ventricular
outflow tract with the result expressed as a percent-
age (Fig. 10B). Using this simplified area ratio
method, patients with mild aortic regurgitation have
ratios of less than 5%. Severe aortic regurgitation
occurs when ratios exceed 60%, with a broad range
between 5 and 60% indicative of moderate aortic
regurgitation.

The color jet disturbance of aortic regurgitation
is also easily visualized from the apical windows
(Fig. 11A; please see companion DVD for corre-
sponding video). The color jet length and area, how-
ever, are less proportional (in these views) to the
degree of regurgitation and are more influenced by
the aortic to left ventricular diastolic pressure gradi-
ent as well as interactions between the regurgitant
jet and the outflow tract walls (Fig. 11B, please see
companion DVD for corresponding video). The
color jet width is occasionally measured from this
view but the parasternal projection provides better
axial resolution.

QUANTITATIVE MEASURES
OF AORTIC REGURGITATION

Continuous-wave Doppler of the aortic regurgitant
jet reflects the pressure difference between the aorta
and the left ventricle during diastole. The continuous-
wave Doppler signal is best measured from the apical
windows. For eccentric jets, better signals may be
obtained from the second right intercostal window.
The denser the spectral envelope, the more severe is the
regurgitation (Fig. 12). The rate of deceleration of the
continuous-wave Doppler signal is both a function of
the degree of regurgitation and the ventricular end-
diastolic pressure (Fig. 13). As the degree of regur-
gitation increases, the aortic diastolic pressure decreases
and the left ventricular end-diastolic pressure increases.
This leads to a rapid drop-off in pressure (as well as
velocity) across the valves—corresponding to the fami-
liar clinical signs of a widened pulse pressure. A pres-
sure half-time of less than 200 ms is consistent with
severe aortic regurgitation. Moderate aortic regurgita-
tion equates to a pressure half-time of 200-500 ms,
whereas mild regurgitation is indicated by a pressure
half-time exceeding 500 ms (Fig. 14). Overall, pres-
sure half-times are more accurate measures of acuity
of aortic regurgitation than volumetric measures of
aortic regurgitation, as pressure-half time is influ-
enced by chamber compliance in addition to chamber
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Fig. 10. (A) The color jet area measured from the parasternal short-axis view (PSAX) is proportional to the regurgitation orifice area.
In these images, color from the aortic regurgitation (blue) is seen centrally, but varies throughout diastole owing to a changing ori-
fice area (please see the companion CD for the video). (B) Semi-quantitative assessment of aortic regurgitation severity by color flow
Doppler assessment (simplified jet/left ventricular outflow tract [LVOT] area ratio) using PSAX.

pressures. Accurate measurement of pressure half-
time is also dependent on obtaining a well-visualized
signal from the regurgitant jet. Patients with small
volumes of regurgitation or poor windows may have
incomplete spectra making measurement of this meas-
urement difficult.

Calculation of regurgitant volume and regurgitant
fraction provides a better quantization of the severity
of valve insufficiency (Fig. 15). The regurgitant vol-
ume is equal to flow out the aortic valve (aortic stroke
volume) minus flow through the mitral valve (mitral
stroke volume). Calculation of regurgitant volume
requires measurement of the left ventricular outflow
tract and mitral annular diameters, as well as velocity

time integrals (VTI) of flow through the left ventricu-
lar outflow tract and the mitral annulus. Aortic flow is
equal to pi (1) multiplied by the square of the radius
of the left ventricular outflow multiplied by the VTI of
aortic flow. Mitral flow is calculated as w multiplied
by the square of the radius of the mitral annular diam-
eter multiplied by the VTI of mitral flow. Mild aortic
regurgitation is considered when the regurgitant frac-
tion is less than 30 mlL/beat, moderate—between 30
and 60 mL/beat, and severe regurgitation—in excess
of 60 mL/beat.

The regurgitant fraction is equal to the regurgitant
volume divided by the total stroke volume. The total
stroke volume is equivalent to flow out the aortic valve
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Fig. 11. (A) From the apical windows, the aortic regurgitation jet appears as a diastolic color flow disturbance in the left ventricular
outflow tract. Jet length and jet area are influenced by the aortic driving pressure (aorta-to-left ventricular pressure) and are therefore
less reliable indicators of disease severity. Measuring jet width from the apical projections is possible, but generally less reliable than
parasternal measurements. (B) Continuous-wave (CW) Doppler assessment of flow across the aortic valve in a patient with aortic
regurgitation. Many patients have mixed aortic valve disease. Increased transvalvular systolic velocities may represent stenosis.
(Please see companion DVD for corresponding video.)

as previously defined. Regurgitant fractions of less than The regurgitant orifice area may be calculated as the
30% are consistent with mild regurgitation, 30-50%  regurgitant volume multiplied by the VTI of the continuous-
with moderate regurgitation, and more than 50% with  wave Doppler jet (Fig. 16). This parameter represents
severe regurgitation. the average size of the defect in the aortic valve during
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Fig. 13. Deceleration rate. The rate of deceleration of the continuous-wave Doppler signal reflects both the degree of regurgitation
and the ventricular end-diastolic pressure.
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Fig. 14. Pressure half times (PHT or P 1/2 t). The pressure half time is the time it takes for peak pressure (mmHg) to drop to half its
initial value. As the degree of regurgitation increases, the aortic diastolic pressure decreases and the left ventricular end-diastolic pres-
sure increases. This leads to a rapid drop-off in pressure (as well as velocity) across the aortic valve. The more severe the aortic regur-

gitation, the greater the slope and the shorter the PHT.
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Fig. 15. Aortic regurgitant volume and fraction.

diastole and is proportional to regurgitant severity.
Grading of aortic regurgitation severity using the
regurgitant orifice area is as follows: mild, less than
0.10 cm?; moderate, between 0.10 and 0.30 cm?; and
severe, more than 0.30 cm?.

Calculation of the regurgitant volume, fraction, and
orifice area is dependent on careful measurement of sev-
eral variables. Errors in any one of these variables will

lead to further errors in the calculations. Experienced
laboratories should be able to perform these measure-
ments and calculations accurately with careful attention
to detail.

Aortic regurgitation can lead to diastolic flow rever-
sal in the aorta (Fig. 17). With milder degrees of regur-
gitation, there is brief reversal of flow early in diastole.
As the degree of regurgitation increases, flow reversal
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Fig. 16. The regurgitant orifice area or EROA represents the average size of the defect in the aortic valve during diastole and is pro-
portional to regurgitant severity. The regurgitant volume across the aortic valve may be calculated as the difference between the LVOT
volume and the transmitral volume, assuming there is no significant mitral regurgitation (see Fig. 15).
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Fig. 17. Aortic flow reversal. Diastolic flow reversal can be seen in significant aortic regurgitation by Doppler interrogation of flow
in the aortic arch and descending thoracic aorta. In this pulsed wave Doppler envelope, the regurgitant flow velocities almost equal
those of systolic forward flow—a feature indicative of severe aortic regurgitation.

becomes sustained throughout diastole at velocities Individuals with severe aortic regurgitation may exhibit
exceeding 20 cm/s. Criteria for flow reversal have been  altered mitral flow patterns. Because aortic regurgitation
established in the distal aortic arch. Significant sustained ~ results in elevated diastolic left ventricular pressures and
reversal in the abdominal aorta is also a sensitive sign  mitral inflow ceases early in diastole, this can lead to
of severe aortic regurgitation. shortened mitral deceleration times. For this reason, the
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Table 2
Assessment of Aortic Regurgitation Severity by Doppler Echocardiography: A Summary or Semi-Quantitative Methods

Classification of aortic regurgitation severity

Aortic regurgitation

Variable Mild Mild-moderate Moderate-severe Severe
Jet/LVOT width <25% 25-44% 45-64% >65%
Vena contracta width (mm) <3 3-5.9 3-5.9 >6
Regurgitant volume (mL/beat) <30 3044 45-59 260
Regurgitant fraction <30% 30-39% 40-49% >50%
Effective regurgitant orifice area (mm?) <10 10-19 20-29 230
Pressure half time (P 1/2 t) (ms) >500 350-500 200-350 <200
Deceleration rate (slope) (m/s?) <2 2-3 2-3.5 >3.5

LVOT, left ventricular outflow tract.

Table 3A
Echocardiographic Findings of Aortic Regurgitation and Relationship to Disease Severity

Literature evidence for grading
Parameters Best TTE view with selected references

Two-dimensional/M-mode

LA dilatation PLAX, A4C, A5C, A3C
Premature MV closure PLAX/PSAX
AMVL fluttering or reverse doming PLAX/PSAX M-mode
Increased E-point septal separation PLAX M-mode
(between AMVL and septum)
LV dilatation/function A4C, A5C, A3C Sensitive for chronicity
Aortic annular dilatation PLAX, PSAX
Diastolic AV opening/sagging PLAX/PSAX Simple, if present, Al is usually severe
M-mode, A5C, A3C
Flow propagation velocity PLAX Onbeasili 2002
Aortic root dilatation A3C, R-PLAX,
suprasternal

A4C, apical four-chamber; A3C, apical three-chamber; ASC, apical five-chamber; Al, aortic regurgitation; AMVL, anterior mitral valve
leaflet; LA, left atrium; MV, mitral valve; PLAX, parasternal long-axis; PSAX, parasternal short-axis; TTE, transthoracic echocardiography.

Table 3B
Echocardiographic Findings of Aortic Regurgitation and Relationship to Disease Severity

Literature evidence for grading
Parameters Best TTE view with selected references

Color flow imaging

Semi-quantitative

LV filling/dilation/jet direction PLAX, A5C, A3C, A4C

RJA PSAX c/w angiographic severity (Perry 1987,
Spain 1989, Enrique-Sarano 1993)

(Continued)
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Table 3B (Continued)
Literature evidence for grading
Parameters Best TTE view with selected references
Jet length AS5C, A3C Poor (Grayburn 1986)
Jet width PLAX Poor c/w angiography (Perry 1987,
Cape 1991)
Jet width/LVOT height PLAX Comparable with angiography
(Perry 1987, Tribouilloy 1992)
Jet density PLAX, PSAX
Descending/abdominal Ao diastolic R-PLAX,

flow reversal by color
Quantitative
AV area (planimetry)
Vena contracta

Proximal isovelocity surface area

supra-sternal, sub-costal

PSAX

PLAX, A3C, A5C, PSAX

PLAX, A3C, A5C, R-PLAX

Ozkan 2002

Better than jet width and area in
parasternal projections (Tribouilloy
2000), parasternal short-axis
doesn’t underestimate multiple/
irregular jets (Taylor 1990)

Accurate quantitation (Recusani 1991,
Utsunomiya 1991, Vandervoort
1993, Giesler 1993, Chen 1993,
Tribouilloy 1998)

Table 3C

Echocardiographic Findings of Aortic Regurgitation and Relationship to Disease Severity

Literature evidence for grading

Parameters Best TTE view with selected references

CW Doppler

Retrograde CW jet density A3C, A5C Poor discernment between moderate and severe Al,
good for distinguishing trace or mild Al from more
severe disease

CW jet velocity A3C, A5C Jenni 1989

PHT of retrograde CW jet A3C, A5C Affected by LVEDP (Teague 1986, Masuyama 1986,

(diastolic jet deceleration)

Descending/abdominal aortic
diastolic flow reversal, reverse VTI,
reverse:forward VTT’s

Rate of LV isovolumic pressure rise
and fall from Al regurgitant velocity

PW Doppler
PW antegrade, VTI
Mitral inflow DT of E velocity

Descending/abdominal aortic diastolic
flow reversal, reverse VTI,
reverse:forward VTI’s

R-PLAX, supra-sternal,
sub-costal

A3C, A5C, R-PLAX

A3C, A5C
A4C, A3C, A5C

R-PLAX,
supra-sternal, 1
sub-costa

Padial 1997) and Al chronicity (Griffin 1991)

Severity proportional to increased duration
and velocity of reversal (Boughner 1975)
(Touche 1985) (Tribouilloy 1991)

Pai 1998

Rokey 1986, Enriquez-Sarano 1993

Reimold 1996, also as per CW Doppler measurement

A4C, apical four-chamber; A3C, apical three-chamber; A5C, apical five-chamber; Al, aortic regurgitation; CW, continuous wave;
DT, deceleration time; LV, left ventricle; PLAX, parasternal long-axis; PSAX, parasternal short-axis; R-PLAX, right parasternal;

VTI, velocity time integral.
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Table 3D
Echocardiographic Findings of Aortic Regurgitation and Relationship to Disease Severity

Literature evidence for grading

Parameters Best TTE view with selected references
Calculations

Jet width: LVOT width PLAX, PSAX Willems 1997

Jet CSA:LVOT CSA PLAX, PSAX Willems 1997

Regurgitant volume and fraction

EROA
Jet Momentum

PLAX and A3C, A5C

PLAX and A3C, A5C
PLAX and A3C, A5C

Ascah 1985 (AV+MV), Kitabatake 1985
(AV+PV), Rokey 1986 (AV+MV)

Enriquez-Sarano 1993, 1994
Not widely used, Cape 1989

MYV, mitral valve; PLAX, parasternal long-axis; PSAX, parasternal short-axis; AV, aortic valve; A5C, apical five-chamber view; A3C,
apical three-chamber view; A4C, apical four-chamber view; LVOT, left ventricular outflow tract; TTE, transthoracic echocardiography;

CSA, cross-sectional area; EROA, effective regurgitant orifice area.

assessment of mitral valve area in a patient with mitral
stenosis can be overestimated in patients with aortic
insufficiency.

Common semi-quantitative methods using Doppler
chocardiography for grading aortic regurgitant severity
are shown in Table 2. A summary of various echocar-
diographic parameters used to assess aortic regurgita-
tion are listed in Table 3A-D.
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CASE PRESENTATION

A 55-yr-old woman presents with a chief com-
plaint of dyspnea on exertion. Her past medical his-
tory is significant for gastro-esophageal reflux
disease and rheumatic fever. She has no known his-
tory of valvular disease. Her only medication use is
an occasional antacid. She has not seen a physician
in approx 10 yr. Over the past year, she began to
experience gradually increasing dyspnea on exer-
tion, and she now becomes short of breath after
walking up 7-10 steps. She denies shortness of
breath at rest. She also denies chest pain, chest pres-
sure, palpitations, claudication, and syncope. She
reports the new onset of two-pillow orthopnea that
began 6-8 mo ago. And, she denies paroxsysmal
nocturnal dyspnea. Physical exam reveals a well-
developed, well-nourished female in no acute dis-
tress. Her blood pressure is 116/75 mmHg. Her heart
rate is 82 bpm and regular. Her complexion appears
ruddy. Carotid pulses are normal and there are no
carotid bruits. Her jugular venous pressure measures
9 cm of water with no V-waves. Cardiac exam
reveals a diminished first heart sound with a normal
second heart sound. An opening snap approx 70 ms
after the second heart sound is audible along with a
grade 2/4 diastolic rumble with presystolic augmen-
tation at the apex. Her point of maximal impulse is

0.5 cm lateral to the midclavicular line. Her lungs
are clear to auscultation and the rest of her exam is
within normal limits. Her electrocardiogram demon-
strates normal sinus rhythm with an enlarged left
atrium (LA). There are no Q-waves or ST changes.
Her chest X-ray has clear lung fields. No double
density sign is appreciated.

Mitral stenosis was suspected and an echocardio-
gram (ECHO) was requested and confirmed the
presence of mitral stenosis (Fig. 1; please see com-
panion DVD for corresponding video). Her valve
area was calculated as 0.9 cm? by pressure half-time
(P, or PHT) and 0.95 cm?* by planimetry. The mean
gradient across her mitral valve (MV) was 10 mmHg.
Her LA was enlarged and her pulmonary artery sys-
tolic pressure (PASP) was elevated. She had mild
(1+) regurgitation. Her MV score was eight.
Transesophageal ECHO revealed no LA or LA
appendage thrombus and she underwent uncompli-
cated percutaneous mitral valvuloplasty (PMV). She
was asymptomatic on her follow-up visit.

INTRODUCTION

Mitral stenosis occurs when thickened MV leaflets

and chordae restrict blood flow from the LA to the
left ventricle (LV) during diastole. Ultimately, hemody-
namic changes within the LA may lead to an increased

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. Echocardiographic features of rheumatic mitral stenosis. (A) Diastolic doming of the thickened anterior mitral valve leaflet
(“hockey stick” appearance, curved arrow) is indicative of restricted anterior leaflet motion. Note the thickened subvalvular struc-
tures, including the chordae (arrow). Note also the posterior pericardial effusion (PE). (B) A systolic frame showing thickened mitral
valve leaflets. (C) Commissural fusion (arrowheads) and bilateral leaflet thickening (curved arrows) resulting in “fish mouth” appear-
ance of the mitral valve leaflets during diastole (parasternal short-axis [PSAX] views). Dilated right ventricle (RV) with flattened
interventricular “D-shaped” septum throughout the cardiac cycle (triple arrows) is indicative of right ventricular pressure and volume
overload. A small posterior pericardial effusion (*) is present. (Please see companion DVD for corresponding video.)

pulmonary capillary wedge pressure, an elevated
pulmonary vascular resistance and right heart cham-
ber dysfunction. The patient’s shortness of breath was
likely related to an increase in her pulmonary capillary
wedge pressure during exertion. An increased heart rate
with activity gave her LA less time to empty and pres-
sure would then “back-up,” possibly leading to pul-
monary edema and shortness of breath. Rheumatic heart
disease, although now far less common in the industri-
alized world, remains the most common cause of mitral
stenosis (Table 1).

Echocardiography has an important role in the diag-
nosis and assessment of mitral stenosis (Table 2).

Key aspects of the echocardiographic evaluation of
mitral stenosis include the assessment of:

1. Valve and supporting structure morphology.

2. LA morphology, pulmonary arterial pressure,
and right heart function.

Pressure gradients across the MV.

4. MV area.

et

VALVE AND SUPPORTING STRUCTURE
MORPHOLOGY

The morphology of the MV and its supporting struc-
tures provides diagnostic and therapeutic insights.
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Table 1
Etiology of Mitral Stenosis

Acquired

e Rheumatic heart disease (vast majority of cases)
* Calcific mitral stenosis

e Hypereosinophilia

e (Cafergot toxicity

* SLE, malignant sarcoid, mucopolysaccharidosis
e Active infective endocarditis, Whipple’s disease
Congenital

e Parachute mitral valve complex

e Shone’s anomaly: parachute mitral valve with
supra-valvar mitral ring, sub-valvular aortic stenosis
and coarctation of the aorta

Table 2
Echocardiographic Features of Rheumatic Mitral Stenosis

e Thickened/calcified mitral leaflets

e Diastolic doming with “hockey stick” deformity of
anterior leaflet

* Parallel anterior motion of both mitral valve leaflets
e Thickened/calcified subvalvular apparatus

e Decreased EF slope on M-mode

» Left atrial dilatation

e Atrial fibrillation with loss of A-waves on spectral
Doppler

e Spontaneous echocontrast and left atrial thrombus (best
observed by transesophageal echocardiography)

e Mitral regurgitation

» Signs of increased right-sided pressure and volume
overload secondary to pulmonary hypertension—
sequelae of chronic significant mitral stenosis—e.g.,
right ventricle hypertrophy, tricuspid regurgitation,
dilatation of right heart chambers

For example, fused leaflet tips and a “hockey stick”
appearance of the anterior mitral leaflet implicate rheu-
matic fever (Figs. 1A and 2; please see companion DVD
for corresponding video for Fig. 1), whereas marked
mitral annular echodensities implicate mitral annular
calcification.

Therapeutically, when mechanical treatment options
are being considered, the morphology of the MV and its
supporting structures influences the choice between MV
replacement and PMV. Grossly, a thin mobile noncalci-
fied MV without subvalvular thickening is amenable to
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PMV. Whereas, a thickened, nonmobile, calcified MV
with subvalvular thickening is not a good PMV candi-
date. The MV score, which is derived from the mor-
phology of the MV and its supporting structures, helps
to more objectively guide this decision by predicting
the outcome after PMV (Table 3). Overall, as the MV
score increases, the potential for procedural success
decreases. A valve score of less than eight is associated
with a good outcome. However, the decision regarding
which mechanical option to utilize is a highly individual-
ized one (Fig. 3C-E; please see companion DVD for cor-
responding video).

Two factors whose presence weigh strongly against (if
not preclude) proceeding with PMV are co-existent LA
thrombus and moderate to severe mitral regurgitation.
First, a LA thrombus may become dislodged and
embolize during PMV. Consequently, anticoagulation
before PMV or surgical correction in lieu of PMV may
be considered. Frequently, a transesophageal ECHO is
necessary to evaluate fully for the presence of LA and
LA appendage thrombus, as the standard transthoracic
ECHO lacks sensitivity for this finding (Fig. 3A,B;
please see companion DVD for corresponding video).
Secondly, mitral regurgitation may be increased by
PMV. Hence, coexistent moderate to severe mitral regur-
gitation may render PMV undesirable.

LA MORPHOLOGY, PULMONARY
ARTERIAL PRESSURE, AND RIGHT
HEART FUNCTION

Mitral stenosis may impact “proximal” cardiac cham-
bers and blood vessels, such as the LA, pulmonary vas-
culature and right ventricle (Fig. 3; please see companion
DVD for corresponding video). For example, elevated
LA pressure may lead to LA enlargement, as noted in the
above patient’s ECG. This enlargement may predispose
the patient to atrial fibrillation and its pathological seque-
lae, such as thromboembolism.

Elevated LA pressure is also transmitted back to the
pulmonary vasculature. Although initially reversible,
these elevated pressures may become largely fixed as
the pulmonary vasculature remodels, and permanent
pulmonary hypertension can ensue.

PASP is estimated by summing (1) the pressure gradi-
ent between the pulmonary artery and right atrium, as
derived from the modified Bernoulli equation, 4V?, where
V is the tricuspid regurgitant jet velocity (assuming no
pulmonary stenosis) and (2) the estimated right atrial
pressure (RAP). In other words, PASP = 4V2 + RAP. With



242 Ostfeld

Fig. 2. M-mode echocardiogram in mitral stenosis. The M-mode echocardiogram in rheumatic mitral stenosis typically shows
prolongation of the ejection fraction slope (arrow). Note the “hockey stick™ appearance of the anterior leaflet of the mitral valve in
the parasternal long axis (PLAX) still-frame image.

Table 3
Mitral Valve Scoring Criteria for Predicting Outcome of Balloon Valvuloplasty
Grade Leaflet mobility Subvalvular thickening Valve leaflet thickening Calcification
1 Highly mobile valve; Minimal thickening Near normal leaflet Single echo-bright area
restriction affects immediately below mitral thickness (4-5 mm)
leaflet tips only leaflets
2 Middle and basal Thickened chordae Normal midleaflets, Scattered area of
portions of leaflet < one-third chordal length but marked marginal echo-brightnesss, but
show normal mobility thickening (5—-8 mm) confined to leaflet margins
3 Valve moves forward Thickened chordae Entire leaflet thickened Scattered area of
in diastole, but mainly < two-thirds chordal (5-8 mm) echo-brightnesss, now
from the base length involving leaflet
midportions
4 No or minimal forward  Thickened chordae Gross thickening of entire  Extensive echo-brightness
movements of leaflets involving entire length leaflet (>8—10 mm) throughout most of leaflets
in diastole extending to papillary
muscles

Scoring system derived from description of the above four parameters with a score of 1 for near-normal and 4 for the extensive involve-
ment. An echocardiographic score of 8 or less, predicts better outcome of percutaneous mitral valvuloplasty. (Table modified from Wilkins
GT, Weyman AE, Abascal VM, Block PC, Palacios IF. Percutaneous balloon dilation of the mitral valve: An analysis of echocardiographic
variables related to outcome and the mechanism of dilation. Br Heart J 1988;60:299-308.)

long-standing pulmonary hypertension, changes in the Pressure Gradients

right ventricle may occur (e.g., hypertrophy, enlarge- As the MV orifice becomes increasingly stenotic,
ment, decrement in function, and shifting of the interven- ~ higher-pressure gradients are necessary to “move” blood
tricular septum toward the LV as right-sided pressures  from the LA to the LV. These gradients can be measured
approach or exceed left-sided pressures) (Fig. 4; see also ~ and used as a means to estimate the hemodynamic sig-
Chapter 18). nificance of mitral stenosis.
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Fig. 3. (A) Echocardiographic features of rheumatic mitral stenosis in a 42-yr-old Haitian female with atrial fibrillation and multiple
embolic episodes. Chronically increased left atrial pressures in mitral stenosis leads to left atrial dilatation (Fig. 3A) and atrial fibrilla-
tion. These predispose to thrombus formation. Note the left atrial enlargement in parasternal long axis (PLAX) and apical four-chamber
(A4C) views. The right atrium was also enlarged. (B) Spontaneous echocontrast (curved arrows) was not visible on transthoracic exam-
ination in the patient (A), but was visualized as “swirling smoke” within the left atrium and left atrial appendage on transesophageal
echocardiography (B). Note the clot in the left atrial appendage (straight arrow). (C) Transthoracic and Transesophageal views during
percutaneous mitral balloon valvuloplasty for mitral stenosis. (D,E) Simultaneous left ventricular and pulmonary capillary wedge pres-
sure tracings pre- and postpercutaneous balloon valvuloplasy in a patient with mitral stenosis. The pressure gradient across the stenotic
valve decreased immediately post mitral balloon valvuloplasty. (Please see companion DVD for corresponding video.)

Pressure gradients across the MV are determined  blood flow, in order to avoid underestimating the
by placing the continuous-wave (CW) Doppler-  gradient.
probe across the MV orifice. The Doppler interroga- The measurements that are reported most frequently
tion should be performed parallel to the direction of  are the peak and mean gradients (Figs. 5 and 6). Of the
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Fig. 4. Apical four-chamber views of severe longstanding mitral stenosis in a 44-yr-old Vietnamese female. (A) Note marked thick-
ening and calcification of mitral valve leaflets (arrows) and subvalvular apparatus accompanied by marked distortion in left heart
chamber architecture. (B) This patient had severe pulmonary hypertension with grossly dilated right heart chambers and severe
tricuspid regurgitation (arrow).

Mitral Stenosis Severity

Normal 4.0 -6.0 cm?
Mild 1.6 -2.0 cm?
Moderate ...1.1 -1.5cm

Severe. ............< 1.0 cm?

=
& -
.

Il'llll“s’

Fig. 5. Measurement of pressure gradients in mitral stenosis. Tracing the continuous-wave Doppler velocity time integral (VTI) envelope
across stenotic mitral valve gives maximum and mean pressure gradients.

two gradients, the mean gradient is most frequently used ~ cutoffs demarcating the severity of stenosis, some
clinically. The peak gradient can be calculated from the ~ general categories for the mean gradient are as follows:
modified Bernoulli equation: P = 4V?, where V is the
peak velocity as measured by CW Doppler. The mean
gradient is calculated from the time velocity integral
across the MV as measured by CW Doppler.
Although there are no absolute pressure gradient

Mean gradient

0-5 mmHg (mild stenosis)
5-10 mmHg (moderate stenosis)
>10 mmHg (severe stenosis)
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Fig. 6. Mean pressure gradient. Continuous-wave Doppler patterns in a patient with severe mitral stenosis. Atrial fibrillation is present and
is reflected in marked variation in the tracings as shown in A and B (mean gradient approx 12 mmHg). In such patients, gradients should
be averaged over 5-10 cardiac cycles. Mitral valve area calculated by the pressure half-time method (Figs. 8 and 9) was ~0.8 cm?.

Table 4
Mean Pressure Gradient: Pitfalls

Table 5
Mitral Valve Area: Quantification

e Flow-rate dependent, e.g., affected by volume depletion
or anemia

e Low cardiac output states and bradycardia may lead to
low mean pressure gradient calculations in the presence
of severe mitral stenosis

e Heart rate dependent, e.g., affected by exercise

e Atrial fibrillation: need to average over 5 to 10 cardiac
cycles

*  Doppler beam alignment dependent, especially with
eccentric jets

A key caveat: pressure gradients are influenced by
both the MV area, as previously discussed, and the
amount of blood flow across the valve, as an increase in
flow will yield a higher gradient for a given valve area.
Therefore, using pressure gradients alone to estimate
the severity of stenosis can be problematic. For exam-
ple, it is possible to observe markedly elevated gradi-
ents with mild to moderate mitral stenosis in the setting
of high flow (e.g., anemia) and to observe lower gradi-
ents with severe stenosis in the setting of low flow
(although the latter example is more commonly an
issue with aortic stenosis than with mitral stenosis)
(Table 4).

e Two-dimensional planimetry
e Mean pressure gradient

e Pressure half-time

e Continuity equation

e Proximal isovelocity surface area

ASSESSMENT OF MITRAL VALVE AREA

There are a number of ways to determine the MV
area (Table 5).

Planimetry

The orifice of the MV can be well visualized in the
parasternal short-axis view. Consequently, direct meas-
urement of the orifice area via planimetry is possible
(Fig. 7). There is reasonable correlation between this
echocardiographic technique and the mitral valve area
determined at both the time of surgery and during car-
diac catheterization. When assessing the MV in this
way, it is necessary for the sonographer to slowly scan
up and down in the plane of the MV in order to identify
the smallest orifice. Otherwise, it is possible to overes-
timate the valve area. In addition, the imaging plane
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Mitral Stenosis Severity
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Fig. 7. Mitral valve area by two-dimensional planimetry.

should run parallel to the valve orifice, as off-axis
views will likely lead to an overestimation of the true
valve area (Table 6). Also, image acquisition should
occur early in diastole, as the valve orifice is maximally
dilated at that time.

Pressure Half-Time (P,,)
The P

> 18 the time it takes for the pressure gradient
across the MV to decrease by half (Fig. 8). The valve
area is calculated using the equation, MVA = 220/P, ,
where MVA = MV area and P, = pressure half-time
(Figs. 9 and 10). This method correlates well with the
invasive measurement of MVA. The concept behind the
P, , method is as follows: the LV fills when blood from
the LA crosses the MV during diastole. As the MV ori-
fice area decreases, blood flow from the LA to the LV
becomes increasingly compromised, and the time
required for blood to flow from LA to LV becomes
longer. This decreasing valve area is reflected in the
length of time required for the pressure gradient across
the MV to fall during diastole. The smaller the valve
orifice, the longer it takes for the pressure gradient to
decrease.

In short, MV area is inversely related to the pressure
half-time by the formula MVA = 220/P, ,. It is impor-
tant to remember that what is measured is the time it
takes for the pressure to reach one-half of the original
pressure. Pressure and velocity are related by the

Bernoulli equation (pressure = 4 X velocity?).

Table 6
Two-Dimensional Planimetry: Pitfalls

e Poor image quality

* Gross distortion of leaflet anatomy

e Improper tomographic plane

e Inadequate two-dimensional gain settings
e Heavy annular and leaflet calcification

e Postmitral commissurotomy

There are a number of important caveats (Table 7) to
consider when assessing MV area by P .

1. Atrial fibrillation. Although the P, is largely inde-
pendent of heart rate, if the heart rate for any given
cycle is markedly elevated, a clear image of the pres-
sure gradient fall may not be visible. Therefore, dur-
ing atrial fibrillation it may be necessary to evaluate
many beats (most labs assess at least 5 and often up
to 10 beats).

2. Aortic regurgitation or other conditions that increase
left ventricular end-diastolic pressure. Aortic regur-
gitation can shorten the time it takes for the LV to fill
during diastole, as the LV is filled with blood from
both the LA and the aorta. Therefore, the P , time
may be “artificially” decreased leading to an overes-
timation of the MV area. This overestimation typi-
cally becomes clinically relevant in the setting of
moderate to severe aortic regurgitation. In other
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Pressure Half Time (PHT) or t

NORMAL m MITRAL STENOSIS
LV
| (PHT)
BP ‘ i —
‘) y

Time (sec)

A Peak trans-mitral pressure gradient

Fig. 8. PHT measures how quickly the peak pressure across the mitral valve drops by half. Does the peak transmitral gradient drop
quickly or does it take a longer time? The longer the PHT, the worse the stenosis.

MAX 237, cmos = 2 ' -
TIME .380 sec Empirical Formula

220

MVA = ouT

£2. | mmHg
2HE. msec

Fig. 9. The PHT is a reflection of the rate at which left atrial and ventricular pressures equilbrate during diastole. Mitral valve area
is calculated as 220 divided by the PHT.

conditions in which left ventricular end-diastolic
pressure is elevated, such as restrictive cardiomyopa-
thy or ischemic heart disease, the rate of equilibration
between LA and LV is increased, and the estimation
of MV area by P, can also be falsely increased.

. Post PMV. A key assumption for this equation is
that the P, , measurement is largely independent of

12
LA and left ventricular compliance. After PMV,

this assumption is not valid for approx 72 h as the
chambers re-equilibrate. Therefore, during that time
following mitral valvuloplasty, the P , method is
not considered valid.

Continuity Equation

The MV orifice area can be determined by the con-
tinuity principle (Fig. 11). According to this principle,
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Pressure Half-Time
(milleseconds)

Mild 110 -147 msec
Moderate ....148 - 219 msec
Severe ........ 2 220 msec
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Fig. 10. Pressure half-time (PHT). Mitral stenosis can then be categorized as mild, moderate, or severe as shown. The PHT in this

patient measured 187 ms—indicating moderate mitral stenosis.

Table 7
Pressure Half-Time Method: Pitfalls and Caveats

e Flow-rate dependent, e.g., affected by volume depletion
or anemia

e Heart rate dependent, e.g., affected by exercise

e Atrial fibrillation: need to average over 5 to 10 cardiac
cycles

e Doppler beam alignment dependent, especially with
eccentric jets

* Measure P, from slope with longer duration whenever

deceleration slopes differ
e P, can be prolonged (i.e., increased) in nonmitral
stenotic states, e.g., diastolic dysfunction, but low E
peak velocities may accompany the latter
e P, method is unreliable in patients with severe aortic
regurgitation or immediately post-balloon valvuloplasty

e Atrial septal defects, immediate post-mitral valvotomy,
and a noncompliant left atrium shorten P, ,. This leads to
overestimation of MVA

 Changes that prolong P, ,, e.g., a chronically dilated and
overcompliant left atrium leads to underestimation of
MVA.

MVA, mitral valve area; P, pressure half-time.

1/2°

flow at any point along a tube is constant (i.e., flow
[Q] =VTI, - A = VTI, 'Az, where VTI = velocity time
integral at point_and A = area at point ). Therefore, if
we know the flow at another point in the “tube” (or
heart), e.g., the left ventricular outflow track (LVOT),

Mitral Valve Area in Mitral Stenosis:
the Continuity Equation

Area 1 x Velocity 1 = Area 2 x Velocity 2
Areapy x Velocitymy = AreapyoTt X Velocity yoT

CW Doppler PW Doppler
MVA = T (radius LVOT)? x Vmaxyyor*
VTI py**

*by Pulsed wave l)npplcr;**by Continuous wave Doppler,
LVOT, left ventricular outflow tract; VTI, velocity time integral; TC (pi) = 3.14

Fig. 11. Continuity equation in mitral stenosis.

and we know the velocity time integral across the MV as
measured by CW Doppler, we can solve for the MV area.
Specifically, Q = VTL, . - Area, ;= VTI, - Area,,,. Or,
Area,, = A - VTI | /VTL,,. This method correlates
well with the invasive assessment of MVA.

One key limitation of this method is that if there is
regurgitation through the MV or the comparison point
(e.g., aortic or pulmonic outflow tract), flow will not
be the same at those two points (Table 8). Therefore,

the estimation of the MV area may not be accurate.
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PISA method for assess-

PISA ment of mitral valve
area in mitral stenosis
X — - was measured at high
T m Proximal Ispvelocity .i aliasing velocity
Flow Su (Niquist limit = 65 cm/s).

Towards Ul | Note that this PISA of

Transducer ' the mitral stenotic jet
exhibits a complete
J hemisphere with no
“ Mi ¢
Mitral | Stenotic need for an angle cor-

Color Slow h Sten:{i‘ Y posterior [RECIEEET

Doppler
Scale Slow

Flow __'; \
Away from \

PISA

Transducer ! This is seen when alias-
l { ! Proximal or first a‘ ing velocities exceeding

isovelocity adjacent 40 cm/sec are used.

stenotic orifice "f\4c

Fig. 12. Proximal isovelocity surface area (PISA) principle in mitral stenosis. Narrow sector scan of mitral stenotic jet using color
flow Doppler in the apical four-chamber (A4C) view. The flow convergence zone exhibits a hemisphere of isovelocity (proximal
isovelocity). The PISA principle stipulates that unobstructed flow convergence equates to concentric acceleration—the presence of
concentric rings of flow acceleration that results when flow accelerates across the stenotic mitral valve. (Please see companion DVD
for corresponding video.)

1. Zoom in MV: A4C View

2. Apply color flow Doppler

i
3. Shift of zero baseline upward (Nygquist Iilﬂﬂ-) . .
4. Save color flow image cine loop Mitral Stenosis

5. Freeze best frame to measure radius I
of PISA-inleft-atrium H

Fig. 13. Proximal isovelocity surface area (PISA) method in mitral stenosis: steps 1-5 (Continued).
Proximal Isovelocity Surface Area aortic or pulmonic outflow tracts, for example, to the
An extension of the continuity principle is to use the ~ point proximal to the MV in the LA where color Doppler
proximal isovelocity surface area to calculate the MVA.  flow aliases in the shape of a hemisphere (Figs. 12 and
Here, the point of “comparison” is changed from the  13; please see companion DVD for corresponding video
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Mitral Valve Area:

1. Measure radius "r" in cm fro
leaflet tips to the first isovelo

2. Note radius "r" should be measured
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Mitral Stenosis

from the frame matching the peak mitral

inflow velocity

Mitral Valve Area:

1. Measure the angle of the

isovelocity hemisphere comparedio

mitral valve leaflets as above

2. Divide angle by 180°. Note: Angle correction factor can be ignored (in
this example) as the bottom diameter of PISA hemisphere is almost 180°

Fig. 13. (Continued)

Table 8
Continuity Equation in Mitral Stenosis: Pitfalls

e Atrial fibrillation: need to average over 5 to 10 cardiac
cycles

* Doppler beam alignment dependent, especially with
eccentric jets

e Lack of continuity of flow

for Fig. 12). The area at that point is calculated with the
equation for the area of a hemisphere, 2mr?, where r is
the distance from the point where the color Doppler

flow aliases to the orifice of the MV. The velocity at the
point where the color Doppler flow aliases is the
nyquist limit on the color Doppler setting. Hence, we
have the area and velocity at another point that we may
use to solve for the MVA in the continuity equation.
(MVA = 2m* - aliasing velocity/velocity, . ). (Note: an
angle correction term may need to be added to this
equation in order to account for the influence of the two
MYV leaflets on the area of the sphere [see Figs. 12 and
13; please see companion DVD for corresponding
video for Fig. 12].)
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250"
MVA = 1.01 cm?

Mitral Valve Area (MVA) i, PISA Method ‘i

Mitral Stenosis Severity
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Step 5 :
PISA Method: | 440\

1. Improper Alignment of CW.
can lead to overestimatiomaEMV - -

2. Angle and radius may be ——
difficult to measure when MVA —

greater than 1.5 cm?® : :
3. MVA may be underestimated if Mitral Stenosis

stenotic area is elliptical I

Fig. 13.

