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Preface

Echocardiography has expanded greatly over recent years to earn its place as a 
subspecialty in cardiology in its own right. From the original single M-mode modality 
of 50 years ago, it has evolved into a complex “multimodality” method for evaluating 
and quantifying cardiovascular lesions. In addition, the entire spectrum of hemodynamic 
assessment of the heart can now be performed noninvasively using echocardiography 
alone. Transesophageal echocardiography has added to the clarity of imaging and 
proved to be extremely helpful in valve surgery. Lately, three-dimensional 
echocardiography has added a new dimension and helped the understanding of cardiac 
anatomy and pathology in real time. Finally, deformation imaging and assessment of 
myocardial perfusion complete the global assessment of the heart by echocardiography 
by looking at the various contraction and perfusion patterns in patients with coronary 
artery disease at rest and during stress.

Echocardiography highlights the clinical utility of these evolving modalities that 
are now crucial to the renaissance of echocardiography. This book provides a thorough 
clinical review of the most revealing and adaptable echocardiographic methods of 
imaging a patient. The editors and their world-class group of contributors have 
created an essential reference for all who use echocardiography in the practice.

London, UK Petros Nihoyannopoulos
Durham, NC Joseph Kisslo
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Section 1 
How Things Work



Introduction

The modern cardiac ultrasound scanner is a very 
sophisticated piece of equipment. It provides the abil-
ity to generate moving images of the heart, together 
with quantitative data on blood flow and tissue motion. 
The output is displayed in real time, either as two-
dimensional (2-D) tomographic (“slice”) images or, 
more recently, rendered three-dimensional (3-D) “vol-
ume” images from which individual sectional planes 
can be extracted. Although much of the pioneering 
development in echocardiography was carried out by 
researchers in academic institutions and small, innova-
tive companies, the cost of developing, manufacturing 
and supporting the products is now such that the 
machines are now produced by almost exclusively by 
multinational electronics corporations.

Most of us drive a car without understanding the 
intricacies of an automatic gearbox or fuel injection, 
and we use computers without any need to know how 
the digital data within them are routed, and computa-
tions made millions of times each second. Furthermore, 
much of the information on the construction of ultra-
sound transducers and the image processing algorithms 
employed in the scan converters are closely guarded 
commercial secrets. Nevertheless, almost every text-
book and training course in echocardiography (this 
volume being no exception) begins with a discussion 
on “Physics.” The positive view is that some knowl-
edge of the principles of ultrasound imaging is funda-
mental to understanding clinical applications, but there 
is no doubt that many students regard it as a “necessary 

evil,” to be endured and then forgotten once they have 
moved on to the clinical applications. Conscious of 
these facts, the aim of this chapter will be restricted to 
three areas:

(a) Basic understanding of how images and flow 
velocity data are obtained

(b) The major user control functions in the machines 
and how they affect image quality

(c) How limitations both of fundamental physics and 
current technology can result in image distortion 
and artifact that not infrequently result in serious 
misdiagnoses

Basic Concepts

Echocardiography employs high-frequency sound 
(pressure) waves to generate images of the heart and to 
study blood flow within the cardiac chambers and 
blood vessels. It is closely analogous to radar and the 
reader familiar with the way in which information 
from radar or a marine depth-sounder is gathered and 
displayed will recognize many similarities in the two 
techniques. Because there are fundamental differences 
in the physical principles underlying imaging of the 
heart’s structure and studying blood flow, these will be 
considered separately, whereas in practice images and 
blood flow data are usually displayed and recorded 
superimposed or concurrently.

Pressure waves are generated by a vibrating object, 
and are transmitted through a solid, liquid, or gaseous 
medium as pressure fluctuations – waves of alternating 
compression and rarefaction. The velocity at which a 
medium propagates waves is primarily determined by 
its density, being higher in a solid, whose molecules 
are close together, than in a liquid or a gas.

Chapter 1
Physical Principles and the Basic Exam

Graham Leech
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Pressure waves travel in air at approximately  
300 m.s−1, and in soft body tissues the average value 
is about 1,540 m.s−1. There is a fundamental relation-
ship between propagation velocity, the frequency 
(pitch) of the waves and their wavelength (the distance 
between two successive maxima or minima in the train 
of pressure cycles).

This states that:
propagation velocity = frequency × wavelength
Thus, in soft body tissues, at a frequency of 1,000 

Hz (=Hertz or cycles per second), the wavelength is 
1.54 m. Commonsense dictates that this is too great to 
image the heart, which is only about 15 cm across and 
which contains structures less than 1 mm thick. To 
achieve a wavelength of 1 mm, the frequency has to be 
1,540,000 Hz or 1.54 MHz. Such high frequencies 
cannot be detected by the human ear, which responds 
only to frequencies from about 30 to 15,000 Hz, and 
since the word “sound” implies a sensation generated 
in the brain, the term, “Ultrasound” is used to describe 
them.

Pressure waves and light waves share many proper-
ties. When a beam of light passes from one medium to 
another, part of the energy is reflected and the path of 
the transmitted portion is deviated by refraction. In the 
same way, when pressure waves encounter an interface 
between two different body tissues, blood and muscle 
for example, some of the incident energy is reflected. 
Another characteristic shared by light and pressure 
waves is diffraction, whereby the waves “bend” around 
the edge of an obstacle. The degree to which this is 
apparent depends on the relative sizes of the wave-
length and the obstacle. Thus sound waves, whose 
wavelength in air is of the order of 1 m, appear to bend 
around a given obstacle much more than light waves, 
having a wavelength of 0.000001 m. Ultrasound used 
for medical imaging typically has a wavelength of the 
order of 0.001 m (1 mm), half-way between that of 
sound and light. Ultrasound can therefore be thought 
of as being similar to a rather poorly focused flash-
light; it can be formed into a beam and aimed at regions 
of the heart of interest, but is far from an infinitely fine 
“laser” probe. The ultrasound beam comprises a cen-
tral main beam, which diverges with increasing dis-
tance from the transducer, surrounded by a number of 
smaller, secondary beams called “side lobes.” These 
arise from the physics of wave propagation, and from 
the fact that the ultrasound transducer comprises a 
number of individual crystal elements.

Ultrasound waves are usually generated and detected 
by ceramic crystals, which exhibit strong piezoelectric 
properties. This means that they change their shape 
when an electric potential is applied to them and, con-
versely, they generate an electric charge when mechan-
ically deformed. Because they convert electric energy 
into mechanical, and vice versa, they are called trans-
ducers. The material that has been used almost exclu-
sively for imaging transducers is Lead Zirconate 
Titanate. This normally is in the form of a polycrystal-
line ceramic material and is “polarized” by applying an 
electric field to align the electrical axes of the micro-
scopic crystals. The alignment is, however, not perfect 
but a new process has been introduced recently, which 
allows production of large, single crystals, which have 
a single polarization axis, and this promises to improve 
transducer performance significantly. An echocardio-
graphic transducer comprises one or more such crys-
tals, mounted on an absorbent backing. When electric 
impulses are applied to the crystal, it vibrates at a fre-
quency determined by its mechanical dimensions, in 
the same way that a bell vibrates when struck by a ham-
mer. Transducers used for echocardiography typically 
generate frequencies in the range 1.5–7 MHz. The same 
crystal is used to detect returning echoes from ultra-
sonic waves it has generated.

Imaging of Cardiac Structures

The Ultrasound Beam

Images of cardiac structures are formed by transmit-
ting a stream of very brief “pulses” of ultrasonic waves 
into the thorax. Each pulse comprises only a few waves 
and lasts 1–2 microseconds (ms). As a pulse travels 
through the chest wall, the pericardium, and the heart, 
it crosses a succession of interfaces between different 
types of tissue: blood, muscle, fat, etc. At each inter-
face, a proportion of the incident energy is reflected, 
the remainder being transmitted into deeper tissue lay-
ers. Provided that the interfaces are extensive com-
pared to the ultrasound wavelength, the reflections are 
specular (mirror-like) with the angle of reflection equal 
to the angle of incidence with respect to a normal to 
the interface. Only if the incident angle is 90° will the 
reflected waves re-trace the incident path and return to 
the transducer as an echo.
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This is not always easy to achieve in practice and 
limits the quality of echo signals from many cardiac 
structures, though the fact that body tissue interfaces 
are not totally smooth allows return of some echoes 
even if the interface is not perpendicular to the ultra-
sound beam. The transmitted portion of the ultrasound 
pulse may then encounter additional interfaces and 
further echoes return to the transducer.

The time delay between transmission of an ultra-
sound pulse and arrival of an echo back at the trans-
ducer (round-trip-time) is given by

Time delay = 2 × interface distance/propagation 
velocity

Thus, if the propagation velocity is known and the 
time delay can be measured, the distance of each echo-
generating interface from the transducer can be deter-
mined. It is important to note that the machine actually 
measures time delay and derives the distance from an 
assumed value for the propagation velocity in soft tis-
sues. If, however, the ultrasound passes through an 
object having different transmission characteristics 
from soft tissue, e.g., a silicone ball valve prosthesis, 
the time delay of returning echoes will change and the 
derived distance measurements will be false.

The total time for all echoes to return depends on 
the distance of the furthest structure of interest. This 
may be up to 24 cm, for which the round trip time in 
soft tissue is approximately 300 ms. Only then can a 
second ultrasound pulse be transmitted, but even so it 
is possible to send more than 3,000 pulses each sec-
ond. This stream of brief ultrasound pulses emanating 
from the transducer is referred to as an “ultrasound 
beam.” The first echoes to return and strike the piezo-
electric crystal arise from structures closest to the 
transducer, followed in succession by those from more 
distant interfaces. The minute electrical signals thus 
generated are amplified and processed to form a visual 
display showing the relative distances of the reflecting 
structures from the transducer, with the signal intensi-
ties providing some information about the nature of 
the interfaces.

The 2-D Sector Image

In order to generate 2-D tomographic (slice) images of 
the heart, the ultrasound beam has to be scanned across 
a section of the heart. The limited access to the heart 

afforded by spaces between the ribs and lungs dictates 
that cardiac scanners are of the sector scan type. The 
transducer is positioned on the chest manually and 
held steady, but the ultrasound beam it generates 
sweeps rapidly to and fro across a sector of an arc, 
creating a fan-shaped scan in the same way that a light-
house beam sweeps across the sea, illuminating objects 
in its path. In order to avoid blurring of the image by 
the heart’s motion, at least 25 images per second are 
required. The maximum attainable image frame rate is 
primarily the result of a trade-off between the required 
image depth, which limits the number of pulses trans-
mitted per second, and the sector angle and image line 
density, but other factors such as the display mode and 
imaging processing power of the machine are now 
involved. Image frame rate shown on the display screen 
may be as high as 150 s−1 or as low as 6 s−1. It can be 
improved by reducing image depth and/or narrowing 
the scan angle.

Almost all commercial echo machines use “phased 
array” technology to scan the ultrasound beam. Using 
sophisticated equipment derived from that used to cut 
silicon for manufacturing electronic “chips,” a single 
piezoelectric crystal is sliced into as many as 256 very 
thin strips, each connected individually to the electric 
pulse generator, which activates them in a very rapid and 
very precisely controlled sequence, as shown in Fig. 1.1. 
The wavelets from each crystal element merge to form a 
compound ultrasound wave. By varying the electrical 
activation sequence, the direction of the compound wave 
can be changed and a series of pulses generated to form 
a sector scan configuration. For a sector angle of 90° and 
working depth of 15 cm, each image comprises about 
200 scan lines and takes about 40 ms.

Immediately after each pulse is transmitted, echoes 
start to return. The minute electrical signals they gen-
erate as they strike the transducer and deform its crys-
tal elements are first amplified, then demodulated, 
which removes the ultrasound-frequency waves leav-
ing just their envelope. The echo signals resulting from 
a single ultrasound pulse now comprise a sequence of 
electronic “blips” representing the intensities of the 
echo reflections it generated (Fig. 1.2). To facilitate 
further processing these are “digitized” – converted 
into a series of numbers, whose values represent the 
echo amplitudes at discrete intervals – and allocated to 
a digital memory store.