One benefit of this method is that, in theory, the meas- hemodynamics, grades severity, reveals “upstream”
urement of MVA is not affected by coexistent mitral ~ sequelae, and assists in choosing therapeutic options.
regurgitation as flow across the MV orifice and flow
across the aliasing point in the LA will not be signifi- ACKNOWLEDGMENT
cantly different in the presence of mitral regurgitation.
However, the proximal isovelocity surface area method
is technically challenging and it is not commonly used in
many laboratories when evaluating mitral stenosis.

The author would like to thank the Massachusetts
General Hospital echocardiography laboratory for their
generous contribution of echocardiographic images for
this chapter.
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INTRODUCTION

Mitral regurgitation (MR) is one of the most com-
mon acquired valvular heart diseases seen in the adult
echocardiography practice. Its onset may be acute or
chronic, and the etiology can stem from any process
that disturbs the architecture of the mitral valve appara-
tus (Table 1; Figs. 1 and 2).

Echocardiography has several important roles in MR,
including:

1. Evaluation of the etiology of MR.

2. Grading the severity of MR.

3. Assessment of its impact on overall cardiac function,
especially left ventricular (LV) function.

4. Guidance for further management, including timing
of surgical intervention.

Transthoracic echocardiography (TTE) is the modal-
ity of choice for evaluation and follow-up of MR and
global cardiac function, but transesophageal echocardio-
graphy (TEE) plays an important role when differences
exist between clinical assessment and TTE findings, or
when mitral valve surgery is needed (Table 2).

ASSESSMENT OF MR ETIOLOGY
AND MECHANISMS

The structure of the entire mitral valve apparatus
which include the mitral leaflets, chordal attachments,
annulus, papillary muscles, and the supporting ventric-
ular walls affect overall function. Defining the etiology
of MR is important as it can influence management and
prognosis of such patients. Diseases that are primarily
structural in origin can be managed differently from
individuals with functional MR.

The cases that follow were chosen to highlight sev-
eral common etiologies of MR. The most common
causes of MR in North America include degenerative
disease, ischemia, and functional MR.

CASE PRESENTATION 1:
TRACE MITRAL REGURGITATION
A 26-yr-old woman was referred for TTE follow-
ing clinical detection of a faint systolic murmur. She
was completely asymptomatic and had no significant
medical history (Fig. 2A).

From: Contemporary Cardiology: Essential Echocardiography: A Practical Handbook With DVD
Edited by: S. D. Solomon © Humana Press, Totowa, NJ
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Table 1
Causes of MR

Mechanism Diagnosis
Acute MR

Structural Ruptured chordae tendinae

Ischemic papillary muscle dysfunction and/or rupture

Infectious Bacterial endocarditis (both normal and prosthetic heart valves)

Chronic MR

Degenerative/structural

Ischemic and functional
Infectious
Inflammatory

Myxomatous degeneration of leaflets (mitral valve prolapse)
Chordal rupture with flail leaflet

Papillary muscle dysfunction and/or rupture with flail leaflet
Paravalvular leak following prosthetic valve replacement
Mitral annular calcification

Collagen disorders, for example, Marfan syndrome and Ehlers Danlos syndrome
Dilated cardiomyopathy with mitral annular dilatation and apical tethering
Bacterial endocarditis (of both normal and prosthetic heart valves)

Rheumatic heart disease

Connective tissue disorders, for example, systemic lupus erythematosus, scleroderma

Table 2

Major Indications for Echocardiography in MR

sponding video for Figs. 3-6).

Diagnosis and evaluation of the etiology/mechanism

of MR

Asessment of hemodynamic severity, including impact
on ventricular size, function, and hemodynamics

Initial assessment and re-evaluation of asymptomatic and

symptomatic patients with MR

Assessment of effects of medical and surgical therapies in

(Figs. 3-7; please see companion DVD for corre-

These images show classic mitral valve prolapse

(MVP), one of the most common cardiac valvular

leaflets past the mitral annular p

MR, including mitral valve repair or replacement regurgitation.

TEE for pre-operative, intra-operative, and post-operative

evaluation of patients with MR

The images show trace (trivial) MR. There is a
centrally directed jet confined to an area just distal
to the mitral leaflet closure line, seen in multiple
windows. It is of short duration and low velocity
and may simply represent volume displacement
when the mitral leaflets close. This can be seen in
up to 80% of normal adults increases in prevalence
with age and has little pathological significance.

CASE PRESENTATION 2:
MITRAL VALVE PROLAPSE

The second case is a 33-yr-old woman with a
midsystolic click and an end-systolic murmur

abnormalities, which has been reported in 1-3% of
North American populations. This particular example
demonstrates prolapse of both anterior and posterior

lane. The leaflets are

thickened (>5 mm) and there is concomitant severe

Classic MVP exists when there is exaggerated (>2 mm)

superior displacement (“buckling”

or “hammocking”) of

thickened mitral leaflets (>5 mm thick in diastole)

tole. One of the most common
fibromyxomatous degeneration

partial flail of a segment of one
echocardiographic features of

long-axis views are the best v

beyond the plane of the mitral annulus during late sys-

reasons for MVP is
of the mitral valve,

which can lead to leaflet prolapse, chordal rupture, or

or both leaflets. Strict
MVP are shown in

(Table 3). The parasternal long-axis and the apical

iews for the optimal

assessment of MVP, and Figs. 4 and 5 (please see com-

panion DVD for correspondin
examples of MVP. Of note, the

g video) are classic
normal saddle-shaped

profile of the mitral valve leafleats may be exaggerated

graphic heart disease.”

when viewed from the apical four-chamber window,
resulting in overdiagnosis of MVP or “echocardio-
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Mitral Valve

Photo courtesy Robert P
Brigham & Women's H

Mitral Leaflets and Scallops

Antero-lateral

papillary muscle )
Anterior

leafllet

_ P Postero-medial mystate
Diastole papillary muscle
Posterior leafllet with
Viewed from Left Atrium

P1, P2, P3 scallops

Fig. 1. (A) Mitral valve topography: base of heart view. (B) Anterior and posterior mitral valve leaflets and scallops.

Anterior Posterior
leaflet leaflet

Annulus

Chordae tendinae

Antero-lateral
papillary muscle

PLANE OF SECTION

Postero-medial
MITRAL VALVE COMPLEX papillary muscle

Fig. 2. Illustrations showing mitral valve leaflets, scallops (Carpentier nomenclature) and supporting structures. The mitral valve
complex includes the mitral annulus, valve leaflets, chordae tendinae (primary, secondary, and tertiary), and their papillary muscle
origins, as well as the supporting left ventricle, left atrium, and the aortic root.



258

Trace Mitral
Regurgitation
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Fig. 3. Parasternal long-axis (PLAX) view showing trace mitral regurgitation (arrow). It is also termed “mitral regurgitation closing
volume”—indicating mere volume displacement during leaflet closure. (Please see companion DVD for corresponding video.)

Diastole

Prolapsed Anterior Leaflet
>2mm

PLAX

Fig. 4. Systolic frame of the parasternal long-axis (PLAX) shows significant prolapse (>2 mm) of both mitral valve leaflets above the
mitral annular plane. (Please see companion DVD for corresponding video.)

Caveats about detection of mitral valve leaflets include
mistaking myxomatous or floppy valves for vegetations
or masses (see Chapter 19, Fig. 11). MR may be absent at
rest, but can be precipitated by exercise in some patients
with MVP, so exercise stress echocardiography may be
useful for diagnosis.

Although echocardiography is useful in defining
MVP, the MVP syndrome includes associated clinical
features and auscultatory findings. Furthermore, the
pathology underlying the primary MVP may also
affect other intracardiac valves, and assessment for
concomitant prolapse of the tricuspid, pulmonary,
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Diastole

"Myxomatous"
anterior leaflet
> 5mm
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Fig. 5. During diastole, the myxomatous leaflets can be measured. Thickened leaflets more than 5 mm support the diagnosis of
classic MVP. (Please see companion DVD for corresponding video.)

Fig. 6. Bileaflet prolapse is easily visualized in the apical four-chamber (A4C) view. However, the mitral valve profile is normally
exaggerated in this view—and may lead to overdiagnosis of mitral valve prolapse (left panel). Severe mitral regurgitation was pres-
ent (right panel). (Please see companion DVD for corresponding video.)

and aortic valves should be performed during the
echocardiographic examination.

Important potential sequelae of MVP include pro-
gressive MR, potentially from progressive leaflet mal-
coaptation, disintegration of chordal integrity over
time, and infective endocarditis.

CASE PRESENTATION 3:
POST-MI MITRAL REGURGITATION

This 66-yr-old male with myocardial infarction
(MI) 1 yr previously presented with congestive
cardiac failure.
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Fig. 7. M-mode echocardiogram of patient (Figs. 4-6) with classic mitral valve prolapse. (A) Both thickened valve leaflets show pos-
terior displacement of the C, D segment during mid- to late systole. (B) Only the posterior leaflet is affected.

Fig. 8. Mitral regurgitation in dilated ischemic cardiomyopathy. This results in apical tethering (“tenting”) of mitral valve leaflets dur-
ing ventricular systole (A—C), impaired leaflet coaptation, and mitral regurgitation (B). “Tenting” is best seen in C and D (arrows). This
term describes closure of the mitral valve well within the left ventricular cavity rather than at the level of the mitral annular plane (C).
Valve leaflet morphology is normal, but left ventricular dilation (D) leads to lateral displacement of papillary muscles (see Fig. 5). This
causes leaflet malcoaptation that is typically symmetric (C), and the jet of ischemic mitral regurgitation is centrally directed (A,B).
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Lateral
displacement
of papillary

muscle

Restricted
leaflet closure
"Apical tethering"

Mitral annular
dilatation

Mechanism of Mitral Regurgitation in Dilated Cardiomyopathy

Fig. 9. The mechanism of mitral regurgitation in dilated ischemic cardiomyopathy. The three major contributors as shown prevent
normal leaflet coaptation and functional mitral regurgitation. The mitral leaflets are morphologically normal.

Table 3
Echocardiographic Features of MVP

Superior displacement of both? mitral valve leaflets
(=2 mm“ above mitral annulus) with coaptation point
at or above the mitral annular plane.

Diffuse leaflet thickening (>5 mm®) in diastole
(“myxomatous” appearance)

Mitral annular dilatation

Redundant mitral valve leaflets

Chordal rupture with leaflet flail (partial)
Mitral regurgitation

Characteristic M-mode findings (Fig. 4A)

“Strict criteria for classical MVP or “floppy mitral valve.”

The images (Figs. 8 and 9) show MR that result
from left ventricular remodeling and dilatation.
Such changes to LV geometry significantly change
the spatial relationships between mitral leaflets,
papillary muscles, and chordae tendinae. In this
example, lateral displacement of the papillary mus-
cles and chordae lead to poor leaflet coaptation and
MR from LA dilatation. The resulting MR is cen-
trally directed.

CASE PRESENTATION 4:
FLAIL MITRAL LEAFLET

A 44-yr-old man complained of increasing
shortness of breath and was found to have a mur-
mur consistent with MR (Fig. 10; please see com-
panion DVD for corresponding video).

These echocardiographic images illustrate how
complete or partial flail of one or both mitral leaflets
can lead to moderate to severe MR. Partial leaflet
flail most commonly involves the posterior
leaflet and is usually secondary to chordal rupture.
The resultant MR may be severe, and the jet is typi-
cally directed anteriorly. Conversely, an anterior
leaflet flail usually results in a posteriorly directed
jet of regurgitation (see Chapter 7, Fig. 7).

Papillary muscle rupture in the setting of acute MI can
present with acute severe regurgitation within the first
5 days post-MI. It more commonly involves dehiscence
of the tip or a head of the muscle, and less commonly,
complete transection (Fig. 11; please see companion
DVD for corresponding video). In particular, the postero-
medial papillary muscle is more susceptible to injury dur-
ing infarction as its blood supply is derived almost solely
from the posterior descending branch of the right coro-
nary artery. The antero-lateral papillary muscle and those
of the right ventricle have a dual blood supplies.

Different degrees of MR may result from ischemic
dysfunction of the papillary muscles and supporting
ventricular wall. This is seen in approx 30% of patients
with coronary artery disease being considered for car-
diac surgery.

Another example of disruption of mitral valve
architecture is seen with degenerative mitral valve
disease. For example, with mitral annular calcifica-
tion, which can be seen with older patients, the excur-
sion of the mitral leaflets can be limited, affecting
leaflet coaptation. This also results in MR.
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Fig. 10. (A) Parasternal long-axis view (PLAX) and apical four-chamber view (A4C) showing a partial flail of posterior mitral valve
leaflet. Note that tip of leaflet points toward the left ventricle indicating that flail is incomplete (top panels). Marked turbulence with
this valvulopathy are seen on color flow Doppler examination. Note that the mitral regurgitant jet is anteriorly directed. M-mode
examination shows that flail affected the posterior leaflet only. (Please see companion DVD for corresponding video.)
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Papillary
- muscle head

Fig. 11. Ruptured papillary muscle. (A) Transthoracic images a patient 5 d post-MI showed a mobile linear echodensity that ping-
ponged between left atrium and left ventricle with each cardiac cycle (left panel). Attached at its end was the avulsed tip (head) of
the posterior-medial papillary muscle. Right panel showed large postero-laterally directed MR jet as seen in from the apical four-
chamber view. (B) Mid-esophageal views from patient showed the mobile tip of the dehisced papillary muscle (arrow in both panels)
within the left atrium. Note the partial flail of the anterior mitral valve leaflet (left panel) with the resultant postero-laterally directed
MR jet. (Please see companion DVD for corresponding video.)

CASE PRESENTATION 5: Table 4

RHEUMATIC MITRAL REGURGITATION

A 39-yr-old female with known history of rheu-
matic heart disease and worsening shortness of breath
was referred for an echocardiogram prior to consider-
ation for percutaneous mitral balloon valvuloplasty.

Rheumatic heart disease is the major underlying
cause of mitral stenosis. The postinflammatory

Indicators for Poor Prognosis in MR

Symptoms of heart failure

Left ventricular ejection fraction (LVEF) < 50% with
symptoms

Acute-onset MR
Acute flail of mitral valve leaflets

Significant MR accompanying acute myocardial infarction
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Diastole

~ " 100mm/s

Ao

Fig. 12. (A) Mitral regurgitation in the setting of rheumatic heart disease is the result of structural distortion, thickening, and restricted
leaflet motion. Mitral stenosis (MS) and aortic regurgitation (AR) were also present in this patient. (B) This color M-mode through
the left atrium and ventricle in the same patient shows mixed mitral stenosis-mitral regurgitation jets.
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Table 5
Grading MR Severity: Recommended Parameters

Mild Moderate Severe
Structural parameters
Left atrial size N N or Dilated Usually D
Left ventricular size N N or Dilated Usually D
Mitral leaflets and N or Abnormal N or abnormal Abnormal/Flail
supporting complex leaflet/Ruptured

Doppler parameters

Color jet area
(Niquist limit 50-60 cm/s)

Small, central jet
(usually <4 cm?

or <20% of left atrium area)

Mitral E- point velocity — PW A-wave dominant

Jet density — CW
Jet contour — CW

Incomplete or faint

parabolic

Pulmonary vein flow — PW Systolic dominance
Quantitative parameters
Vena contracta width (cm) <0.3 cm
Regurgitant volume (mL/beat) <30
<30%

<0.2 cm?

Regurgitant fraction (%)

EROA (effective regurgitant
area orifice)

papillary muscle

Variable Large central jet (usually

Variable >10 cm? or >40% left atrium
area) or variable size
wall-impinging jet
swirling in left atrium

Variable E-wave dominant
(E usually >1.2 m/)

Dense Dense

Usually parabolic Early peaking-
triangular

Systolic blunting Systolic flow
reversal

0.3-0.69 cm >0.7 cm

30-59 >60 mL/beat

30-49% >50%

0.2-0.29 0.3-0.39 cm? >0.4 cm?

Modified from ASE, American Society of Echocardiography Report (2003)—ASE/ACC/AHA/ESC Guidelines. See ref. 3.

fibrosis and thickening of leaflets and chordae that
lead to mitral stenosis also prevent normal mitral
leaflet coaptation during systole. Combined mitral
stenosis-MR is the result. (Fig. 12; see Chapter 13,
Table 3).

ASSESSMENT OF MR SEVERITY

A comprehensive assessment of a patient with MR
should pay special attention to ventricular performance,
with emphasis on the parameters of LA systolic func-
tion (see Chapter 5).

In addition to defining etiological and anatomic
mechanisms of MR, assessment of MR severity and its

hemodynamic impact on risk stratification and timing
of intervention (Table 4).

The American Society of Echocardiography guide-
lines for the classification of grades of MR severity
are shown in Table 5. Although the recommendation
to grade MR severity is mild, moderate and severe,
distinguishing mild from moderate and moderate from
severe can be challenging. Thus, several qualititative
and quantitive measures have been proposed, although
limitations of each should be noted during their use;
the most popular methods in use will be further delin-
eated in this chapter. For example, most of the Doppler-
based parameters apply only to isolated MR, and not to
mixed valvular lesions, or MR secondary to LV dys-
function. Quantitative assessment of MR using these
methods may involve relatively complex calculations,
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EF =0.58
FSV =70 =
EDV =120 - EDV =120 FSV =50
TSV=70 _ TSV =100
ESV =50 ESV = 40
——RSV=0 RSV = 50
LAP
25
Normal Acute MR
C D
EDV = 200 EDV = 220
ESV = 60 =70| ESV =100 ESV = 60
=140 TSV =120
=70 RSV =60
Chronic compensated MR Chronic decompensated MR

Fig. 13. Mitral regurgitation and the left ventricle: three phases of dysfunction. (Modified from Carabello BA. Progress in mitral and

aortic regurgitation. Curr Probl Cardiol 2003;28:553.)

Table 6
Recommended Echocardiography Follow-up in Chronic Asymptomatic MR

MR severity LV size LVEF Frequency of follow-up
Mild MR ESD normal Normal EF Syr
Moderate MR ESD normal Normal EF 1-2 yr
Moderate MR ESD > 40 mm <65% 1yr

Severe MR ESD normal Normal EF 1yr

Severe MR ESD > 40 mm <65% 6 mo

Adapted from: Otto CM. Evaluation and management of chronic asymptomatic mitral regurgitation. N Engl.

J Med 2001;345:740-746.

and small errors in measurement easily lead to large
errors in calculation. Therefore, they should be
applied in the context of the patient, without reliance
on a single measure.

TWO-DIMENSIONAL
ECHOCARDIOGRAPHIC PARAMETERS
FOR GRADING MR SEVERITY

LV Performance

Indices of LV systolic function—Ileft ventricular
end-systolic and end-diastolic dimensions, ejection
fraction, wall thickness, and fractional shortening—are

the most important echocardiographic barometers of
the hemodynamic effects of MR on global cardiac
function (see Chapter 5 for LV quantification).

Three major phases of MR on and their impact on
LV performance are summarized in Fig. 13.

1. Acute MR phase.
2. Chronic compensated MR.
3. Chronic decompensated MR.

LV end-systolic dimensions (Fig. 14) and LV ejection
fraction (LVEF) reflect the heart’s ability to adapt, and
therefore influences the frequency of clinical follow-up,
timing of surgical intervention, and outcomes following
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Table 7
Echocardiographic Signs and Surgical Considerations in MR

Variables Measures

Comment

Clinical symptoms Symptomatic vs Asymptomatic

LVEF <50 mm
ESD (LVIDs) <50-55 mm
EDD (LVIDd) >70 mm

Surgical considerations Repair vs Replacement

Presence of symptoms favors earlier intervention

Sign of decompensation

Sign of decompensation

Sign of decompensation

Earlier interventions with valve-sparing surgery favored

LVIDd
LVIDs
“PLAX " PLAX
End-systole End-diastole
Left ventricular dimensions*
LY Internal Normal Range (cm) Index adjusted for
Diameters (PLAX) (mean £ SD) body surface area
(cm/m?)
End-diastole: 35-6.0 2.3-31
EDD or LVIDd
End-systole: 21-4.0 14-21
ESD or LVIDs

*Values from cardiac ultrasound laboratory, Massachusetts General Hospitall

Fig. 14. Left ventricle dimensions in mitral regurgitation. Values from cardiac ultrasound laboratory, Massachusetts General Hospital.

mitral valve surgery (Tables 6 and 7). In chronic compen-
sated MR, cardiac output is maintained via an increase in
the LVEF, and such patients typically have LVEFs greater
than 65%. LV hypertrophy is not a feature of isolated
MR as the regurgitant chamber—the left atrium (LA)—
usually adapts and dilates to accommodate increases in
preload (end-diastolic volume [EDV]; Fig. 13C). Even
in the acute setting, LV contractility and LVEF increase
in response to an increase in preload (Fig. 13B).
However, LV contractility can decrease silently and irre-
versibly in chronic MR. For this reason, increasingly ear-
lier surgical interventions for less severe degrees of MR
are being recommended (Fig. 13D).

LA Size

The LA will dilate in response to chronic volume
and pressure overload. Its dimensions may help to
assess MR severity and chronicity (Figs. 15 and 16).
Acute-onset severe MR, as occurs with papillary mus-
cle rupture, does not cause LA dilatation. The excess

regurgitant blood entering the small noncompliant
atrium causes acute increase in LA pressures and can
precipitate acute pulmonary hypertension and right
heart pressure overload. Increased LA pressures and
systolic flow into reversal pulmonary veins may be
the only echocardiographic findings that document
the severity of acute-onset MR. LA size may predict
the onset of atrial fibrillation, but is otherwise of little
prognostic value in MR itself, in the absence of heart
failure. Measurements should be adjusted for age
and body surface area.

DOPPLER METHODS FOR GRADING
MR SEVERITY

Color Flow Doppler Parameters

Color flow Doppler imaging is perhaps the most intu-
itive of all measures, is useful for detecting the jet origin,
direction, and spatial relationships and has excellent
sensitivity and specificity. Each of the three components
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Apical 4-Chamber

Parastermal Long Axis (PLAX) View
(End-Systole)

A (mid-cavity) 48+08
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Fig. 15. (A) Measuring left atrial size. (B) Left atrial measurements. Values from cardiac ultrasound laboratory, Massachusetts

General Hospital.

of the MR jet—flow convergence zone, vena contracta,
and jet profile—can provide a semiquantitative or quanti-
tative measure of MR severity (Fig. 17).

MR jets are best assessed using multiple windows to
obtain a three-dimensional (3D) perspective. Qualitative
estimates of MR jets are categorized on a scale of 0—4:
grade 0 = none or trace MR, grade 1 = mild MR
through to grade 4 = severe MR (Fig. 18). The notation

1+, 2+, and so on, to denote increasing grades of MR
severity is also popular (Table 8).

COLOR JET AREA

The same color jet profiles can be measured within
the LA. Color jet areas are influenced by jet velocity,
momentum, and direction. Mild MR jets cover less than
20% of total LA area (or a maximal jet area < 4.0 cm?),
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[ (A1) (Az)
(L)

L - the shorter of either the A4 or A2 lenghts
A4 and Az - left atrial areas on A4C and A2C

Left Atrial Volume = 8/3 T

Fig. 16. Left atrial volume. (Reproduced with permission from Roberto M. Lang et al. Recommendations for chamber quantification.
A report from the American Society of Echocardiography’s Nomenclature and Standards Committee and the Task Force on Chamber
Quantification American Society of Echocardiography, 2005.)

Components of
Mitral Regurgitant Flow

Lv

Fig. 17. Mitral regurgitation: color jet profile.

Table 8
Eyeball Estimation of Color Jet Area in MR

Advantages Disadvantages

1. Ease of use 1. Can be unreliable for estimation of regurgitation severity

2. Good screening test for mild versus severe regurgitation 2. Not good at distinguishing moderate MR from mild
or severe MR

3. Evaluate in at least 2 views (PLAX, A4C, A3, or A2C) 3. Influenced by transducer frequency and other instrument
settings, especially pulse repetition frequency and color gain

4. Best “estimate” using scale of 1+ (mild) to 4+ (severe) 4. Size of color jet may be misleading, especially with
eccentric jets
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Eyeball Grading of Color Jet
Profiles in Mitral
Regurgitaion

Mild 1+

Moderate 2+

Moderate-to- 3+

Severe

Severe 4+
Apical 4-Chamber

Fig. 18. Schema illustration of jet profile of mitral regurgitation
as viewed from the apical four-chamber window. Color Doppler
mapping allows visualization of the spatial distribution of blood
flow within the heart by displaying the blood flow velocities in
terms of ranges of color. Visual estimation of the jet profile is a
simple method of estimating mitral regurgitation severity. Color
Doppler mapping, however, is very sensitive to instrument set-
tings, hemodynamic status, regurgitant orifice geometry (affects
jet eccentricity), and atrial dynamics—e.g., wall constraint, wall
impingement, and the presence of secondary flow.

with severe MR jets more than 40% of total LA area (or
a maximal jet area > 10 cm?). At least two orthogonal
views should be used with the Nyquist limit set at
50-60 cm/s (Fig. 19; please see companion DVD for
corresponding video).

Larger color jet areas indicate more severe MR when
the jet is centrally directed, but can be misleading with
eccentrically directed jets. Hugging or entrainment
(Coanda effect) of the eccentric jet to the LA wall
results in smaller jet areas even when MR is severe. A
thorough evaluation of eccentrically directed jets should
include evaluation for etiologies, such as a flail leaflet,
prolapse or perforation. Severe MR with eccentrically
directed jets sometimes exhibit a “wrap around” effect
in the LA (Fig. 20).

In acute MR, even centrally directed jets may be
misleadingly small. A small nondilated atrium in the
setting of acute regurgitation constrains the regurgitant
jet momentum and hence the visible color jet area.

VENA CONTRACTA WIDTH

The vena contracta is the narrow neck of the MR jet as
it traverses the regurgitant orifice (Fig. 21). The vena con-
tracta measured from the parasternal long-axis view is best
optimized by using a narrow sector scan, optimal color
gain, and Nyquist limit between 40-70 cm/s. The vena
contracta appears as the well-defined light blue or light

Suk Danik and Bulwer

yellow high-velocity core on the red-blue color Doppler
scale. This portion of the regurgitant jet, unlike the flow
convergence zone and the distal turbulent jet profile, most
closely mirrors that of the actual regurgitant orifice. It is,
therefore, a more reliable marker of MR severity with sig-
nificant advantages over other methods provided that the
recommended technique is used (Table 9).

A single vena contracta width (VCW) measurement,
however, is a 2D snapshot across an elongate regurgi-
tant orifice area that extends to a variable degree along
the crescenticleaflet coaptation line (Fig. 1B). A closer
approximation of the actual regurgitant orifice area is
best obtained by scanning through multiple planes and
selecting the greatest VCW. Such considerations are
better appreciated and measured on 3D echocardiogra-
phy. Averaging VCW measurements over at least three
beats and using two orthogonal planes is recom-
mended. A VCW less than 0.3 cm indicates mild MR;
a VCW more than 0.7 cm indicates severe regurgitation
(Fig. 21; Table 5).

The effective regurgitant orifice area (EROA)—a
marker of MR severity that is less affected by loading
conditions—can be calculated from the VCW using the
formula:

EROA = n(VCW/2)*

Good agreement exists between this EROA formula
and other validated measures of MR severity. VCW
measurements are not valid for assessing MR severity
with multiple MR jets (Fig. 22).

PRrROXIMAL FLOW CONVERGENCE
AND PROXIMAL ISOVELOCITY SURFACE AREA

According to fluid dynamics, fluids within an enclo-
sure stream symmetrically toward a narrowed outlet or
orifice in near concentric isovelocity zones. This is akin
to water being drained from a kitchen sink, or when water
from a lake flows into a narrowed estuary (Fig. 23). The
same principle applies when blood in the LV stream con-
verges toward a narrowed (stenosed or regurgitant) ori-
fice. This method can be used for estimating the area of
the regurgitant orifice—which is hard to measure directly
because actual regurgitant orifice is dynamic, functional,
and 3D. As regurgitant blood converges toward the regur-
gitant orifice at the proximal convergence zone, the size
and velocity of the innermost shell or hemisphere can be
measured (Fig. 24).

Furthermore, according to the continuity principle
(see Chapter 11, Fig. 11), the amount of fluid that
passes through the regurgitant orifice is the same
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Fig. 20. Severe mitral regurgitation showing left atrial “wrap-around.”

amount that flows in the regurgitant jet (the law of con-
servation of mass). Therefore, total flow at the proximal
isovelocity surface area (PISA) will equal total flow in
the distal MR jet.

The apical four-chamber view is recommended for
optimal visualization of the MR jet PISA measurement.

The area of interest is optimized by lowering imaging
depth and lowering the Nyquist limit (on the color
Doppler scale) to approx 40 cm/s. The velocity at
which the blue-red color shift occurs identifies the
PISA shell. The PISA radius (r) is then measured and
multiplied by the PISA velocity, i.e., the aliasing velocity
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Fig. 21. Vena contracta width measurement.
Table 9
Vena Contracta Width Measurements in MR
Advantages Disadvantages

1. Relatively quick and easy to assesses using standard
windows

2. Good for extremes of MR (mild and severe MR)
3. Assesses basic size of defect

4. Relatively independent of flow rate, driving pressure,
or entrainment (Coanda effect)

5. Not influenced by the presence of another regurgitant
leak, for example, aortic regurgitation

6. No need for correction for convergence angle as with
proximal isovelocity suface area measurement

1. Not good at distinguishing mild from moderate MR
or moderate from severe MR

2. Small values; small measurement errors are multiplied

3. True cross-sectional area may be difficult to obtain—use
two apical diameteres

4. VCW measurement—a single temporal measurement

5. Overestimates true regurgitant orifice area—a problem of
resolution

6. Not valid for multiple MR jets

MR, mitral regurgitation.

(Nyquist limit)—V, . —to give the regurgitant flow
rate (Fig. 24). If the base of the PISA hemisphere is not
horizontal, it should be corrected to 180°.

Reguritant flow rate = 22 X V (mL/s)

ALIAS

From this, the EROA can be quantified using the
continuity principle equation (Figs. 25 and 26; see
Chapter 11, Fig. 11) for flow rate: Area, X Velocity, =
Area, X Velocity,; and V. is the peak velocity of the
MR jet on CW Doppler:

EROA =21’ X V /V

ALIAS MAX

Regurgitant volume and the regurgitant fraction can
then be calculated (Fig. 27).

The PISA method can also be assessed by trans-
esophageal echocardiography when indicated (Fig. 28).

The PISA method makes several assumptions
(Table 10)—many of which are violated in the clinical
setting. 3D echocardiography may ultimately assist in
overcoming some of these limitations.

Other Doppler Methods
SySTOLIC FLOW REVERSAL IN THE PULMONARY VEINS
The presence and the degree of reversal of blood
flow from the LA into the pulmonary veins can indicate

the hemodynamic impact of the MR jet. Visualization
of flow reversal into one or more pulmonary veins on



Chapter 14 / Mitral Regurgitation

Systole

! Apical long axis

Fig. 22. Narrow sector scan (color flow Doppler) showing two
separate mitral regurgitant (MR) jets viewed from the apical
long axis view. This was confirmed when viewed from multi-
ple windows. When assessing multiple MR jets, each jet
should be analyzed and reported separately. Vena contract
widths (VCW) measurements are invalid when multiple MR
jets are present.

color flow Doppler, or more reliably—pulsed Doppler
evidence of flow reversal into the pulmonary veins are
measures of MR severity (Fig. 29). In normal indivi-
duals, a positive systolic (S) wave followed by a smaller
positive diastolic (D) wave is seen, but with moderate
or severe MR, blunting or reversal of this pattern may
be seen (see Chapter 6). Systolic flow reversal may be
indicative of severe MR even if the color jet area sug-
gests milder disease.

Atrial fibrillation and elevated LA pressures from
any cause can blunt forward systolic pulmonary vein
flow. Blunting of pulmonary forward flow may lack
specificity, but is nonetheless a useful parameter that
provides information independent from color Doppler
methods used to assess MR severity.
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MiTrRAL E-POINT VELOCITY

The progressive increase in trans-mitral flow that
occurs with increasing MR severity can be detected as
higher flow velocities during early diastolic filling. A
dominant E-wave more than 1.2 m/s may indicate more
severe MR, providing there is no concomitant mitral
stenosis (Fig. 30).

CONTINUOUS-WAVE JET INTENSITY
AND MORPHOLOGY

Peak MR jet velocities by continuous-wave (CW)
Doppler typically range between 4 and 6 m/s—a
reflection of the systolic pressure gradient between LV
and LA. If the blood pressure at the time of the study is
low, the peak velocities and gradients will also be low.
Peak MR jet velocities alone, therefore, are not reliable
measures of MR severity.

The signal intensity (jet density) of the CW envelope
of the MR jet can be a guide to MR severity, but this
should be assessed relative to the density of antegrade
flow signal (mitral inflow). A dense mitral regurgitant
signal with a full envelope of equal in intensity to the
antegrade flow signal indicates more severe regurgita-
tion than a faint signal (Fig. 31).

The CW Doppler envelope may show blunting or
notching of the CW envelope. This results from the
rapid surge in LA pressures in severe MR—the atrial
V-wave (Fig. 32). This may reflect an LA that has not
yet dilated and show discordance with color Doppler
severity.

LV SySTOLIC PERFORMANCE

The rate of rise of LV systolic pressure over time
(dP/dT) may be a useful index of the LV systolic func-
tion in MR (Fig. 33). In patients with preserved systolic
function, the MR jet velocity shows a rapidly early in
systole. A lower dP/dT can unmask patients with
declining systolic function, and therefore serve as a
guide to more aggressive intervention, especially when
supported by other indicators of severity.

Integrating Indices of Severity

Integrated scores have been devised to improve the
diagnostic validity of parameters of MR severity. The
MR index is a composite score comprising six echocar-
diographic parameters—ijet length, PISA, CW jet den-
sity, pulmonary artery systolic pressure, pulsed wave
Doppler, pulmonary vein flow pattern, and LA size.
Such scores provide a better overall assessment of MR
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Fig. 23. The proximal isovelocity surface area method. Fluids within a confined space accelerate toward an outlet or orifice in con-
centric isovelocities. A familiar example of this occurs when water is released from a kitchen sink.
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Fig. 24. Proximal isovelocity surface area (PISA).

severity itself, but should be further integrated with
global cardiac function and the patient’s clinical status.
Newer methods of assessing MR severity show promise,
e.g., 3D echocardiography and power Doppler imaging,
but are not yet routinely used in clinical practice
(Fig. 34; please see companion DVD for corresponding
video).

SURGICAL CONSIDERATIONS IN MR

Anatomical Mechanisms of MR

Precise determination of the mechanism of MR
results is necessary for successful reconstructive sur-
gery of the mitral valve. Thus, the Carpentier’s func-
tional classification is often used (Fig. 35).
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Fig. 25. Mitral regurgitation severity: proximal isovelocity surface area (PISA) method. Step 1: select the best apical four-chamber view
(A4C) to indentify the region of interest—the regurgitant mitral valve (panel 1). Step 2: lower imaging depth, then zoom (panel 2).
Step 3: apply color Doppler, then narrow color sector scan (panel 3). Step 4: shift color flow baseline on color Doppler scale down-
ward (to lower Nyquist limit) to approx 40 cm/s. This optimizes the aliasing velocities enables the PISA hemispheric zone bigger and
more measurable (panel 4). Step 5: record the Nyquist limit on the color Doppler Scale. This is the aliasing velocity of the PISA. Scroll
through cine loop and optimize largest PISA (mid-systole) and measure radius (panel 5). Step 6: obtain the maximum velocity across
the mitral regurgitation jet using continuous-wave Doppler (panel 6). (Please see companion DVD for corresponding video.)

PISA Method: Continuity Equation

i

PISA Flow = MR jet Flow
2T Ppisa X Velocitypsa= EROA x Velocityws jo

EROA = Regurgitant Flow
Vmaxw{
EROA = 6.28 x r’ssax Alias Velocity
Vmaxur

Fig. 26. Proximal isovelocity surface area (PISA) method: calculation of effective regurgitant orifice area (EROA) by the continuity
equation. The PISA method is used to calculate the EROA according to the principle of conservation of mass. The continuity equa-
tion is used to calculate the EROA from the variables measured in Fig. 25.

Carpentier’s Functional Approach and a chordal apparatus that is not calcified and is well
to Mitral Regurgitation tethered to the mitral leaflets that coapt well (Fig. 35).
The Carpentier functional classification of MR is . o
based on the opening and closing motions of both Functional Classification: Type 1
leaflets. Normal mitral leaflet coaptation requires coor- MR that occurs despite normal leaflet motion is termed

dination of many structures including a normal-sized LV~ type I MR. This can be owing to annular dilatation seen
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Calculation of Mitral Regurgitant Volume
and Mitral Regurgitant Fraction

| Mitral Regurgitant Volumc|=|Mitral Stroke Volumc| —|LVOT Stroke Volumc‘
Mitral Flow - LVOT Flow

Reg. VOI.MV = 0.785x Dzmvx VTIMV = 0.785x DzLVOT xVTILVOT
Reg. Fractiony, = Reg. Vol.wy / Flowyy x 100%

*Volume =Area x VTI; LVOT, left ventricular outflow tract; MV, mitral valve (annulus);
Reg. Fraction, regurgitant fraction; Reg. Vol., regurgitant volume; VTI, velocity time integral

Fig. 27. Regurgitant volume and regurgitant fraction.

m\NI0D

Fig. 28. (A) Transesophageal echocardiography (TEE) midesophageal view at omniplane 0° showing partial flail of posterior mitral
valve leaflet. (B) Color Doppler imaging shows severe mitral regurgitation with proximal convergence zone with an anteriorly
directed jet. Color Doppler scale set at 59 cm/s. (C) Color Doppler scale is then shifted upward (on TEE) to 43 cm/s showing clearly
defined proximal isovelocity surface area (PISA) measuring 0.966 cm, consistent with severe mitral regurgitation.

Table 10
PISA Assumptions and Pitfalls

e Accurate measurements (subject to error, errors are squared, interobserver variability)

¢ Unconstrained flow (constrainment exists)

* Circular point-like orifice (regurgitant orifice irregular, often “smiley” shaped)

* Flat regurgitant orifice (actual orifice not flat)

e PISA is a hemisphere (PISA is more a hemi-ellipse)

 Constant orifice (PISA calculation is an instantaneous measurement, but PISA—Iike the cardiac cycle—is dynamic)

PISA method not suitable for eccentric jets, or concomitant mitral stenosis
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Fig. 29. Pulmonary vein systolic flow reversal. Pulsed Doppler examination right upper pulmonary vein flow in severe mitral regur-
gitation shows reversal of pulmonary vein systolic flow, as depicted by the negative S-wave.