The basic image data comprise a series of radial 
scan lines like spokes of a wheel which are relatively 
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Fig. 1.2 Echoes returning from tissue interfaces are converted 
into electrical impulses

Fig. 1.1 How the ultrasound beam direction is controlled by pulsing the crystal elements in sequence

close together near to the transducer, but deeper into 
the thorax there are significant gaps between them 
(Fig. 1.3). In the earliest 2-D scanners of the 1970s, 
this line structure was evident (Fig. 1.4), but nowadays 
it is masked by assigning image values to the “empty” 

memory cells based on averages of surrounding cells. 
The averaging process employs proprietary algorithms 
which account in large part for the differences in image 
texture that are characteristic of the various brands of 
machine. From this stage onward, the image is repre-
sented by a matrix of numbers, enabling the power of 
the digital computer to be harnessed to process them 
further and form the visual display on the monitor 
screen.

M-Mode

In the earliest echo machines, the ultrasound beam was 
fixed, with the only steering provided by the operator’s 
hand. The beam thus only interrogated structures along 
a single axis, a so-called “ice-pick” or “needle biopsy” 
view, with tissue interfaces represented as dots on the 
display screen. In order to show motion patterns, a lin-
ear sweep is added resulting in a graphic display as 
shown in Fig. 1.5. Though harder for the non-specialist 
to understand and considered by some to be “old fash-
ioned,” the M-mode display still offers important ben-
efits: it shows data from several cardiac cycles on a 
single image; it provides temporal continuity making 
it easier, for example, to identify a structure such as the 
endocardium from background clutter; and it has far 
greater temporal resolution (1,000 lines.s−1 compared 
to 25 for a 2-D image), making it superior for accurate 
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Fig. 1.3 The ultrasound beam is scanned rapidly to and fro across the heart and the echo signals are converted into an electronically 
generated image

Fig. 1.4 (Left) Ultrasound image made in 1977 prior to introduction of scan converters and (right) from a modern machine. The 
scan converter interpolates the spaces between the actual scan lines and creates a more esthetically pleasing image, but does not add 
new information

Fig. 1.5 “M-mode” display of the motion pattern of the mitral valve. The beam direction is indicated on the small image icon at the 
top of the display
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timing and resolution of rapid movements such as a 
vibrating valve prosthesis.

Attenuation, Reflection and Depth 
Compensation

Attenuation: Ultrasound can travel great distances in 
water, but soft body tissues are “spongy” and nonho-
mogeneous, resulting in attenuation of the ultrasound 
waves. The degree of attenuation depends greatly on 
the frequency. At 2.5 MHz, approximately half of the 
amplitude is lost for every 4 cm of path length, rising 
to half per 2 cm at 5 MHz and half in only 1 cm at 7.5 
MHz. This is a cumulative effect, so at 5 MHz the 
wave amplitude reaching a structure 16-cm distant is 
only 1/256 (½ × ½ × ½ × ½ × ½ × ½ × ½ × ½) of that 
transmitted.

Reflection: The proportion reflected at a tissue 
interface depends mainly on the difference in density 
of the tissues. Where there is a large difference, such as 
an interface with air or bone, most of the incident 
energy is reflected, creating an intense echo but leav-
ing little to penetrate further to deeper structures. It is 
for this reason that the operator has to manipulate the 
transducer to avoid ribs and lungs, and that a contact 
gel is used to eliminate any air between the transducer 
and the chest wall. In contrast, there is relatively little 
difference in the densities of blood, muscle and fat, so 
echoes from interfaces between them are very small – 
something like 0.1% of the incident amplitude. The 
echoes are then further attenuated as they return to the 
transducer, with the result that the amount reaching the 
transducer is very small indeed. In the case illustrated, 
approximately (1/256) × (1/1,000) × (1/256) or just 
1/65,000,000 of the transmitted amplitude!

Depth compensation: Not only is this a very small 
signal to detect, but the amplification level required 
would be vastly greater than that needed for the same 
interface at a range of 4 cm, for which the returning 
signal would be approximately (1/4) × (1/1,000) × 
(1/4) or 1/16,000. To overcome this problem, the 
machine incorporates Depth Compensation or Time-
Gain Compensation (TGC). This automatically increases 
the amplification during the time echoes from a par-
ticular pulse return, so that the last to arrive are ampli-
fied much more than the first. Most of this compensation 
is built into the machine, but the user can fine-tune it 

by means of a bank of slider controls that adjust the 
amplification at selected depths.

Attenuation artifacts: the intensity of an echo is 
determined by the product of the ultrasound beam 
intensity and the structure of the reflecting object. 
Thus, if the beam is scanning an essentially homoge-
neous region such as a blood-filled chamber, we 
would expect the image to appear homogeneous. 
However, if the beam itself is not homogeneous (typi-
cally there is a “hot spot” around the focal zone), then 
the image in this region will be more intense and gen-
erate an artifact that might be interpreted as a mass 
within the chamber. Such artifacts are usually in the 
center of the image sector, a few centimeters from the 
transducer.

The reflection and attenuation characteristics of 
various media can be used to help in their identifica-
tion. Referring to Fig. 1.6, with optimized Depth 
Compensation a soft-tissue structure having slightly 
different density from its surroundings would be repre-
sented as in panel (a). However, within a liquid-filled 
cystic lesion attenuation is much lower, so the beam 
beyond it is more intense than in the surrounding tis-
sues, generating a bright “comet tail” as in panel (b). 
Conversely, an interface with air, such as may be 
encountered in a cardiac chamber post cardiopulmo-
nary bypass, reflects almost all the incident energy, 
generating a very bright proximal boundary, and the 
high attenuation of air strongly attenuates any remain-
ing transmitted beam casting a dark shadow (c).

Reverberation and Multiple Reflection 
Artifacts

Reverberations: The presence of structures having 
transmission and attenuation characteristics greatly 
different from soft tissue is also the cause of reverbera-
tion and multiple reflection artifacts, one of the most 
common sources of misinterpretation of images. 
Referring to Fig. 1.7, an ultrasound beam crossing a 
structure normally generates two echoes – one from 
each interface. However, the echo returning from the 
further interface has to cross the nearer interface, so 
part of it is again reflected. This secondary reflection 
then meets the distant interface a second time, where 
further reflection occurs, and so on. Under normal cir-
cumstances this effect is not seen because soft-tissue 
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Fig. 1.6 Schematic representation of ultrasound images of (a) a soft-tissue mass, (b) a liquid-filled cyst, and (c) air

Fig. 1.7 Multiple reflection artifact: If an object generates intense echoes, higher-order reflections are still strong enough to register 
on the display

reflections are so weak. Thus, if the original echo is 
0.1% of the incident wave, the secondary echo has 
undergone two further reflections and is only (0.1 × 

0.1 × 0.1%) and too small to register. If, however, the 
object is a very strong reflector such as a calcified or 
prosthetic valve with each reflection, say, 10% of the 
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incident wave then the secondary or higher-order 
reverberation echoes are strong enough to be detected 
and are shown as multiple images of the object  
(Fig. 1.8).

Reflection artifacts: Another consequence of a 
high-intensity echo is that it can bounce off the trans-
ducer face, or a strongly reflecting structure like the 

pericardium, and back again to the object, creating a 
secondary “ghost” image (Fig. 1.9). The clue to their 
recognition is that they are always exactly twice as  
far away from the transducer as a high-intensity echo, 
and if the primary structure moves a certain distance, 
the image generated by multiple reflections moves 
twice as far.

Fig. 1.8 (Left) Diagram and (right) ultrasound image of a bileaflet prosthetic mitral valve showing multiple reflections from the 
strongly reflecting hemidiscs. Note how the scan converter has tried to “fill in” the spaces between the echoes

Fig. 1.9 Artifact mimicking a mass in the left atrium resulting from very strong echoes from the calcified mitral valve bouncing off 
the transducer face
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Gray Scale

The intensity of an echo depends on the nature of the 
tissue interface. As shown earlier, there is a wide range 
of echo intensities, with a calcified structure generat-
ing an echo many thousands of times more intense 
than a boundary between, say, blood and newly formed 
thrombus. However, the display system can only repre-
sent a fraction of this range (though it may be hard to 
believe, the difference in light intensity between 
“black” ink printed on “white” paper is only a factor of 
30 or so). Furthermore, the number of gray levels pro-
vided in a typical scan converter image memory is only 
64. The result is an image with all intense echoes are 

shown as “white,” all weak echoes as “black,” and 
almost no gray tones. This can to some extent be over-
come by compressing the intensity scale to create a 
softer image, but at the expense of loss of boundary 
definition (Figs. 1.10 and 1.11).

Resolution of Ultrasound Images

The quality of all images is affected by processing 
imperfections and random “noise.” This is quantified 
by measuring the resolution, which states how close 
together two objects can be without their images blur-
ring into one. Resolution in an ultrasound image is 

Fig. 1.10 Compression: compressing the echo signal amplitudes helps overcome the very limited dynamic range of the display

Fig. 1.11 Echo images with (left) low gray scale compression (27 dB) giving a harsh “black & white” image and (right) high com-
pression (100 dB) resulting in an overly “soft” image
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limited by inability to generate infinitely brief pulses 
and spreading of the beam by diffraction. It is mea-
sured along the direction of the beam (“axial” or 
“range” resolution) and at right angles to the beam 
direction (“lateral” resolution). The latter is further 
divided into “azimuthal” resolution, in the plane of the 
scan, and “elevation” resolution, above and below the 
scan plane. In a particular imaging system, each of 
these is different.

Axial resolution: This is determined by the pulse 
duration. Since each pulse comprises a short burst of 
waves lasting about 2 ms, with the propagation veloc-
ity 1,500 m.s−1, this means that the length of the pulse 
is about 3 mm. If it encounters an object thinner than 
this, the front of the wave train comes to the second 
interface before its tail has crossed the first interface, 
so the two merge into one echo. Axial resolution can 
be improved by (a) employing a higher ultrasound fre-
quency, for which the pulse duration is corresponding 
shorter, and (b) reducing “ringing” by lowering the 
transmitted power (Mechanical Index).

Lateral resolution is primarily determined by the 
ultrasound beam width. As shown in Fig. 1.12, if two 
objects are the same distance from the transducer but 
sufficiently close together that both are illuminated by 

the beam (or its side-lobes), then their echoes return 
simultaneously and cannot be resolved. With the image 
generated by scanning the beam across the image 
plane, this means that an object is detected over a range 
of beam directions, resulting in lateral “smearing” on 
the display, or multiple representations of a small 
object such as a pacemaker wire. Lateral resolution is 
the chief factor limiting the quality of all ultrasound 
images and is worse than axial resolution, typically by 
a factor of 10. It can be improved by making the ultra-
sound beam narrower by focusing it, both in transmit 
and receive modes. A plastic lens fitted on the face of 
the transducer focuses the beam both in the azimuthal 
and the elevation planes, in the same way that a glass 
lens focuses light, though less effectively. Transducers 
can be constructed with short-, medium-, or long-focus 
lenses. In addition, the pulsing sequence in a phased 
array transducer can be modified to provide additional 
variable focusing as shown in Fig. 1.13. In most 
machines, this improves focusing only in the azimuthal 
plane, but some of the more sophisticated machines 
have matrix arrays, in which the crystal elements are 
sliced in two directions, providing the ability for focus-
ing also in the elevation plane. Even so, the beam illu-
minates unwanted objects, but it is possible also to 
filter some of these selectively using dynamic receive 
focusing. As shown diagrammatically in Fig. 1.14, 
echoes from a particular object do not arrive at all the 
crystal elements in the transducer simultaneously, but 
the electrical impulses they generate can be selectively 
delayed so that those from a particular distance and/or 
direction reinforce each other, while those from other 
sources do not. This is analogous to tracking a fast-
moving airplane by altering the focus of binoculars as 
its distance changes.