Fig. 30. Mitral E-point velocity. (A) Pulsed Doppler of normal mitral inflow characteristically shows an early diastolic E-wave fol-
lowed by the atrial A wave. (B) In severe mitral regurgitation (MR), marked E-wave dominance is seen (>1.2 m/s), reflecting a

marked increased in early diastolic flow—typical of severe MR.

in cardiomyopathy. With cardiomyopathy, the annulus
becomes dilated and the exoskeleton of the LV becomes
stretched. Despite preserved leaflet motion, the leaflets
are unable to coapt because of the incompetent architec-
ture of the LV and annulus. This often results in a central
jet of MR (Figs. 8 and 9). Another etiology of MR
despite preserved leaflet motion is leaflet perforation, as
a sequelae of endocarditis.

Functional Classification: Type 11

Type II regurgitation refers to MR that occurs
because of leaflet prolapse. This may be owing to simple

elongation of the leaflets, with prolapse into the left
atrium. This may be owing to chordal rupture or papil-
lary muscle rupture. An example of chordal rupture is
shown in Fig. 35.

Functional Classification: Type Illa Restricted
Leaflet Motion

Valvular and subvalvular thickening can restrict
mitral leaflet motion. Mitral annular calcification and
thickening of the subvalvular apparatus are seen with
increasing age, or as the sequelae of rheumatic heart
disease. The resulting poor coaptation results in MR.
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Fig. 31. Continuous-wave (CW) Doppler intensity. CW Doppler envelopes showing a higher intensity signal in moderate-to-severe
regurgitation (A) compared to mild mitral regurgitation (B). Compare these densities to the antegrade (mitral inflow) signals above

the baseline.

MR VTI
- Ymax
48 | Pk Grad

1.27 m
5.33 m/sec
113.6 mmHg

Fig. 32. Continuous-wave (CW) Jet with V-wave. Notching of the CW envelope can occur in severe mitral regurgitation, a reflection
of the large atrial V-wave (insert). Left ventricular systolic performance (dP/dT).

Fig. 35 shows an example of such thickening of the
valvular and subvalvular apparatus.

Functional Classification: Type IIIb Restricted
Leaflet Motion
When leaflet motion is restricted, with displace-

ment of the papillary muscles, this is referred to as
type IIIb MR. The most common culprit is a dilated

cardiomyopathy, where enlargement of LV chambers
are accompanied by elongation of the papillary mus-
cles and displacement of such muscles to the apex,
relative to the mitral valve leaflets. Figure 35 shows
such a schema and still frame of an enlarged LV and
downwardly displaced papillary muscles. The result-
ing mitral valve incompetence often results in a cen-
trally directed jet of MR.
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Fig. 33. Left ventricular systolic performance (dP/dT). During isovolumetric contraction, the rate of rise of left ventricular pressure (dP/dT)
is a useful index of ventricular contractility. It may predict postoperative left ventricle function in patients with severe mitral regurgitation.

Fig. 34. Three-dimensional image acquisition of eccentric mitral
regurgitant jet on transesophageal echocardiography. (Image
courtesy of Michael D’ Ambra, MD, Cardiothoracic Anesthesia,
Brigham and Women’s Hospital.) (Please see companion DVD
for corresponding video.)

Valve Analysis

In patients with severe MR who are referred for
surgical repair, it is important to delineate the anatomy
of the anterior and posterior leaflets. During surgery,
valve exposure is often performed by dissection of the

interatrial groove, and left atriotomy; in difficult cases,
a transseptal approach through the right atrium into the
LA is taken. The valve is visualized looking down from
the left atrium toward the LV during surgery, as shown
in Figs. 1 and 2. Because this is the visual field in which
any surgical repair will take place, it is helpful for the
surgeon to map out mitral valve pathology from this
view (Fig. 36). Looking down from the LA toward the
LV, there are three scallops to each mitral valve leaflet.
For orientation, one notes that the anterior leaflet faces
the aorta. A commonly used nomenclature divides the
anterior leaflet into A1, A2, A3 and the posterior leaflet
into P1, P2, P3, with the numbering beginning at the
anterolateral commissure and progressing toward the
posteromedial commissure (Fig. 1B).

A great advance in mitral valve mapping has been the
use of multiplanar TEE—both before referring patients
to surgery and intra-operatively (see Chapter 23).

CASE PRESENTATION 6:
POST-MITRAL VALVE SURGERY

This 84-yr-old woman presented with heart fail-
ure 14 yr after coronary artery bypass surgery and
mitral valve replacement with a porcine biopros-
thesis (Fig. 37; please see companion DVD for cor-
responding video).
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Functional Classification of
Mitral Regurgitation - by Carpentier

.........

NORMAL Type I
Systole Diastole Normal leaflet motion

Type ll Type llla Type llIb
Leaflet Prolapse Valvular/Subvalvular Papillary Muscle
Thickening Displacement

Fig. 35. Functional classification of mitral regurgitation (by Carpentier). (Figure courtesy of Dr. David Adams, Mount Sinai Medical
Center, New York, NY.)

Fig. 36. Orientation of mitral valve leaflets and scallops (Carpentier’s nomenclature) during intra-operative (TEE) echocardio-
graphy. The aorta is assigned the 12 o’clock position, the commissures—at the 3 o’clock and 9 o’clock positions as shown. The
left atrial appendage (LAA) at the 9 o’clock/antero-lateral commissure position. The TEE operator’s view is the mirror-image
of the surgeon’s view.
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Fig. 37. A 84-yr-old woman after coronary artery bypass grafting and 14 yr status after porcine mitral valve replacement with con-
gestive heart failure. (Please see companion DVD for corresponding video.)

MmMrLID

Thickened mitral
annulus

'Ao

Anter
Ieaflet

Mid esophageal

Fig. 38. A 72-yr-old man 2 wk after coronary artery bypass graft mitral valve repair, left ventricle aneurysm resection.
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Fig. 39. Prosthetic mitral valve: paravalvular leak. Prosthetic mitral valve dysfunction leading to prosthetic mitral regurgitation can
occur secondary to thrombus formation or pannus ingrowth that can interfere with normal valve closure. This is most often seen with
mechanical valves compared to bioprosthetic valves. The most common type of regurgitation following mitral valve replacement is
owing to a paravalvular leak which occurs outside the sewing ring. The nature and severity of the paravalular regurgitation can be
detected on transthoracic echocardiography, but transesophageal echocardiography is necessary to map the extent of the dehiscence,
which may be crescent-shaped and guide surgical repair. (Please see companion DVD for corresponding video.)

Systole

Fig. 40. Prosthetic mitral valve: normal signature regurgitation. Midesophageal two-chamber view showing St. Jude bileaflet prosthesis dur-
ing systole at omniplane 80°. Normal leaflet appearance in closed position (arrows, A) with normal acoustic shadow pattern and reverber-
tion seen within left ventricular cavity. St. Jude valve with leaflets in open position is show in insert A. The two tiny jets of mitral
regurgitation (arrows, B) seen at in this midesophageal two-chamber view are “signature MR of normal functioning St. Jude mitral valve
prosthesis. Other prosthetic valves have their own normal signature mitral regurgitations. They do not indicate prosthetic valve dysfunction.

These images illustrate a common complication
after mitral valve surgery. Transthoracic images
and subsequent transesophageal images confirm
moderate to severe MR because of a paravalvular
leak and dehiscence of a bioprothetic valve. Color

flow doppler now illustrate that some of the regur-
gitation occurs outside of the struts of the porcine
mitral valve. Superimposed on a central jet of MR
is the regurgitant jet resulting from a paravalvular
leak with dehiscence.
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CASE PRESENTATION 7: MITRAL
REGURGITATION ENDOCARDITIS

This 72-yr-old man had coronary artery bypass
surgery, mitral valve repair and LV aneurysm resec-
tion. Fourteen days after surgery, he was still in the
intensive care unit with signs of heart failure and
low-grade temperatures, despite no evidence of bac-
teremia (Fig. 38).

Transthoracic images demonstrate a mitral
regurgitant jet that appears to originate from out-
side the ring annulus. Transesophageal images
reveal a thick mass on the anterior mitral leaflet.
When this patient was brought back to the oper-
ating room, the sutures were noted to be incom-
petent. No vegetations were seen. The ring,
coiled and loosened from its original points of
attachment, resulted in a mass-like appearance
on the anterior mitral valve leaflet, and MR.

CASE PRESENTATION 8: STATUS-POST
MITRAL VALVE REPLACEMENT

This 56-yr-old man had mitral valve replace-
ment 1 yr earlier, but was discovered to have a
new MR murmur (Fig. 39; please see companion
DVD for corresponding video).

Mitral valve mapping has an important appli-
cation in the evaluation of prosthetic valves.
Mapping of the regurgitant jet on TEE revealed a
crescent-shaped dehiscence. Prosthetic valves
normally demonstrate a small jet(s) that are char-
acteristic of each model (Fig. 40). Such “signa-
ture” regurgitations are clinically insignificant.
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CASE PRESENTATION 1

Clinical History

A 43-yr-old female with a past history of obe-
sity, hypertension, and smoking was admitted with
acute inferior myocardial infarction and underwent
cardiac catheterization and balloon angioplasty
with intracoronary stenting for blockage to her
right coronary artery.

Over the following week she experienced pleu-
ritic chest pains that went largely ignored until
chills and fever ensued. She was admitted 10 d later
with a working diagnosis of pericarditis. Blood cul-
tures were positive for Staphyloccus aureus.
Shortly after admission, she developed acute respi-
ratory distress, severe metabolic acidosis, rapid
atrial fibrillation followed by acute heart block,
coagulopathy, and anuria.

Echocardiography

Emergency transthoracic echocardiogram revealed
a circumferential pericardial effusion (but no tam-
ponade) and new onset severe aortic insufficiency.

No valvular vegetations were seen (Fig. 1).
Transesophageal echocardiography (TEE) was
requested but she was immediately whisked to the
operating room for emergency surgery. The work-
ing diagnosis was aortic valve endocarditis compli-
cated by a paravalvular abscess with involvement
of her cardiac conduction system.

Surgical Findings

Inspection of the aortic valve at surgery revealed
partial destruction and prolapse of the right and non-
coronary cusps along with a contained rupture of the
aortic root owing to an abscess cavity. The abscess
had eroded into the interventricular septum causing
complete heart block and a ventricular septal defect.
Aortic valve replacement with a homograft valve,
aortic root replacement, and repair of the ventricular
septal defect using a pericardial patch were carried
out. The patient never fully recovered, and she expired
2 d later. Autopsy confirmed the surgeon’s findings
(Fig. 2). Fibrinous pericarditis, cardiomegaly, and a
friable thrombus on the adventitial aspect of the
homograft were also noted.

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. A 43-yr-old woman admitted with fever, septicemia, and pleuritic chest pain. The peri-aortic soft tissues (fine arrows) appear
thickened. The aortic leaflets were barely visible on parasternal long axis (PLAX) views, but wide-open aortic regurgitation (arrow)
was noted on Color flow Doppler (A,B). PLAX views showed a circumferential pericardial effusion (asterisks).

Fig. 2. Infective endocarditis: peri-aortic abscess. See Case 1 for description.

INTRODUCTION

Infective endocarditis (IE) is a microbial infection
of the endothelial lining of the heart, most commonly
involving the valves. Infection may also occur at the
site of a septal defect, chordae tendinae, or mural
endocardium. The diagnosis of IE is made on the basis

of a combination of clinical, echocardiographic and
pathological features using the modified Duke criteria
(Table 1). Echocardiography features prominently in
the diagnosis and follow-up of IE.

Damage to the endothelial surface of the valves or
mural endocardium facilitates spontaneous platelet-
fibrin deposition, giving rise to nonbacterial thrombotic
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Table 1A
Modified Duke Ciriteria for the Diagnosis of Infective Endocarditis

Major criteria

Blood cultures positive for infective endocarditis
Positive blood cultures for typical organisms
IE isolated from two separate blood cultures:

Viridans streptococci, Streptococcus bovis, Staphylococcus aureus
HACEK group, Enterococci (in the absence of a primary focus)

Persistently positive blood cultures: recovery of microorganisms consistent with IE isolated from:
22 positive blood cultures >12 h apart
>3 positive cultures of blood, the 1st and the last sample >1 h apart
Single blood culture for Coxiella burnetii
Antiphase I IgG antibody titer of >1:800

Evidence of endocardial involvement
Positive Echocardiogram for IE (transesphageal echocardiography recommended for prosthetic valve,
possible infective endocarditis by clinical criteria, or complicated IE [i.e., a paravalvular abscess])
Oscillating intracardiac mass (vegetation) on the valve or supporting structures in the path of regurgitant jets or on
implanted material in the absence of an alternative anatomic explanation
Abscess
New partial dehiscence of a valvular prosthesis
New valvular regurgitation (worsening or changing pre-existing murmur not sufficient)

HACEK, Haemophilus species (H. aprophilus and H. paraaphrophilus), Actinobacillus actinoinycetemcomitans, Cardiobacterium
hominis, Eikenella corrodens, and Kingella kingae.

Table 1B
Modified Duke Ciriteria for the Diagnosis of Infective Endocarditis

Minor criteria

* Predisposing heart disease or injection drug use
e Temperature of >38°C (100.4°F)
e Vascular phenomenon:
Major arterial emboli
Septic pulmonary infarcts
Mycotic aneurysm
Intracranial or conjunctival hemorrhage
Janeway’s lesions
e Immunological phenomenon:
Glomerulonephritis
Osler’s nodes
Roth’s spots
Rheumatoid factor

*  Microbiological evidence: a positive blood culture that does not meet a major criterion (as previously noted) or
serological evidence of active infection with an organism consistent with IE

Definite endocarditis: two major criteria or one major and three minor criteria or five minor criteria.
Possible endocarditis: one major plus one minor, or three minor criteria.
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Table 2
Infective Endocarditis: Predisposing Cardiac Lesions
Higher risk Intermediate risk Low or no increased risk
e Prosthetic valves e Mitral valve prolapse e Cardiac pacemakers
with regurgitation
e Previous endocarditis e Mitral stenosis e MVP with no regurgitation
e Aortic valve disease * Tricuspid valve disease e Cardiac lesions—post
surgical correction
e Mitral regurgitation e Pulmonary valve disease e Tricuspid regurgitation
with normal valves
* Combined mitral * Assymetrical septal hypertrophy e Atrial septal defect,
regurgitation and stenosis secundum variety
e Congenital heart disease, * Intracardiac lines (in right atrium)
especially cyanotic congenital * Intracardiac implants (nonvalvular)
heart disease, patent ductus e Degenerative valvular disease

arteriosus, ventricular
septal defect, coarctation
of the aorta

in the elderly

Adapted from Fuster V, Alexander RW, O’Rourke RA. Hurst’s: The Heart, 11th ed. New York: McGraw Hill, 2004.

endocarditis. These sites are susceptible to microbial
seeding during episodes of bacteremia culminating in
the characteristic “vegetation” that consists of an amor-
phous mass of platelets, fibrin, inflammatory cells, and
microorganisms. Factors contributing to endocardial
injury and the genesis of nonbacterial thrombotic endo-
carditis include: a high-velocity jet impacting the
endothelium, flow from a high- to low-pressure cham-
ber, and high-velocity flow across a narrow orifice.
This explains the increased risk of endocarditis in cer-
tain patients (e.g., those with pre-existing valvular
lesions or intracardiac prosthetic devices) as well as the
common sites of vegetations (i.e., atrial surface of
mitral valve, ventricular surface of aortic valve).
However, in approx 30% of reported cases, no predis-
posing cause can be found. The incidence of this dis-
ease is relatively uncommon, approx 4.2 per 100,000
patient-years. With the advent and increased use of var-
ious intracardiac devices, the number of reported cases
of infectious endocarditis is expected to rise. Cardiac
lesions predisposing to IE are listed in Table 2.

If IE is not detected and managed in a timely man-
ner, it can lead to devastating outcomes. Prompt recog-
nition of IE requires a high index of clinical suspicion.
The diagnosis must be considered and aggressively
investigated when individuals with fever also present
with bacteremia, predisposing cardiac lesions, pros-
thetic valves, other intracardiac devices, evidence of an
active endo-cardial process, or embolic phenomena.
The following cases exhibit diverse presentations and
differential diagnoses of IE.

CASE PRESENTATION 2

An 86-yr-old female was admitted with ascending
cholangitis, but developed streptococcal meningitis
shortly thereafter. Subsequent transthoracic echocar-
diography (TTE) findings were suggestive of endo-
carditis. Patient developed acute renal failure, sepsis,
and later demised. Her images appear in Figs. 3-5
(please see companion DVD for corresponding
video for Fig. 3). Compare these to the findings
shown in Figs. 6 and 7.

CASE PRESENTATION 3

A 72-yr-old man with end-stage renal disease and
an atrioventricular fistula for hemodialysis presented
to hospital with an infected graft and Methicillin-
resistant Staphylococcus aureus bacteremia. He
complained of increasing shortness of breath
and orthopnea. Images from his transesophageal
echocardiogram are shown in Fig. 8 (please see
companion DVD for corresponding video).

CASE PRESENTATION 4

A 40-yr-old man with a history of daily heroin
abuse presented with sudden onset of left lower
extremity pain, intermittent blindness, delayed clot-
ting to a small cut to his hand, and a fever recorded at
103.9°F. He recently tested positive for hepatitis C
and HIV. At the time of examination, he was noted to
have a grade 2/6 holosystolic crescendo-decrescendo
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Fig. 3. An 86-yr-old woman with generalized sepsis. Transesophageal echocardiogram shows a well-circumscribed echodensity
attached to atrial surface of the posterior mitral valve leaflet (white arrow; also seen in A,C-E). Color flow Doppler revealed new
onset moderate-to-severe mitral regurgitation (B). Note the linear echodensity (pacer wire) in the right heart chambers (A,F). An
undulating cuvilinear echodensity (arrow head; A,E) was seen in the right atrium and was thought to be clot or vegetation attached
to the pacer wire (twin arrows; A,F), or even possibly Chiari’s network. (Please see companion DVD for corresponding video.)

Fig. 4. An 86-yr-old woman with generalized sepsis. Parasternal long-axis still frame (suboptimal quality) show an echodense lesion
near the posterior mitral valve annulus, the most common site for mitral annular calcification. On transesophageal echocardiography,
a circumferential opacity with a central echolucent region was seen (see Fig. 5).

murmur heard best at the right lower sternal border. rhythm, right bundle branch block, and left anterior
No peripheral stigmata of endocarditis was present. fascicular block. His echocardiographic images
His initial electrocardiogram (ECG) showed sinus appear in Fig. 9.
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Fig. 5. An 86-yr-old woman with generalized sepsis. A large vegetation attached to the atrial surface of the posterior mitral valve
leaflet is shown (left panel). A flesh-colored mass was adherent to the pacerwire. On histology, it proved to be organized thrombi with
superimposed infection. (Pathology specimens courtesy of Robert Padera, MD, Brigham and Women’s Hospital.)

Fig. 6. Images from an 83-yr old woman with aortic and mitral regurgitation showed heavy calcification of the posterior mitral valve
annulus with leaflet encroachment (white arrows). No fever or other symptoms that suggested infective endocarditis were present.
Mitral annular calcification results from degenerative changes that become more prevalent with aging. M-mode through thickened
mitral annulus shows echo-bright region that moves concordantly with cardiac chambers during the cardiac cycle (B).
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Fig. 7. Apical four-chamber view (A) and subcostal views (B,C) of Chiari’s network. It is anatomically related to the Eustachian valve, a
remnant of the embryonic right valve of the sinus venosus. It is a common finding in newborn. Transesophageal echocardiography and
autopsy studies in adults indicate a prevalence of approx 2%. An undulating Chiari’s network should trigger a closer examination of the infe-
rior vena cava/right atrial junction (B, subcostal view) and the interatrial septum (C) for a patent foramen ovale or an atrial septal aneurysm.

Fig. 8. A 72-yr-old man with Methicillin-resistant Staphylococcus aureus bacteremia. Transthoracic images in this patient were sub-
optimal, therefore a transesophageal echocardiograpahy was performed for persistent bacteremia. A 1.5 X 1.5 cm vegetation (white
arrow) is visible on the atrial side of the anterior leaflet of the mitral valve (A,C,D). Color flow Doppler showed mitral regurgitation
along with a second color jet (green arrow) that entered the left atrium through a perforation in the posterior mitral leaflet. (Please see
companion DVD for corresponding video.)
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Fig. 9. A 40-yr-old heroin user presenting with leg pain, visual disturbances, fever, and a murmur. Transthoracic still frames show-
ing a vegetation on the tip of an aortic valve cusp (arrow, A). This was believed responsible for patient’s extracardiac complications.
No tricuspid vegetations were observed. Transesophageal images revealed a circumscribed vegetation (arrows, C,D). Mild aortic
regurgitation was seen on Color Doppler examination (D).

CASE PRESENTATION 5

A 49-yr-old woman with a history of rheuma-
toid arthritis and intermittent steroid therapy pre-
sented with mental status changes, acute renal
failure, and blood cultures positive for methicillin-
sensitive S. aureus. Investigations were highly sug-
gestive of multiple septic emboli to her brain and
the kidneys. Her echocardiographic images are
shown in Fig. 10; please see companion DVD for
corresponding video.

CASE PRESENTATION 6

The images in Fig. 11 belong to a 72-yr-old man
who underwent left ventricular aneurysm resection
and repair, coronary artery bypass surgery, and
mitral valve repair. Fourteen days postsurgery, he

was still in the intensive care unit with signs of
heart failure and low-grade temperatures, but no
bacteremia.

CASE PRESENTATION 7

A 39-yr-old female with a history of congenital
heart block treated with dual chamber permanent
pacemaker at age 19 presented with fever and
malaise. Blood cultures grew methicillin-sensitive
S. aureus. Pacemaker was removed under general
anesthesia and pus was noted in the pacemaker
pocket and along the leads. Chest computed
tomography has showed evidence of septic emboli
to pulmonary vasculature. Her ECG showed runs
of ventricular tachycardia and prolonged QT
interval. Images from her echocardiogram appear
in Fig. 12.
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Fig. 10. A 49-yr-old woman with Methicillin-resistant Staphylococcus aureus bacteremia. Initial transthoracic images were technically
limited (A—C) but suggested a vegetation on the posterior leaflet of the mitral valve. Transesophageal imaging revealed a well-defined
mass on the posterior leaflet that intermittently prolapsed into the left ventricle (D,E). This was the most likely cause of the patient’s
multiple embolic events. Her condition required surgical intervention. (Please see companion DVD for corresponding video.)
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Fig. 11. A 74-yr-old man presenting 2 wk following coronary artery bypass graft, mitral valve repair, and left ventricular aneurysm
resection. Transthoracic echocardiogram revealed a mitral regurgitant jet that originated from outside the mitral ring annulus (A).
Transesophageal echocardiography showed a thickened mass on the anterior mitral leaflet (B-D). At surgery, the mass consisted of
a partially loosened mitral annular ring. No vegetations were seen. (D) Shows two commonly used models of annuloplasty rings.
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Fig. 12. A 39-yr-old female with permanent pacemaker for congenital heart block presenting with fever and malaise. Parasternal right
ventricular inflow view showed a vegetation attached to the septal leaflet of the tricuspid valve that ping-ponged between right atrium
and ventricle (arrow, A). Subsequent transesphageal echocardiography revealed multiple echodensities (mural vegetations) that stud-
ded the right ventricle, right atrium, and superior vena cava (arrows, B-D).

Fig. 13. (Continued)
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Fig. 13. A 58-yr-old male with previous mitral valve replacement presenting with increasing shortness of breath and suspected endo-
carditis. The struts of the bioprosthetic (tissue) valve (white arrows; A-D) can be visualized on echocardiography. This patient’s ante-
rior mitral leaflet was not excised (arrowhead), and caused dynamic obstruction of left ventricular outflow obstruction (arrowhead,
A-C). The offending leaflet was excised. Histology reported mxyomatous degeneration and chronic inflammatory changes, but no
evidence of infection. Bioprosthetic valves (D). (Please see companion DVD for corresponding video.)

CASE PRESENTATION 8

A 58-yr-old male underwent mitral valve
replacement with a tissue valve prosthesis several
years earlier, but now presented with increasing
shortness of breath and suspected endocarditis. His
echocardiogram images are shown in Fig. 13
(please see companion DVD for corresponding
video).

ROLE OF ECHOCARDIOGRAPHY IN IE

Echocardiography features prominently in the diag-
nosis and the management of endocarditis, including
the following roles:

1. Assists in diagnosis.

Detects or documents predisposing lesions.
Evaluation of complications.

Follow-up and response to therapy.

Guide to surgical intervention.

Sk we

The American College of Cardiology and the
American Heart Association Task Force issued its rec-
ommendations for echocardiography in IE for both
native and prosthetic valves (see Chapter 4; Table 12).

The sensitivity of two-dimensional echocardiography
for detecting vegetations is highly dependent on the size,

location, and echocardiographic windows. TEE has a
greater diagnostic yield over the transthoracic approach.
TTE is unable to resolve vegetations less than 2 mm in
diameter and is poor in evaluating prosthetic valves
owing to acoustic shadowing. Overall, the sensitivity for
detecting vegetations using transthoracic and TEE is
65-80% and 95%, respectively.

As the sensitivity of TTE for IE is relatively low, the
absence of vegetations on TTE does not exclude the
diagnosis of IE. Where clinical suspicion remains high,
several limitations may mask or hinder TTE interpreta-
tion. These include: prosthetic valves, calcification, and
sclerosis. Given the diagnostic advantages of TEE over
TTE, many advocate that TEE be used routinely in all
patients with suspected IE. This, however, is not a cost
effective strategy, and TEE is not without risk.

Overall, TEE is the imaging modality of choice in
patients with prosthetic valves or intracardiac devices.
Deteriorating clinical status including referral for pos-
sible surgery may mandate an emergency TEE. Other
indications for an emergent TEE examination include:

1. Rapidly worsening clinical status of a patient with
known or suspected IE.
a. Progressive conduction disturbances on ECG sug-
gestive of aortic root involvement (Fig. 14A,B).
b. Overwhelming sepsis despite appropriate antibi-
otic therapy.
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Fig. 14. Sketches showing relationship of the cardiac conduction system (left bundle branch) to a potential peri-aortic abscess (lateral and
basal views). Conduction system involvement requires emergent TEE evaluation and possible surgical intervention.

2. Severe heart failure possibly related to acute valve Pre-examination likelihood
dysfunction. IE Echocardiographic approach
3. Embolic phenomena. <2% Treat bacteremia; no echocardiography needed

2-4% Obtain TTE

Choice of echocardiographic modality in evaluat- 5% Proceed directly to TEE

ing suspected endocarditis in native valves is influ-
enced by the likelihood of the diagnosis based on the It must be emphasized that echocardiography cannot distin-
- . . . guish between infective and noninfective or acute and chronic
clinical scenario and cost considerations. One recom- ) . .
. . A vegetations, or the causative organism. For these reasons, echo-
mendation based on a cost-effectiveness analysis is cardiography alone should not be relied on to provide a definite
summarized below: diagnosis of IE.
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Fig. 15. These images are from a 76-yr-old woman with suspected endocarditis. The mobile vegetation (single arrows) was anterior
to the anterior mitral valve leaflet. (Please see companion DVD for corresponding video.)

Fig. 16. These images from a 64-yr-old male with active endocarditis show verrucous vegetations (arrows, A,B). Note the peri-valvular
echolucent foci indicative of an aortic root abscess (arrows; C,D). (Please see companion DVD for corresponding video.)
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Fig. 18. These relatively large and highly mobile vegetations were visualized in the right heart chambers on both transthoracic
(A) and transesophageal echocardiography (B). The patient’s infected pacemaker was removed. (Please see companion DVD for

corresponding video.)

Echocardiographic Characteristics

When both clinical presentation and blood culture
evidence exist, typical echocardiographic features sup-
porting IE include: (1) an oscillating intracardiac mass
localized to a valve or intracardiac device, (2) intracardiac
abscesses, (3) new partial dehiscence of a prosthetic valve,
or (4) new or worsening valvular regurgitation.

Vegetations often appear as mobile echogenic masses
attached to the valve, endocardial surface, or prosthetic
materials within the heart and can present in a variety of
shapes and sizes (Figs. 15-18; please see companion
DVD for corresponding video for Figs. 15, 16, and 18).
They frequently exhibit high frequency flutter or oscil-
lations, with right-sided vegetations generally larger than

left-sided ones. However, none of these features are
pathognomonic for IE as they may exist separately or in
conjunction with noninfectious causes. Correlation with
clinical and microbial parameters is always warranted.
Several differential diagnoses should be considered
when confronted with mobile echogenic intracardiac
masses (Table 3). In the absence of vegetations, new-
onset valvular dysfunction on color flow Doppler inter-
rogation may suggest IE.

COMPLICATIONS

The complications of IE result from the local
destructive effects of vegetations, their propensity to
embolize, and epiphenomena (Table 4). The presence
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Table 3

Cardiac Vegetations in Infective Endocarditis vs Nonvegetation Masses

Characteristics Cardiac vegetations Nonvegetative masses
Location Usually on valve suface facing path Usually downstream surface of valve
of blood flow (upstream)
Motion Relatively independent of cardiac Often concordant with other cardiac or
or valvular components; often oscillate valvular components
or prolapse
Morphology Irregular morphology, sometimes Morphology characteristic of underlying

lobulated or filiform
Echocardiographic texture

Accompanying features

Same reflectivity as myocardium

Cardiac and extracardiac manifestations

pathology

Often shows increased calcification
or reflectivity

Usually absent

of infective endocarditis (Table 5)

Table 4

Infective Endocarditis: Complications

e Cardiac
Leaflet perforation
Valvular incompetence leading to heart failure
Perivalvular abscess

Atrioventricular valves: chordal rupture, leaflet
perforation

Extension leading to aneurysm/pseudoaneurysm,
fistula, or invasion of cardiac conducting system
(Fig. 14A,B)

Coronary artery emboli leading to acute myocardial
infarction

Pericarditis

e Extracardiac

Emboli: stroke, mycotic aneurysms, infarctions
of renal, splenic, and pulmonary bed,
osteomyelitis, septic arthritis,
metastatic abscesses, gangrene

Immunological: glomerulonephritis, Roth spots,
Janeway lesions

and characteristics of vegetations seem to affect the
prognosis and clinical course of patients. The frequency
of complications seems to increase with greater mobil-
ity, extent, number, consistency, and increasing size of
vegetations on repeat examinations. Always look for
associated cardiac structural abnormalities in individu-
als with suspected or confirmed IE (Table 2). When
present, these should be followed-up by serial exami-
nations as these can guide decision making, including

the need and timing of surgery. Echocardiographic
regression or disappearance of vegetations is not a sign
of cure in IE.

Echocardiographic Features Suggesting
the Need for Surgical Intervention

Whenever, possible surgical intervention for IE
should be avoided owing to the high associated mor-
bidity and risk of prosthetic valve infection. The deci-
sion to proceed to surgery is not clear cut, and should
be tailored to each clinical state, aided by certain
echocardiographic features.

Echocardiographic features portending adverse out-
comes with need for surgical intervention include:

1. Prosthetic valve endocarditis.
2. Worsening native valvular regurgitation despite
treatment (Fig. 19).
Sinus of Valsalva aneurysm.
4. Large vegetations (>10 mm).
a. With embolic phenomena.
b. Causing valvular obstruction.
c. Fungal endocarditis.
5. Aortic root and septal abscesses.

e

SUMMARY

Echocardiography can, in conjuction with positive
blood cultures, help establish the diagnosis of IE
(Table 1). It is also important in assessing complications
and guiding further management and follow-up of
patients with this condition. Both transthoracic and
transesophagel echocardiography play important roles—
each with its own advantages and disadavantages.
Echocardiographic findings, however, must always be
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Fig. 19. A 38-yr-old male with acute bacterial endocarditis requiring aortic root replacement surgery. This gravely ill 38-yr-old male
suffered marked destruction of his aortic valve leaflets secondary to infective endocarditis (A-D). This led to severe aortic incompe-
tence (B) and cardiac conduction disturbances. He underwent emergency aortic root and valve replacement surgery. The infection
extended down to the membranous ventricular septum causing a ventricular septal defect (see Fig. 14 A,B).

interpreted within the clinical context and in close collab-
oration with the entire management team.
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CASE PRESENTATION

J.R. is an 83-yr-old Caucasian man with a long
history of hypertension treated with diuretics and an
angiotensin converting enzyme inhibitor. One week
before presentation, he noted the onset of increasing
fatigue and occasional palpitations when walking
briskly to his office. He has been able to continue
working full-time in his optometric office, but for
the past 2 d, has noted new pedal edema. Last
night, he had an episode of paroxysmal nocturnal
dyspnea. At presentation to his internist, he is found
to be in mild respiratory distress with a respiratory
rate of 18/min. Blood pressure is 164/86 mmHg
bilaterally, heart rate 120 bpm, irregularly irregular.
There is mild jugular venous distension. Carotids
are brisk without bruits. Lung exam demonstrates
bibasilar rales. His point of maximal impulse is in
the fifth intercostal space, anterior axillary line.
There is a normal S1, S2 with II/VI holosystolic
murmur best heard at the apex in the left lateral

decubitus position with no diastolic murmurs. Distal
pulses are full. There is 1+ bilateral pitting edema.
Resting electrocardiogram demonstrates atrial fib-
rillation (AF) with an average ventricular response
of 110/min. He is referred to the emergency depart-
ment and admitted for rate control, treatment of
congestive heart failure, anticoagulation, and con-
sideration of cardioversion. An echocardiographic
examination is requested.

INTRODUCTION

The presentation of J.R. is typical of patients with their
first episode of AF. AF is the most common sustained
arrhythmia and is characterized by a loss of organized
atrial electrical and mechanical activity. The associated
loss of the atrial systolic contribution to left ventricular
filling leads to reduced ventricular filling and depressed
cardiac output with resultant symptoms of dyspnea and
fatigue. In addition, atrial stasis predisposes to the for-
mation of atrial thrombi, most commonly in the left atrial
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Table 1
Transthoracic Echocardiographic Findings in AF

Finding

Significance

Left atrial enlargement

More common in patients with atrial fibrillation (AF). Progressive dilation is

associated with sustained atrial fibrillation.

Left ventricular hypertrophy

Mitral valve disease

Patients with hypertension and LVH are at increased risk of AF.

Mitral stenosis and mitral regurgitation are common causes of left atrial enlargement,

which predisposes to AF.

Left atrial spontaneous
contrast, “smoke”

Spontaneous contrast, or “smoke,” is common in conditions of stasis and can be seen
in patients with AF. Spontaneous contrast is caused by aggregation of red cells.

The higher the transducer frequency, the greater the likelihood of seeing “smoke.”

Pericardial effusion

Patients with pericarditis are prone to atrial arrhythmias.

appendage (LAA), and subsequent migration and
clinical stroke or peripheral thromboembolism. AF is
thought to be responsible for 10% of all clinical
strokes and 50% of all cardiac sources of embolism.
Rheumatic valvular AF is associated with an 18-fold
increase in clinical thromboembolism, but even non-
rheumatic AF is associated with a sixfold increase.
Residual left atrial thrombi are seen in almost 50% of
patients presenting with a stroke in the setting of
newly recognized AF.

ROLE OF TRANSTHORACIC
ECHOCARDIOGRAPHY

Transthoracic echocardiography (TTE) can be help-
ful in the management of AF by (1) identifying patho-
logical conditions that may predispose to AF, and
(2) identifying conditions that may increase the risk of
thromboembolism (Table 1). For patients who present
with their initial episode of AF, a search is usually made
to determine the most likely “associated” systemic con-
dition. The most common associated conditions include
a history of systemic hypertension or coronary artery
disease. Also to be considered are mitral valve disease
(especially rheumatic mitral stenosis), pneumonia/
sepsis, clinical or subclinical thyrotoxicosis (especially
in the elderly), pericarditis, pulmonary embolism, phar-
maceuticals (e.g., aminophylline), and excess caffeine
or alchohol ingestion (Table 2). Patients are often
referred for a TTE to investigate for occult mitral steno-
sis, to assess the severity of mitral regurgitation (with
consideration of mitral valve surgery if it is severe), for
assessment of left atrial size (but TTE is not sufficient
for assessment/exclusion of atrial thrombi), for the pres-
ence of a pericardial effusion (although the absence of

Table 2
Atrial Fibrillation: Associated Conditions

Conditions associated with atrial fibrillation
e Older age

e Hypertension

e Coronary artery disease

e Valvular heart disease (especially mitral stenosis)

e Pulmonary disease, including pulmonary embolism
» Hyperthyroidism (clinical and subclinical)

* Sepsis including pericarditis

e Postcardiac surgery (especially valvular surgery)

e Drugs, including ethanol

an effusion does not exclude the clinical diagnosis
of pericarditis), and for assessment of left ventricular
systolic function. Information regarding left ventricular
systolic function is frequently helpful for guiding the
choice of ventricular rate controlling agent with [3-blockers
used for patients with preserved systolic function and
digoxin/diltiazem or a combination for patients with
depressed left ventricular systolic function. Very rarely,
AF may present as a manifestation of pulmonary
embolism (severe right ventricular enlargement with free
wall hypokinesis) or aortic stenosis. For patients who
present with recurrent AF, repeated TTE studies are
generally not fruitful (unless there has been a change in
presentation).

CARDIOVERSION FOR AF:
THE ROLE OF ECHOCARDIOGRAPHY

Among patients with persistent AF, cardioversion to
sinus rhythm is often performed to relieve symptoms
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and improve cardiac output, but should not be performed
to specifically reduce the risk of thromboembolism.
Current data from both the Atrial Fibrillation Follow-up
Investigation of Rhythm Management and Rate Control
and Rhythm Control studies suggest cardioversion itself
does not reduce the need for chronic warfarin to prevent
clinical thromboembolism. Unfortunately, both electrical
and pharmacological cardioversion may be associated
with clinical thromboembolism, most often occurring
during the first 10 days following conversion. For patients
with hemodynamic instability, emergent direct current
cardioversion is often performed. For hemodynamically
stable patients with persistent AF for 2 days or more,
there is a 6% risk of cardioversion-related clinical throm-
boembolism if cardioversion is not preceded by several
weeks of therapeutic (international normalization ratio
[INR] 2.0-3.0) warfarin. The use of 3—4 wk of therapeutic
warfarin before cardioversion results in an 80% reduc-
tion in clinical thromboembolic risk, to approx 1%.

CONVENTIONAL APPROACH
TO CARDIOVERSION OF ATRIAL
FIBRILLATION

Although no prospective, randomized studies have
been performed to determine the optimal INR or duration
of precardioversion warfarin, historical data suggested
3-4 wk of warfarin (INR 2.0-3.0) before elective car-
dioversion is sufficient. The use of this “conservative”
strategy comes at the “cost” of a delay in cardioversion
for the vast majority of patients who could otherwise
undergo early and safe cardioversion. This 1-mo delay
exposes the patient to prolonged precardioversion war-
farin therapy (with associated risk of hemorrhagic com-
plications) and prolongs the period of AF before
cardioversion. It has been estimated that up to a quarter of
patients receiving warfarin in preparation for cardiover-
sion do not undergo the initially scheduled cardioversion
because of hemorrhagic complications and/or a transient
subtherapeutic INR. For patients with hemorrhagic com-
plications, the clinician is faced with the difficult choice
of reducing the intensity of anticoagulation, often to a
subtherapeutic range (with the patient remaining in AF).
For the patient with a transient subtherapeutic INR, the
dose of warfarin is increased, and the “1-mo clock” must
be restarted. Finally, the use of 1 mo of precardioversion
warfarin serves to prolong the duration of AF before
cardioversion, and thus adversely impacts the rate of
recovery of atrial mechanical function and long-term
maintenance of sinus rhythm. The impact on atrial
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function and long-term maintenance of sinus rhythm
appears to be most relevant for those presenting with AF
of only several weeks duration.