Fig. 1.12 Lateral resolution: (left) the ultrasound beam detects 
only the time taken for echoes to return to the transducer, so only 
their axial separation is registered. (Right) If more than one 
object is illuminated by the beam at the same range, the echo 
signals cannot be resolved

Minimizing False Diagnoses from Image
Always use minimum power consistent with •	
obtaining an image
Beware of “objects” that•	

Are twice as far from the transducer as •	
intense reflectors
Lie on an arc centered at the transducer and •	
including an intense reflection
Are in the center of the scan sector and a few •	
centimeters from the transducer

If in doubt, see if they are still present when trans-
ducer position and image plane are altered
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Parallel Processing

The discussion so far has been based on the formation 
of images by detecting time echo signals take to return 

to the transducer and their intensities. Although the 
transducer contains a number of crystal elements, they 
act in unison. Image quality is constrained by the scan 
line density and the beam width. This is not, however, 

Fig. 1.13 Modification of the electronic pulsing sequence generates a curved wavefront allowing focus in the Azimuthal plane to 
be adjusted by the operator

Fig. 1.14 Dynamic receive focusing: as echoes from more distant objects arrive, the delay is changed to keep them in focus, at the 
same time dispersing off-axis echoes
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the way in which the human eye forms an image  
(Fig. 1.15). Instead of the eye scanning across the field 
of view, the scene is flooded with light and image data 
from it focused onto the millions of individual recep-
tors that comprise the retina. Impulses from these are 
fed simultaneously to the brain, which processes them 
to form an image of the complete scene. Why cannot 
an ultrasound system function similarly? In theory it 
can, but there are some major practical limitations. 
The first is that, because of the difference in wave-
length, an ultrasound lens would have to be several 
meters in diameter to be as effective as an optical lens. 
Secondly, we cannot make transducers with a large 
number of separate detectors. Thirdly, processing the 
image data from many detectors simultaneously (“par-
allel processing”) requires more computing power.

However, increased computing power does already 
allow imaging systems to operate with two parallel 
processing paths (Fig. 1.16), and this will undoubtedly 
increase to four or more in time. Even to have two 
separate detectors provides an enormous benefit 
because, as with two ears, it provides a directional 
capability equivalent to a “stereo” music system. A 
relatively wide ultrasound beam illuminates an area of 
the heart. An echo from an object in the center of the 
beam axis arrives simultaneously at the two detector 
channels, but those from off-axis objects reach one 
detector channel before the other. The resulting phase 

delay allows the computer to assign them to corre-
sponding memory cells. As the beam direction changes, 
objects previously on the central beam axis are still 
detected, but their echoes are now out of phase, and 
can be assigned to the correct memory location, where 
they add to those from the previous pulse. Several 
major advantages follow:

Fig. 1.15 In the eye, a lens focuses reflected light onto an array of detectors, signals from which are processed simultaneously 
(“parallel processing”) by the brain to create the image

Fig. 1.16 Parallel processing: with two receiver channels, the 
machine can detect from which part of the illuminated region a 
particular echo arises
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1. It is no longer necessary to a very narrow transmit-
ted beam and to have as many transmitted pulses 
per image, so the frame rate can be increased.

2. By detecting both amplitude and phase data, the 
total amount of information is doubled.

3. The image data in each memory cell are built up over 
several pulses, thus improving sensitivity and reducing 
noise and allowing higher imaging frequencies to be 
used with consequent improvement in resolution.

Harmonic Imaging

Fourier’s Theorem is a powerful mathematical tool for 
analyzing waves. It states that any repetitive wave, of 
whatever shape, can be constructed by adding together 
a number of regular sine waves of varying frequencies 
and amplitudes. The basic building block for a particular 
complex wave is a sine wave having the same frequency 
and termed the “fundamental.” The detail that gives the 
complex wave its shape is provided by adding to the 
fundamental further sine waves having frequencies 
that are exact multiples of that of the fundamental. 
These are called harmonics (the second harmonic has 

twice the frequency of the fundamental, the third har-
monic three times, and so on). To form a complex wave 
perfectly, theory requires an infinite number of har-
monics, but their contributions become smaller as the 
frequency increases, and in practice a fundamental plus 
ten harmonics provides an adequate representation of 
the complex wave (Fig. 1.17). The reason why a violin 
and a trumpet playing the same note sound different  
is that, though they generate the same fundamental  
frequency, their harmonic contents are different.

A pure sine wave contains no harmonics, but if its 
shape is distorted it means that harmonics have been 
added. This is what happens as an ultrasound pulse 
travels through the body and it is a consequence of the 
fact that body tissues, unlike a liquid or solid, are 
“spongy” and can be compressed relatively easily. As 
shown in Fig. 1.18, as the positive pressure region of 
the wave passes through the tissue, it compresses it and 
the negative part of the wave vice versa. The density of 
the compressed tissue increases, so the positive pres-
sure part of the wave travels faster and conversely the 
negative pressure part travels more slowly. The fact 
that the wave shape changes as it progresses through 
the body means that it has acquired a harmonic compo-
nent, which application of Fourier analysis shows is 

Fig. 1.17 Fourier analysis: the principle by which a complex wave can be created by addition of sine waves or broken down into 
its sine-wave components



16 G. Leech

BookID 128962_ChapID 1_Proof# 1 - 3/3/2009 BookID 128962_ChapID 1_Proof# 1 - 3/3/2009

mainly second harmonic, with a smaller proportion of 
fourth harmonic, and so on.

Thus, when a ultrasound pulse of say, 2 MHz, is 
transmitted into the body, the echoes that return are not 
pure 2-MHz sine waves, but include some of its second 
harmonic (4 MHz), and a little of its fourth harmonic 
(8 MHz). By selectively filtering out the 2-MHz funda-
mental, it is possible to form the image from the 4-MHz 
second harmonic component. This arises mainly from 
the most intense central part of the beam and, because 
the wave distortion increases as the transmitted wave 
travels through the body, there is relatively little har-
monic component from proximal structures, and most 
arises from deeper areas. Harmonic imaging thus pro-
vides the following benefits:

1. It combines the penetration power of a transmitted 
low fundamental frequency with the improved image 
resolution of the harmonic and twice the frequency.

2. The harmonic image is preferentially derived from 
deeper structures and reduces artifacts from proxi-
mal objects such as ribs.

3. The harmonic image away from the central beam 
axis is relatively weak and thus not so susceptible to 
off-axis artifacts.

The improvement in image quality obtained from second 
harmonic imaging is such that it should be mandatory 
for all new machine procurement, and machines with-
out it should be regarded as obsolete.

There is just one problem associated with harmonic 
imaging. Because the image is now formed from 
echoes of a single frequency, some “texture” is lost and 
structures such as valve leaflets may appear artificially 
thick. Thus, if the quality of the fundamental frequency 
image is very good, using the second harmonic mode 
will offer little benefit and it is best not to use it, but in 
most patients the improvement in image quality greatly 
outweighs this minor disadvantage, and in any case 
manufacturers are likely soon to offer “broad-band” 
harmonic imaging which will remove the problem.

Transesophageal Imaging

2-D imaging from a phased array transducer positioned 
in the esophagus has been commercially available 
since the late 1980s. The transducer (Fig. 1.19) is simi-
lar in construction to a gastroscope, but in place of the 
fiber-optic bundle used for light imaging, a miniature 
ultrasound transducer is mounted at its tip. This cur-
rently has 64 elements (compared with 128 or 256 for 
transthoracic transducers), but because there is no 
attenuation from the chest wall, it operates at higher 
frequencies (up to 7.5 MHz) and produces excellent 
image quality. Since limited manipulation is possible 
within the esophagus, the complete transducer array 
can be rotated by a small electric motor controlled by 

Fig. 1.18 Distortion of a wave as it travels through a compressible medium gives it a significant second-harmonic content
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the operator to provide image planes that correspond 
to the orthogonal axes of the heart despite the fact that 
these are not naturally aligned with the axis of the 
esophagus. As mentioned in the section “Is Ultrasound 
Safe?”, special precautions have to be taken to prevent 
accidental harm to the patient through heating of the 
transducer. The potential for it to apply 300 volts elec-
trical impulses to the back of the heart also requires it 
to be checked regularly to ensure integrity of the elec-
trical insulation.

Real-Time 3-D Imaging

If, as well as scanning the ultrasound beam across a 
linear section of the heart, the entire image plane is 
scanned up and down, with the echo data fed into a 
3-D memory array, it is possible to generate a com-
plete “data set” of the heart’s structures rapidly enough 
to form real-time 3-D images. To achieve this has 
required overcoming several daunting technological 
challenges. The first is the construction of the trans-
ducer. Instead of cutting a crystal into slices, with wires 
attached to their edges, the crystal now has to be cut 
into a matrix of minute squares, each only 2–3 times 
the width of a human hair, and a wire attached to each 
one (Fig. 1.20). Even when this is done, the total num-
ber of wires is such as to make the connecting cable 
too unwieldy for clinical use, so the “front-end” beam 
forming and image processing has to be controlled by 
electronics built into the transducer, without making it 
too large or heavy for the operator to hold.

The second problem is to process the enormous 
amount of data in real time. In the earliest machines 
real-time imaging has been possible only in paraster-
nal views (where the smaller depth allows higher pulse 

rates), and even so has involved significant compro-
mises of frame rate and image depth, with a lot of 
inter-beam smoothing and interpolation. Currently, the 
image quality is not as good as that of 2-D images, but 
with ever-increasing computer power it is only a mat-
ter of time before this is overcome.

The final problem is that of displaying the data on 
2-D video screens. This is done by computer-generated 
texturing and shadowing to emphasize closer struc-
tures and create the impression of a 3-D solid which 
can be rotated and tilted by a trackball, and from which 
individual 2-D sections can be extracted (Fig. 1.21). 
The clinical possibilities for real-time 3-D imaging are 
enormous, particularly in congenital heart disease, and 
are only just beginning to be explored.

Fig. 1.19 Transesophageal transducer

Fig. 1.20 Photomicrograph of the matrix array in a real-time 
3-D imaging transducer

Fig. 1.21 Textured 3-D image showing masses attached to both 
the left and right sides of the interventricular septum
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Doppler Echocardiography

Doppler Principles

The specular ultrasound echoes used for imaging the 
heart are derived from relatively extensive tissue inter-
faces. When the ultrasound beam encounters much 
smaller structures, it interacts with them in a com-
pletely different way, and instead of being reflected 
along a defined path, it is scattered equally in all direc-
tions just as the circular ripples formed when a small 
stone is thrown into a pond. The consequence is that 
most of the incident energy is dissipated, but a small 
amount returns along the incident path and can be 
detected, though the resulting signals are much weaker 
than the specular image echoes. Red blood cells are 
ideal scatterers; although the echo from a single cell is 
negligible, signals from millions of them added 
together can be detected and, if the blood is moving, 
the frequency of the backscattered echoes is modified 
by the Doppler effect.

The Doppler effect was first described in 1843 by 
Christian Doppler, an Austrian mathematician and sci-
entist. He studied the light spectra of double stars and 
hypothesized that the shifts he observed in the hydro-
gen spectral lines arose from rotation of the stars about 
each other. If a star is moving toward the earth  
the spectral lines are shifted toward blue, and if its  

distance is increasing, the shift is toward red. Doppler’s 
theory was confirmed by Buys Ballot in a classical 
experiment with two trumpeters, one on a moving train 
and the other on the station. Both played the same note, 
but observers heard the pitch of the note from the pass-
ing train change as it first approached then receded. As 
the wave source moves toward the observer, the waves 
are compressed, decreasing the wavelength and 
increasing the pitch, and as the source moves away 
from the observer, the apparent wavelength increases 
and pitch lowers.

Thus, if an ultrasound beam encounters a stream 
of moving blood, returning backscattered echoes 
have a slightly different frequency from that of the 
transmitted beam, the difference being known as the 
Doppler shift or Doppler frequency. The Doppler 
equation (Fig. 1.22) shows how this can be used to 
calculate the blood flow velocity. For a velocity of 1 
m.s−1 and ultrasound frequency 2.5 MHz the Doppler 
shift is about 3.3 kHz, only 0.1%, but readily 
detected and directly proportional to the blood 
velocity. Note, however, that, application of the 
Doppler equation requires that that the angle 
between the beam axis and blood flow direction 
either must be known or must be so small that its 
cosine is effectively unity. Also, the Doppler shift 
for a given blood velocity is related to the ultrasound 
frequency, so is twice as large for the same blood 
velocity at 5 MHz as for 2.5 MHz.