ANATOMICAL AND FUNCTIONAL
CONSIDERATIONS IN TRANSESOPHAGEAL
ECHOCARDIOGRAPHY: THE LAA

Understanding LAA anatomy is essential for inter-
pretation of transesophageal echocardiography (TEE)
findings. Its morphology is complex and highly vari-
able. The LAA receives more attention than the right
appendage in AF as it is (by far) the preferred site for
thrombus formation. Its anatomical configuration—the
narrow neck and multiple ridges—may promote throm-
bus formation in pathological states.

Topographical Relationships
and External Anatomy

The LAA is an irregularly-shaped tubular expansion
arising from the antero-lateral corner of left atrium
(Fig. 1). Its external surface appears lobulated and
forms part of the cardiac silhouette on chest radio-
graphs. Antero-medial to the LAA lies the root of the
pulmonary artery. Inferiorly, it sits above the short left
main coronary artery as it bifurcates into the left ante-
rior descending and left circumflex vessels, and the
great cardiac vein, which flows into the coronary sinus.
Laterally, the LAA is covered by parietal pericardium
that abuts the adjacent pleura and lung.

Internal Morphology

The luminal surface of the LAA exhibits a varied
array of ridges formed by the pectinate muscles (comb-
like arrangement of cardiac muscle fibers) that line its
floor and lateral walls (Fig. 2). The pectinate muscles
commence distal to its distinct neck or waist that delin-
eates it from the rest of the smooth-walled left atrium.
Their appearance on TEE (Fig. 3A; please see compan-
ion DVD for corresponding video) must be appreciated
and distinguished from artifact and thrombi (Fig. 3B-D
[please see companion DVD for corresponding video]
and Table 3). Familiarity with normal LAA morphol-
ogy on TEE is perhaps the best way to distinguish
between artifact, pectinate muscles, and thrombi.

The maximal internal length of the LAA is measured
along a curvilinear line reflecting its curved tubular
anatomy, but additional lobes and appendage orientation
are commonly seen on TEE (Fig. 4). Necropsy resin
casts have shown LAA dimensions to range from a 16 mm
to 51 mm along its curvilinear length, and 5 to 40 mm
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Fig. 1. Frontal and left lateral views of the heart showing the left atrial appendage.
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Fig. 2. Composite images showing the internal morphology of the left atrial appendage and pectinate muscles on transesphageal
echocardiography.

in diameter measured at its neck. The area of the appen- NORMAL LAA HEMODYNAMICS

dage measured on two-dimensional TEE in a small series Our understanding of LAA function—apart from
of 117 patients averaged 3.7 cm. producing atrial naturetic peptide (indicating a role in
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Fig. 3. (See legend, next page)
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Fig. 3. (A) Images showing pectinate muscle morphology on transesphageal echocardiography (TEE). Note their identical echo-
reflectivity pattern compared the left atrial appendage (LAA) wall. (B) Views of LAA containing thrombi in patients with atrial
fibrillation (AF). Note the presence of spontaneous echocontrast. (C) Views of LAA containing thrombi (arrows) in a patient with
AF, visualized in both subcostal view (top panels) and on TEE (bottom panels). Spontaneous echo contrast was also seen in bottom
panels. (D) The fold of tissue separating the LAA from the left upper pulmonary vein—the so-called “warfarin ridge” (curved
arrows)—owing to false-positive diagnosis of thrombi within the LAA. (Please see companion DVD for corresponding video.)
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Table 3

TEE Imaging of Left Atrial Appendage: Thrombi vs Artifacts

and Anatomical Structures

Index

Thrombi

Artifact

Pectinate muscles

Location

Motion with respect to
LAA and heart
movement

Echoreflectivity
pattern compared
to LAA walls

Anatomical
morphology

Left atrial
spontaneous
echo contrast

Often at tip of LAA and

always confined to

LAA lumen (see Fig. 3B)

Relatively independent

Different

Varied

Often present

Acoustic shadowing near

“warfarin ridge” or anatomical
fold separating LAA and LUPYV;
reverberations are common,

but are X2 object distance

from transducer (see Fig. 3C)

Fully concordant

Reflectance artifacts

Acoustic shadowing

Reverberations

Consistent with object or
structure giving rise to
artifact

No relationship

Confined to the body of the LAA

(see Figs. 2 and 3A)

Fully concordant

Identical

Follows normal muscle

anatomical orientation

No relationship

Fig. 4. The varied appearance of normal left atrial appearances on transesphageal echocardiography. Normal left atrial appendage

morphology can be broadly described as unilobe, bilobed, or multilobed. Note the small pericardial effusion in A.
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Fig. 5. Color flow Doppler and pulsed wave Doppler examination of the normal left atrial appendage. The normal appendage actively
contracts in most individuals as seen on TEE (A,B) or at surgery. This contributes to the complex quadriphasic pattern seen on pulsed

Doppler examination.

Table 4
Transesophageal Echocardiographic Findings in Atrial Fibrillation

Finding

Significance

Spontaneous contrast in left atrium or left
atrial appendage
Left atrial appendage thrombus

Attenuated left atrial appendage flow velocities

Right atrial appendage thrombus

Spontaneous echo contrast is thought to increase the risk

of thromboembolism.

The most common location of occult thrombus in patients with

AF. Thrombus must be distinguished from pectinate muscles
that traverse the atrial appendage.

Flow velocities less that 20 cm/s in and out of the LAA

is suggestive of stagnant flow.

Not visualized by transthoracic echocardiography, thrombus

can be present in right atrial appendage.

cardiovascular hemodynamics) and an expansion
chamber for the left atrium—is incomplete.

Blood flow into and out of the LAA exhibits a complex
quadriphasic pattern on spectral Doppler echocardiography
(Fig. 5). This pattern reflects left atrial hemodynamics
as well as contraction and relaxation patterns of the LAA
itself. Normal inflow and outflow LAA velocities in
healthy adults are 46 £ 17 cm/s and 46 + 18 cm/s,
respectively. Patterns of flow categorized as type I
(sinus rhythm), type II (flutter), type III (fibrillatory),

type IV (absent) have been described. Normal right artrial
appendage ejection velocity is 40 £ 16 cm/s.

EXAMINATION OF THE LAA BY TEE:
CONSIDERATIONS

Transesphageal echocardiography, systematically
conducted, is an excellent tool for complete visualization
of the LAA. It has a high sensitivity for detecting LAA
thrombi (Table 4), but this is observer dependent.
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Fig. 6. A systematic examination of the complex left atrial
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TEE evaluation of the left atrial appendage involves
omni rotation from 0 through 180°, with additional coun-
terclockwise (to the left) rotation of the entire probe
between 60 and 90°, and again between 110 and 130°
(Fig. 6; see Chapter 23). These serve as a guide, with the
final positioning guided by optimal visualization of
examined structure during each individual study.

TEE-FACILITATED EARLY CARDIOVERSION

LAA thrombi are associated with spontaneous
echocardiographic contrast (Figs. 3B and 7; please see
companion DVD for corresponding video for Fig. 3)
and more depressed (<0.2 m/s) LAA ejection velocities
(Fig. 8 [please see companion DVD for corresponding
video], compare to Fig. 5). Although less than 10% of
thrombi are seen in the right atrial appendage, this area
is nearly impossible to see from TTE approaches, but
well investigated by TEE (Fig. 9). Thus, TEE offers the
opportunity to exclude atrial thrombi, and therefore
facilitate early and safe cardioversion. The strategy we
have advocated (Fig. 10) is for the patient to be thera-
peutically anticoagulated with unfractionated heparin
(partial thromboplastin time >2X control) or warfarin
(INR = 2.0) at the time of TEE and extending for
at least 1 mo after cardioversion. The use of systemic

Echocontrast — =

LAA
Thrombus

Fig. 7. Spontaneous echocontrast (smoke-like swirling) is visible within the left atrium and appendage during transesophageal
echocardiography. It is a reflection of sluggish blood flow and rouleaux formation (see Chapter 13, Fig. 3). It is associated with

thrombus formation (curved arrow) and embolic complications.
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Fig. 8. Pulsed wave Doppler interrogation of left atrial appendage flow is a standard part of the transesphageal echocardiography
examination of the appendage. Flow below 0.2 m/s is suggests stagnation (arrow) as seen in this patient with atrial fibrillation and
left atrial thrombus (compare to Fig. 5). (Please see companion DVD for corresponding video.)

Fig. 9. Midesophageal view of right atrial appendage at omni-
plane 137°. Less than 10% of all atrial thrombi occur on the
right. Note the broader neck of the right appendage compared to
the left.

anticoagulation in this manner is intended to minimize
the formation of microthrombi, and to prevent thrombi
from forming during the postcardioversion period. It
has been demonstrated that during the immediate post-
cardioversion period, electrical, pharmacological, and

even spontaneous conversion to sinus rhythm is associated
with relatively depressed atrial appendage mechanical
function. The peri-cardioversion period, therefore, appears
to be one in which a patient is at somewhat increased risk
for new thrombus formation and physicians should be
especially vigilant regarding therapeutic anticoagulation.

At least four prospective studies have examined the
safety of a TEE-guided approach to early cardiover-
sion of AF of 2 days or longer duration. These studies
demonstrate that 12% of patients will have TEE evi-
dence of atrial thrombi. This apparent discrepancy
between the 12% prevalence of atrial thrombus on
TEE and the 6% historical rate of clinical thrombo-
embolism for nonanticoagulated patients is likely
explained by (1) the imperfect specificity of TEE; (2) the
likelihood that not all thrombi migrate after cardio-
version; and (3) not all thrombus migration is associated
with clinical thromboembolism. TEE evidence for
atrial thrombus is associated with spontaneous echo
contrast, prior thromboembolism, and left ventricular
systolic dysfunction.

Using the anticoagulation strategy described in Fig. 10,
and based on almost 2000 prospectively studied patients,
clinical thromboembolism has been reported in less than
0.5% of patients following a “negative” TEE for atrial
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Fig. 10. Transesophageal echocardiography-guided cardioversion strategy in atrial fibrillation. Management of patients present-
ing with atrial fibrillation of unknown or more than 2 d duration. Patients with a thrombus on the initial transesphageal echocar-
diography (TEE) should received 1 mo of warfarin followed by a TEE to document complete thrombus resolution before elective
cardioversion. (From Seto TB et al. Cost-effectiveness of transesophageal echocardiography guided cardioversion for hospitalized

patients with atrial fibrillation. J Am Cardiol 1997;29:122-130.

thrombus. The largest reported series is the multicenter
1222 patient Assessment of Cardioversion Using
Transesophageal Echocardiography trial in which
patients were randomized to a conservative approach of
1 mo of warfarin or the TEE-facilitated approach. This
study confirmed the “equivalence” of the expedited TEE
and the conventional approaches. Optimal patients for
TEE expedited cardioversion likely include those with a
relatively brief (<1 mo) duration of AF, or those with an
increased risk of hemorrhagic complications. Assuming
expeditious performance of TEE and cardioversion,
thereby not prolonging the initial hospitalization, the TEE
approach has been shown to be cost effective for inpa-
tients and for enhancing long-term maintenance of sinus
rhythm. At our Center, TEE-facilitated cardioversion is
offered for nearly all inpatients. For outpatients, TEE is
only generally offered to those patients at increased risk

for a warfarin complication or those who are highly
symptomatic. Other sites equally offer the TEE strategy
to inpatients and outpatients.

MANAGEMENT OF PATIENTS
WITH TEE EVIDENCE OF THROMBUS

The optimal treatment for patients who have TEE evi-
dence of atrial thrombi has not been identified. Despite
therapeutic heparin or warfarin and avoidance of car-
dioversion, these patients remain at increased risk for
adverse events. As illustrated in Fig. 10, we believe it is
most prudent to perform a follow-up TEE (after >4 wk of
warfarin) to document complete thrombus resolution
before elective cardioversion. If residual thrombus is
present, we do not advise cardioversion, although this
area is controversial.
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TEE Facilitated Cardioversion
Without Anticoagulation

In the absence of the anticoagulation strategy out-
lined in Fig. 10, several centers have reported clinical
thromboembolism following a “negative TEE” for atrial
thrombus. The mechanism of these adverse events is
unknown and may be related to thrombi not visualized
by TEE or to thrombi that form during the pericar-
dioversion period. Because of these reports, we strongly
encourage the use of systemic anticoagulation at the
time of TEE and extending to 1 mo after cardioversion.
For the patient with nonvalvular AF in whom warfarin is
contraindicated, we offer the option of full-dose heparin
anticoagulation (partial thromboplastin time 50-70 s) at
the time of TEE and extending to at least 24 h after car-
dioversion. Although unproven, this approach is likely
to be preferred to “blind” cardioversion.
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CASE VIGNETTE 1, ELDERLY PATIENT

A 75-yr-old female with a history of hyperlipi-
demia, smoking, and hypertension awoke with acute
right arm and leg numbness and right facial weakness
that lasted for 30 h before she presented to the emer-
gency room. She had no history of chest pain, short-
ness of breath, or other symptoms. She was evaluated
by the neurology service, who felt she had suffered
an embolic stroke. Subsequent carotid imaging
revealed a 95% stenosis of her left internal carotid
artery. Before planned carotid endarterectomy, an
echocardiogram was ordered (Fig. 1).

This parasternal long axis view shows a promi-
nent ridge of highly echodense material and a thick-
ening of the anterior aspect of the ascending aortic
root extending from the sinuses of Valsalva into the
ascending aorta. This represents a prominent ather-
osclerotic plaque, and is a frequent location for such
abnormalities in patients with peripheral vascular
disease. Although it may not represent the culprit
source of atheroemboli in stroke, it is a sign of
widespread atheromatous burden, which in this case
has also involved the culprit internal carotid artery.

An embolus is an intravascular mass, which usually
comprises a thrombus, atheromatous, or cellular matter
that has entered the circulation and causes symptoms by
lodging in end arteries and interrupting blood flow to the

organs. Emboli from the venous system can enter the
right side of the heart and cause pulmonary emboli,
whereas those originating from the left side of the heart
and great arteries can cause infarcts in the brain, kidneys,
intestines, and skin. Although small strokes and transient
ischemic attacks (TIAs) are often caused by atheroma-
tous debris from the aorta or major cerebral arteries, an
embolus large enough to occlude multiple major peri-
pheral or visceral arteries is more likely to originate from
the heart. A paradoxical embolus is a systemic infarct in
which the source of the embolus is thought to be from the
venous system, which has bypassed the pulmonary circu-
lation by means of an intracardiac shunt, and crossed into
the arterial circulation.

Epidemiology of Cardiac Source of Embolus
in Elderly Patients

Brain infarcts, or strokes, are the most frequent
embolic disease, particularly in the elderly. A TIA is a
temporary loss of blood flow to a region of the brain,
which does not have the lasting clinical sequelae of a
stroke but which represents a passing embolic event that
has spontaneously resolved. The workup of a patient with
a TIA or stroke and the potential role of echocardiogra-
phy must be focused with respect to the type of stroke,
patient’s age, the likelihood of associated cardiovascular
disease, and potential treatment options.

Embolic strokes are usually suggested by sudden onset
of symptoms in the middle or anterior cerebral artery ter-
ritories, or multiple events in peripheral territories. These

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. A 75-yr-old female with cardiovascular risk factors and acute neurological deficits. High parasternal long-axis view showing

calcified atherosclerotic plaque.

Fig. 2. Midesophageal zoomed image of the left atrial appendage (LAA) at omni 90° showing well-defined thrombus in a patient with

atrial fibrillation.

should be distinguished from lacunar or hemorrhagic
strokes, which are secondary to intrinsic cerebrovascular
disease and/or hypertension. In elderly patients (>55 yr
old), atherosclerosis of the great arteries and internal
carotid arteries are thought to account for 20-60% of
embolic strokes. These patients often have coexisting
cardioaortic disease and internal carotid artery disease,

rendering it difficult to identify which vessel is the culprit
source of embolus in many cases. Atrial fibrillation with
associated thrombus forming in the left atrial appendage
(Fig. 2) is also one of the most frequent causes of embolic
stroke. Younger patients (<55 yrs old) with embolic
strokes are less likely to have significant atheromatous dis-
ease, and more likely to have cardiogenic sources of
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Table 1
Potential Cardiovascular Etiologies of Stroke

A. From great arteries
Internal carotid artery atheroma
Aortic root and ascending aortic atheroma
Arterial dissection
Vasculitis

B. Cardioembolic

Atrial fibrillation, rheumatic heart disease — atrial thrombus

Left ventricular dysfunction — ventricular thrombus
Mitral stenosis, prolapse, mitral annular calcification

Endocarditis — valvular vegetations; marantic endocarditis

Tumors: myxoma, papillary fibroelastoma, fibrin strands

Mitral valve and aortic valve prostheses, particularly mechanical — thromboemboli

Intracardiac shunts:
Patent foramen ovale and/or atrial septal aneurysm
Atrial septal defect
Ventricular septal defect

Hematologic hypercoagulable state: activated protein C resistance/Factor V

Leiden mutation, anticardiolipin antibody, Lupus anticoagulant, prothrombin mutation

embolus or hypercoagulable states. Approximately 40%
of strokes are of undetermined origin (“cryptogenic”), of
which up to half have been associated with various cardiac
abnormalities, which are detectable by echocardiography.

Other systemic emboli—those targeting the eye, kid-
ney, spleen, or skin—are usually the result of vegeta-
tion or thrombus shed from an abnormal or prosthetic
cardiac valve, or the result of atheromatous debris dis-
lodged by intra-arterial catheter procedures.

A pulmonary embolus is the result of a deep venous
thrombosis, which has broken free and traveled to the
lung bed. Risk factors for venous stasis, the diagnosis,
treatment, and echocardiographic findings of pulmonary
embolism are discussed in Chapter 18.

Etiology

Potential cardiovascular etiologies of stroke are
listed in Table 1. Transthoracic echocardiography (TTE)
can detect the majority of the potential cardioembolic
causes of systemic emboli. The prevalence of cardiac
abnormalities predisposing to emboli differ according
to the age of the patient.

In older patients, significant findings may include
the following: atheroma may be seen as irregular thick-
ening of the aortic wall in the aortic root, ascending
aorta, arch, and descending abdominal aorta. Calcified
plaques tend to appear very jagged and echobright, and

associated thrombus can appear as tethered but mobile
elements. Plaques that are more than 4 mm in thickness,
or which contain mobile or protruding elements, are
associated with a higher risk of stroke. Atheroma are
better visualized on transesophageal echocardiography
(TEE) (Fig. 3A,C; please see companion DVD for cor-
responding video). When coronary artery bypass sur-
gery is contemplated in patients with significant aortic
root disease, TEE or epiaortic scanning routinely assists
in guiding bypass pump cannula placement, to decrease
the risk of causing a stroke by dislodging plaque in the
punctured area. The presence of atrial fibrillation, par-
ticularly in the presence of rheumatic heart disease,
increases the risk of atrial thrombus formation. Atrial
thrombi often occur in association with spontaneous
echo contrast, which is thought to represent increased
fibrin and red blood cells in the early stages of coagula-
tion. Although TTE often does not fully visualize the
left atrial appendage, thrombi may occasionally be seen
in the body of the left or right atrium. Figure 4 is a
parasternal short-axis view of a thrombus within the
left atrial appendage (see Chapter 16). The presence of
a dyskinetic or aneurysmal area of left ventricle in a
patient with a history of myocardial infarction should
always prompt evaluation for an associated intramural
thrombus (see Chapter 7), which can vary greatly in
shape and mobility.
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Fig. 3. (See legend, facing page)

Mitral stenosis, stranding, and mitral annular calcifi-
cation have all been suggested to be associated with risk
of embolus, although there are often confounding risk
factors. Mitral valve prolapse was historically impli-
cated as a risk factor, but this appears to be an artifact of
overdiagnosis of mitral valve prolapse in this popula-
tion, rather than comprising a true etiological substrate.
Bacterial vegetations (Fig. 5; please see companion
DVD for corresponding video) are more likely to occur
on abnormal native valves, such as bicuspid aortic or
myxomatous mitral valves. Prosthetic valve thrombus or
vegetation may be detected as independently mobile

echodensities, predominantly located on the low-pres-
sure side of the valve. On mechanical prosthetic valves,
the masses may not be clearly visualized because of
acoustic shadowing by the prosthesis, but if one or more
discs appear immobile or an unusually high transvalvular
gradient is detected by Doppler, suspicion for obstruc-
tion remains high and a TEE should be performed.
Marantic endocarditis is a disease associated with
cancer, inflammatory, and hypercoagulable states, and is
caused by continuous formation of fibrin and thrombus
on the valves, which then break off into the blood-
stream. Other findings commonly found in elderly
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Fig. 3. (A) Transesophageal short-axis view of the descending thoraci aorta showing large calcified atheromatous plaque. (B) Transeso-
phageal long-axis view of the desecending thoraci aorta (same patient in A) showing the longitudinal extent of the large calcified
atheroma. (C) Serial short-axis transesohageal echocardiographic images of the aorta showing mobile element of atheromatous

plaque. (Please see companion DVD for corresponding video.)

patients that may increase the risk of stroke include aor-
tic sclerosis (irregular tissue thickening of the aortic
valve leaflet edges), Lambl’s excrescences (fibrin-
containing strands found on the leaflet edges and occa-
sionally in the left ventricle outflow tract), and papillary
fibroelastomas (see Chapter 19). More rarely, echocar-
diography can discern aortic dissections with the intimal
flap extending cranially to occlude a carotid artery.
Subcostal views of the inferior vena cava infrequently
detect previously unsuspected deep venous thrombi.

CASE VIGNETTE 2, YOUNGER PATIENT

A 25-yr old active male presented with a
“grayed-out” section of his left upper visual field
1 d after returning home from a long interconti-
nental flight. He had no prior medical history, and
recalled no recent headache, fevers, chest pain,
shortness of breath, palpitations, weakness or
pain in his extremities, or other neurological
problems. A head magnetic resonance imaging
(MRI) showed a subacute right occipital infarct,
without evidence of acute bleeding. He was
treated with intravenous heparin, and a TTE was

obtained. Although the interatrial septum looked
normal, and no shunting was detected by color
Doppler, an injection of intravenous agitated
saline (“bubble study”) showed right-to-left inter-
atrial shunting within five cardiac cycles. This is
indicative of a patent foramen ovale (PFO) (Fig. 6;
please see companion DVD for corresponding
video). Note that the patient was asked to “sniff,”
a quick inhalation that transiently increases right
atrial pressure to increase sensitivity for right-to-
left shunting.

Epidemiology of Cardiac Source of Embolus
in Younger Patients

The epidemiology of cardiogenic emboli in younger
patients is different from that of older subjects. Those
with abnormal native valves, such as myxomatous or
prolapsed mitral valve or bicuspid aortic valves are sus-
ceptible to endocarditis and resultant vegetation, which
can embolize. Vegetations, which are more than 10 mm
are at the highest risk for causing embolic complica-
tions. Among intracardiac tumors, myxomas are also
more often found in younger patients owing to
embolization (see Chapter 19).
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Fig. 4. Parasternal short-axis view showing clot in left atrial (LA) appendage.

Paradoxical embolus is a well-known risk of congen-
ital heart disease with intracardiac shunting, as in the
case of atrial septal defects or ventricular septal defects.
The presence of a dilated right atrium and/or right ven-
tricle in the absence of other causes should prompt a
diligent search for intracardiac shunting by both two-
dimensional imaging and Color Doppler (Fig. 7; please
see companion DVD for corresponding video).

PFO is a condition in which the ostium primum arises
from the left atrial side and spans the fossa ovalis, but
does not fuse completely with the apposing ostium
secundum. PFO is essentially a normal variant, occur-
ring in 25-30% of the population. Under conditions in
which right atrial pressure exceeds left atrial pressure,
the PFO can allow right-to-left intracardiac flow to
occur (similar to a trap door or flap). The potential
channel of the PFO is typically not visible on

two-dimensional echocardiography, although increased
mobility of the septum in the fossa ovalis area can be a
clue to the presence of one. A careful color Doppler
scan of a sector zoomed in on the interatrial septum, par-
ticularly in the subcostal window, can occasionally
detect flow across the PFO as a narrow red jet of tran-
sient left-to-right flow (Fig. 8). Flow is typically great-
est in late systole and early diastole.

Care should be taken to avoid false positives caused by
eccentric tricuspid regurgitant jets or swirling caval flow.
A “bubble study,” or injection of intravenous saline that
has been agitated with air to produce echo contrast, is an
echocardiographic method used to detect PFO. Because
the bubbles produced by agitation within a syringe are
relatively large and usually filtered by the pulmonary bed,
the appearance of echogenic bubbles in the left side of
the heart immediately (within six beats of opacifying the
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Fig. 5. Parasternal long-axis views (PLAX) showing verrucous bacterial vegetation affecting the aortic valve—especially the non-
coronary cusp. (Please see companion DVD for corresponding video.)
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Fig. 6. Agitated saline contrast (bubble study) showing adequate right heart opacification in this apical four-chamber view. Note
the right-to-left shunt (bubbles in the left heart chambers) via a patent foramen ovale (arrow). The Valsalva maneuver (sniff test)
transiently increase right-sided pressures—thereby increasing the sensitivity of the “bubble study.” (Please see companion DVD
for corresponding video.)

right atrium) is indicative of right-to-left shunting (Fig. 6;  right atrial pressure such as the Valsalva maneuver,
please see companion DVD for corresponding video).  coughing or sniffing, abdominal compression, or raising
Because left atrial pressure is usually higher than right  the legs can increase the sensitivity of a bubble study for
atrial pressure, manuevers, which transiently increase  detecting PFO. PFOs can allow paradoxical emboli from
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Fig. 7. (A) Parasternal short-axis (PSAX) and apical four-chamber views (A4C) show flow acceleration and left-to-right shunt across
this secundum atrial septal defect on color Doppler examination. (B) Color flow Doppler applied to the interatrial septum from the
subcostal window shows left-to-right shunt across interatrial septum. This view provides a better alignment for Doppler evaluation
of shunt flow. (C) Continuous-wave Doppler examination of the atrial septal defect. Peak velocity of the left-to-right shunt across the
defect was 1.3 m/s corresponding to peak gradient of 7.0 mmHg. (Please see companion DVD for corresponding video.)
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Fig. 8. (A) Apical four-chamber frames showing hypermobile interatrial septum. (B) Parasternal short axis views showing hypermobile
interatrial septum. (C) Color flow Doppler interrogation of hypermobile interatrial septum in A and B revealed transient left-to-right

shunt (arrow) via a patent foramen ovale.

the venous system to lodge in the systemic arteries,
although the actual passage of a thromboembolus through
a PFO is only rarely captured on echocardiographic views
(Fig. 9; please see companion DVD for corresponding
video). The incidence of PFO appears to be higher in

patients with ischemic stroke, exceeding threefold higher
in patients younger than 55 yr old.

An atrial septal aneurysm (ASA) is an excessively
redundant hypermobile area of the interatrial septum,
which can be seen on echocardiogram (Figs. 10 and 11;
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interatrial septum

Fig. 9. Serial transesophageal echocardiographic images showing thromboembolus “in transit” (arrow) through a patent foramen
ovale. (Please see companion DVD for corresponding video.)

Diastole

Fig. 10. Apical four-chamber view (A4C) showing interatrial septal aneurysm. (Please see companion DVD for corresponding video.)

please see companion DVD for corresponding video  even the entire interatrial septum. The criteria for the
for Fig. 10). It is very frequently associated with PFO,  diagnosis of ASA vary, but it is generally accepted that
and typically involves the area of the fossa ovalis, but ~ maximal excursion of the interatrial septum more than
can extend to include the surrounding limbic areas or 10 mm from centerline defines an ASA. Localized
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Fig. 11. Transesophageal echocardiographic images showing atrial septal aneurysm (A-D). Color flow Doppler interrogation of inter-
atrial septum (B) and agitated saline contrast “bubble” study (C,D) revealed no shunt. The aneurysmal wall inverted intermittently

during the cardiac cycle (D, arrow).

thrombi have been found on an anecdotal basis nestled
within ASAs, and ASAs are associated three- to sixfold
higher in patients with ischemic stroke, again with the
highest incidence in the younger population.

The incidence of both a PFO and an ASA is markedly
increased in patients with embolic stroke, more than
15-fold in one meta-analysis. The data is compelling for
a causal connection between these two entities, and the-
ories to explain the causality include paradoxical embo-
lus from venous sources, direct embolus from thrombus
formed within the aneurysm, and formation of atrial
thrombus as an indirect result of atrial arrhythmia.

Currently the treatment of young patients with inter-
atrial septal abnormalities and an ischemic event is still
controversial. Patients younger than 55 yr of age with a
PFO alone appear not to be at higher risk of stroke than
the general population. However, the presence of both
PFO and ASA appears to confer a higher risk of a recur-
rent ischemic event, despite treatment with aspirin. A
large amount of right-to-left shunting may also confer
increased risk of paradoxical emboli. Options for ther-
apy and secondary risk prevention at this point include
aspirin, plus additional anticoagulation and/or closure of
the PFO by surgery or transcatheter devices (Fig. 12;
please see companion DVD for corresponding video).

CASE VIGNETTE 2 CONTINUED

A neck MRI/magnetic angiogram study (MRA)
and hypercoagulability work-up in the patient was
negative. A TEE showed a normal interatrial septum
with a PFO, but no atrial septal aneurysm was
detected. He was treated with aspirin, and is consid-
ering either Coumadin or percutaneous PFO closure
in the future is further neurological events occur.

Suggested Work-Up for Source of Embolus

The utility and yield of echocardiography in search-
ing for a presumed cardiac source of embolus will vary
with patient’s age and comorbidities. Echocardio-
graphy is more likely to be useful in younger patients,
or those with known predisposing cardiac conditions.
In contrast, the workup of most elderly patients with a
stroke should start with an imaging modality of the
internal carotid arteries (either carotid duplex ultra-
sound, angiographic computed tomography study, or
MRI/MRA).

When is TEE indicated in the workup of stroke? If
there is a high suspicion of cardiac source of embolus,
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Fig. 12. Transesophageal echocardiography and agitated saline contrast (“bubble”) study showing shunting of bubbles from right atrium
(RA) to left atrium (LA) via patent foramen ovale (PFO) (A). (B) Shows one popular model of transcatheter closure devices
(CardioSEAL®), its appearance during cardiac catherization, and a sketch of its final deployment and anatomical relationship to the inter-
atrial septum. The deployed closure device (C) followed by a repeat “bubble” study confirmed successful closure of the PFO—note the
absence of bubbles in the left atrium (D). (Please see companion DVD for corresponding video.)

and the TTE yields insufficient information to rule out
a cardiac source, a TEE is indicated, provided that the
results would impact therapy. The sensitivity of TEE
has been shown to be superior for left atrial appendage
thrombus (nearly 100 vs 39-63% for TTE), ascending
aortic atheroma, and vegetations (88—100% sensitivity
vs 44-60% for TTE). TEE is better able to evaluate
prosthetic valves, particularly mitral valves, which
often cause much acoustic shadowing artifact on
transthoracic studies. TEE is also more sensitive (89 vs
<50% for TTE using contrast) and 100% specific for
detecting interatrial septal abnormalities. However, it
is only moderately better (11 vs 4% for TTE) for
detecting intracardiac masses, and there is no incre-
mental yield in finding intracardiac masses (including
thrombi) in patients without cardiovascular disease
and a negative TTE.

Class I (definitely proven to be of benefit) American
College of Cardiology/American Heart Association
guidelines for clinical application of echocardiography
in neurological disease include:

1. Patients of any age with abrupt occlusion of a major
peripheral or visceral artery.

2. Younger patients (<45 yr) with cerebrovascular events.

3. Older patients (>45 yr) with neurological events,
without evidence of cerebrovascular disease or other
obvious causes.

4. Patients for whom a clinical therapeutic decision
(e.g., anticoagulation) will depend on the results of
the echocardiogram.

Class III (definitely proven to be unbeneficial) indica-
tions are: patients for whom the result of the echocardio-
gram will not impact the approach to diagnosis or therapy.
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CASE PRESENTATION

A 66-yr-old female, initially admitted to hospital
with anorexia, malaise, weakness, shortness of
breath, developed urosepsis and acute renal failure.
Appropriate treatment, including transient dialysis,
was started and her renal function improved. One
week later, she complained of bilateral leg weakness
and lower extremity swelling that was followed 2 d
later by acute dyspnea. She reported no chest pains or
hemoptysis.

On examination she was tachypneic (respiratory
rate >28/min), tachycardic (heart rate 110 bpm).
Significant findings included bilateral leg swelling
with tenderness on deep palpation. Distal pulses
in both lower extremities were normal. Jugular
venous pressure was 13 cm. Heart sounds were
normal and no murmurs were heard. Crackles were
heard bilaterally in basal lung fields.

Initial echocardiogram showed sinus tachycardia
with no signs of acute ischemia. Q-waves were
seen in the inferior leads, but no S1Q3T3 pattern
observed. Platelet count fell during admission,

dropping from 118 K/dL to 18 K/dL and the diag-
nosis or heparin-induced thrombocytopenia enter-
tained; platelet factor four (PF4) antibodies were
requested. Plasma D-dimer enzyme-linked immu-
nosorbent assay test (ELISA) and serum troponin I
levels were both mildly elevated. Arterial blood
gases were reported at the lower limits of normal.

Transthoracic echocardiography (TTE) showed
preserved left ventricular function with estimated
ejection fraction of 60%. Marked right ventricular
dilation with lateral wall hypokinesis with apical
sparing was noted. No right ventricular hypertro-
phy was apparent. Mild tricuspid regurgitation (TR)
was present with peak velocity measuring approx
3.1 m/s and pulmonary artery systolic pressure
(PASP) measuring 39 mmHg + right atrial pressure
(RAP). A relatively mobile echo-dense structure
was seen at the bifurcation of the main pulmonary
artery (Figs. 1 and 2; please see companion DVD
for corresponding video). Ventilation-perfusion
scan confirmed the diagnosis. Bilateral deep vein
thrombosis was diagnosed by venous ultrasonogra-
phy of the lower extremities.

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. Parasternal short axis (PSAX) view at the aortic valve level shows the right ventricular outflow tract (RVOT), main pulmonary
artery, and right and left pulmonary artery. An echo-dense structure is seen in at the bifurcation of the main pulmonary artery, con-
sistent with a pulmonary saddle embolus (arrow). (Please see companion DVD for corresponding video.)

Acute pulmonary embolism (PE) is a common prob-
lem with high morbidity and a 30-d mortality rate of
15-20%. Because of the scope and severity of the prob-
lem, the accurate diagnosis and management of acute
PE is crucial. Echocardiography has increasing applica-
tions in the diagnosis, the risk assessment, and the man-
agement of PE. As a first-line tool, echocardiography
allows for the preliminary differentiation of major life-
threatening cardiovascular complications. Additionally,
bedside echocardiography affords the opportunity to
establish a prompt diagnosis and to identify patients
with high-risk features, thus identifying a subset of
patients that may benefit from more aggressive therapy,
such as thrombolytic therapy. The use of echocardiogra-
phy in the evaluation and management of PE is increas-
ingly common as demonstrated in two recent registries,
in which approx 50-75% of patients with PE underwent
echocardiography.

Pathophysiology

Thrombi can form anywhere within the venous sys-
tem and travel to the lungs to form a pulmonary embo-
lus. Most typically, thrombi form within the deep veins
of the legs and then travel through the venous system to

the pulmonary circulation. When lodged in the pul-
monary circulation, often at the bifurcation of the pul-
monary arteries or within the proximal branches of the
pulmonary arterioles, the effect of a PE is an acute
increase in pulmonary vascular resistance. This increase
in pulmonary vascular resistance is responsible for
many of the echocardiographic findings seen in patients
with acute severe PE. It is important to recognize that
pulmonary pressure does not rise acutely in the setting
of acute PE, just pulmonary resistance. Because the
normal right ventricle (RV) is accustomed to relatively
low pulmonary pressures, the maximal systolic right
ventricular pressure is generally around 25 mmHg.
A previously normal RV cannot acutely handle the
increased load associated with a marked increase in
pulmonary resistance. Pressure in the pulmonary artery,
therefore, does not rise despite acute increase in pul-
monary resistance.

ECHOCARDIOGRAPHIC FINDINGS
SUPPORTING THE DIAGNOSIS OF PE

Echocardiography is normal in about 50% of unse-
lected patients with acute PE, but it can provide direct
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Fig. 2. A higher magnification of the parasternal short axis view at the aortic valve level of the patient with the pulmonary saddle
embolus (arrow) described in Fig. 1. (Please see companion DVD for corresponding video.)

and indirect evidence of the diagnosis in patients with
pulmonary embolus (Table 1).

Thrombi can be visualized within the venous system
from the inferior vena cava, through the right atrium,
the RV, the right ventricular outflow tract, and the pul-
monary arteries until just distal to the pulmonary bifur-
cation. The direct visualization of thrombus in the
pulmonary artery confirms the presence of a PE, but
this finding is not usually seen on TTE. If a thrombus is
visualized by TTE, it is usually limited to the right
heart, the main pulmonary artery, or the bifurcation of
the right and left pulmonary arteries (Figs. 1 and 2;
please see companion DVD for corresponding video).
Using TTE in the International Cooperative Pulmonary
Embolism Registry (ICOPER) registry, intracardiac
thrombi was visualized in approx 4% of patients with
acute PE. In patients with a massive pulmonary embo-
lus, the frequency of intracardiac thrombus may be
increased. When intracardiac thrombus is visualized, it
is most commonly visualized in the right atrium and
often appears worm-like, although a small percentage
is described as spherical in appearance. The differential

Table 1
Echocardiographic Signs of Pulmonary Embolism

Two-dimensional echo

Direct visualization of thrombus in the right heart or
pulmonary artery

Right ventricular hypokinesis
Right ventricular enlargement
Reduced left ventricular size
McConnell’s sign

Flattening of the intraventricular septum or paradoxical
septal motion

Dilated pulmonary artery
Dilated right atrium

Distension of the inferior vena cava with loss of normal
respiratory variation

Doppler
Increased peak velocity of tricuspid valve insufficiency

Shortened pulmonary ejection acceleration time
(<80 ms)
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Parasternal Long Axis

Fig. 3. Parasternal long axis view of a patient with acute pulmonary embolism demonstrates an enlarged, hypokinetic right ventricle
(RV) with leftward displacement of the intraventricular septum (arrows). Left ventricular (LV) systolic function appears small, under-
filled, and hyperdynamic. These are findings of severe RV dysfunction in the setting of acute pulmonary embolism.