Fig. 1.22 The Doppler equation, relating flow velocity to the ultrasound “Doppler Shift”
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In practice, blood in an artery does not all flow at 
the same velocity, due to friction at the walls. 
Furthermore, with pulsatile flow the velocity is con-
stantly changing, resulting in complex flow patterns. 
The interrogating ultrasound beam does not therefore 
return just one Doppler shift, but a spectrum of fre-
quencies, like the orchestra tuning up before a perfor-
mance. The complex mix of Doppler shifts is analyzed 
and the resulting velocity data used to generate a 
Spectral Doppler Display (Fig. 1.23). This shows the 
range of velocities detected at each point in the cardiac 
cycle, with flow toward the transducer shown above 
the baseline and flow away from the transducer below 
it. The density of the image shows the amplitude of the 
signal at each Doppler shift, which depends on the 
number of scatterers, and thus the proportion of blood 
flow at that velocity. A line tracing the outer edge  
of the spectrum shows the peak velocity and a line 
through the center of the band approximates to the 
mean velocity (Fig. 1.24).

Continuous-Wave Spectral Doppler

Instead of the brief pulses used for imaging,  Continu-
ous Wave (CW) Doppler requires transmission of a 

Fig. 1.23 Breaking down a complex waveform into its sine-wave components to generate a spectral Doppler display

Fig. 1.24 Spectral Doppler display of flow in a carotid artery
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continuous train of sinusoidal ultrasound waves and 
simultaneous reception of the returning backscattered 
echoes. This is achieved either by using a special dedi-
cated transducer (commonly referred to as a “pencil 
probe”) containing two separate crystals, or by assign-
ing the crystal elements in the imaging transducer to 
two groups, one for transmission and the other to detect 
the echoes. CW Doppler provides quantitative data on 
blood velocities of any magnitude, enabling flow vol-
umes and pressure gradients to be calculated.

Volumetric Flow

For steady-state flow, the volume of liquid flowing 
through a pipe in a given time is the product of  
the cross-sectional area of the pipe, the mean velocity, 
and the time interval (A × V × T). If flow is pulsatile, 
as in Fig. 1.25, the product of (velocity × time) is 
replaced by the velocity-time integral ∫0

.d
T
V T. This  

is represented by the shaded area under the spectral 
display and has the dimension of distance (velocity × 
time = distance). It is called the “Stroke Distance” and 
in physiological terms it is the measure of the distance 
that an element of the fluid travels during one pumping 
cycle.

The Continuity Equation and Flow Through a 
Restricting Orifice

Referring to Fig. 1.26, if a fluid, which is not com-
pressible, flows along a rigid-walled pipe, the amount 
entering one end of the pipe must be the same as that 
leaving the other end. If the diameter of the pipe 
changes, this still holds true, so a reduction in cross-
sectional area is compensated for by an increase in 
mean velocity. This principle, known as the Continuity 
Equation, can be expressed as A

1
 × V

1
 = A

2
 × V

2
. 

Provided three of the terms in the equation are known, 
the fourth can be derived. This is used, for example, to 
determine the valve orifice area in aortic stenosis. The 
orifice is too small and irregular to be measured 
directly, but if the area of the outflow tract upstream is 
measured, together with the up-stream and trans-valvar 
velocities, then the valve area can be calculated.

Liquid only flows along a pipe if there is a pressure 
difference between its ends. For a fixed pipe diameter 
and steady-state flow, only a small pressure gradient is 

required to overcome frictional losses, but when the 
pipe becomes narrower, its velocity increases and the 
additional kinetic (motion) energy it thus acquires 
requires a higher pressure gradient.

Neglecting the frictional and turbulence losses, the 
relationship between pressure and velocity is:

2 2
1 2 2 1=1 / 2 (V V )P P- r -

where V
1
, P

1
 and V

2
, P

2
 are the up-stream and down-

stream velocities and pressures, and r is the density of 
the liquid. This is simply a statement of the Newtonian 
principle of Conservation of Energy applied to fluids 
and was first derived by Daniel Bernoulli in the mid-
eighteenth century.

Figure 1.27 shows the application of Bernoulli’s 
equation to the pressure-velocity relationships in mitral 
valve stenosis. In this example and most clinical cases 
of obstructed blood flow (valve stenoses, aortic coarc-
tation, restrictive VSD, etc.), the upstream velocity is 
small compared to the downstream velocity, and the 

Fig. 1.25 The “Stroke Distance” is calculated by measuring the 
systolic area of the spectral flow display and corresponds to the 
distance blood travels along a vessel during one cardiac cycle

Fig. 1.26 The Continuity equation
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difference is further magnified when the values are 
squared, making it admissible to omit this term. In this 
case, the equation becomes:

P
1
 – P

2
 = 1/2 r (V 2

2
 – V 2

1  
)

and, when pressure is measured in mmHg, velocity in 
m.s–1, reduces to

P
1
 – P

2
 = 4 V 2

2
 

This simple, easily memorised relationship, first 
introduced into clinical cardiology by Dr Liv Hatle 
and colleagues in 1978, and has largely superseded 
invasive pressure measurements for evaluation of  
cardiac lesions.

Successful application of CW Doppler to measure 
pressure gradients requires some appreciation of its 
limitations, the greatest of which is the requirement to 
align the ultrasound beam with the direction of blood 
flow. Application of the Doppler equation requires that 
the angle between the ultrasound beam and the blood 
flow be known, or for the angle to be sufficiently small 
that its cosine is effectively unity. In practice this 
means aligning the beam to within 15° of the flow, for 
which the cosine is 0.97 and the error in the value of 
(velocity)2 is <7%. A color-flow image (see later) can 
be used to guide beam alignment, and in the case of 
aortic stenosis measurement should be checked by 
using two conjugate axes (e.g., apical and upper right 
parasternal).

It is also necessary to align the beam with the center 
of the jet passing through the restriction. In the case of 
aortic stenosis this is quite small – just a few millime-
ters diameter and a few centimeters long. Only in this 
“inlet jet” is flow laminar, to which the Bernoulli equa-
tion is applicable; outside it flow is turbulent and can-
not be analyzed. The Doppler shift frequencies are 
within the audible range and the machines provide an 
audio output from stereo speakers, one responding to 
flow toward the transducer and the other to flow away 
from it. When the beam is properly aligned, the sound 
has a “hissing” quality, but when it is not, the sound is 
harsh. Use of the “pencil probe,” which is optimized 
for CW Doppler and does not provide a potentially dis-
tracting image, is strongly recommended for recording 
valve jets.