Parasternal short axis

Fig. 4. Parasternal short-axis view of the left ventricle from patient in Fig. 3 demonstrates a severely enlarged right ventricle with
intraventricular septal flattening (arrows) in systole and diastole, suggestive of both volume and pressure overload of the right ven-
tricle (RV). The left ventricle (LV) appears small and hyperdynamic.

diagnosis for thrombus in the right heart includes As direct visualization of the thrombus is unusual,
congenital structures, such as a Chiari network or  one must rely on visualization of indirect manife-
eustachian valve, or acquired structures, such as cardiac stations of an acute PE on the heart. The RV normally
tumors or vegetations (see Chapter 19). faces little resistance as it empties into the low-pressure
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Apical 4-Chamber

Fig. 5. Apical four-chamber view from patient in Figs. 3 and 4 demonstrates an enlarged and severely hypokinetic right ventricle (RV)
with moderate tricuspid regurgitation (arrow). (Please see companion DVD for corresponding video.)
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Fig. 6. Continuous-wave Doppler from the same patient in Figs. 3-5 demonstrates mild elevation of peak tricuspid velocity regurgi-
tant velocity (3.0 m/s), which corresponds to a pulmonary artery systolic pressure of 37 mmHg plus right atrial pressure.

system of the normal pulmonary vasculature. When
faced with acute obstruction to outflow, as occurs in
acute PE, right ventricular function may not be able
to compensate and the RV begins to fail as evidenced
by enlargement and hypokinesis (Figs. 3-6; please
see companion DVD for corresponding video for
Fig. 5). The degree of dysfunction relates to the size
and severity of the PE. The RV is often dilated with

a right ventricular end-diastolic diameter in the
parasternal long-axis view of more than 27 mm.
The apical four-chamber view may also demon-
strate right ventricular enlargement as evidenced
by a right ventricular to left ventricular end-
diastolic diameter ratio greater than the normal
ratio of 0.6. In addition to right ventricular hypoki-
nesis and enlargement, the intraventricular septum
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Systole

Fig. 7. Apical four-chamber demonstrates a characteristic regional right ventricular dysfunction (McConnell’s sign) characterized by
a severely hypokinetic free wall of the right ventricle, but a “spared” right ventricular apex. Note the markedly dilated right ventric-

ular cavity. (Please see companion DVD for corresponding video.)

may be flattened or show leftward displacement as a
result of the volume and/or pressure overload of the
RV. Additionally, paradoxical septal motion may be
visualized. Because of septal displacement, the left
ventricular cavity size is often diminished and there
may be Doppler evidence of impairment of diastolic
left ventricular filling.

In addition to global dysfunction, a characteristic
two-dimensional echocardiographic finding of regional
right ventricular dysfunction has been described in
patients with acute PE. This abnormality is characterized
by the presence of normal or hyperdynamic wall motion
of the right ventricular apex despite moderate or severe
right ventricular free-wall hypokinesis (McConnell
sign) (Fig. 7; please see companion DVD for correspon-
ding video). This sign appears quite specific for the
diagnosis of acute PE (specificity 94%), and, thus, may
be useful to distinguish between right ventricular
dysfunction owing to other cause such as pulmonary
hypertension (Fig. 8).

In addition to echocardiographic abnormalities of the
RV, other indirect echocardiographic manifestations are
visualized. The right atria and the inferior vena cava
may be dilated, with diminished normal respiratory
variation of the inferior vena cava suggesting elevated
right-sided pressures. The peak TR velocity may be
mildly increased (>2.7 m/s) as a result of increased
PASP, although the peak TR velocity often does not

increase acutely to a significant degree, as the normal
RV is unable to generate significantly elevated pressures.
The pulmonary ejection acceleration time, measured in
the right ventricular outflow tract, may be shortened
(<80 m/s).

In general, the sensitivity of TTE for the diagnosis of
an acute pulmonary embolus has been estimated to be
between 50 and 60% with a specificity of 80-90%.
Overall, approx 40-50% of patients with acute PE have
echocardiographic evidence of right ventricular hypo-
kinesis. In those with massive PE, echocardiographic
evidence of PE may be seen in up to 80% of patients.
Because of this finding, TTE is often helpful in the
differential diagnosis of the hemodynamically compro-
mised individual, but the diminished overall sensitivity
of TTE for the diagnosis of PE limits the utility of
echocardiography as a screening tool for all patients
with this suspected disorder.

Several studies have suggested that transesophageal
echocardiography (TEE) may have increased sensitivity
over TTE in the detection of a pulmonary embolus
(Fig. 9; please see companion DVD for corresponding
video). Using TEE, the main pulmonary artery and the
right pulmonary artery are better visualized, but visual-
ization of the left pulmonary artery, as a result of the
interposition of the left main pulmonary bronchus, and
visualization of the distal pulmonary vasculature is lim-
ited. In patients with a clinical suspicion of PE and right
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A The Healthy Right Ventricle

B The RV in Pulmonary Embolism

RV LV

\‘“ Systole

Fig. 8. Effects of pulmonary embolus on the right ventricle. The normal right ventricle (RV; A) is accustomed to low pulmonary
resistance. Normal right ventricular pressures are low and compliance is high, with small changes in pressure resulting in large
changes in volume. Unlike the left ventricle (LV), the normal RV does a poor job at acutely responding to sudden increases in after-
load. Pulmonary embolism (PE) results in an increase in pulmonary vascular resistance. A previously normal RV is unable to acutely
accommodate this additional load. The RV dilates (B) but cannot acutely increase pressure. Depending on the size of the PE, this can
result in mild right ventricular strain or frank right ventricular failure.
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Mid-esophageal

Fig. 9. Images of the right atrium on the midesophageal transesophageal echocardiography views demonstrate a mobile, worm-like
thrombus (arrows). (Please see companion DVD for corresponding video.)
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Fig. 10. Parasternal long-axis (PLAX) views of the same patient (Figs. 3—6) 1 d following thrombolysis shows improvement—

although still impaired—of right ventricular function.

ventricular overload by TTE, the sensitivity of TEE was
80% with a specificity of 97%. Because of the inability
of TEE to visualize the distal vasculature, the diagnostic
accuracy in patients without evidence of right ventricu-
lar overload remains unclear. Despite its limitations,

transesophageal allows for the investigation of patients
who may be hemodynamically unstable and cannot
have other tests such as computed tomography scan,
nuclear perfusion studies, or pulmonary angiography,
although it may be of limited value in acutely ill patients.
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;. . After Thrombolysis

Fig. 11. Parasternal short-axis (PSAX) views of the same patient as in Fig. 9.

With chronic PE many of the previously described
echocardiographic findings may be seen. Additionally,
right ventricular hypertrophy and more significantly
increased PASPs may also be seen as the RV adapts to
chronic PE.

RISK ASSESSMENT AND MANAGEMENT

Echocardiography is a valuable prognostic tool in
patients with acute PE. Multiple studies have demon-
strated that right ventricular dysfunction demonstrated
by echocardiography is associated with adverse clini-
cal outcomes. In the ICOPER study, the presence of
right ventricular hypokinesis on the baseline echocar-
diogram was associated with higher mortality at both
2 wk and 3 mo. In a multivariate model, the presence
of right ventricular hypokinesis doubled the risk of
death at 30 d.

A PASP of more than 50 mmHg at the time of diag-
nosis of acute PE is also associated with an adverse
outcome. Additionally, the presence of a patent fora-
men ovale in patients with a PE and echocardiographic
evidence of acute right ventricular pressure overload
and/or pulmonary hypertension is an adverse predictor
and identifies another high-risk subset. Finally, the
presence of intracardiac thrombi in patients with PE
identifies a high-risk group.

Table 2
Pulmonary Arterial Hypertension: Clinical Classification

Pulmonary arterial hypertension (primary and
secondary):

e Primary idiopathic pulmonary hypertension (plexogenic
pulmonary arteriopathy)

e Secondary to connective tissue diseases, congenital
heart disease (e.g. left-to-right shunts: atrial septal
defect, ventricular septal defect, patent ductus
arteriosus), drugs/toxins, portal hypertension,

HIV, other direct inflammatory disorders

Pulmonary venous hypertension:

e Left-sided atrial and ventricular heart disease (e.g.,
chronic left ventricle dysfunction)

e Left-sided valvular heart disease (e.g., mitral stenosis)

e Pulmonary vein obstruction: congenital or acquired

Pulmonary hypertension associated with pulmonary
disorders and hypoxemia:

e Chronic obstructive pulmonary disease, interstitial
lung disease, chronic alveolar hypoventilation, chronic
high-altitude exposure

Pulmonary hypertension secondary to thrombotic
and/or embolic disease

Modified from Rich S, ed. Primary pulmonary hypertension:
Executive summary from World Symposium—Primary Pulmonary
Hypertension, 1998. Available from the World Health
Organization at www.int/ncd/cvd/pph.html.
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Fig. 12. Parasternal short-axis view (PSAX) showing markedly dilated pulmonary artery (diameter = 5.82 cm) in this 52-yr-old
female with chronic pulmonary hypertension and chronic cor pulmonale (A). Continuous-wave Doppler of the tricuspid regurgitant
(TR) jet in pulmonary hypertension and chronic cor pulmonale corresponds to pulmonary artery systolic pressure of 77 mmHg plus
right atrial pressure (B). Large TR jet fills right ventricle (RV) and enters inferior vena cava (IVC)—(color flow Doppler, PSAX view, C).
Note flow reversal is also evident in the dilated intrahepatic veins on Color Doppler (D). This was confirmed on pulsed wave Doppler
(arrow, E).

Table 3
Estimation of Right Atrial Pressures by Echocardiography

Parameters of right atrial hypertension®

vc Inferior vena cava
measurements respirophasic movments Corresponding right
(cm) (inspiratory collapse) atrial pressures (mmHg)
Normal 1.5-2.5 Complete collapse 5-10
Mild >1.5 <50% collapse 10-15
Moderate >2.5 <50% collapse 15-20
Severe >2.5 No collapse >20
(with dilated

intrahepatic veins)

“Based on inferior vena cava measurements using subcostal window.

These adverse echocardiographic markers may  pulmonary embolectomy. After thrombolysis for
identify a subset of individuals who may benefit  acute PE, right ventricular function has been demon-
from the use of more aggressive therapy in the man-  strated to improve echocardiographically (Figs. 10
agement of PE, including thrombolytic therapy or  and 11).
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RV Inflow

Fig. 13. Parasternal short-axis view (PSAX) showing grossly dilated right ventricle a patient with chronic pulmonary hypertension
and chronic cor pulmonale (A) with septal flattening D-shaped septum on parasternal long-axis view parasternal long-axis (PLAX)
(B). Right ventricular (RV) pressure and volume overload with persistent septal flattening throughout the cardiac cycle is seen on
M-mode echocardiography (C). RV hypertrophy is also present. Marked right heart dilatation is seen in right ventricular inflow and
apical four-chamber views (D,E). Note the linear echodensities indicative of a dual-chamber pacemaker in E.

CHRONIC THROMBOEMBOLIC
PULMONARY HYPERTENSION
AND OTHER PULMONARY HYPERTENSION

Chronic pulmonary hypertension occurs in about
5% of patients within 2 yr following the first PE. The
pulmonary vascular tree is a unique high flow, low
pressure system (normal systolic/diastolic pressures
25/10 mmHg; mean 15 mmHg), but a number of
pathological states, including PE, can trigger a
vicious cycle of structural changes within the pul-
monary vasculature, resulting in chronic pulmonary
hypertension.

Chronic or recurrent PE can progressively obstruct the
pulmonary vasculature, leading to clinical features of
chronic pulmonary hypertension accompanied by signs
of chronic cor pulmonale. Chronic thromboembolic pul-
monary hypertension is present when the systolic and
mean pulmonary artery pressures exceed 40 and 25 mmHg,
respectively. Pulmonary hypertension of various etiologies
(Table 2) can be categorized as mild, moderate, or severe
based on PASPs measuring 4045 mmHg, 46-60 mmHg,
or more than 60 mmHg, respectively.

Pulmonary hypertension is most reliably quantified
by spectral Doppler measurements of PASP and
RAP—both routine measurements on TTE—provided
pulmonary stenosis is absent (Fig. 12 and Table 3).
These pressures should be interpreted within the con-
text of the clinical presentation and other echocardio-
graphic findings. On echocardiography, the hallmark of
established pulmonary hypertension and cor pulmonale
are signs of chronic right heart pressure overload (Figs.
13 and 14). Possible findings on TTE are summarized
in Table 4. TEE provides better visualization of emboli
with the pulmonary artery and atria (Fig. 9; please see
companion DVD for corresponding video).

The PASP is measured using the simplified Bernoulli
equation applied to peak TR velocity by continuous-
wave Doppler. To this value, RAP should be added to
complete the calculation (Table 3):

PASP = 4(TV)> + RAP
TR is present in most normal individuals, but the

velocity rarely exceeds 2.5 m/s. Higher TR velocities may
indicate pathology. The most common TR velocities
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Fig. 14. Images depicting several features of chronic severe pulmonary hypertension and cor pulmonale (Table 4) are shown. Note
the massively dilated right ventricle in parasternal views accompanied by tricuspid regurgitation (C) and pulmonary regurgitation (D).
Spectral Doppler interrogation across the pulmonic valve confirms marked pulmonary regurgitation exceeding 2 m/s (E). Markedly
dilated inferior vena cava (IVC) with complete loss of respirophasic variation was present (F).

Table 4
Echocardiographic Findings in Pulmonary
Hypertension and Chronic Cor Pulmonale

Two-dimensional echocardiography

e Right ventricular dilatation

* Right ventricular hypertrophy

* Right ventricular dysfunction/hypokinesis

 Signs of right ventricular pressure and volume overload:
D-shaped septum (throughout cardiac cycle)
Paradoxical septal motion

e Right atrial dilatation

» Dilated inferior vena cava

e Loss of normal inferior vena cava respirophasic movements

Doppler echocardiography

e Reversal of flow: tricuspid valve by color flow Doppler
parameters, e.g., increased jet area, proximal isovelocity
surface area, vena contracta width

e Reversal of flow: pulmonary valve by pressure half-time
and jet length

e Reversal of flow: inferior vena cava and hepatic veins

seen in acute PE range between 2.5 and 3.0 m/s, rarely
exceeding 3.5 m/s because the previously normal RV
cannot generate higher pressures. This contrasts with
pressures generated by the hypertrophied RV seen in
acute-on-chronic or in recurrent PE and in the setting of
chronic pulmonary hypertension, where TR velocities
typically exceed 3.5 m/s.

TR velocity is a reflection of the pressure difference
between the right atrium and RV, whereas continuous-
wave Doppler intensity indicates severity. Therefore a
high TR velocity (alone) does not equate to severe TR.
TR severity can be assessed using the same Doppler
parameters used to assess mitral regurgitant severity (see
Chapter 14; e.g., jet areas, vena contracta width, and
proximal isovelocity surface area, in conjuction with
other echocardiographic parameters in Tables 3 and 4).

The most common pitfall in measuring PASP is fail-
ure to obtain the maximum TR velocity. To minimize
this, multiple windows (parasternals, apical, and sub-
costal) and optimal Doppler alignment are necessary.
Other Doppler measurements, e.g., acceleration times
measured at the pulmonary valve, the TR velocity/veloc-
ity time integral ratio, and the pulmonary artery diastolic
pressure, may be used.
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CASE PRESENTATION

A 32-yr-old female presented with a 1-mo history
of fatigue, intermittent fevers, and dyspnea on exer-
tion. One day before her doctor’s appointment, she
noted transient monocular blindness that resolved
within 1 h. On physical exam, she had both a
holosystolic apical and late diastolic positional
rumble, diminished S1, and an end-diastolic “plop-
ping” sound heard in late systole. She was sent for
an echocardiogram to rule out cardiac source of
embolus (Fig. 1; please see companion DVD for
corresponding video). She subsequently underwent
cardiac surgery and a left atrial tumor was excised
and confirmed to be a myxoma on pathological
examination.

DIFFERENTIAL DIAGNOSIS OF A MASS:
NON-NEOPLASTIC STRUCTURES

Masses in or around the heart are most often inci-
dental findings on echocardiography. Less frequently, a
tumor involving the heart causes direct symptoms that
lead the clinician to suspect a cardiac abnormality.

True intracardiac or extracardiac masses need to be
distinguished from the entities in the following section.

Normal Structures/Variants Simulating
Tumors
INTRACARDIAC
In the right atrium, the Eustachian valve (also known
as the valve of the inferior vena cava [IVC]) is a ridge of

tissue that extends from the entry of the IVC to the
interatrial septum. In fetal life, this valve directs blood

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. This large atrial myxoma caused functional mitral stenosis and constitutional symptoms. They are usually solitary, mobile
masses that are heterogenously hyperechoic. They arise most commonly from the interatrial septum and have a predilection for the

left atrium. (Please see companion DVD for corresponding video.)

Subcostal View

Fig. 2. Subcostal images showing Eustachian valve (left, arrow) with directed flow on color Doppler examination (right). (Please see

companion DVD for corresponding video.)

to the fossa ovalis. It can remain prominent in adults,
where it appears as a transverse linear echo running
approximately parallel to the tricuspid annulus across
the posterior right atrium in right ventricular inflow
views, or in subcostal views (Figs. 2 and 3; please see
companion DVD for corresponding video for Fig. 2).
The Chiari network is similarly an embryonic remnant
of the sinus venosus, which extends from and is con-
tinuous with the Eustachian valve. It persists in 2-3% of
normal adults (confirmed by autopsy), and appears on
ultrasound as a lacy weblike or fenestrated membranous
echogenic mass with a characteristic chaotic, undulating
motion independent from that of the tricuspid valve and

right heart (Fig. 4). On parasternal long- or short-axis
views, bulging of the interatrial septum into the right
atrium, owing to an interatrial septal aneurysm or left
atrial volume overload, can be mistaken for a “tumor”
when the scanning plane cuts tangentially across the
septum. Careful inspection of both atria from all win-
dows should clarify this misdiagnosis.

Annular calcification, particularly of the mitral appa-
ratus, and fat deposition, often seen around the tricus-
pid annulus and interatrial septum (interatrial septal
lipomatous hypertrophy, Fig. 5; please see companion
DVD for corresponding video), can also simulate
intracardiac masses. Calcific deposits tend to be very
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Diastole

RV Inflow

Fig. 3. When present, the Eustachian valve (arrow) can be well
visualized in the right ventricular inflow view (see Chapter 3,
Fig. 20). This patient’s tricuspid valves were thickened and
immobile owing to the carcinoid syndrome.

echobright and irregular, whereas fat usually appears as
a less echodense, homogenous mass with smoother
edges. Myxomatous mitral valves, when severely thick-
ened, have been mistaken for tumors. Within the left
atrial appendage, pectinate muscles appear as small
multiple pyramidal structures with their bases continu-
ous with the myocardial wall. Unlike masses and
thrombi, the pectinate muscles are not independently
mobile from appendage contractions. Small short linear
echodensities known as “Lambl’s excrescences” are
often noted at the tips of the aortic valve leaflets, on
both the left ventricular outflow tract and aortic side,
as well as on the mitral apparatus in patients older than
50 yr old. Pathological studies have revealed these to be
long fibrin strands, although the larger and more devel-
oped strands may contain cellular elements of papillary
fibroelastoma.

Within the left ventricle, prominent left ventricle
trabeculations, false tendons (Fig. 6), aberrant muscle
bands or bridges, and subaortic membranes should be
distinguished from tumors. Delineation of the origins
and insertions of these structures, a cylindrical or linear
morphology, and the presence of thickening during
systole can aid in the differential diagnosis. Within the
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Fig. 4. Chiari’s network usually appears as a highly mobile
undulating echogenic mass arising in the right atrio—inferior
vena caval junction. The presence of this embryonic remnant
should trigger closer examination of the interatrial septum for
aneurysm or patent foramen ovale.

right ventricle, the moderator band can appear quite
thick, but its location extending from the apical free
wall to the midseptum is characteristic.

EXTRACARDIAC

An epicardial fat pad usually appears as a discrete
“soft” or deformable mildly granular echogenic mass
lying adjacent to pericardium, typically anterior to the
right heart and/or adjacent to the atrioventricular
groove. A useful clue for distinguishing pericardial fat
is the identification of the echolucent cylindrical lumen
of the coronary artery running within it. However, epi-
cardial fat pads may be distributed anywhere around the
heart. They tend to increase in size with age or in
patients with longstanding steroid use.

Pleural effusions and ascites are occasionally con-
fused with pericardial effusions. Proper identification
should avoid the occasional misdiagnosis of echogenic
collapsed lung segments, fibrin, or thrombus within the
pleural or abdominal cavities, which can appear similar
to tumor masses (Fig. 7).

Thrombus
Thrombi can form in the left atrial body and
appendage, particularly in patients with atrial fibrilla-
tion, mitral stenosis, or hypercoagulable states (Fig. 8).
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Subcostal view

Fig. 5. Lipomatous hypertrophy (arrow) of the interatrial septum. (Please see companion DVD for corresponding video.)

Systole

Diastole

Fig. 6. A false tendon (straight arrow) appears as a mobile string (a few millimeters in width) that bowstrings the ventricular cavity.
Note the attachments to the interventricular septum (ivs) and the base of the papillary muscle (pm). Note the appearance of the true

tendon—chorda tendinae (curved arrow).

The thrombi vary tremendously in size, shape, and appear-
ance. The differentiation of a thrombus from a tumor
may be difficult if predisposing factors for thrombus
are not present (Figs. 9 and 10; please see companion

DVD for corresponding video for Fig. 9). In cases of
trauma or mediastinal surgery, coagulated blood and
fibrin may appear in the pericardial and pleural space as
gelatinous or coalescing echogenic masses.
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Fig. 7. Apical four-chamber (A4C) views from an 86-yr-old woman with generalized sepsis and endocarditis show a large left-sided pleu-
ral effusion with atelectatic lung segments (arrowheads). A pleural effusion should be distinguished from a pericardial effusion (arrow) by
viewing from multiple views, and noting their relationships to regional anatomic structures, such as the aorta and the coronary sinus.

HR=133bpm

Fig. 8. Midesophageal image of the left atrial appendage (ominplane 59°) showing a left atrial thrombus (arrow) and spontaneous
echocontrast within the left atrium (LA). Thrombi need to be distinguished from artifacts and the pectinate muscles that line the walls
of the left atrial appendage. Spontaneous echocontrast frequently coexists with thrombus, as in the LA of this patient with mitral
stenosis and atrial fibrillation.

Vegetation also be distinguished from vegetation and tumors

Discrete mobile masses that are attached to  (Fig D).
valves are more likely to be vegetations, especially .
if clinical and laboratory signs of endocarditis are Artifact
present, and symptoms of valvular regurgitation are Artifacts resembling an echogenic mass can be
of recent onset. Myxomatous mitral valves should caused by reflections from the pericardium, valves, and
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Fig. 9. These images are from a 63-yr-old man with coronary artery disease and lung cancer. Multiple echodensities (intracardiac
thrombi) were observed in right and left heart chambers. Smaller thrombi had embolized to his coronary arteries resulting in multi-

ple infarcts. (Please see companion DVD for corresponding video.)

Fig. 10. These images are from a 51-yr-old male with end-stage liver disease, hepatitis C infection, ascites, and peritoneum-to-inferior
vena cava (Denver) shunts. A thrombus was seen in his right atrium in addition to a patent foramen ovale.

foreign objects (e.g., catheters, pacemaker wires).
Because of the way echo images are processed, artifacts
often appear either halfway or whole multiples of dis-
tance from the reflecting object to the transducer, and
do not move independently of heart motion. A useful
way to distinguish an artifact is to examine the blood
flow around the putative mass with color Doppler, which
should respect the borders of a true mass but will appear
to pass through an artifact (Fig. 12). On transesophageal
echocardiography, the normal tissue infolding between
the left atrial appendage and left upper pulmonary vein
can cause an acoustic artifact which has occasionally

been mistaken for a thrombus, hence the nickname
“warfarin ridge” (Fig. 13).

In difficult cases, transesophageal echocardiography
or even transcatheter biopsy may be called on to clarify
the origins and nature of intracardiac masses.

TUMORS INVOLVING THE HEART
AND PERICARDIUM

Primary Tumors

Primary tumors arising in the heart are rare, and only
25% of these are malignant. Ninety percent or more are
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Fig. 11. These images show a floppy “myxomatous” anterior mitral valve leaflet that prolapsed into the left atrium during systole,
which can create a tumor-like appearance. Marked mitral regurgitation was present.

detected incidentally, but some may cause symptoms
by embolization or obstruction of cardiac inflow or
output. In general, atrial tumors are more often intra-
cavitary, whereas ventricular tumors are more fre-
quently intramural (i.e., involving the myocardial layer).

From most common to least common, a brief
description of these tumors follows. Table 1 summarizes
neoplastic and non-neoplastic masses that may be seen
on echocardiography.

In adults, cardiac myxoma is the most common car-
diac tumor, accounting for 20-50% of all cases (Figs. 1
and 14; please see companion DVD for corresponding
video for Fig. 1). There may be a female predominance,
and familial syndromes with myxoma as a phenotypic
trait (e.g., Carney syndrome) exist. Approximately 75%
of myxomas occur in the left atrium, with the remainder

largely arising within the right atrium. Cases arising from
the ventricles and IVC, as well as multiple myxomas
within the same atrium have also been described. The
typical atrial myxoma arises from the interatrial septum
near the fossa ovalis, and is often anchored via a stalk-like
pedicle. Size can range from less than 1 cm to an extent
that virtually fills the entire atrium. The echocardiographic
appearance is typically either a compact, rounded, or
ovoid mass, or, alternatively, a polypoid, papillary, friable
mass. The echodensity may be homogenous or finely
speckled. Myxoma can cause valvular obstruction (i.e., a
functional stenosis) or may prolapse and cause regurgita-
tion of the mitral or tricuspid valves leading to heart
failure. In addition, systemic or pulmonic embolization
can occur, as well as constitutional symptoms. Complete
surgical excision is usually the cure.
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Fig. 12. Color Doppler interrogation of the right atrial mass (arrow, A,B) in confirmed its intracardiac location. Compare this to color
Doppler interrogation of the left atrium that shows extracardiac compression by the descending thoracic aorta (DTA; C,D).

Papillary fibroelastomas are the next most common
benign tumors, and consist primarily of dense connective
tissue elements. These are found most frequently in eld-
erly patients, and usually appear to arise from the valvu-
lar endocardium on either side of the heart. They manifest
as small (<0.2-1.0 cm) mobile pedunculated echo masses
which can be variably filamentous, frond-like, or oval in
shape. They are characteristically attached to valve
leaflets, with a predisposition mainly for the aortic valve
(where they can arise from either surface), or secondly
for the atrial side of mitral valves. Less frequently, they
are attached to the mitral chordae or papillary muscles, or

tricuspid or pulmonic valves. Because of their mobility,
they are thought to be shed rather easily into the blood-
stream and may cause embolic symptoms. Figure 15
shows an elongated thread-like papillary fibroelastoma on
the LV outflow tract aspect of the aortic valve (please see
companion DVD for corresponding video).

Cardiac lipomas are benign tumors that have been
described throughout the heart, typically in a subepi-
cardial or subendocardial location. Rarely, they can
arise within the myocardium or from the leaflets.
They often appear more echodense and fixed than
myxomas, and are often clinically silent (Fig. 16;
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left upper
pulmonary vein
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Fig. 13. “Warfarin ridge” artifact occurs owing to acoustic shadowing (short arrows) from the hyperechoic ridge or fold of tissue sep-

arating the left atrial appendage from the left upper pulmonary vein.

Table 1
Cardiac Masses

Non-neoplastic

e Thrombus (intracavitary)*
e Thrombus within ventricular aneurysm or pseudo-aneurysm

* Lipomatous hypertrophy of the interatrial septum

e Anatomic variants (e.g., Chiari’s network, prominent crista terminalis, or pulmonary vein orifice )

Valvular vegetation

Ruptured papillary muscle
* Rheumatoid nodule

Extracardiac structures and organs (e.g., fat in the atrioventricular groove)

Neoplastic
Primary cardiac tumors Secondary cardiac tumors®
More common Less common/rare More common Less common
Myxoma“ Fibroma Bronchogenic carcinoma Musculoskeletal
Lipoma Rhabdomyoma Breast Cervical
Papillary fibroelastoma Lymphoma Stomach Renal angiomyolipoma
Plasma cell granuloma Colon Germ cell tumor
(e.g., testicular teratoma)
Sarcoma Lymphomas Embryonal cell carcinoma
Hemangiopericytoma Leukemia Choriocarcinomas
Angioma Hepatocellular carcinoma Thyroid
Atrioventricular nodal tumors Renal cell carcinoma
Paragangliomas Carcinoid tumor

Intracardiac pheochromocytoma
Primary cardiac sarcomas

“Thrombi are the most common intracardiac mass.
PMyxomas are the most common benign cardiac tumors (~50%).
“Secondary cardiac tumors are 20—-30 times more common than primary cardiac tumors.
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Systole

Systole

Fig. 14. Parasternal long axis images (PLAX) show a large atrial myxoma (arrow) with characteristic heterogeneous echogenicity.
It occupies much of the left atrium and prolapses during diastole (A,B). Systolic still frames showing apical four-chamber view of a
left atrial myxoma (arrow) and its appearance on three-dimensional echocardiography (C,D).

please see companion DVD for corresponding video).
It is important to distinguish this entity from lipoma-
tous hypertrophy, which is an accumulation of excess
fat in the interatrial septum, sparing the fossa ovalis,
giving a characteristic “dumbbell” shape to this struc-
ture (Fig. 5; please see companion DVD for correspon-
ding video). Lipomatous interatrial septal hypertrophy
is considered a normal variant of no real clinical signifi-
cance, although it can become very prominent in some
individuals.

Pericardial cysts are benign fluid-filled tumors of the
parietal pericardium, which are occasionally detected
on chest X-ray and usually occur at the cardiophrenic
borders.

In the pediatric population, rhabdomyomas are the
most common primary cardiac tumor. These tumors are
rare after adolescence, and may regress in childhood.
Most frequently involve the ventricle and ventricular
cavity, and are often associated with tuberous sclerosis.
An aid to diagnosis lies in the fact that 90% are multiple.

Less common primary tumors, found predominantly in
infants and children, include fibromas (rare tumors that
typically occur within the septal myocardium), heman-
giomas, and cysts.

Approximately one-fourth of primary cardiac tumors
are malignant sarcomas. The various subtypes (angiosar-
comas, rhabdomyosarcomas, lymphosarcomas) have
been reported at all ages. Angiosarcomas tend to occur in
the right heart, and rhabdomyosarcomas can arise in
more than one area of the heart. However, there are no
clear distinguishing echocardiographic features; all share
common characteristics of rapid invasive growth and
metastasis, with frequent extension to the pericardium
and a poor prognosis.

Secondary Tumors

Tumors that are metastatic to the heart are 20—40 times
more common than primary tumors. Almost any type of
cancer, with the exception of brain tumors, can spread to
the heart and pericardium. However, because of their high
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Fig. 15. Papillary fibroelastomas are generally small nonvegetative masses arising from cardiac valves or adjacent endocardium, most
commonly the aortic valve. They sometimes resemble Lambl’s excrescences, but they have a narrower base and have the potential to
embolize. (Please see companion DVD for corresponding video.)

Fig. 16. (Continued)

prevalence, carcinomas arising from the breast and lung  have been observed to metastasize to the heart). Figure 17
are the most common. Malignancies that are at high risk  is an example of a right atrial mass that was subsequently
for metastasizing to the heart are melanoma (up to 64%  found to be melanoma, which presumably spread via the
of cases) and the leukemias and lymphomas (up to 46%  bloodstream, because there was no evidence of direct
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Fig. 16. These images are from a 63-yr-old man who presented with 1-wk history of lightheadedness, nausea, vomiting, and diaphore-
sis. A large right atrial mass was noted on echocardiography (A and B) that was further delineated by contrast computed tomography

(C) before surgical removal. Gross examination revealed characteristic features of a lipoma (D). (Please see companion DVD for cor-
responding video.)

Fig. 17. Transesophageal echocardiography revealed a large mass attached to the posterior mitral valve leaflet. Histological exami-
nation revealed that it was a melanoma, arising from an extracardiac primary. (Please see companion DVD for corresponding video.)
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Fig. 18. Apical four-chamber (A4C) view showing compression of the right heart chambers from a large pleural mesothelioma.

(Please see companion DVD for corresponding video.)

pericardial or myocardial invasion (please see companion
DVD for corresponding video).

Metastatic spread frequently occurs by either direct
extension to the pericardium, or via lymphangitic or
hematogenous spread. Renal cell carcinoma, Wilms’
tumor, and hepatocellular carcinoma can invade the
right atrium by encroaching up the IVC, and bron-
chogenic neoplasms can enter the left atrium via the pul-
monary veins. The involvement of pericardium or
invasion of the tumor from either the cardiac free walls
(as opposed to septum) or contiguous great vessels may
be a clue to the secondary nature of these tumors.
Clinical symptoms from secondary metastases are
often the result of associated pericardial effusion and,
less frequently, to embolization or mass effect on the
myocardium (see next section).

EFFECTS OF CANCER ON THE HEART

Mass Effect: Extracardiac Compression
or Intracavitary Obstruction

Even tumors that do not directly involve the
heart and pericardium can occasionally be seen by

echocardiography. Anterior mediastinal masses (cysts,
thymomas, teratomas, lymphomas) can compress
the right ventricular outflow tract, whereas posterior
masses (sarcomas) or pleural tumors can compress
the left atrium and ventricle. Figure 18 is an example
of a pleural mesothelioma impinging on the right
atrium and right ventricular inflow tract (please see
companion DVD for corresponding video). Infiltrative
growth of a tumor can cause obstruction to cardiac
inflow or outflow, as in the superior vena cava syn-
drome. If the tumor invades onto a valve, prolapse of
the involved leaflets and associated regurgitation
ensues (the cause of the myxoma tumor “plop” in the
Case Vignette).

Direct Infiltration of the Myocardium

Direct infiltration of the myocardium can lead to
segmental wall motion abnormalities or restrictive
disease, causing congestive heart failure. Less fre-
quently, conduction disturbances have been described
when malignant tissue invades the area of the atri-
oventricular node or septum, which contains the con-
duction system.
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Fig. 19. (A) Transthoracic echocardiography showing the classic findings in carcinoid heart disease. Right ventricular inflow and api-
cal four-chamber (A4C) views show the characteristic immobility of the tricuspid valve leaflets (arrows). Wide-open tricuspid regur-
gitation is seen in the upper- and bottom-right panels. (B) The pulmonic valve cusps of the patient with the carcinoid syndrome (A),
were thickened, retracted, and fixed with a stenotic pulmonary valve orifice (left panel, parasternal short-axis view). Color flow
Doppler evaluation shows flow acceleration and turbulence across the stenotic pulmonary valve. (Please see companion DVD for cor-
responding video.)
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Post-

Pericardiocentesis
3

Fig. 20. These transthoracic images are from a 31-yr-old female who presented postpartum with a large pericardial effusion with
echocardiographic signs of tamponade. Following removal of almost 1 L of fluid, a large anterior mediastinal mass (curved arrow)
that displaced the heart posteriorly, compressing the aorta and left atrium (arrow) was noted on the parasternal long-axis (PLAX, B).
Computed tomography scans and computed tomography-guided biopsy and histology confirmed a lymphoma.

Valvular Involvement

Valvular involvement by a tumor can cause leaflet pro-
lapse and associated regurgitation (e.g., the mechanisms
behind the myxoma “plop” detected by auscultation), as
well as a functional stenosis because of obstruction.
Atrial fibrillation may be the indirect result. Carcinoid
heart disease is a distinctive clinical syndrome asso-
ciated with malignant carcinoid tumors (particularly
APUDomas and bronchial tumors), which secrete sero-
toninergic substances into the bloodstream. These
vasoactive peptides cause episodic symptoms such as
flushing and diarrhea. Within the heart, the hormones
cause severe thickening and fibrosis of the atrioventric-
ular valves, leading to retraction and fixation of the
leaflets in the open position during diastole, and hence
severe regurgitation. Typically with tumors involving
hepatic metastases, the tricuspid valve and/or pulmonic
valves are affected, whereas tumors involving the lungs
cause left-sided valvular abnormalities. Figure 19
shows apical and right ventricle inflow views of the
tricuspid valve in a patient with carcinoid heart disease;
note the immobilized leaflets without closure, and
consequent severe tricuspid regurgitation by color
Doppler (please see companion DVD for correspon-
ding video). Also note the Eustachian valve within the
right atrium, which is a normal anatomic structure.

Pericardial Involvement

Pericardial involvement is a common sequelae of
cancers that have invaded the pericardial space by

direct extension, or else via hematogenous or lymphatic
spread. The echolucent space is caused by effusive peri-
carditis, which can occasionally be hemorraghic (espe-
cially when caused by mesotheliomas) and expand
rapidly enough to cause tamponade. Areas of solid
tumor are usually seen as highly reflective, relatively
thick or nodular echodensities adjacent to the vis-
ceral or parietal pericardium, which may invade
underlying myocardium as well (Fig. 20). If solid
tumor encases a significant portion of the pericardial
sac, constrictive pericarditis can occur in addition
to effusive pericarditis.

Late and/or Indirect Effects

Finally, even when cancers do not directly involve
the heart, the treatment may have cardiac effects,
despite remission or even cure of the primary malig-
nancy. Chemotherapeutics of the vincristine class (adri-
amycin, daunorubicin, and others) are notorious for
causing dilated cardiomyopathy as a side effect in some
patients. The anti-HER2 monoclonal antibody, her-
ceptin, is often used in combination with anthra-
cyclines, and appears to cause heart failure, particularly
in patients who are older or have other cardiac risk fac-
tors. Thus, the ejection fraction should be followed
serially in these patients. Radiation therapy to the medi-
astinum can cause radiation pericarditis, which may be
eventually evolve into constrictive pericarditis; expo-
sure to such radiation also associated with accelerated
coronary artery disease in cancer survivors.
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CASE PRESENTATION 1

A 56-yr-old man with a history of hypertension
presented to the emergency department after an epi-
sode of syncope. Earlier that evening, while attending
a business meeting, he experienced dizziness and
diaphoresis, followed by a sudden loss of conscious-
ness. He was brought immediately to the emergency
department. On arrival, his blood pressure was
80/50 mmHg and his cardiac rhythm was regular at a
rate of 75 bpm. Examination of the head and neck
revealed no signs of trauma. There was no jugular
venous distention or carotid bruits. Heart sounds were
normal, and there were no murmurs, rubs, or gallops.
The neurological examination was notable for the
presence of a rightward gaze and left-sided weak-
ness. An electrocardiogram showed significant dif-
fuse ST segment depressions. Emergent surface
echocardiography showed a moderately dilated aortic
root with mild aortic regurgitation. This study also
showed a linear, highly mobile echogenic structure in

the aortic root that partially prolapsed into the left
ventricle (Fig. 1; please see companion DVD for cor-
responding video). This study prompted the requisi-
tion of an emergent transesophageal echocardiogram
(TEE) (Fig. 2; please see companion DVD for corre-
sponding video).

AORTIC DISSECTION: EPIDEMIOLOGY
AND PATHOPHYSIOLOGY

Aortic dissection is frequently a life-threatening condi-
tion and it is the most common emergency involving the
aorta. In the United States, approx 1020 cases per million
people occur annually. If the condition is left untreated,
the mortality rate has been reported to increase by 1-3%
per hour after presentation, and is approx 36—72% within
48 h of diagnosis, and 62-91% within 1 wk.

Aortic dissection occurs when a tear in the aortic
intima exposes the underlying media to the hydrodynamic
forces of blood within the aortic lumen leading to dissec-
tion within the media. A false lumen is created by blood

From: Contemporary Cardiology: Essential Echocardiography: A Practical Handbook With DVD
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Fig. 1. Parasternal long-axis (PLAX) view showing aortic root dissection flap that prolapses into the left ventricular outflow tract
during diastole. It was accompanied by new onset aortic regurgitation. (Please see companion DVD for corresponding video.)

filling the space within the media between the intimal flap
and the adventitia (Fig. 3). The initiating event is gener-
ally felt to be rupture of the intima with the subsequent
dissection through the media, although primary hemor-
rhage within the media with subsequent intimal perfora-
tion is a potential alternative mechanism. Shear forces
may lead to further tears in the intimal flap, which may
function as additional entry sites for blood into and from
the false lumen.

ETIOLOGY OF AORTIC DISSECTION

Acute aortic dissection usually occurs in association
with medial degeneration (Table 1). The great majority

of patients have a history of hypertension. Several con-
nective tissue disorders are also associated with aortic
dissection, such as Marfan and Ehlers-Danlos
syndromes. Marfan syndrome is responsible for the
majority of aortic dissection in patients under 40 yr old.
Bicuspid aortic valve, coarctation, Turner’s and
Noonan’s syndromes, polycystic kidney disease, and
family histories of dissection have been associated with
a higher risk of dissection. Pregnancy is another condi-
tion that increases the risk of dissection, especially dur-
ing the third trimester or during labor. Direct or indirect
trauma such as deceleration owing to a motor vehicle
accident may cause aortic dissection; usually this occurs
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Fig. 2. Transesophageal descending thoracic aorta short-axis in the same patient in Fig. 1A,B. Color flow Doppler shows systolic
flow within the true lumen (TL). Compare this to the false lumen (FL). (Please see companion DVD for corresponding video.)

in the aortic isthmus distal to the ligamentum arterio-
sum. Cardiac surgery is also associated with a risk of
aortic dissection, in particular bypass surgery and aortic
valve replacement. Patients with Takayasu’s disease and
other inflammatory collagen vascular diseases are also
at increased risk. Corticosteroid use has also been asso-
ciated with increased risk of dissection. Aortic dissec-
tion has also been reported to occur in association with
cocaine use, particularly crack cocaine, presumably
owing to abrupt elevations in systemic blood pressure.

LOCATION OF DISSECTION
It is important to distinguish proximal from distal
dissection for prognostic and therapeutic reasons (Fig. 4).

Proximal dissections involve the aortic root. Acute
proximal dissections are an acute cardiovascular emer-
gency requiring immediate surgical correction. Distal
dissections commence after the origin of the left
subclavian artery and propagate distally without aortic
root involvement. These distal lesions can usually be
managed medically.

ASSOCIATED FINDINGS IN AORTIC DISSECTION

The marked increased morbidity and mortality associ-
ated with proximal aortic dissection is secondary to the
potentially morbid sequelae of dissection. Dissection
proximally toward the heart represents one of the most
morbid complications of dissection. Dissections that



366

Hematoma

Benzaquen

Fig. 3. Pathological specimen showing a large intramural hematoma in a patient with acute aortic dissection. This 54-yr-old male pre-
sented to the emergency department with severe neck pains. His had a history of bicuspid aortic valve with aortic stenosis and regur-
gitation. (Image courtesy of Robert Padera, MD, Brigham and Women’s Hospital.)

Table 1

Factors Predisposing to Aortic Dissection

Predisposing factors for AD

* Hypertension (co-exists in 72—80% of AD)
e Bicuspid aortic valve disease (7-14%)

e (Cystic medial degeneration (e.g., Marfan syndrome
[5-9% of all AD cases], Ehlers-Danlos syndrome)

» Jatrogenic trauma: intra-arterial catheterization
and coronary angiography, cardiac surgery (aortic
cannulation site), intra-aortic balloon pump
cardiopulmonary bypass); before cardiac surgery
(up to 18% of all AD)

¢ Direct trauma

* Pregnancy (third trimester)

e Aging

e Cocaine abuse

e Coarctation of the aorta

e Takayasu’s disease

* Polycystic kidney disease

e Family history of AD

* Corticosteriods (prolonged use)

e Turner’s and Noonan’s syndromes

e Arteritis (e.g., Giant cell arteritis)

involve the aortic root can extend into the coronary
arteries causing an acute coronary syndrome; similarly,
dissections that involve the aortic arch can extend into

the great vessels causing stroke or transient ischemic
attack. Dissections extending into the aortic root can
also involve the aortic valve itself resulting in acute aortic
insufficiency. Dissections extending to the heart can
also extend into the pericardial space resulting in peri-
cardial effusion or even acute tamponade. Finally, dis-
sections are associated with marked weakening of the
aortic lining and can be associated with catastrophic
rupture of the aorta itself.

TRANSTHORACIC IMAGING

Transthoracic imaging (TTE) has a sensitivity of
59-85% and specificity of 63—96% for the diagnosis of
aortic dissection. This low sensitivity is mainly secondary
to the suboptimal visualization of the ascending aorta
beyond the sinotubular junction and poor visualization
of the aortic arch (Fig. 5). However, TTE is a highly
valuable tool for identifying complications of dissec-
tion. Aortic regurgitation and aortic root dilatation are
frequent findings and easily seen by TTE (Fig. 6; please
see companion DVD for corresponding video). Wall
motion abnormalities caused by occlusion of the coro-
nary arteries by the dissecting flap may be occasionally
identified. Furthermore, TTE is the preferred modality
to assess pericardial effusion and tamponade caused by
rupture of the dissected aorta into the pericardial space
(Table 2). TTE is also useful in the initial evaluation of
suspected aortic dissection involving the proximal
abdominal aorta (Fig. 7).
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Fig. 4. The Debakey and Stanford classifications of aortic dissection. The Stanford classification is the most commonly used. Type
A dissections involve the ascending aorta and aortic arch irrespective of the number or location of entry sites. Type A dissections are
generally surgical emergencies. Type B dissections, beginning distal to the subclavian, are most often managed medically.
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Fig. 5. Visualization of the aorta on transthoracic echocardiog-
raphy (TTE). Limited acoustic windows leave gaps in the TTE
examination of the aorta and renders relatively low sensitivity
(59-85%) of TTE in the diagnosis of aortic dissection. TTE is
nonetheless valuable in assessing related complications of aortic
dissection (e.g., wall motion abnormalities, pericardial effusion,
or tamponade, or evaluating other conditions that mimic aortic
dissection).

In general, TTE is of limited diagnostic value in the
initial assessment of aortic dissection and should be
used as an initial screening test among patients in
whom the clinical suspicion for aortic dissection is very

low. In this group of patients, the absence of direct and
indirect signs of dissection makes the diagnosis highly
unlikely. On the other hand, TTE is highly specific and
the visualization of the typical echocardiographic find-
ings of aortic dissection, particularly in patients with
proximal dissections, confirms the diagnosis (Table 3).

One of the most important uses of TTE in the eval-
uation of a patient with suspected aortic dissection is
to rule out other conditions that mimic aortic dissec-
tion (Table 4). These include acute coronary syn-
drome and myocardial infarction (might be associated
with a regional wall motion abnormality), acute pul-
monary embolism (might be associated with right
ventricular dysfunction). In addition, TTE can be very
useful in diagnosing associated conditions seen in
conjunction with or as complications of aortic dissec-
tion. These include acute aortic insufficiency, pericar-
dial effusion or tamponade caused by dissection into
the pericardium.

TRANSESOPHAGEAL IMAGING (SEE CHAPTER 23,
TEE PRIMER)

Early recognition of aortic dissection is critical
because the mortality rate is very high if left untreated.
Thus, diagnostic accuracy is of crucial importance when
selecting an initial diagnostic test to evaluate a patient
with suspected aortic dissection. There are a number of
noninvasive approaches to rapid diagnosis of suspected
aortic dissection. Although contrast-enhanced computed
tomography scanning has become the method of choice
in many institutions (Table 5), TEE is a good alternative
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Fig. 6. Two-dimensional guided M-mode showing aortic root dilatation in a 44-yr-old female with Marfan syndrome. (Please see

companion DVD for corresponding video.)

Table 2
Possible Transthoracic Echocardiography
Findings in Aortic Dissection

1. Mobile dissection (intimal) flap within:

Aortic root (PLAX, PSAX)

Sino-tubular junction and ascending aorta (high PLAX)
Aortic arch (SSN)

Descending thoracic aorta (PLAX, A2C)

Proximal abdominal aorta (SC)

Flail aortic leaflet(s) (PLAX, PSAX, apicals)
Aortic root dilatation

Acute aortic insufficiency (PLAX, PSAX, apicals)
Wall motion abnormality (left ventricle)

Pericardial effusion or tamponade (SC, PLAX, SAX)

Differential color Doppler flow patterns within true and
false lumen (PLAX, SSN, SC, apicals)

8. Pulse Doppler examination of flow at entry/exit sites
and within true and false lumen (SSN, SC, apicals)

o0 o

Nk wD

Apicals, apical five-chamber and apical (long-axis) five-chamber
view, Apical two-Chamber (A2C); PLAX, parasternal long-axis
views; PSAX, parasternal short-axis views; SC, subcostal views;
SSN, suprasternal notch views. TTE, transthoracic echocardiographic.

choice (Table 6). TEE offers several advantages when
compared to other noninvasive methods: it is highly
accurate, fast, relatively safe, and inexpensive. Because
it can be performed at the bedside, it is often preferred
among intubated and critically ill patients. Moreover,

TEE is the only diagnostic modality that can be used in
the operating room during aortic dissection repair to
monitor flow in the thoracic aorta during cardiopul-
monary bypass, and to evaluate the need for further sur-
gical interventions such as aortic valve replacement in
patients with aortic dissection complicated by signifi-
cant aortic regurgitation.

The aortic valve, aortic root, proximal ascending, distal
aortic arch, descending thoracic, and proximal abdominal
aortas are all well visualized with this approach (Figs. 8
and 9). However, the region of the distal ascending aorta
and proximal aortic arch (TEE blind areas) is subopti-
mally visualized by this technique owing to the interpo-
sition of the trachea and bronchi between the transducer
in the esophagus and the aorta. One potential limitation
of the technique because of this “blind spot” is that dis-
sections that begin at the site of aortic cannulation fol-
lowing bypass surgery and travel distally can be missed.

In several studies, the sensitivity and specificity of
TEE has consistently been high, ranging from 97 to
100% and 95 to 98%, respectively, for the diagnosis of
aortic dissection. The echocardiographic finding con-
sidered diagnostic of an aortic dissection is the pres-
ence of an undulating linear density (intimal flap)
within the aortic lumen separating the true and false
channels (Figs. 10-12 [please see companion DVD for
corresponding video for Figs. 10 and 11]; Table 7). The
flap usually has independent motion from that of the
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Fig. 7. Transthoracic echoardiography (TTE) can provide information on aortic dissection involving the proximal abdominal aorta.
This 54-yr-old female patient presented with a history of back pains. Two-dimensional, M-mode, and Color flow Doppler images of
her dissection appear below. Note the differential flow patterns between the true lumen (TL) and the false lumen (FL).

Table 3
Utility of Transthoracic Echocardiography
in Aortic Dissection

Advantages/disadvantages of TTE in Aortic Dissection

Advantages
Rapid diagnosis (for sinotubular and abdominal aortic
dissection)

Best utility for complications accompanying aortic
dissection (e.g., aortic, myocardical, and pericardial
involvement)

Portable (bedside or operating room)
Safe

Inexpensive

Requires no sedation or anesthesia

Disadvantages

Suboptimal visualization of thoracic aorta

Limited diagnostic value for initial diagnosis and assessment
Relatively low sensitivity (59—85%) and specifity (63-96%)

TTE, transthoracic echocardiography.

heart and aortic walls and its presence should be sought
in different planes. Color flow Doppler confirms the
presence of two lumina by the demonstration of differ-
ential color flow patterns between the true and the false
lumen with the true lumen usually displays pulsatile

Table 4

Conditions Mimicking Acute Aortic Dissection

Differential diagnosis of acute aortic dissection

Acute coronary syndromes and myocardial infarction
Acute pulmonary embolism

Acute pericarditis

Acute pleurisy

Esophageal spasm

Other causes of acute chest pain syndromes

RN

Other causes of the acute abdomen (for abdominal
aortic dissection)

systolic flow. Identification of the entry site of the dis-
section may also help in the identification of the true
lumen from the false one (Figs. 13 and 14; please see
companion DVD for corresponding video for Fig. 13).
TEE can identify the spatial extent of dissection and
sites of intimal tears. TEE can also detect and charac-
terize complications of potential prognostic and thera-
peutic importance such as pericardial effusion, aortic
regurgitation, and dissection into the right ventricle or
the right atrium creating aorta-to-right ventricle or
atrium fistulas. TEE may provide additional information
useful to the surgeon such as whether the intimal flap
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Table 5

Imaging Modalities and Diagnostic Performance in Suspected Aortic Dissection
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Transesophageal Magnetic resonance
Diagnostic performance echocardiography Angiography Computed tomography imaging
Sensitivity - ++ +++ +H+
Specificity +++ +++ -+ -+
Site of internal tear ++ ++ + -
Presence of thrombus + ++ ++ -+
Presence of aortic +++ +++ - +
insufficiency

Pericardial effusion - - ++ +++
Branch vessel involvement + +H+ ++ ++
Coronary artery involvement ++ ++ - -

Modified from Cigarroa JE, Isselbacher EM, DeSantis RW, Eagle KA. Diagnostic imaging in the evaluation of suspected aortic dissec-

tion: old standards and new directions. N Engl J Med 1993;328:35.
+++ excellent; ++ good; + fair; — not detected

Table 6
Utility of Transesophageal Echocardiography
in Aortic Dissection

Advantages

Accurate (sensitivity 97-100%; specificity 95-98%)
Rapid diagnosis

Portable (bedside or operating room)

Real-time intra-operative monitoring and evaluation
Safe—Ilow complication rate

Inexpensive

Disadvantages

Blind spots in thoracic aorta (distal ascending aorta and
aortic arch)

No visualization of abdominal aorta

Intravenous conscious sedation; topical oropharyngeal
anesthesia

Relative contraindication in certain cervicofacial and
esophageal injuries

involves the ostia and proximal segments of the coro-
nary arteries.

PITFALLS IN THE DIAGNOSIS OF AORTIC DISSECTION

Reverberations and beam-width artifacts can cause
false linear echodensities within the aortic lumen that
mimic aortic dissection. This is not an uncommon finding
in aortas with extensive plaque formation or in dilated
ectatic vessels (Fig. 4A; see Chapter 1, Fig. 8). TEE-
derived M-mode echocardiography can help to identify
reverberation artifacts originating from the posterior wall

of the aorta or adjacent venous structures, and to differen-
tiate these artifacts from dissection. Artifacts are located at
a distance from the source that is predicted by ultrasound
physical principles; and they have similar motion patterns
with the suspected source. In one study, the use of M-mode
echocardiography significantly improved the sensitivity
and specificity of TEE from 87-93.5% to 93.5-96.8% and
from 85.1-94.1% to 99-100%, respectively, suggesting
that M-mode echocardiography should be performed in
indeterminate cases of aortic dissection.

On the other hand, small dissections limited to the
distal ascending aorta and proximal aortic arch could be
missed because of interference from the air-filled tra-
chea. Sometimes, intimal thickening with minor distor-
tion of the aortic wall may be the only sign of a
localized dissection when the false lumen is throm-
bosed and the flap is relatively immobile.

CASE PRESENTATION 2

A 72-yr-old woman was brought to a hospital
emergency room with severe chest pain. She had a
history of hypertension and hypercholesterolemia.
She had no history of chest pain before this episode
and had been in her usual state of health. On arrival
to the emergency department, her blood pressure was
190/105 mmHg and her cardiac rhythm was regular
at a rate of 87 bpm. An emergent transesophageal
echocardiogram was obtained (Fig. 15; please see
companion DVD for corresponding video).
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Fig. 9. Aortic measurements by transesophageal echocardiography of mid esophageal aortic valve long-axis and the descending aortic

short-axis (insert) still frames. Mild dilatation of the proximal ascending aorta is seen in this study.
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Fig. 10. Midesophageal aortic valve long-axis views of a 69-yr-old male with a history of hypertension and paroxysmal atrial fibril-
lation. Moderate dilatation of the proximal aorta with a mobile dissection (intimal) flap were seen (arrows). Severe aortic regurgita-
tion was present. He underwent total replacement of his aortic root with coronary artery re-implantation. (Please see companion DVD
for corresponding video.)
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Fig. 11. Further transthoracic echocardiography (TEE) descending aortic short axis views of the patient in Fig.10 revealed involve-
ment of the entire thoracic aorta. This is therefore a Stanford type A or Debakey type I aortic dissection (Fig. 4). Note color flow
Doppler pattern within the true lumen (TL) and the false lumen (FL) and pulsed Doppler interrogation revealing pulsatile flow within
the true lumen. (Please see companion DVD for corresponding video.)
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Fig. 12. Transesophageal echocardiographic examination of the aorta in suspected aortic dissection involves careful multiplane exam-
ination of the entire thoracic aorta (Fig. 8). Images in this patient (omniplane 78°) revealed undulating intimal flaps that moved inde-
pendently of the aortic walls. The perfusing lumen can be differentiated from the nonperfusing lumen on Color flow Doppler and
pulsed Doppler interrogation. Note the systolic expansion of the true or perfusing lumen (TL) during systole.

INTRAMURAL HEMATOMA

An aortic intramural hematoma (IMH) is a hemor-
rhage limited to the medial layer of the aortic wall with-
out intimal disruption (Figs. 3 and 15A,B; please see
companion DVD for corresponding video for Fig. 15).
Although the pathogenesis of IMH remains unclear,
rupture of the vasa vasorum located within the medial
layer of the aorta and rupture of an atherosclerotic
plaque are considered to be the initiating events that
lead to IMH.

TEE is an important imaging modality for the diag-
nosis of IMH. The typical TEE finding of IMH is a
focal or diffuse thickening of the aortic wall in the
absence of an intimal flap or any communication
between the aortic lumen and the IMH. IMH should be
differentiated from thrombosed aortic aneurysms, dis-
section with thrombosed false lumen, and complex aor-
tic atherosclerotic plaques.

Table 7
TEE Findings in AD

1. Mobile dissection (intimal) flap within aortic root,
aortic arch, ascending and descending aorta
2. True and false lumen separated by intimal flap

W

Intimal tear(s) with communication site(s): entry or
exit site(s)

Aortic aneurysm

Coronary branch artery involvement

Aortic branch artery involvement

Aortic intramural hematoma

Flail aortic leaflet(s)

e A

Acute aortic insufficiency
10. Hemopericardium and pericardial tamponade

In some patients, IMH may regress or even com-
pletely disappear, whereas it may progress to aortic
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Fig. 13. Midesophageal short-axis view (omniplane 0°). Color flow Doppler examination in this 42-yr-old female patient with acute aortic
dissection reveals the entry site and flow from true lumen (TL) to the false lumen (FL). (Please see companion DVD for corresponding video.)
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Fig. 14. (See legend, facing page)
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Fig. 14. (A) Descending aortic long axis view in a patient with Type B aortic dissection shows intimal tear (arrow) and flow accel-
eration at entry site. Note acoustic shadowing from calcific atheromatous changes near intimal tear. Mirror artifacts are common on
transesophageal echocardiography (see Chapter 1, Fig. 8). (B) Pulse Doppler interrogation at the site of intimal tear confirms flow

from true to false lumen.
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Fig. 15. (A) Midesophageal ascending aortic long axis view in 72-yr-old female showing proximal ascending aorta with large
echodensisity protruding into aortic lumen, but confined by intima. It proved to be an intramural hematoma that involved the entire
ascending aorta. No intimal tear was seen at surgery. (B) Color flow Doppler examination of patient (A) shows flow confined to the
true aortic lumen with no communication visible between both cavities. (C) Midesophageal ascending aortic short-axis views of the
aora in the same patient showing the intramural hematoma (left panel) and luminal flow confined to the aortic lumen (right panel).

(Please see companion DVD for corresponding video.)

dissection and aortic rupture in other patients. These
vascular complications account for the high acute
mortality from IMH (up to 30%). In general, proxi-
mal IMH are treated surgically, whereas medical

management with serial imaging studies is reserved
for patients with distal IMH. Persistence of IMH has
been associated with a poor prognosis so close
follow-up is recommended.
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Fig. 15. (Continued)

OTHER DISEASES OF THE AORTA:
PROXIMAL AORTIC ANEURYSM WITHOUT
DISSECTION AND MARFAN SYNDROME

As previously mentioned, patients with Marfan syn-
drome are at significantly increased risk for aortic dissec-
tion. Echocardiographic evaluation of patients with
Marfan syndrome should include a careful evaluation of
the proximal aorta. The aortic size should be measured in
three separate locations (Fig. 9; see Chapter 12, Fig. 3) at
the root, just below the aortic valve, at the sinotubular
junction, and approx 1 cm above the sinotubular junction.
In advanced aortic disease secondary to Marfan syn-
drome, the normal contour of the root and sinotubular
junction (which resembles an old-fashioned Coca-Cola®

glass, wider at the sinuses and tapering at the sinotubular
junction), can become stretched and the sinotubular junc-
tion itself can become indistinct. Aortic diameters more
than 5 cm or rapidly changing aortic diameter (even at
lower absolute diameters) in patients with Marfan syn-
drome should prompt surgical intervention.
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INTRODUCTION

Historically, the evaluation of patients with suspected
congenital heart disease relied heavily on the results of
the physical exam and cardiac catheterization. In the
current era, the initial assessment of congenital lesions
can now be safely and easily accomplished with cardiac
ultrasound, often without the need for further invasive
testing. One of the most frequently encountered acyan-
otic congenital lesions in clinical practice is the atrial
septal defect (ASD), of which echocardiography pro-
vides invaluable information in the initial assessment,
follow-up, and management. The spatial resolution of
echocardiography allows for accurate classification of
ASDs and a comprehensive evaluation of associated
cardiac pathology. A quantification of shunt flow and
hemodynamics can be easily accomplished with Doppler,
and provide an objective means of follow up for these
patients. Finally, echocardiography can be used to guide
percutaneous closure of ASDs, providing an important
avenue for minimally invasive intervention. Thus,
echocardiography is currently the basis for the initial
diagnosis, follow-up, and when appropriate, manage-
ment of ASDs.

ANATOMIC AND ECHOCARDIOGRAPHIC
OVERVIEW

During embryological development, the right and
left cardiac atria are formed with the growth of the
atrial septum. This dividing wall between the atria orig-
inates with the growth of two separate septa: septum
primum and septum secundum. The first to be formed
is the septum primum, which grows from the superior
aspect of the atria wall inferiorly, toward the enodcar-
dial cushions between the atria and ventricles (Fig. 1A).
In its normal development, the septum primum attaches
to the endocardial cushions, with eventual resorption of
the superior attachment. Concurrently, a second septum
develops slightly to the right of the septum primum,
with progressive growth from the superior aspect of the
atrium toward the endocardial cushions, but does not
reach or attach to this area. Therefore, when developed,
the septum primum attaches inferiorly to the floor of the
atrial cavity and the septum secundum superiorly to
the roof the atria. Together, these two septa overlap to
form the basis of the interatrial septum, between which
the foramen ovale is formed (Fig. 1B). The foramen
ovale is patent during development but normally closes

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. (A) The first step in the formation of the interatrial septum is the growth of the primum septum. (B) Partial resorption of the
primum septum leaves fenestrations that coalesce in the formation of a second interatrial connection—the ostium secundum. This
occurs concurrently with the descent of a second septum—the septum secundum—to the right of the septum primum. Both septae
fuse except in the region called the foramen ovale which permits oxygenated blood to bypass the fetal lungs and hence to the fetal
systemic circulation.
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Fig. 2. The anatomic distribution of atrial septal defects. Four major types are described as shown.

shortly after birth when left-sided pressures exceed right
and seal the two septa together.

ASDs form when the interplay of septal formation is
deranged. Several forms of interatrial communication
can therefore result. Four major ASDs can be classified
and correspond to the anatomic region where the defect
arises: secundum defect, primum defect, sinus venosus
defect, and coronary sinus defect (Fig. 2). Occasionally,
when the septum primum and secundum do not fuse
after birth, a persistent orifice may be present, the so-
called patent foramen ovale (PFO). This foramen can
be physiologically patent with interatrial shunting in
the direction of higher to lower pressure. Each of these
congenital lesions of the atrial septum can be easily
characterized by echocardiographic measures.

Transthoracic echocardiography is useful in the
diagnosis and assessment of ASDs. Three main
transthoracic views can be used to assess for ASDs in
the majority of cases: (1) parasternal short axis at the
level of the aortic valve, (2) apical four-chamber view,
and (3) subcostal four-chamber view. In the apical four-
chamber view, the atrial septum is a relatively deep
structure and susceptible to echo signal dropout.
Echolucency of this region should therefore be inter-
preted with caution without confirmation in other views
or with color Doppler. Of these views, the subcostal
four-chamber view may be most suited for the two-
dimensional assessment of ASDs, as the ultrasound
beam is most perpendicular to the septa in these views.

Table 1
ASD Types and Associated Cardiac Anomalies

Type Associated anomalies

Atrial septal aneurysm

Cleft mitral valve

Anomalous pulmonary venous
drainage

Persistent left superior vena cava

Septum secundum
Septum primum
Sinus venosus

Coronary sinus

Associated anomalies are not mutually exclusive.

Typically, secundum and primum septal defects can be
seen with transthoracic imaging. However, multiplane
transesophageal echocardiography may be needed to
visualize sinus venosus or coronary sinus defects with
certainty. Multiplane transesophageal imaging is highly
accurate in visualizing the anatomical relationships and
associated anomalies sometimes seen with ASDs
(Table 1).

The use of color and spectral Doppler can enhance
the detection of these defects. Color flow Doppler
can confirm the presence and direction of interatrial
shunting across visualized aspects of the atrial septum
(Fig. 3; please see companion DVD for corresponding
video). The color flow signal may also aid in measuring
the size and number of defects. For example, should
several color flow jets be seen across the area of the
septum, a fenestrated defect is implied. Thus, color
should be used in different views in order to assess for
these flow abnormalities.
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Fig. 3. Atrial four-chamber view showing defect or possible drop out in the interatrial septum (arrow, A). Color flow Doppler inter-
rogation showed a typical pattern of predominant left-to-right shunting as seen with secundum atrial septal defects (B). (Please see

companion DVD for corresponding video.)

Should the result of a color and spectral Doppler exam
be equivocal, an intravenous agitated contrast saline
injection can be used to detect interatrial shunting. This
effect is dependent on the fact that the bubbles created
from the agitated saline are filtered in the pulmonary vas-
culature and do not cross to the left heart. Thus, contrast
should only be seen in the right heart chambers in the
absence of intracardiac and intrapulmonary shunting. In
the typical case of an uncomplicated ASD, left atrial
pressures are higher than right atrial pressures and direct
predominant left-to-right shunting with occasional early
crossing of contrast bubbles to the left heart from right-to-
left shunting. Contrast is injected from an upper extrem-
ity and enters the right atrium via the superior vena cava
(SVC) and tends to be directed more toward the tricuspid
valve than the atrial septum, in contrast to blood from the
inferior vena cava (IVC), which is usually directed more
toward the atrial septum via the eustachian valve. An
adequate contrast injection is attained when the bubble
contrast is seen to appose the area of the septum.
Valsalva maneuver is often used to assess for interatrial
shunting with contrast by accentuating right-to-left shunt-
ing. The presence of contrast bubbles in the left heart
early after injection signifies an interatrial shunt,
whereas the appearance of late contrast bubbles (>3-5
cardiac cycles) in the left heart suggests an intrapul-
monary shunt (Fig. 4; please see companion DVD for
corresponding video).

Typically, ASDs confer a volume load on the right
heart. Therefore, a pattern of right ventricular overload is

often seen. The right ventricle is often dilated with pre-
served systolic function. The right atrium is often
enlarged. Because of the volume load, ventricular septal
motion may be abnormal and display paradoxical motion.
The pulmonary pressures will vary depending on the
hemodynamic impact of the lesion. In the extreme and
rare case, Eisenmenger’s physiology may result, with pul-
monic pressures equal to or higher than systemic blood
pressure.

Quantification of shunt flow can be accomplished
with a comparison of pulmonary blood flow to systemic
blood flow. The Qp/Qs ratio has been used to measure
the hemodynamic impact ASDs. This result is found by
calculating flow across the pulmonary valve and divid-
ing this by flow across the aortic valve (Figs. 5 and 6).
Flow is calculated by multiplying the cross-sectional
area of the outflow tract with the time-velocity integral
(TVI). Therefore,

7 (radius of RVOT)? X TVI ;.
T (radius of LVOT)? x TVI

QP/QS:

LVOT

Accurate Qp/Qs calculations necessitate precise meas-
urements, particularly pertaining to the size of the valvular
annuli, and are valid in the absence of significant regur-
gitant or stenotic lesions of the semilunar valves.

SECUNDUM ASD

Secundum ASDs are one of the most frequently
encountered congenital cardiac defects in clinical practice
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Fig. 4. Agitated saline contrast echocardiography in this 28-yr-old female who complained of migraine headaches shows good opacifi-
cation of right heart chambers. Clear evidence of right-to-left shunting (appearance of saline bubbles into left heart chambers) occurred
early during rest. She was diagnosed with a secundum atrial septal defect. (Please see companion DVD for corresponding video.)
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Fig. 5. Quantification of shunt flow (Qp:Qs) requires measurement (see Anatomic and Echocardiographic Overview section). Systemic flow
calculation requires measurement of left ventricular outflow tract diameter (A) and the velocity time integral (VTI) by PW Doppler (B).

along with bicuspid aortic valves. The lesion results
from the incomplete development of the septum
secundum, leaving a central patency between the
right and left atria (Fig. 7; please see companion
DVD for corresponding video). Occasionally, there
may be more than one opening in the septum so that
a fenestrated septum results. This is often clearly
delineated on transthoracic imaging with the use of
color flow Doppler around the area of the central
portion of the septum (Fig. 8). Shunt flow can be seen
with the use of pulse wave Doppler across the defect.

Usually some transient right-to-left shunting can be
seen with these defects, typically corresponding with
ventricular contraction. Occasionally, with the use of
intravenous agitated saline in the right heart, an echo-
lucent silhouette of blood flow may be seen in the
right atrium when predominant left-to-right shunting
is present, the so-called “negative contrast effect.”
However, because saline contrast is often injected
from an upper extremity, this “negative contrast effect”
should be interpreted with caution as this can also be
produced by contrast-free caval blood flow emanating
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Fig. 6. Pulmonary flow is similarly calculated following measurement of the right ventricular outflow tract at the level of the

pulmonary valve (B).

Fig. 7. Midesophageal view of the interatrial septum with color Doppler applied shows left-to-right shunt via a secundum atrial septal

defect. (Please see companion DVD for corresponding video.)

from the IVC flushing against the area of the fossa
ovalis.

Secundum ASDs may be associated with other cardiac
anomalies. Occasionally, atrial septal aneurysms may be
seen with secundum ASDs. In these cases, the atrial

septum is hypermobile and bows into either atrial
chamber, varying with respiratory variation. When
rheumatic involvement of the mitral valve is concomi-
tantly present with an ASD, Lutembacher’s syndrome
is said to be present.
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Fig. 8. Transthoracic apical four-chamber view (A4C) with color flow Doppler interrogation of the interatrial septum shows

left-to-right shunt via a secundum defect.

PRIMUM ASDs

Primum ASDs result from the incomplete develop-
ment of the septum primum with the endocardial
cushions in the region of the atrioventricular (AV)
valves. Also called partial AV canal defects, this lesion
results in an atrial communication that is seen inferi-
orly, in the lower portion of the atrial septum that nor-
mally is fused with the AV valvular apparatus. The AV
valves are therefore affected, typically involving the
mitral valve, where a cleft may be seen in the anterior
leaflet. Mitral regurgitation may also be seen.
Interventricular shunts are not generally seen with this
abnormality.

The features of this defect can usually been seen
with transthoracic imaging. In the four-chamber view
(apical or subcostal), the AV valves may appear to lie
on the same plane, forming a *“T,” referring to the align-
ment of the AV valves with the ventricular septum. An
echolucent space can be seen above the AV valves, usually
with a nonrestrictive shunt seen by color flow Doppler.
The “goose neck” deformity seen angiographically on
left ventriculography can occasionally be seen echo-
cardiographically as an abnormal appearing left ven-
tricular outflow tract.

SINUS VENOSUS SEPTAL DEFECT

The sinus venosus ASD is an interatrial communi-
cation that arises near the junction of the vena cava
with the right atrium (Fig. 9; please see companion
DVD for corresponding video). Therefore, this defect
can present in two distinct morphologies. More com-
monly, the defect is located superiorly at the site of

the SVC drainage to the right atrium but can be pres-
ent inferiorly at the junction of the IVC and right
atrium. In either case, these defects may be difficult
to define anatomically via transthoracic imaging
alone. However, transesophageal echocardiography
can easily define the defect and any associated
pathology. Imaging the atrial septum in the superior-
inferior dimension (bicaval transesophageal view)
often may reveal the defect.

Sinus venosus defects can be associated with other
cardiac pathology. Commonly, the right upper pul-
monary vein is anomalous when the venosus defect is
seen at the junction of the SVC and right atrium. The
anomalous vessel can connect to the SVC in the more
typical case. However, the anomalous connections can
be diverse in either morphology of sinus venosus
defect, necessitating a meticulous definition of pul-
monary venous drainage in these cases as a further
cause of left-to-right shunting.

CORONARY SINUS ASD

This rare type of ASD presents an interatrial com-
munication via an unroofed coronary sinus. Therefore,
the defect is seen at the site of origin of the coronary
sinus. A persistent left SVC is associated with this
defect and can often be seen to drain into the coronary
sinus or left atrium.

This defect may not be visualized on routine trans-
thoracic echocardiography. However, the defect may be
suggested by the constellation of right heart overload, a
dilated coronary sinus, and the presence of a persistent
left SVC. Multiplane transesophageal echocardiography
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Fig. 9. Mid esophageal bicaval view showing sinus venous defect (superior vena cava [SVC]-type). Note the direction of flow across
the defect—from left atrium to right atrium. (Please see companion DVD for corresponding video.)

Fig. 10. Color flow Doppler demonstrates the presence of the coronary sinus ASD with left-to-right shunt. Note also the small shunt

arising from a patent foramen ovale (PFO).

should be used to confirm the presence of this defect
and associated pathology (Fig. 10). Intravenous injec-
tion of agitated saline contrast into the left arm can be
used to evaluate the site of drainage of the left SVC
(Fig. 11).

PATENT FORAMEN OVALE

This defect is not a true defect in embryological
development of the either the septum primum or secun-
dum. Rather, this lesion is the result of the failure of per-
manent fusion of the normally developed atrial septa.
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Fig. 11. Midesophageal view showing agitated saline contrast (bubble) study injection into the left arm. Bubbles were seen entering the
coronary sinus, then the left atrium (LA), and then into the right atrium (RA).

Therefore, a dynamically patent orifice acting similar to
a flap valve is present and may respond to interatrial
pressure changes (Fig. 12; please see companion DVD
for corresponding video; see alsOo Chapter 17). Thus a
right-to-left shunt may be present when right atrial pres-
sures increase higher than left atrial pressures, such as
with Valsalva, coughing, and so on. The defect may
be functionally sealed when left atrial pressures exceed
right, with only occasional right-to-left shunting.

The presence of this defect is easily evaluated with
agitated saline contrast injection. Normally, the proce-
dure is performed with and without Valsalva maneuver,
as right-to-left shunting may not be seen under baseline
conditions. The presence of contrast bubbles early after
appearance in the right heart indicates the presence of
right-to-left shunting. Color Doppler over the area of the
fossa ovalis can often detect this defect. Transthoracic
subcostal imaging or multiplane transesophageal
echocardiography can usually illustrate the defect.

ECHOCARDIOGRAPHY
IN THE MANAGEMENT OF ASDs

An accurate evaluation of the hemodynamic impact
of the shunt is necessary following diagnosis. The degree
of shunt flow is quantified by indexing pulmonary
blood flow to systemic blood flow, the Qp/Qs ratio.

Traditionally, when pulmonary blood flow exceeds sys-
temic blood flow by 50% (a Qp/Qs ratio of 1.5:1.0),
repair of the defect is recommended. However, in the
case of ASDs with smaller shunts (ratios of <1.5:1.0),
repair may still be appropriate owing to the risks for
other problems including atrial arrhythmias, progres-
sive pulmonary hypertension, congestive failure,
or paradoxic emboli. PFOs have been repaired after
cryptogenic stroke, especially in young patients.

Percutaneous closure of secundum ASDs and PFOs
have been performed using transcatheter devices in
experienced centers. Recent clinical data suggests that
percutaneous closure techniques are safe and effective,
supporting a less invasive alternative to surgical closure.
A variety of devices are available for transcatheter
closure such as the Amplatzer and CardioSeal closure
devices.

The deployment of transcatheter devices for ASD
or PFOs are generally guided by echocardiographic
techniques (Fig. 12; please see companion DVD for
corresponding video). Transesophageal echocardiog-
raphy or intracardiac echocardiography are important
tools for the morphological characterization of the
lesion. For example, an accurate description of the
ASD size and rim measurements is invaluable infor-
mation in guiding device deployment. During PFO
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Fig. 12. Stages of percutaneous closure of a secundum atrial septal defect (ASD; A) using an Amplatzer device are shown on trans-
esophageal echocardiography guidance. Balloon sizing of the defect (B) is followed by sequential deployment of the left atrial and
right atrial arms of the device (C) (picture insert: AMPLATZER® Septal Occluder ASD). Following release of the device, interro-
gation of the closure was performed using Color Doppler (D) and agitated saline contrast. (Please see companion DVD for corre-

sponding video.)

closure, transeptal puncture can be guided as well as
an assessment of the PFO tunnel size and septal stiff-
ness. Overall, echocardiography during device deploy-
ment is important for device sizing, positioning, and the
assessment of residual shunting postdevice deploy-
ment (Fig. 12; please see companion DVD for corre-
sponding video).

SUMMARY

In the current era, echocardiography provides a com-
prehensive assessment of ASDs. From initial diagnosis,
classification, and assessment of associated lesions,
echocardiographic techniques have largely supplanted
cardiac catheterization. Further, as the placement of
transcatheter devices for shunt closure is becoming an
increasingly popular alternative to surgical closure, echo-
cardiography is rapidly expanding as an interventional

tool. As cardiac ultrasound expands to intracardiac and
three-dimensional technologies, its future role in the
assessment of simple and complex congenital cardiac
lesions will certainly continue to evolve.
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ADULT CONGENITAL HEART
DISEASE IN GENERAL
ECHOCARDIOGRAPHY PRACTICE

The spectrum of adult congenital heart defects seen in
echocardiography practice varies according to institu-
tional practice and expertise. Half a century ago, survival
with severe congenital heart disease was less common.
Today, nearly 80% of such patients in industrialized soci-
eties now survive into adulthood. Most are followed up in
centers that specialize in adult congenital heart diseases
(CHDs), but it is not uncommon for such adults to be seen
in general echocardiography practice.

Most CHDs are compatible with survival to adulthood
without need for surgical intervention (Table 1). Indeed,
some lesions, e.g., mitral valve prolapse, bicuspid aortic
valves (BAVs), patent foramen ovale, atrial septal
defects, and Marfan syndrome may be completely
asymptomatic. More severe or complex defects require
interventions early in life (Table 2).

This chapter introduces the fundamentals of echocar-
diographic assessment in CHD followed by a concise
summary of the more common CHD seen in general
adult echocardiography practice. All images shown are
from adults who were seen in general echocardiography
practice.

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

391



392

Table 1
Congenital Heart Disease in Adults Compatible
With Survival to Adulthood With No Prior Surgery

or Intervention

Bulwer and Landzberg

Echocardiography in Adult CHD

Echocardiography, both transthoracic (TTE) and
transesphageal (TEE), play central roles in the diagnosis
and management of CHD (see Chapter 4, Table 15 for

Mitral valve prolapse
Bicuspid aortic valve
ASD

Marfan syndrome

Isolated restrictive or moderately restrictive ventricular
septal defects

Mild aortic stenosis (valvular, supravalvular, subvalvular)

Mild pulmonary valve stenosis

Small patent ductus arteriosus

Ostium primum ASD (AV septal defect)
Ebstein’s malformation

Corrected transposition (transposition of the great arteries)

(AV-to-ventriculoatrial discordance)

Class I indications for echocardiography in adult CHD).

Optimal echocardiographic examination and inter-
pretation requires knowledge and experience in the
following:

ASD, atrial septal defect; AV, atrioventricular.

Table 2

Normal cardiac anatomy and physiology.

The spectrum of adult CHDs.

The segmental approach to echocardiography
examination.

Palliative and corrective surgical and transcatheter
interventions and techniques (past and present).
Postoperative and postintervention residua and
complications.

Superimposed acquired age-related heart disease,
e.g., hypertension, coronary artery disease.

Spectrum of Congenital Heart Disease

L. Chambers and valves in normal sequence and position {S,D,S}

A Shunting predominant
1. Atrial septal defect (Chapter 21)
2. Atrioventricular septal defects (Chapter 21)
3. Isolated ventricular septal defect
4. Patent ductus arteriosus”
B Stenosis or obstruction predominant

1. Absent AV connections (tricuspid and mitral atresia)

2. Absent or obstructed ventriculoarterial connections (pulmonary atresia, aortic atresia, subaortic obstruction,

aortic stenosis)

3. Obstructed great arteries (coarctation of the aorta?, aortic atresia)

4. Obstructed venous flow (total anomalous pulmonary venous return)

C Anomalous valve position
1. Ebstein’s malformation (anomaly)*

II. Chambers and valves not in normal sequence or relationship

A Anomalies of relationships between atria and ventricles

1. Double-inlet left or right ventricle (with univentricular heart)

2. AV discordance (congenitally corrected transposition of great arteries [L-TGA])“

B Anomalies of relationships between ventricles and great arteries

1. Tetralogy of Fallot
2. Double-outlet right and left ventricles
3. Truncus arteriosus

4. Ventriculoarterial discordance (transposition of the great vessels D-TGA)“

“Discussed in this chapter.

AV, atrioventricular.

Modified from Kisslo JA, Adams DB, Leech GJ. Essentials of Echocardiography: Congenital Heart Disease. New York: Ceiba-Geigy, 1988.
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Fig. 1. The distinguishing characteristics of each cardiac segment—atria, ventricles, and great vessels—are used in the segmental
approach to describe cardiac anatomical relationships. IVC, Inferior vena cava; LCA, left coronary artery; LLPV, left lower pul-
monary vein; LUPYV, left upper pulmonary vein; PA, pulmonary artery (right and left); RCA, right coronary artery; RLPV, right lower
pulmonary vein; RUPYV, right upper pulmonary vein; SVC, superior vena cava.

Segmental Approach to CHD

A good relationship between adult and pediatric
sonographers and cardiologists can optimize the
quality of the echocardiographic examination in
patients with adult CHD.

To simplify and standardize the complicated and
confusing embryological descriptions of the past, a log-
ical descriptive method called the segmental approach
or sequential segmental analysis has been adopted. This
method evaluates the sequence of bloodflow through-
out the entire cardiac circuit. It is segmental in that it
compartmentalizes the heart into three main segments
or building blocks—atria, ventricles, and great arter-
ies—that are analyzed separately (Fig. 1). In pediatric
cardiology, these are designated by three letters in curly
brackets {X,X,X} that describe the arrangement.

Assigning the Segments

The normal segmental arrangement is {S,D,S}.

The first letter “S” means solitus—Latin for normal
visceral and atrial position (situs). It describes the
positions of the major unpaired abdominal organs
(liver, stomach, spleen) and atria that are almost
always situated on the same side of the body cavity
(concordant) (Fig. 2).

The second letter “D” denotes the normal D-looping
or rightward (dextro) folding of the heart tube during
cardiac embryonic development (Fig. 3A). This results
in the normal atrioventricular (AV) relationship or

concordance. L-looping occurs when ventricular fold-
ing proceeds in the opposite (levo) direction, resulting
in AV discordance (Fig. 3B). This terminology is used
to differentiate between the two forms of transposition
of the great arteries (TGA).

The third letter “S” means that a normal relationship
exists between the great arteries—the main pulmonary
artery and the aorta. Parasternal short-axis (PSAX) views
at the aortic valve level can define this relationship on
echocardiography (Fig. 4; see Chapter 3, Figs. 23-26).
These relationships are summarized in Tables 3-5.

Morphological Characteristics
of the Connecting Segments

Defining cardiac chambers is important in identifi-
cation and assignment of segmental sifus and describ-
ing the connections between the segments. The
morphological characteristics of the right and left
ventricles (LVs) and the internal cardiac crux can be
readily defined on examination (Fig. 5). The major
echocardiographic morphological characteristics are
summarized in Table 3.

Transthoracic Examination

The standard protocol outlined in Chapter 3 applies
to adults with CHD, but pediatric/adult CHD sonogra-
phers perform an initial four-step segmental analysis
before proceeding with the standard examination
(Table 5). Subcostal (subxyphoid) views are used to
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Fig. 2. The first segment. The most distinctive anatomical features that define the first segment—atrial and visceral situs—are
depicted. The distinguishing features of right versus left atrium are highlighted in the lower panel. On echocardiography, the atrial
chamber into which the pulmonary veins enter is the morphological left atrium. The chamber into which the vena cavae empty is the
morphological right atrium. The right atrial appendage is used by cardiac anatomical pathologists to define atrial situs, but this struc-
ture is poorly visualized during echocardiography.

Great Arteries r\
R+L
Aortic valve Pulmonary P

with Artery
coronary

arteries

A\

Solitus { S} Inversus { 1}

D-Malposition { D} L-Malposition { L}

The 3rd Segment

Fig. 4. The third segment: the great arteries. The relative positions of the great arteries on the parasternal short-axis view (PSAX,
aortic valve level) provides the echocardiographic basis for naming the third segment. The normal “S” (solitus) position and the
“I” (inversus) relationships are shown in the upper panels. When the aortic valve is to the right and anterior to the pulmonary valve,
it is called D-transposition. When the aortic valve is to the left and anterior to the to the pulmonary valve, it is called L-transposition
(lower panels). Two other relationships (not shown) are: the “A” anterior and the “P” posterior positions. These describe the position
of the aortic valve relative to the pulmonary valve.
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A
Ventricular Looping

{ D}

Heart tube

The 2nd Segment

Ventricular Looping

{ L}

A

Heart tube

The 2nd Segment

\

Fig. 3. The second segment. (A) The basis of the atrioventricular concordance lies in the folding (ventricular looping) of the tubular
embryonic heart to form a folded four-chamber heart. Initially, the cardiac apex is on the right, but final looping of the tube swings
the apex to the left and places the right ventricle anterior and rightward to the left ventricle. This is the normal or D-loop pattern.
(B) Rarely, an L-loop folding pattern lands the right ventricle to the left of the left ventricle. This is seen in “congenitally corrected”
transposition of the great arteries.
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Table 3
Echocardiographic Features of Cardiac Segments and Connections

Morphological right atrium
Receives right-sided inferior vena cava
and superior vena cava
Morphological right atrial appendage (triangular,
broad-based, with pectinate muscles extending
outside appendage lumen)

Tricuspid valve
Trileaflet
Septal leaflet (attached to ventricular septum)
Septal insertion more apical than mitral valve

Morphological right ventricle
Coarse trabeculations
Moderator (septo-marginal) band
Trileaflet (tricuspid) valve
“Triangular” ventricular cavity
Septal chordae
Infundibular muscle band

Morphological main pulmonary artery
Branch pattern: main trunk with right and left branches

Morphological left atrium
Receives four pulmonic veins
Attached to left atrial appendage—smaller tubular
with pectinate muscles confined to appendage lumen

Mitral valve
Bileaflet
No septal leaflet or chordae

Morphological left ventricle
Less coarse trabeculations
Two clearly defined papillary muscles
Ellipsoid ventricular cavity
Bileaflet (mitral) valve

Morphological aorta
Coronary arteries (with coronary sinuses)
Aortic arch with arteries to head and neck

Coarse trabeculations
et

Moderator (septo-
marginal band)

-

:

1, ‘ Trlcuspld 'eptal l \ ”

'LA[

Smoother apical trabeculations

=4, Papillary
% muscle

’
-

Anterior Mitral
Leaflet

_—_-?_..- = Systole ~

Diastole

Internal Cardiac Crux

Fig. 5. Morphological left and right ventricle. What defines right vs left ventricle are the morphological characteristics. On echocardio-
graphy, the defining features of the right ventricle are the heavy trabeculation and apical-ward septal insertion of the atrioventricular valve
leaflet. Smoother apical trabeculations, a more basal septal insertion of the atrioventricular valve leaflet, and a pair of prominent papillary
muscles are the most reliable defining characteristics of the left ventricle. The confluence of the septal leaflets to the interatrial and inter-
ventricular septal is called the internal cardiac crux (cross). Examination of this relationship is important in congenital heart disease. Loss
of the normal pattern (circled) can provide valuable clues in congenital heart disease.
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Table 5
The Segmental Approach by Echocardiography

Table 4
The Segmental Set (Pediatric Cardiac Pathology)
Relationship Letter

Segment variants designation

First (atrial and Situs solitus S
visceral situs) Situs inversus 1

Situs ambiguous A
(R or L isomerism)

Second D-Loop D
(ventricular L-Loop L
looping)

Third (great Solitus S
arteries) Inversus 1

D-Transposition D
L-Transposition L
Anterior A
Posterior P

define the position of the apex, atrial situs, the AV con-
nections, and the ventriculoarterial relationship (Figs.
6-8). Apical and subcostal views are projected in the
anatomically correct position (apex down) to permit
better interpretation, especially of complex lesions.

Surgical scars and deformities of the thoracic cage
may make transthoracic examination difficult, and
views from all available windows—including addi-
tional or nonstandard views—should be acquired
whenever necessary. The transthoracic examination
should be comprehensive, with special attention given
to the questions that need answers. Sonographers in
nonspecialized centers should not hesitate to seek help
from those so specialized.

The two-dimensional (2D) examination should
assess all four chambers, valves, great vessel relation-
ships, aortic arch anatomy, and pulmonary vein con-
nections. Doppler (color flow, pulsed wave [PW],
continuous wave [CW]) examination of flow patterns
(including direction and velocities) within cardiac and
extracardiac structures including all valves, defects,
conduits, and shunts should be performed. Assessment
of tricuspid regurgitation velocity is important and
provides a measure of pulmonary artery pressures.
Ventricular function assessment—both systolic and
diastolic—is integral (see Chapter 5).

Transesophageal Echocardiography

In adults with CHD, TEE has major advantages over
TTE and its role is now indispensable in the management

Step 1: Position of the apex
Levocardia
Dextrocardia
Mesocardia
Step 2: Situs of the atrium
Situs solitus
Situs inversus
Situs ambiguous (isomerism)
Step 3: AV relationship
AV concordance
AV discordance
Double inlet
Absent connection
Step 4: VA relationship
VA concordance
VA discordance
Double inlet
Solitary (common) arterial trunk

AV, atrioventricular; VA, ventriculoarterial.

Reproduced from Therrien J. Echocardiography. Adult congen-
ital heart disease. In: Gatzoulis MA, Webb GD, Daubeney PEF,
eds. Diagnosis and Management of Adult Congenital Heart
Disease. London: Churchill Livingstone, 2003:35-49.

of a broad spectrum of pediatric and adult patients with
CHD. Complex lesions require optimal anatomic defini-
tion, and the windows provided by TEE greatly aid in
their evaluation. Pulmonary venous structures, prosthetic
valves, baffles, shunts, conduits, closure devices, residua,
and other contiguous mediastinal structures are often
best evaluated by TEE. Monitoring percutaneous inter-
ventions (e.g., patent foramen ovale [PFO] and atrial
septal defect [ASD] closure and intra-operative monitor-
ing) is best performed by TEE.

SPECTRUM OF ADULT CHD

A simplified summary of the major types of the
major adult CHD are listed in Table 5.

Mitral valve prolapse, BAVs (and congenital forms
of aortic stenosis), patent foramen ovale, atrial septal
defects, and Marfan syndrome have been discussed pre-
viously, and are not covered in this chapter.

Isolated Ventricular Septal Defect

* Ventricular septal defects (VSDs) are the commonest
congenital heart defect in children.
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Fig. 6. Subcostal and apical views (apex down orientation) for segmental analysis. The standard echocardiographic examination
should be preceded by subcostal and apical (often displayed anatomically correct apex down) views to analyze cardiac situs and

cardiac segment connections.

e Most smaller defects close spontaneously, but iso-
lated VSDs make up approx 10% of all adult CHD.

ANATOMICAL SITES

Ventricular septal defects occur in a number of
anatomic sites, including the membranous septum, inlet
septum, outlet septum, and trabecular septum (Figs. 9
and 10). Perimembranous VSDs (~80%) may extend to
other areas of the septum, but often close spontaneously
(usually located by the septal leaflet of tricuspid valve
[TV]). Ventricular septal defects can result in signifi-
cantly increased flow through the pulmonary artery,
with resultant pulmonary hypertension. In cases where
pulmonary pressures reach left ventricular systolic pres-
sures, the patient is considered to have “Eisenmenger’s”

physiology.

BEST ECHO WINDOWS

e Parasternal long axis, PSAX, apical four chamber,
apical five chamber, subcostal 4C (Table 6).

e TEE-midesophageal 4C, right ventricular outflow
tract (RVOT) views for infundibular/conal septum.

Table 6

Recommended Echocardiographic Windows
for Ventricular Septal Defects

Perimembranous PLAX, PSAX (10 o’clock), A5C
Inlet/posterior-AV ~ A4C

canal-type PSAX (mitral valve/basal
septal level)
Outlet PSAX
Supracristal PSAX—aortic valve (2 o’clock)
Infracristal PSAX—aortic valve
level (~12 o’clock)
Trabecular PLAX, PSAX (midseptal, apical
(muscular) septal)

A4C, A5C, subcostal four-chamber
TEE-mid esophageal four-chamber and
TEE-RVOT views (see Chapter 23).

AA4C, apical four-chamber; ASC, apical five-chamber; AV, atrio-
ventricular; PLAX, parasternal long-axis; PSAX, parasternal short-
axis; RVOT, right ventricular outflow tract; TEE, transesophageal
echocardiography.

ROLE OF ECHOCARDIOGRAPHY IN VSDs

e Define anatomical site/type and size (Figs. 11-17;
please see companion DVD for corresponding video
for Figs. 12 and 14); less than 1 cm (small).
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Levocardia with Dextroposition
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Mirror Image Dextrocardia

situs inversus

Fig. 7. Position of the cardiac apex. (A) Following ventricular looping, the apex normally points toward the left (levocardia).
(B) Mediastinal shifts can displace the entire heart to the right (dextroposition), but heart chambers are otherwise normal. (C) Isolated
dextrocardia results from incomplete pivoting, but chambers are situs solitus and concordant. (D) Mirror image dextrocardia involves

both situs inversus and discordant cardiac chambers.

e Assess hemodynamic impact on global cardiac
indices, especially ventricular function, signs of
volume and pressure overload, pulmonary artery
pressures, pulmonary vascular resistance (Fig. 11).

e Assess shunt size (restrictive vs nonrestrictive);
Qp/Qs measurement by 2D and PW at RVOT and
left ventricular outflow tract (see Chapter 21).

e Detection and adjunct to management of related con-
ditions, (e.g., aortic valve prolapse with supracristal
and paramembraneous VSDs; Fig. 15).

e Detection and adjunct to management of unrelated
attendant conditions (e.g., coronary or valvular heart
disease).

e Intraprocedural/intraoperative TEE or 2D for trans-
catheter or surgical closure.

* Follow-up, including postintervention.

Patent Ductus Arteriosus

A patent ductus arteriosus (PDA) is a residual com-
munication between the pulmonary artery and aorta,
necessary during gestation. Normally, this communica-
tion closes at birth. Most PDAs are diagnosed in
infancy and childhood (5-10% of pediatric CHD), but
may be incidental finding during echocardiography in
the adult (Fig. 18; please see companion DVD for cor-
responding video).

ANATOMICAL SITE
* Ductus connects the aorta to the left pulmonary

artery (LPA) (Fig. 19).

* A patent ductus arteriosus (PDA) is mainly an iso-

lated defect, usually small and hemodynamically
insignificant when seen in the adult.

PHYSIOLOGICAL CATEGORIES

Restrictive or nonrestrictve PDA with or without
Eisenmenger’s syndrome.
BEST ECHO WINDOWS

* High PSAX (Fig. 18).
e Suprasternal view—angulate toward the LPA

(Fig. 20).

Color flow Doppler, PW and CW Doppler examining
typical anatomic location of PDA with presence of
systolic and diastolic flow, but patterns vary (Figs. 21
and 22). Reversal of flow may be seen in the rare
Eisenmenger PDA in an adult.

ROLE OF ECHOCARDIOGRAPHY

Identification of PDA.

Assessment of size and Qp/Qs ratio.

Detect changes within the ductus (e.g., aneurysm,
atheroma, calcification, infective endocarditis). Aortic
dissection involving ductus are rare, but known to occur.
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Fig. 8. A 48-yr-old male with a single syncopal episode. Right apical four-chamber (A4C) view shown in A was accidentally inverted,
with index mark at 9 o’clock instead of the 3 o’clock position (novice sonographer). Note the normal leaflet relationship (arrows) at
cardiac crux (A; see Fig. 5). Subcostal imaging showed the liver and inferior vena cava (IVC) in their normal situs (B). Parasternal
short axis (PSAX) view showing normal situs of the great arteries. Right A4C view by an experienced sonographer (D) shows nor-
mal atrial sifus (pulmonary veins—right and left upper pulmonary veins [LUPV, RUPV] flowing into left atrium), atrioventricular con-
cordance, and normal cardiac crux (arrows). This man’s segmental nomenclature is therefore dextrocardia (S,D,S).

Supracristal VSD

Infracristal VSD
Perimembranous | | W\
VSD

Trabecular
septum

Atrioventricular cana
type (Inlet) VSD

Muscular & Apical VSDs
Ventricular Septal Defects

Fig. 9. Ventricular septal defects (continued,).
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Fig. 9. (Continued) Ventricular septal defects.

e TEE role limited because of interposed left bronchus
between esophagus and aorta.

e TTE can guide transcatheter closure and establish
the diagnosis/differentiate from aortico-pulmonary
window (Fig. 23).

Coarctation of the Aorta

Stenotic lesion of the descending thoracic aorta, just
distal to the origin of the left subclavian artery.

ANATOMICAL SITE

e Narrowing (stenosis) most commonly near the liga-
mentum arteriosum—preductal and postductal types
(Fig. 24).

* Degree of stenosis variable—may be discrete or long
and tubular.

* Can be an isolated lesion (“simple” coarctation) or
with associated lesions (“‘complex” coarctation).

ASSOCIATED CARDIAC LESIONS

e Aortic stenosis secondary to BAV.

e Collateral circulation involving the internal mam-
mary and intercostal arteries.

e Ventricular septal defect.

e Aortic medial disease with increased risk of aortic
dissection.

e VSD.

* Anomalous right subclavian artery.

BEST ECHO MODALITIES, WINDOWS

* Suprasternal notch (optimal neck extension).

» Left parasternal (high).

* TEE (aortic arch, descending aortic long and short
axes—see Chapter 23).

ROLE OF ECHOCARDIOGRAPHY

* Diagnosis of coarctation.

* Assess site and severity (Fig. 25).

 Evaluation for associated lesions.

* Assess ventricular function for hypertensive heart
disease (concentric hypertrophy), coronary artery
disease (premature), secondary heart failure, aortic
rupture/dissection, and infective endocarditis.

* Left ventricular function and the presence (or absence)
of left ventricular hypertrophy.

* The presence (or absence) of other extracardiac car-
diovascular anomalies such as collateral circulation,
involvement of other vessels (subclavian/carotid
stenoses) and associated aneurysms.

DOPPLER ASSESSMENT IN PDA

Doppler echocardiography is crucial in the assess-
ment of coarctation. The descending aorta should
be interrogated with PW and CW Doppler in patients
with suspected coarctation to assess velocities and
calculate pressures. Color flow Doppler can also be help-
ful in looking for turbulence in the region of a coarcta-
tion, and can often be the first clue of a stenosis.
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Fig. 10. Recommended echocardiographic windows for visualization of ventricular septal defects. The relative positions of ventricular
septal defects on 2D echocardiography using the color scheme used in Figs. 9 and 10.

Tetralogy of Fallot
CATEGORY
Cyanotic CHD with RVOT obstruction and shunt.

ANATOMY

* One primary defect leads to the tetrad—antero-
cephalad displacement of the infundibular septum
narrows the pulmonary artery, widens the aorta, and
leaves a defect (Fig. 26). Right ventricular hypertro-
phy is secondary to RVOT obstruction.

* May be accompanied by PFO or ASD.

PATHOPHYSIOLOGY

Pulmonary blood flow is obstructed to varying
degrees—ranging from mild to severe. Right to left
shunting of “blue” blood leading to cyanosis.

NATURAL HISTORY

e Almost all repaired in childhood (industrialized
countries).

* Few unoperated patients seen in adulthood (Figs. 27
and 28; please see companion DVD for correspon-
ding video for Fig. 27).

PALLIATIVE SURGERY TO INCREASE PULMONARY
BLoobp FLow

A number of potential repairs have been utilized in
patients with Tetralogy of Fallot. These include the
Blalock-Taussig shunt (Fig. 29) and a full corrective
repair (Fig. 30).

ROLE OF ECHOCARDIOGRAPHY

* Look for residual pulmonary stenosis, pulmonary
regurgitation, or residual VSD.

e Assess pulmonary pressures—for signs of pul-
monary hypertension.

* Assess aortic root—Ilook for dilatation and aortic
regurgitation.

* Assess right and left ventricular size and function
(including myocardial performance index).
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Fig. 11. Ventricular septal defects: physiological categories. Schema illustrating the physiological varieties of ventricular septal
defects. Shunt size can be assessed by the pulmonary-to-system flow ratio (Qp/Qs). Smaller shunts (restrictive VSDs) generally have
Qp/Qs<1.1, Nonrestrictive or open shunts have Qp/Qs >2.2, indicating significant hemodynamic impact. PASP, pulmonary artery sys-

tolic pressure; AP, aortic pressure.

Fig. 12. Ventricular septal defects: small membranous (restrictive). Parasternal long-axis view (PLAX) of a small perimembranous
ventricular septal defect in 62-yr-old male. Left ventricular dilation, secondary to ischemic cardiomyopathy, was also present. (Please

see companion DVD for corresponding video.)
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Fig. 13. Ventricular septal defects: small perimembranous (restrictive). (A) Classic perimembranous VSD at the 10 o’clock position
in parasternal short axis (PSAX) views. (B) Peak instantaneous velocity measured 4 m/s (peak instantaneous gradient 65 mmHg), but
no increased pulmonary artery pressures or chamber dilatation was present.

e In patients with palliative shunts—assess flow
velocities and direction for evidence of shunt steno-
sis, occlusion, thrombosis, infection, or aneurysm.

Ebstein Malformation

Ebstein’s anomaly or malformation is a condition
in which the septal leaflet of the tricuspid valve is
apically displaced, sometimes dramatically, and the
anterior leaflet becomes “sail-like,” extending deeply
into the RV. Many patients survive into adulthood
without surgical intervention (Figs. 31-33; please
see companion DVD for corresponding video for
Fig. 31).

ANATOMY/PHYSIOLOGY

e Anatomic and functional anomalies of the TV.

* Apical displacement of the septal and posterior
leaflets of the TV.

» “Atrialization” of right ventricular inflow tract (large
right atrium) at the expense of the RV.

 Tricuspid regurgitation.

 Atrial level shunts, e.g., ASD frequent.

* Echodiagnosis: apical displacement of septal TV
leaflet more than 8 mm/m? with elongated “sail-like”
TV leaflet.

ASSOCIATED CARDIAC LESIONS
PFO, ASD, VSD, pulmonary stenosis.

ROLE OF ECHOCARDIOGRAPHY

* Establish the diagnosis.
e Define anatomic lesion—severity (degree of apical
displacement).
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Fig. 14. Ventricular septal defects: moderately restrictive. Parasternal long axis views (PLAX, A,B) of 32-yr-old female with a loud
systolic murmur and increasing shortness of breath. Note the easily visible perimembraneous VSD with marked shunting (large PISA)
on color flow Doppler. Peak instantaneous velocity measured 5.3 m/s (peak gradient 114 mmHg). Her Qp/Qs was 1.4 (C). Note sys-
tolic flattening (D-shaped) of the interventricular septum consistent with right ventricular pressure and volume overload. (Please see
companion DVD for corresponding video.)
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Fig. 15. Transesophageal views of a 58-yr-old male with a ventricular septal defect and worsening aortic regurgitation. Note the
marked prolapse of the right cusp in the ME Aortic valve long axis view (A). Flow acceleration was noted on color Doppler and CW
Doppler evaluation showed peak velocities exceeding 1.8 m/s (B,C). Transgastric view shows prolapse extending into the ventricu-
lar outflow tract.
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Fig. 17. Pulmonary artery banding was also performed to reduce volume and pressure effects of a previous unrestricted VSD. Note
the increased echodensity (A). Flow acceleration indicating band stenosis was noted on color flow Doppler evaluation (B), and steno-
sis gradient was quantified by CW Doppler (C) revealing a peak velocity of 2.8 m/s (peak gradient of = mmHg).
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Fig. 18. Patent ductus arteriosus. Parasternal short-axis (PSAX) diastolic frame showing typical jet (arrow) of a patent ductus arte-
riosus with left-to-right shunt. (Please see companion DVD for corresponding video.)

Patent ductus
arteriosus

Fig. 19. Patent ductus arteriosus. A patent arterial duct connects
the anterior surface of the proximal descending thoracic aorta to
the roof of the left pulmonary artery.

* Assess biventricular dimensions and function—often
impaired.

e Assess degree of tricuspid regurgitation.

e Pulmonary artery pressures.

e Look for/assess shunts and related lesions (ASDs are
commonly associated).

e TEE if inadequate windows on TTE.

Complete Transposition of the Great
Arteries (D-TGA)

In transposition of the great arteries, the atrioventricu-
lar connections are concordant (correct anatomically),
whereas the ventriculo-arterial connections are dis-
cordant.

ANATOMY

* AV connections concordant.

* Ventriculoarterial connections discordant.

* Most patients have simple TGA, but additional lesions
common—"‘complex” transposition is common, e.g.,
with VSD and pulmonary/subpulmonic stenosis.

SURGICAL CORRECTION

Almost all adults have had surgical intervention. A
variety of corrective surgical repairs have been used in
patients with transposition, the details of which are
beyond the scope of this book (Fig. 34).

CHD: MISCELLANEOUS TOPICS

Persistent Left Superior Vena Cava

This is the commonest form of anomalous venous
drainage involving the superior vena cava (Fig. 35).

It represents a persistence of the left horn of the
embryonic sinus venosus that normally involutes to
become the coronary, and therefore, almost always
drains into the coronary sinus and manifests as a
markedly dilated coronary sinus. This anomaly is of no
clinical significance.
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Suprasternal

Fig. 20. Patent ductus arteriosus. Tiny jet (arrow) of left-to-right shunt from a small PDA can be seen entering the roof of the left
pulmonary artery in relation to the aorta.

Fig. 21. Patent ductus arteriosus. Pulsed Doppler interrogation at the site (same patient, Fig. 20) shows continuous low velocity flow
with systolic accentuation.
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Fig. 22. Patent ductus arteriosus. Continuous-wave Doppler evaluation of PDA flow in the main pulmonary artery of patient (Fig. 18),

confirms continuous flow pattern.

Ligamentum
arteriosum

Aortico-Pulmonary Window

Fig. 23. Another arterio-venous fistula that causes continuous
flow is the aortico-pulmonary window—usually an acquired
defect that connects walls of the ascending thoracic aorta
and the main pulmonary trunk. It can behave similarly to
a large PDA with large left-to-right shunt and sequelae may
be associated with a PDA, Coarctation, VSD, interrupted
aortic arch.

i
ligamentum
arteriosum

A
ligamentum
| arteriosum

Interrupted Aortic Arch

Fig. 24. Coarctation of the aorta (CoA) and interrupted aortic
arch (IAA). On echocardiography, CoA can be distinguished
from interrupted aortic arch by CW Doppler evaluation: sig-
nificant CoA shows peak gradient more than 30 mmHg. No
significant gradient is seen with IAA. The classic pattern of
high peak velocity, delayed upstroke, and antegrade diastolic
flow. TEE examination can establish the diagnosis, but CT,
MRI, or angiography may be needed for confirmation.
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B PW proximal to CoA

Fig. 25. Coarctation of the aorta. Suprasternal view showing distal aortic arch and descending thoracic aorta shows echodensity
(arrow) in the proximal descending thoracic aorta (A). PW Doppler evaluation of flow proximal to the echodensity showed peak
instantaneous velocities less than 1.2 m/s (B). Color flow Doppler of the same region shows no diastolic flow distal to the echodense
region (C), but peak instantaneous velocities reached 3.7 m/s (peak instantaneous gradient = 54 mmHg) (D).

septum

Infundibular

Infundibular
septum

PAlAo

" Rrv v

Normal

Overriding P:tl::‘c:;?sry
Aorta
9 /IRVOTO

Ventricular
septal
defect

it

Th“e Tétralogy

Fig. 26. The basis of the tetralogy of Fallot—one defect—the anterocephalad displacement of the infundibular septum—explains

the tetrad.
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Fig. 27. Tetralogy of fallot. Midesophageal four-chamber views (A,B) obtained from a 51-yr-old male with TOF with previous pal-
liative surgery show a significant residual VSD (arrows) with left-to-right shunt. Note the moderate dilation of right cardiac cham-
bers. Midesophageal long-axis views of the same VSD (arrows, C,D). (Please see companion DVD for corresponding video.)

A ,-\,4';-‘.__/\.1;.\__,.«_.‘,r-.._,...\.i'r:_‘,-\.l.r..__.u‘f-..__ e r-.,.ﬁr-\,n-.flr-.‘.J‘--._+¢.+|"~_r-..__ r\"ﬁ"‘f{‘ ,-lf-_.,-"ﬂ.\ﬁ

Fig. 28. Tetralogy of fallot. Midesophageal views showing residual stenosis/restenosis (arrow, A) of right ventricular outflow tract.
Note the dilated right chambers and prolapsed septal leaflet of the tricuspid valve (arrow, B). A small jet from a PFO (arrow, C) con-
firmed by agitated saline contrast (D) was present. An additional defect, e.g., a PFO or an ASD present in patients with the tetralogy.
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Gore-tex graft

Modified Blalock-Taussig Shunt (palliation)

Fig. 29. Palliative surgery to increase pulmonary blood flow: modified Blalock-Taussig (BT) shunt. The modified BT shunt is an
aorta-to-right pulmonary artery shunt using a Gore-Tex shunt (the original “classic BT shunt” was a right subclavian-to-right pul-
monary artery shunt). These shunts may distort the pulmonary artery; they may stenose, occlude, or develop aneurysms.

Tetralogy
of Fallot

Transannular
patch

VSD patch

Corrective Repair

Fig. 30. Tetralogy of fallot: corrective surgery with VSD closure and right ventricular outflow tract (RVOT) surgery.
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A

\ 3 RVatrialized B W F
portion : o, RVatrialized

Tricuspid —-‘ ' : - portion

leaflet

RVAtrializad %ail-like anterior

portion X, leaflet

Fig. 31. Ebstein’s malformation. Characteristic features of this anomaly are shown the huge right atrium—the apical portion actually
an “atrialized” portion of the right ventricle—labeled (ARV) (A-D). Note the “sail-like” anterior tricuspid leaflet in this parasternal
short-axis view (D). (Please see companion DVD for corresponding video.)

Fig. 32. Ebstein’s malformation. The low peak tricuspid regurgitation velocities seen on CW Doppler (<1.2 m/s) in this patient with
Ebstein’s anomaly are a reflection of right ventricular dysfunction.
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Tricuspid

Tricuspid
annulus

orifice

RV Atrialized

portion Tricuspid leaflet

Fig. 33. Ebstein’s malformation. Fusion of the tricuspid leaflets to the ventricular wall distally within the RV cavity leads to “atrial-
ization” of the proximal RV segment, diminution in size of the distal RV.

Fig. 34. Corrected D-transposition by arterial switch (Jatene). These exercise stress echocardiography images in this patient with D-TGA
shows a rather normal looking parasternal long-axis (PLAX) View. The “Ao” is the neo-aorta is the former pulmonary trunk. This per-
mits the morphologic LV to remain the systemic ventricle. Switch at the arterial level (compared to the switch at the atrial level—Mustard
and Senning procedures) results in less long-term ventricular dysfunction. Periodic exercise stress testing to evaluate possible coronary
ischemia is recommended, as reimplantation of coronary arteries is an integral part of the arterial switch operation.
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Fig. 35. The presence of a markedly dilated coronary sinus (arrows in all panels) in an otherwise normal heart should trigger con-
sideration of a persistent left superior vena cava that empties directly into the coronary sinus. It has no pathological sequelae. Agitated
saline contrast injected into the left arm will opacify the coronary sinus before the right atrium. Injecting contrast into the right arm

would opacify the right atrium only.
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2 Transesophageal Echocardiography

Multiplane Examination Primer

Bernard E. Bulwer, MD, MSc and Stanton K. Shernan, MD

CONTENTS
TRANSESOPHAGEAL ECHOCARDIOGRAPHY (FIGS. 1 AND 2)
ANATOMICAL AND SPATIAL RELATIONSHIPS (FIGS. 3-7)
ORDER OF EXAMINATION: SUMMARY
ORDER OF EXAMINATION: DETAILED STAGES
SUGGESTED READING

This primer is an atlas illustrating basic nomencla-  of Cardiovascular Anesthesiologists (SCA) in the
ture and standard views adopted by the American  performance of a comprehensive intra-operative multi-
Society of Echocardiography (ASE) and the Society  plane transesophageal echocardiography examination.

Fig. 1. Instrumentation of transesophageal echocardiography. Two models of transesophageal echocardiography (TEE) probes (A).
Miniature multiplanar transducer and housing located at tip of TEE probe (B). Profile of TEE probe controls. Multiplane (Omni) con-
trol button is indicated by arrow (C). View from top showing TEE probe control positions as indicated—neutral (N), right (R) and
left (L) flexion, anteflex (A), and retroflex (P) (D).

From: Contemporary Cardiology: Essential Echocardiography: A Practical Handbook With DVD
Edited by: S. D. Solomon © Humana Press, Totowa, NJ
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Flexion Fig. 2. TEE probe and multiplanar transducer: position basics.
Right Left Transesophageal echocardiography probe and multiplanar trans-
ducer manipulation. Mechnanical movements of the trans-
esophageal probe include anterior and posterior flexion and
flexion to the right or left. The entire probe can also be manu-
ally rotated to the right or to the left. The first TEE probes per-
mitted only a single, and later two planes of examination. Arrays
of crystals in modern miniaturized ultrasound transducers per-
mit visualization along multiple planes—hence, the multiplanar
examination.

Flexion
Anterior g Posterior *

Advance

Turn to the €@ NN o 2 Turn to the
right : left

Anteflex
Neutral 0°

Retroflex Flex to the

180° Right

Flex to the

Neutral

a5° 135°

90°
Multiplanes

Fig. 3. TEE probe: anatomical relationships.
Illustration showing the descent of the probe
_ dental / gingival through the mouth, oropharynx, and pharynx.
These are all sites of potential injury during the

== introduction and manipulation of the probe. Note
oropharynx ; e |\ _ TEE the use of a bite block to protect the probe.

bite block  ProPe

pharynx

laryngopharynx

larynx

esophagus trachea

Fig. 4. Anatomic reference scheme and nomencla-

TEE probe ture adopted by the Society of Echocardiography

Upper Esophageal Views and the Society of Cardiovascular Anesthesio-

S.T logists. The fundamental parts of the TEE multi-

’ planar examination are represented by a set of 20

cross-sectional imaging planes represented by
letters of the alphabet.

Mid Esophageal Views
A,B,C,G,H,l,
L,M,0,P,Q,R

Transgastric Views

Deep Transgastric View
K

Recommended TEE
cross sections by
ASE/SCA
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R. lower pulmenary vein
Pericardial cavity
Inferior vena cava

R. atrium

Tricuspid valve
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Septomarginal /
moderator band

Sternum

L- bronchus
branches

L- lower

L- atrium

mitral valve
Antero-lateral

L. ventricle
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Fig. 5. Anatomical relationships
transesophageal echocardiography.
Mlustration showing the transverse
relationships of the major mediasti-
nal structures at the level of the
eighth thoracic vertebra. Note the
close relationship of the esophagus
to the left atrium (LA). As the trans-
ducer is confined to the esophagus
at this level, this constant relation-
ship orients the operator during the
many permutations of images
acquired during TEE.

Mid Esophageal Level
(30-40cm)

Multiplane
angle range
0° - 20°

Fig. 6. Spatial relationships of transesophageal echocardiography. Understanding anatomical relationships between the transducer
and the major mediastinal structures provide the basis for acquisition and interpretation of TEE images. Spatial relationships at the
ME level (approximately at the eighth thoracic vertebra) are shown (see also Figs. 5-6). Note the relationship of the transducer within
the esophagus to the LA and the descending thoracic aorta. At higher levels, the air filled trachea and bronchi may cause suboptimal
visualization of the distal ascending aorta and proximal aortic arch (blind spots).
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ORDER OF EXAMINATION: SUMMARY
Stage 1. ME Level: Multiplane from 0 to approx 120°.

* ME four-chamber 15° (A): Figs. 8-10 (please see
companion DVD for corresponding video for Figs. 8
and 10).

e ME mitral commissural 80° (G): Figs. 11 and 12 (please
see companion DVD for corresponding video for
Fig. 12).

e ME two-chamber 90° (B): Figs. 13 and 14 (please see
companion DVD for corresponding video for Fig 14).

* ME long axis 120° (C): Figs. 15 and 16 (please
see companion DVD for corresponding video for
Fig. 16).

Stage 2. ME level: with angle approx 90°, sweep R to L.

e ME right ventricular inflow-outflow 80° (M): Figs.
17 and 18 (please see companion DVD for corre-
sponding video for Fig. 18).

e ME bicaval 110° (L): Figs. 19 and 20 (please
see companion DVD for corresponding video for
Fig. 20).

e Withdraw: ME ascending aortic long axis 100° (P):
Figs. 21 and 22 (please see companion DVD for cor-
responding video for Fig. 22).

e Advance: ME aortic valve long axis 130° (I): Figs. 23
and 24 (please see companion DVD for corresponding
video for Fig. 24).

Stage 3. Start at 0-20°.

* ME ascending aortic short axis 20° (O): Figs. 25 and 26
(please see companion DVD for corresponding video
for Fig. 26).

Bulwer and Shernan

e Withdraw: ME aortic valve (AV) short axis 60° (H):
Figs. 27 and 28 (please see companion DVD for cor-
responding video for Fig. 28).

* UE aortic arch long axis 0° (S): Figs. 29 and 30
(please see companion DVD for corresponding
video for Fig. 30).

* UE aortic arch short axis 90° (T): Fig. 31 (please see
companion DVD for corresponding video).

e Turn left, advance: descending aortic long axis 90°
(R): Figs. 32 and 33 (please see companion DVD for
corresponding video for Fig. 33).

* Descending aortic short axis 0° (Q): Figs. 34 and 35
(please see companion DVD for corresponding video
for Fig. 35).

Stage 4. Advance to stomach, anteflex.

e Transgastric mid-short axis 0° (D): Figs. 36 and 37
(please see companion DVD for corresponding video
for Fig. 37).

e Withdraw slightly: transgastric basal short axis 0°
(F): Figs. 38 and 39 (please see companion DVD for
corresponding video for Fig. 39).

e Transgastric two-chamber 90° (E): Figs. 40 and 41
(please see companion DVD for corresponding
video for Fig. 41).

* 90-120°: transgastric long axis 120° (J): Figs. 42
and 43.

e Turn right: transgastric right ventricular inflow 120°
(N): Figs. 44 and 45 (please see companion DVD for
corresponding video for Fig. 45).

* Advance, anteflex: deep transgastric long axis 0°
(K): Figs. 46 and 47 (please see companion DVD for
corresponding video for Fig. 46).
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Order of Examination:
Stage 1/ grd

Transesophageal Echocardiography
> Nomenclature: ASE/SCA

(20 - 25 cm)

Transgastric (TG) views
(40 - 45 cm)

Mid Esuphageai (ME) views
(30 - 40 cm)

ﬂ Deep Transgastric (TG) views
(45 - 50 cm)

Ao
@ g o
Jf,., B!

ME four chamber

g

ME mitral commissural ME two chamber

Stage 3

UE aortic arch SAX ~90°
Ay “

0° 180° .
Multiplanar

45° 3 Examination

T

UE aortic arch LAX

~90°

ME asc aortic SAX
&

~30°- 60° ¢

desc aortic SAX

E%K
Deep TG LAX

Fig. 7. Anatomic reference scheme and nomenclature adopted by the Society of Echocardiography and the Society of Cardiovascular
Anesthesiologists. Variability exists in the precise anatomic relationship between the heart and the esophagus, and the depths at which
optimal images are optimally acquired in individual patients, but identifiable anatomic landmarks aid in the reproducibility of images
acquired. The terminologies used provide good correlation with images acquired by transthoracic echocardiography, upper esophageal
views (20-25 cm), mid-esophageal (ME) views (30—40 cm), transgastric views (40—45 cm), deep transgastric views (45-50 cm).
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Mid esophageal
four-chamber
(30 - 40cm)

Multiplane
angle range

l 0° - 20°

LA ~
/R w>
/ QN )
. =

Fig. 8. Midesophageal four-chamber (A). (Please see companion DVD for corresponding video.)

Mid esophageal
four-chamber

MITRAL
Posterior leaflet

- Anterior leaflet

Fig. 9. Midesophageal four-chamber (A).
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Mid esophageal
four-chamber
(LVOT view)

/*——— Posterior leaflet

Anterior leaflet

Fig. 10. Midesophageal four-chamber (A). (Please see companion DVD for corresponding video.)

Mid esophageal Multiplane
mitral commissural angle range
(30 - 40cm) . _ 60° - 70°

Posterior

Mitral Leaflets and Scallops
(viewed from LV)
Carpentier anatomic classification

Fig. 11. Midesophageal mitral commissural (G).
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Mid esophageal|mitral commissural

41
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Dlastole
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Fig. 12. Midesophageal mitral commissural (G). (Please see companion DVD for corresponding video.)

Mid esophageal Multiplane

two chamber angle range;
(30 - 400m) 800 = 1000

Left atrial
appendage

)

Fig. 13. Midesophageal two-chamber (B).
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Mid esophageal
two-chamber

Fig. 14. Midesophageal two-chamber (B). (Please see companion DVD for corresponding video.)

Mid esophageal Multiplane
long axis angle range:
(30 - 40cm) & 120°-160°

Fig. 15. Midesophageal long axis (C).
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Mid esophageal
two chamber

Fig. 16. Midesophageal long axis (C). (Please see companion DVD for corresponding video.)

Mid esophageal Multiplane
right ventricular angle range:
inflow - outflow

(30 - 40cm)

65°

Fig. 17. Midesophageal right ventricular inflow-outflow (M).
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Mid esophageal
55 RV inflow-outflow,

Fig. 18. Midesophageal right ventricular inflow-outflow (M). (Please see companion DVD for corresponding video.)

Mid esophageal Multiplane
bicaval angle range
(30 - 40cm) 80° - 110°

SvC l
3

wve '90°

Fig. 19. Midesophageal bicaval (L).
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Mid esophageal
bicaval

Fig. 20. Midesophageal bicaval (L). (Please see companion DVD for corresponding video.)

Multiplane
angle range Mid esophageal
100° - 150° ascending aortic
long axis
(30 - 40cm)

]

Ascending
aorta

FI g 4
_::-gz Aortic a-f-‘ﬁ"

o root

Fig. 21. Midesophageal ascending aortic long axis view (P).
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Mid esophageal ascendlng
aortic long axis

Fig. 22. Midesophageal ascending aortic long axis view (P). (Please see companion DVD for corresponding video.)

Mid esophageal Multiplane
aortic valve angle range
long axis 120° - 160°

(30 - 40cm)

Fig. 23. Midesophageal aortic valve long axis (I).
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Mid esophageal
aortic valve
long axis

Fig. 24. Midesophageal aortic valve long axis (I). (Please see companion DVD for corresponding video.)

Mid esophageal Multiplane
ascending aortic angle range
short axis 0° - 60°

(30 - 40cm) '

M

Fig. 25. Midesophageal ascending aortic short axis view (O).
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Mid esophageal ascending
aortic shortaxis . = ~

Fig. 26. Midesophageal ascending aortic short axis view (O). (Please see companion DVD for corresponding video.)

Mid esophageal Multiplane
aortic valve angle range
(30 - 40cm)

Fig. 27. Midesophageal aortic valve short axis (H).
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Mid esophageal
aortic valve
short axis

Fig. 28. Midesophageal aortic valve short axis (H). (Please see companion DVD for corresponding video.)

Multiplane
angle range
Upper esophageal 0°
ascending aortic -
long axis
(20 - 25¢cm)

Fig. 29. UE aortic arch long axis (S).



Chapter 23 / Transesophageal Echocardiography

Upper esophageal

b

aortic arch #’"
long axis ‘

Fig. 30. UE aortic arch long axis (S). (Please see companion DVD for corresponding video.)

Upper esophageal Multiplane
ascending aortic angle range
short axis 90°

(20 - 25cm)

L. common & common
“carotid artery P Qtid artery

/Aortic arch

90°

Fig. 31. UE aortic arch short axis (T). (Please see companion DVD for corresponding video.)
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Descending aortic

londg axis Multiplane
(30 I!Elﬂll](:m) angle range
90° - 110°

90°

Fig. 32. Descending aortic long axis (R).

Descending
aortic long-axis

Fig. 33. Descending aortic long axis (R). (Please see companion DVD for corresponding video.)
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Descending aortic Multiplane
short axis angle range
(30 - 40cm) 0°

Fig. 34. Descending aortic short axis (Q).

Descending aortic
short axis

Fig. 35. Descending aortic short axis (Q). (Please see companion DVD for corresponding video.)
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Transgastric Multiplane
mid short axis angle range
(40 - 45cm)
A
20°

Antero-
lateral PM
Postero-

medial PM

. Postero-medial
Transgastric . __papillary muscle

i "

mid short axis &5 %
W

Bulwer and Shernan

1 Diastole

Fig. 37. Transgastric midshort axis (D). (Please see companion DVD for corresponding video.)
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T trh Multiplane

ransgastric

basal short axis angle range
(40 - 45¢cm) []0 U 200

A

\ Mitral

orifice

Fig. 38. Transgastric basal short axis (F).

Transgastric

e
fitral orifice

Fig. 39. Transgastric basal short axis (F). (Please see companion DVD for corresponding video.)
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Transgastric _
two—cgamber Multiplane

(40 - 45¢cm) angle range
80° - 100°

Lo
W &

W e Da it |
-*;‘ ﬂﬂ.u?ﬂﬁf}ﬁu,ﬁh.

Fig. 40. Transgastric two-chamber (E).

Transgastric
two-chamber

Fig. 41. Transgastric two-chamber (E). (Please see companion DVD for corresponding video.)
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Transgastric Multiplane
long axis angle range
(40 - 45cm) 90° - 120°

Fig. 42. Transgastric long axis (J).

Transgastric
long axis

Fig. 43. Transgastric long axis (J).
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Transgastric right

ventricular inflow .
(40 - 45cm) Multiplane
120° angle range

100° - 120°

Fig. 44. Transgastric right ventricular inflow (N).

Transgastric
RV inflow

Fig. 45. Transgastric right ventricular inflow (N). (Please see companion DVD for corresponding video.)
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Deep transgastric Multiplane angle range
long axis 0° - 20° anteflexion
(45 - 50cm)

Fig. 46. Deep transgastric long axis (K). (Please see companion DVD for corresponding video.)

Deep transgastric .
long axis :

Fig. 47. Deep transgastric long axis (K).
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ORDER OF EXAMINATION: STAGE 1

ME level: multiplane from O to approx 120°.

ME four-chamber 15° (A).

ME mitral commissural 60° (G).
ME two-chamber 90° (B).

ME long axis120° (C).

ME four-chamber (A): Figs. 8-10 (please see
companion DVD for corresponding video for Figs. 8

and

10).

Multiplane to 15°.

Inferior septum and lateral wall of left ventricle
(LV).

Right ventricular size and function.

Atrial size and interatrial septum.

Withdraw TEE probe “and turn leftward” for visu-
alization of appendage.

Mitral valve (MV) scallops: Al, P1 (see Chapter
14, Figs. 1, 2, 36).

Color flow Doppler to tricuspid valve.
Pulsed-wave Doppler to MV to assess LV inflow.

ME mitral commissural 80°(G): Figs. 11 and 12.

Multiplane 60°.

MYV examination:

Anterolateral and posteromedial MV commissures.
Lateral (P1), middle (A2), and medial (P3) scallops
of both anterior (A) and posterior (P) leaflets (see
Chapter 14, Figs. 1, 2, and 36).

CFD to MV.

ME two-chamber 90° (B): Figs. 13 and 14.

Multiplane 90°.

LV function, inferior and anterior walls.

LA, LAA, and left upper pulmonary vein.

Color flow Doppler to MV (R to L = A2, P3).
Continuous-wave (CW) Doppler to LV (A, S, D waves).

ME long axis 120° (C): Figs. 15 and 16.

Multiplane120°.

AV and proximal ascending aorta.

LV anterior septum and posterior wall.
Color flow Doppler to mitral and AVs.

ORDER OF EXAMINATION: STAGE 2

ME level: with angle approx 90°, sweep R to L.

ME level: with angle ~90°, sweep R to L.

Bulwer and Shernan

ME right ventricular inflow-outflow 80° (M): Figs. 17
and 18 (please see companion DVD for correspon-
ding video for Fig. 18).

ME bicaval 110° (L): Figs. 19 and 20.

Withdraw: ME ascending aortic long axis 100° (P):
Figs. 21 and 22 (please see companion DVD for cor-
responding video for Fig. 22).

Advance: ME aortic long axis 130° (I): Figs. 23 and
24 (please see companion DVD for corresponding
video for Fig. 24).

ME Right ventricular inflow-outflow (M): Figs. 17
and 18 (please see companion DVD for corresponding
video for Fig. 18).

Multiplane 80°.

Tricuspid valve, right ventricular outflow, pulmonic
valve.

Color flow Doppler to tricuspid and pulmonic valves.
CW Doppler for tricuspid regurgitation.

ME bicaval (L): Figs. 19 and 20.

110°.

Turn TEE probe to the right.

Check for patent foramen ovale using color flow
Doppler.

Check for secundum and sinus venous atrial septal
defects.

Superior vena cava, inferior vena cava, eustachian
valve (Chiari) remnants.

ME Ascending aortic long axis view (P): Figs. 21 and 22
(please see companion DVD for corresponding video for
Fig. 22).

Multiplane 100°.

Evaluate for aortic atheroma, dissection, or thrombus.
Right pulmonary artery as it crosses behind the
ascending aorta on its way to the right lung.

ME aortic valve long axis (I): Figs. 23 and 24 (please
see companion DVD for corresponding video for Fig. 24).

ORDER OF EXAMINATION: STAGE 3

Start at 0-20°.

ME ascending aortic short axis 20° (O): Figs. 25 and 26
(please see companion DVD for corresponding video
for Fig. 26).

Withdraw: ME AV short axis 60° (H): Figs. 27 and
28 (please see companion DVD for corresponding
video for Fig. 28).
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e UE aortic arch long axis 0° (S): Figs. 29 and 30
(please see companion DVD for corresponding video
for Fig. 30).

e UE aortic arch short axis 90° (T): Fig. 31 (please see
companion DVD for corresponding video).

e Turn left, advance: descending aortic long axis 90°
(R): Figs. 32 and 33 (please see companion DVD for
corresponding video for Fig. 33).

* Descending aortic short axis 0° (Q): Figs. 34 and 35
(please see companion DVD for corresponding
video for Fig. 35).

ME ascending aortic short-axis view (O): Figs. 25
and 26 (please see companion DVD for corresponding
video for Fig. 26).

e Multiplane 20°.

e Evaluate aorta for atheromatous change, aortic dis-
section, or thrombus.

e Pulmonary artery bifurcation.

ME aortic valve short axis (H): Figs. 27 and 28
(please see companion DVD for corresponding video
for Fig. 28).

e Multiplane 60°.

* Evaluate AV and aortic cusps.

* Color flow Doppler to AV.

e Evaluate LAA.

e Evaluate coronary arteries and flow: left main and
right coronary artery.

UE aortic arch long axis (S): Figs. 29 and 30
(please see companion DVD for corresponding video
for Fig. 30).

e Multiplane 0°.
e Evaluate aortic arch for atheromatous change, dis-
section, or thrombus.

UE aortic arch short axis (T): Fig. 31 (please see
companion DVD for corresponding video).

e Multiplane 90°.

e Evaluate aortic arch atheromatous change, dissec-
tion, thrombus.

e Evaluate origin of great vessel(s) for atheroma or
dissection.

Descending aortic long axis (R): Figs. 32 and 33
(please see companion DVD for corresponding video
for Fig. 33).

e Multiplane 90°.
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e Evaluate aorta for atheromatous change, dissection,
or thrombus.

Descending aortic short axis (Q): Figs. 34 and 35
(please see companion DVD for corresponding video
for Fig. 35).

e Multiplane 0°.
e Evaluate aorta for atheromatous change, dissection,
or thrombus.

ORDER OF EXAMINATION: STAGE 4

Advance to stomach, anteflex.

e Transgastric midshort axis 0° (D): Figs. 36 and 37
(please see companion DVD for corresponding
video for Fig. 37).

e Withdraw slightly: transgastric basal short axis 0°
(F): Figs. 38 and 39 (please see companion DVD for
corresponding video for Fig. 39).

e Transgastric two-chamber 90° (E): Figs. 40 and 41
(please see companion DVD for corresponding
video for Fig. 41).

* 90-120°: transgastric long axis 120° (J): Figs. 42
and 43.

e Turn right: transgastric right ventricular inflow 120°
(N): Figs. 44 and 45 (please see companion DVD for
corresponding video for Fig. 45).

e Advance, anteflex: deep transgastric long axis 0°
(K): Figs. 46 and 47 (please see companion DVD for
corresponding video for Fig. 46).

Transgastric mid-short axis (D): Figs. 36 and 37
(please see companion DVD for corresponding video for
Fig. 37).

e Multiplane 0°.

¢ Assess wall motion and thickening.

* Assess left and right ventricular size, wall thickness,
and function.

Transgastric basal short axis (F): Figs. 38 and 39
(please see companion DVD for corresponding video-
for Fig. 39).

e Mutiplane 0°.
* Assess MV function and anterior and posterior
mitral leaflets.

Transgastric two chamber (E): Figs. 40 and 41
(please see companion DVD for corresponding video
for Fig. 41).

e Multiplane 90°.
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e Color flow Doppler to the MV.
e Assess anterior and inferior LV wall.

Transgastric long axis (J): Figs. 42 and 43.

e Multiplane 120°.
* CW to the AV with velocity time integral.

Transgastric right ventricular inflow (N): Figs. 44
and 45 (please see companion DVD for corresponding
video for Fig. 45).

e Multipla’ne at 100-120° when indicated.

K. deep transgastric long axis: Figs. 46 and 47
(please see companion DVD for corresponding video
for Fig. 46).

e Multiplane 0°.

Bulwer and Shernan

* Aortic flow, including CW Doppler to AV with AV
velocity time integral.
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450 Appendix

Table A4
Reference Limits and Partition Values of Right Ventricular and Pulmonary Artery Size

Reference Mildly Moderately Severely
range abnormal abnormal abnormal

RV Dimensions (cm)

Basal RV diameter (RVD no. 1) 2.0-2.8 2.9-33 3.4-3.8 >3.9
Mid RV diameter (RVD no. 2) 2.7-33 3.4-3.7 3.8-4.1 24.2
Base-to-Apex Length (RVD no. 3) 7.1-7.9 8.0-8.5 8.6-9.1 >9.2

RVOT diameters (cm)

Above aortic valve (RVOT no. 1) 2.5-2.9 3.0-3.2 3.3-3.5 >3.6
Above pulmonic valve (RVOT no. 2) 1.7-2.3 2.4-2.7 2.8-3.1 >3.2

PA diameter (cm)

Below pulmonic valve (PA no. 1) 1.5-2.1 2.2-2.5 2.6-2.9 >3.0
Adapted from ref. /.

Table A5

Reference Limits and Partition Values of Right Ventricular Size and Function as Measured in the Apical Four-Chamber View

Reference Mildly Moderately Severely

range abnormal abnormal abnormal
RV diastolic area (cm?) 11-28 29-32 33-37 >38
RV systolic area (cm?) 7.5-16 17-19 20-22 >23
RV fractional area change (%) 32-60 25-31 18-24 >17

Adaptted from ref. /.
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AF, see Atrial fibrillation
Aliasing, Doppler ultrasound, 12, 13, 16
Aortic aneurysm, proximal aneurysm without dissection,
376
Aortic dissection,
case presentation, 363
diagnostic pitfalls, 370
echocardiography indications, 77
epidemiology, 363
etiology, 364-366
localization, 365
pathophysiology, 363, 364
transesophageal echocardiography, 367-370
transthoracic echocardiography, 366, 367
Aortic intramural hematoma (IMH),
case presentation, 370
echocardiographic findings, 373, 375
Aortic regurgitation,
anatomy, 223, 224
Doppler ultrasound,
color flow Doppler, 225, 226, 228, 229
quantitative measures, 230, 231, 233, 234, 237
vena contracta measurement, 228, 229
etiology, 223, 224
grading, 233
left ventricular effects, 224, 225
valve morphology assessment, 223, 224
Aortic stenosis,
aortic valve area calculation, 214
Doppler ultrasound, 211-214
etiology, 209, 210
low-gradient stenosis, 216
pitfalls, 216-218
severity assessment, 214, 215
two-dimensional echocardiography, 210, 211
Aortic valve area (AVA), calculation, 214
Apical five-chamber view,
examination protocol, 43, 44
overview and uses, 30
Apical four-chamber view,
examination protocol, 43
overview and uses, 28-30
Apical long-axis view, overview and uses, 31, 32
Apical three-chamber view, examination protocol, 45

Apical two-chamber view,
examination protocol, 44, 45
overview and uses, 30, 31
Arrhythmias, echocardiography indications, 86
Arrhythmogenic right ventricular cardiomyopathy/dyspla-
sia, echocardiography, 186, 187
ASA, see Atrial septal aneurysm
ASD, see Atrial septal defect
Athlete’s heart, hypertrophic cardiomyopathy differential
diagnosis, 177, 182
Atrial fibrillation (AF),
cardioversion, 306, 307, 313-315
case presentation, 305
echocardiography indications, 306
mitral valve area assessment with pressure half-time,
247
risk factors, 306
stroke risks, 305, 306
thrombus patient management, 315, 316
transesophageal echocardiography of left atrial append-
age,
facilitated early cardioversion, 313-316
hemodynamics, 308, 312
internal morphology, 307, 308
thrombi detection, 312, 313
topographical relationships and external anatomy,
307
Atrial septal aneurysm (ASA),
management, 329
patent foramen ovale association, 327-329
stroke risks, 328, 329
Atrial septal defect (ASD),
anatomy, 379, 381, 382
coronary sinus defect, 385, 386
echocardiography,
indications, 379
management guidelines, 387, 388
patent foramen ovale, see Patent foramen ovale
primum defects, 385
right ventricular overflow, 382
secundum defects, 382-384
shunt flow quantification, 382
sinus venosus septal defect, 385
AVA, see Aortic valve area
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Index

Blood flow,
types in heart, 12, 13
velocity equation, 10

Cancer, see Cardiac masses
Cardiac masses, see also Embolic disease; Infective en-
docarditis,
cancer effects on heart,
late effects, 361
mass effect, 359
myocardial infiltration, 359
pericardial involvement, 361
valvular involvement, 361
case presentation, 347
differential diagnosis,
artifacts, 351, 352
normal structures,
extracardiac, 349
intracardiac, 347-349
thrombi, 349, 350
tumors,
primary tumors, 352-354, 356
secondary tumors, 356, 357, 359
vegetation, 351
echocardiography indications, 86
Cardiac output (CO), calculation, 99, 103
Cardiac tamponade, see also Pericardial effusion,
echocardiography indications, 80
myocardial infarction association and echocardiography,
146
Cardiomyopathy,
arrhythmogenic right ventricular cardiomyopathy/dys-
plasia, 186, 187
classification, 161-163
definition, 161
dilated cardiomyopathy,
case presentation, 161, 162
echocardiography, 163, 165
hypertensive cardiomyopathy,
case presentation, 182
echocardiography, 182, 183, 185
hypertrophic cardiomyopathy,
apical variant, 176
athlete’s heart evaluation, 177, 182
case presentation, 170, 171
diastolic dysfunction, 175
echocardiography, 171, 173-176
left ventricular outflow tract obstruction, 173, 174
mitral valve,
regurgitation, 175
systolic anterior motion, 173, 174
septal ablation, 175, 176
left ventricular noncompaction, 185
restrictive cardiomyopathy,
case presentation, 166, 168
echocardiography, 168—170
stress-related cardiomyopathies, 185

Cardioversion,
thromboembolism risks, 306, 307
warfarin use guidelines, 307
Carpentier’s functional classification, see Mitral regurgita-
tion
Central processing unit, function, 35
CHD, see Congenital heart disease
Chemotherapy, cardiac effects, 361
Chest pain, echocardiography indications, 74, 77, 138
CO, see Cardiac output
Coarctation of the aorta,
anatomy, 401
cardiac lesions, 401
echocardiographic findings, 401, 402
Congenital heart disease (CHD), see also specific diseases,
coarctation of the aorta, 401, 402
Ebstein malformation, 404, 407
echocardiography,
indications, 86, 391, 392
transesophageal echocardiography, 397
transthoracic echocardiography, 393, 397
patent ductus arteriosus, 399, 401
persistent left superior vena cava, 408
segmental approach in analysis,
connecting segments, 393
overview, 391, 392
segment assignment, 393
tetralogy of Fallot, 402, 404
transposition of the great arteries, 407
ventricular septal defect, 397-399
Congestive heart failure, see Heart failure
Contrast echocardiography,
applications, 72, 73
contrast agents,
preparation and administration, 112
types, 112
Doppler flow signal enhancement, 114
historical perspective, 111
imaging modes, 113
left ventricular opacification, 113, 114
mechanical index, 113
myocardial contrast echocardiography, 115
safety, 115

Diastole,
comprehensive echocardiographic assessment,
dysfunction, 121
physiology, 119-121
Dilated cardiomyopathy,
case presentation, 161, 162
echocardiography, 163, 165
Display, ultrasound equipment, 35, 36
Dobutamine stress test, see Stress echocardiography
Doppler ultrasound,
aliasing, 12, 13, 16
aortic regurgitation,
color flow Doppler, 225, 226, 228, 229
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quantitative measures, 230, 231, 233, 234, 237 Embolic disease,
vena contracta measurement, 228, 229 atrial fibrillation and left atrial appendage thrombi, see
aortic stenosis, 211-214 Atrial fibrillation
applications, 72 cardiogenic embolism,
caveats, 15, 16 case presentation, 323, 329
coarctation of the aorta, 401, 402 echocardiographic work-up for source finding, 329,
color flow Doppler, 14, 21, 22 330
continuous-wave mode, 10, 13 epidemiology, 323-325, 327-329
contrast agent enhancement of flow signal, 114 left ventricular thrombus and myocardial infarction,
diastolic dysfunction, 144-146
color M-mode Doppler imaging, 130 pulmonary embolism, see Pulmonary embolism
flow interrogation, 121, 122 stroke,
mitral valve inflow patterns, case presentation, 319
classification, 122, 123 epidemiology, 319-321
impaired relaxation, 123, 124 etiology, 321-323
modification, 125 transesophageal echocardiography, 330
pseudonormal inflow, 124, 125 EROA, see Effective regurgitant orifice area
restrictive inflow, 125 Evidence-based medicine, echocardiography use, 71, 73, 74
technical issues in measurement, 122 Examination report, 45, 68, 69
pulmonary venous flow patterns, Exercise echocardiography, see Stress echocardiography
components, 125
Doppler tissue imaging, 126, 129-130 Fractional shortening (FS),
isovolumic relaxation time, 126 derivation, 98
technical issues in measurement, 125 reference values, 447
mitral regurgitation, Free wall rupture, myocardial infarction association and
color flow Doppler, 267, 268 echocardiography, 143, 144
color jet area, 268-270 FS, see Fractional shortening
continuous-wave get intensity and morphology,
273 Harmonic imaging,
effective regurgitant orifice area, 270 artifacts, 8
left ventricular systolic performance, 273 image quality, 7
mitral E-point velocity, 273 Heart failure,
proximal isovelocity surface area, 270-272 diastolic dysfunction, 121
pulmonary vein systolic flow reversal, 272, 273 echocardiography indications, 80
severity index integration, 273, 274 myocardial infarction association and echocardiography,
vena contracta width, 270 146
myocardial performance index, 108, 109 Hypertensive cardiomyopathy,
pressure gradient measurement, 14, 15 case presentation, 182
principles, 8-10, 20, 21 echocardiography, 182, 183, 185
pulsed-wave mode, 10, 13 Hypertrophic cardiomyopathy,
sampling rate, 10—12 apical variant, 176
ventricular systolic function, 103, 104, 108 athlete’s heart evaluation, 177, 182
Dyspnea, echocardiography indications, 80 case presentation, 170, 171
diastolic dysfunction, 175
Ebstein malformation, echocardiography, 171, 173-177
anatomy, 404, 407 left ventricular outflow tract obstruction, 173, 174
cardiac lesions, 404 mitral valve,
echocardiographic findings, 404, 407 regurgitation, 175
EF, see Ejection fraction systolic anterior motion, 173, 174
Effective regurgitant orifice area (EROA), measurement, septal ablation, 175, 176
270,272
Ejection fraction (EF), IE, see Infective endocarditis
grading, 96 IMH, see Aortic intramural hematoma
limitations of assessment, 99—101 Infective endocarditis (IE),
M-mode echocardiography, 93, 94 case presentations, 285, 288, 289, 292, 295
reference values, 447 complications, 298, 299

two-dimensional echocardiography, 99 diagnosis, 286-288
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Index

echocardiographic findings, 298, 299
echocardiography indications, 82, 83, 86, 295
predisposing cardiac lesions, 288
surgery indications, 299
transesophageal echocardiography, 295, 296
Intramural hematoma, see Aortic intramural hematoma
Isovolumic relaxation time (IVRT), diastolic function as-
sessment, 126
IVRT, see Isovolumic relaxation time

LAA, see Left atrial appendage
Left atrial appendage (LAA),
thrombus formation, 305, 306
transesophageal echocardiography in atrial fibrillation,
facilitated early cardioversion, 313-316
hemodynamics, 308, 312
internal morphology, 307, 308
thrombi detection, 312, 313
topographical relationships and external anatomy,
307
Left atrium size,
assessment in mitral regurgitation, 267
reference values, 449
Left ventricle size,
importance of assessment, 91, 92
left ventricular mass measurement, 101, 102
M-mode echocardiography, 92-94
reference values, 446
two-dimensional echocardiography, 98
Left ventricle wall motion,
grading, 96, 97
limitations of assessment, 97, 98
Left ventricular noncompaction, echocardiography, 185
Left ventricular opacification (LVO), contrast
echocardiography, 113, 114
Left ventricular outflow tract obstruction, hypertrophic
cardiomyopathy, 173, 174
Left ventricular thrombus, myocardial infarction associa-
tion and echocardiography, 144—-146
Left ventricular wall,
myocardial infarction motion abnormalities, 135, 136,
138
thickness reference values, 446
LVO, see Left ventricular opacification

Marfan’s syndrome, echocardiographic evaluation, 376
MCE, see Myocardial contrast echocardiography
Mechanical index (MI), contrast echocardiography, 113
MI, see Mechanical index; Myocardial infarction
Mitral regurgitation,
case presentations,

endocarditis following repair, 283

flail leaflet, 261

mitral valve replacement, 279, 282, 283

myocardial infarction, 259, 261

prolapse, 256

rheumatic mitral regurgitation, 263, 265

trace regurgitation, 255, 256

Doppler ultrasound,
color flow Doppler, 267, 268
color jet area, 268-270
continuous-wave get intensity and morphology, 273
effective regurgitant orifice area, 270
left ventricular systolic performance, 273
mitral E-point velocity, 273
proximal isovelocity surface area, 270-272
pulmonary vein systolic flow reversal, 272, 273
severity index integration, 273, 274
vena contracta width, 270
echocardiography indications, 255, 256
etiology, 255, 256
mitral valve prolapse, 256-259
myocardial infarction association and echocardiography,
139, 140, 147
sequelae, 259
severity classification, 265, 266
surgical considerations,
anatomy, 274
Carpentier’s functional classification,
type 1, 275, 277
type 11, 277
type Ila, 277, 278
type IIIb, 278
intraoperative valve analysis, 279
transesophageal echocardiography, 279
two-dimensional echocardiography,
left atrium size, 267
left ventricular performance, 266, 267

Mitral stenosis,

case presentation, 239
etiology, 240, 241
left atrium morphology, 241
mitral valve area assessment,
continuity equation, 248, 249
planimetry, 246, 247
pressure half-time, 247, 248
proximal isovelocity surface area, 250-252
morphology of valve and supporting structure, 240, 241
pressure gradients, 242, 244-246
pulmonary arterial pressure, 241, 242

Mitral valve,

area assessment, see Mitral stenosis
hypertrophic cardiomyopathy,
regurgitation, 175
systolic anterior motion, 173, 174
inflow patterns and diastolic dysfunction,
classification, 122, 123
impaired relaxation, 123, 124
modification, 125
pseudonormal inflow, 124, 125
restrictive inflow, 125
technical issues in measurement, 122
morphology of valve and supporting structure, 240, 241

M-mode echocardiography,

applications, 72
color M-mode Doppler imaging of diastolic function, 130
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left ventricle size, 92-94
overview, 20
MPI, see Myocardial performance index
Murmurs, see specific conditions
Myocardial contrast echocardiography (MCE), principles,
115
Myocardial infarction (MI),
case presentation, 133
coronary artery anatomy, 136
echocardiography indications,
cardiac tamponade, 146
free wall rupture, 143, 144
heart failure, 146
left ventricular thrombus, 144146
mitral regurgitation, 139, 140, 147
overview, 139
pericarditis, 146
pseudoaneurysm, 143, 146, 147
ventricular septal defect, 140-143
left ventricular wall motion abnormalities, 135, 136, 138
Myocardial ischemia, echocardiography indications, 74
Myocardial performance index (MPI), Doppler ultrasound,
108, 109
Myocardial viability, assessment, 102
Myxoma, see Cardiac masses

Parasternal long-axis view,
examination protocol, 38—42
overview and uses, 25
Parasternal short-axis view,
examination protocol, 41, 43
overview and uses, 28
PASP, see Pulmonary arterial systolic pressure
Patent ductus arteriosus (PDA),
anatomy, 399
echocardiographic findings, 399, 401
Patent foramen ovale (PFO),
atrial septal aneurysm association, 327-329
echocardiography, 324, 325, 327, 386, 387
embolic disease, 323-325, 327
management, 329, 387, 388
PDA, see Patent ductus arteriosus
PE, see Pulmonary embolism
Pericardial effusion, see also Cardiac tamponade,
case presentation, 191, 208
clinical presentation, 203, 206
echocardiographic findings, 203, 204, 206-208
echocardiography indications, 77, 80
etiology, 201-203
pathophysiology, 202
Pericarditis,
acute pericarditis,
echocardiographic findings, 197
etiology, 194-197
chronic constrictive pericarditis,
clinical presentation, 197, 198
echocardiographic findings, 198-200
echocardiography indications, 80

myocardial infarction association and echocardiography,
146
Pericardium,
anatomy, 191-193
physiology, 193, 194
tumor effects, 361
Persistent left superior vena cava, features, 408
PFO, see Patent foramen ovale
PISA, see Proximal isovelocity surface area
Pressure half-time, mitral valve area assessment, 247, 248
Proximal isovelocity surface area (PISA), mitral regurgita-
tion assessment, 250-252, 270-272
Pseudoaneurysm, myocardial infarction association and
echocardiography, 143, 146, 147
Pulmonary arterial systolic pressure (PASP),
calculation, 343, 344
pulmonary embolism risk assessment, 341
Pulmonary artery size, reference values, 448
Pulmonary embolism (PE),
case presentation, 333
echocardiography,
findings, 334-338, 340, 341
indications, 77
mortality, 334
pathophysiology, 334
pulmonary arterial systolic pressure, 341
risk assessment and management, 341, 342
Pulmonary hypertension,
classification, 341, 343
pulmonary arterial systolic pressure calculation, 343,
344
tricuspid regurgitation velocity, 343, 344
Pulmonary venous flow, Doppler patterns and diastolic
dysfunction,
components, 125
technical issues in measurement, 125

Restrictive cardiomyopathy,
case presentation, 166, 168
echocardiography, 168—170

Right ventricle inflow view,
examination protocol, 42
overview and uses, 27, 28

Right ventricle,
chamber dimensions, 110
morphology, 109
reference values, 448

Right ventricular outflow, examination protocol, 42

SAM, see Systolic anterior motion

Stress echocardiography,
advantages and disadvantages, 157, 158, 160
exercise testing, 151
indications, 72, 149-151
interpretation, 154157
pharmacological testing, 151, 153
recommendations for testing, 149, 150
vasodilator and pacing stress, 153, 154
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Stress-related cardiomyopathies, echocardiography, 185
Stroke, see Embolic disease
Stroke volume, derivation, 99
Subcostal position,
examination protocol, 45
views, 32
Superior vena cava, persistent, 408
Suprasternal position,
examination protocol, 45
views, 32, 33
Syncope, echocardiography indications, 86
Systolic anterior motion (SAM), mitral valve and hyper-
trophic cardiomyopathy, 173, 174

TEE, see Transesophageal echocardiography
Tetralogy of Fallot,
anatomy, 402
echocardiographic findings, 402, 404
natural history, 402
palliative surgery, 402
pathophysiology, 402
Three-dimensional echocardiography,
applications, 73
left ventricular mass measurement, 101, 102
Thrombus, see Embolic disease
Transducer,
function, 35
index mark, 38
maneuvers, 38
positions, see Views
scan plane, 37
Transesophageal echocardiography (TEE),
anatomical relationships, 418, 420
aortic dissection, 367-370
cardiogenic emboli, 330
congenital heart disease, 397
infective endocarditis, 295, 296
instrumentation , 417, 418
left atrial appendage in atrial fibrillation,
facilitated early cardioversion, 313-316
hemodynamics, 308, 312
internal morphology, 307, 308
thrombi detection, 312, 313
topographical relationships and external anatomy, 307
mitral valve analysis, 279
spatial relationships, 419, 420
stages of examination,
stage 1,421, 442
stage 2,421, 442
stage 3,421, 442, 443
stage 4,421, 443, 444
views, 418, 419, 420

Transposition of the great arteries,
anatomy, 407
surgical correction, 407
Tricuspid regurgitation velocity, pulmonary hypertension,
343,344
Tumors, see Cardiac masses
Two-dimensional echocardiography,
aortic stenosis, 210, 211
applications, 72
examination protocol, 38—45
imaging planes, 38
left ventricle size, 98
left ventricle systolic function, 94-96
mitral regurgitation,
left atrium size, 267
left ventricular performance, 266, 267
overview, 19

Ultrasound,
fundamental versus harmonic imaging, 7
image generation, 3, 5
propagation velocity, 3
resolution versus penetration, 7
tissue interactions, 5, 6
wave characteristics, 3

Valvular heart disease, see also specific conditions,
echocardiography indications, 82
Vena contracta, width measurement, 270
Ventricular septal defect (VSD), myocardial infarction
association and echocardiography, 140-143
anatomy, 398
echocardiographic findings, 398, 399
Views,
apical position,
five-chamber view, 30
four-chamber view, 28-30
long-axis view, 31, 32
two-chamber view, 30, 31
overview, 22, 24, 25, 37
parasternal position,
long-axis view, 25
right ventricle inflow view, 27, 28
short-axis view, 28
subcostal position views, 32
suprasternal position views, 32, 33
transesophageal echocardiography, 418—420
VSD, see Ventricular septal defect

Warfarin, cardioversion use guidelines, 307, 313, 314