If the upstream velocity is not small compared to 
that downstream, then it is not permissible to omit it 
from the Bernoulli equation. This situation occurs, for 
example, with congenital pulmonary stenosis where 
there is frequently a muscular, subvalvar restriction 
combined with a valve lesion. It also applies to very 
mild obstruction: a velocity of 2 m.s−1 across an aortic 
valve is not a “pressure gradient” of 16 mmHg if the 
velocity in the outflow tract is 1.5 m.s−1.

One potential disadvantage of CW Doppler is that it 
provides no information on the distance at which a 
flow signal is detected, since it employs a continuous 
stream of waves and cannot detect the round-trip time 

Fig. 1.27 Application of Bernoulli’s equation to left heart pressure-velocity relationships in Mitral Stenosis
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of any individual echo. It therefore cannot indicate the 
distance to any moving blood stream, and if it encoun-
ters more than one (e.g., normal ventricular inflow 
through the mitral valve together with a regurgitant 
stream from the aortic valve), it superimposes the two. 
Although this appears to be a major problem, it usually 
is not the case in clinical practice, since identification 
of the source of a high-velocity jet is usually apparent 
from the image and from the flow velocity profile. It 
was, however, to overcome this limitation that an alter-
native form of Doppler display called Pulsed Wave 
(PW) was developed.

Pulsed Wave Doppler

PW Doppler extracts flow velocity information from 
the echoes generated during imaging. As well as the 
high-amplitude, specular echoes arising from tissue 
interfaces, the returning signals contain backscattered 
echoes from blood. A movable electronic cursor on the 
2-D image indicates the location of the “sample vol-
ume” from which Doppler signals are extracted, ampli-
fied, and analyzed to provide velocity data (Fig. 1.28). 
It should be noted, however, that whereas the axial 
extent of the sample volume can be made quite small, 
its lateral extent, governed by the ultrasound beam 
width, is usually significantly greater than suggested 

by the icon on the display. PW Doppler overcomes the 
lack of depth discrimination of CW, but this benefit is 
offset by the problem of aliasing.

Aliasing: Although PW Doppler allows spatial 
localization of the flow signals, it suffers from a funda-
mental technical limitation that severely restricts its 
clinical use. This is called “aliasing” and it arises from 
the fact that there are significant time intervals between 
the ultrasound pulses. Most people are familiar with 
aliasing as it affects cinema films. The movie camera 
takes a sequence of individual pictures and between 
exposures the camera shutter is closed while the film is 
advanced. Moving objects are thus seen as a sequence 
of “snapshots” with time gaps between them. This 
causes the phenomenon typified in the “Western” 
where, as the stagecoach with its spoked wheels starts 
to move, the wheels initially are seen to turn normally 
but, as its speed increases, they appear to stop moving, 
or rotate in reverse. The explanation of this is shown in 
Fig. 1.29. Provided the wheel rotates less than half a 
turn between images, all is well, but if it turns faster 
the images are ambiguous.

This is an example of Nyquist’s Theorem, a very 
powerful tool of information theory. It states that for a 
wave to be reproduced accurately, it has to be sampled 
at least twice per cycle. Applied to PW Doppler, this 
means that the highest blood velocity that can be 
detected without ambiguity is that whose Doppler shift 
is equal to half the pulse repetition frequency (PRF) of 

Fig. 1.28 Principle of pulsed wave (PW) Doppler
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the imaging system. This is called the “Nyquist Limit.” 
The PRF is determined by the imaging depth, so as 
depth increases, the PRF and the Nyquist Limit are 
correspondingly reduced. This is the basis of the so-
called Range-Velocity Product which has constant 
value for a given ultrasound frequency: doubling  
the sample depth halves the aliasing velocity and  
vice-versa. Since Doppler shift is also proportional to 
the ultrasound frequency, aliasing can be reduced, and 

the Range-Velocity Product increased, by lowering the 
ultrasound frequency.

The practical effect of aliasing in PW Doppler is 
illustrated in Fig. 1.30. The tops of the positive veloci-
ties that exceed the Nyquist Limit are cut off and dis-
played as negative velocities, corresponding to the 
stagecoach wheel turning in reverse. A simple calcula-
tion shows that aliasing occurs at quite modest blood 
velocities: for a working depth of 15 cm, the round-trip 

Fig. 1.29 Aliasing: (a) the imaging rate is high and the arrow is seen to rotate in a counterclockwise direction; (b) with only two 
images per revolution, the direction of rotation is unknown; (c) with less than two images per revolution, it appears to rotate in a 
clockwise direction; (d) with only one image per revolution, it appears to be stationary

Fig. 1.30 Mild aliasing can be removed by shifting the zero-velocity baseline
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time is approximately 200 ms and the maximum PRF 
5,000 s−1. For an ultrasound frequency of 2.5 MHz, the 
Nyquist Limit is thus 2,500 Hz and aliasing occurs at 
blood velocities above 0.75 m.s−1; and at 5 MHz alias-
ing begins at only 0.375 m.s−1. Provided that the flow 
is predominantly toward or away from the transducer, 
the zero velocity baseline can be shifted to favor one 
direction at the expense of the other, and it is thus pos-
sible to increase the aliasing velocity by a factor of up 
to two. Beyond this nothing can be done, and when 
high velocities are encountered, the display overlaps 
and it not possible to tell whether the flow is toward or 
away from the transducer, let alone measure the veloc-
ity (Fig. 1.31).

Clinical applications of PW Doppler: The limi-
tation imposed by aliasing makes PW Doppler gen-
erally unsuitable for quantifying obstructive valve 
lesions and its main clinical applications are to be 
found where spatial localization is important, and 
velocities are relatively low (1–2 m.s−1 or less). 
Examples include:

Flow waveforms across normal mitral and tricuspid •	
valves (e.g., for evaluating diastolic function and 
respiratory flow variation)
Flow waveforms in the left- and right-ventricular •	
outflow tracts (e.g., for Continuity Equation cal- 
culations and for separating subvalvar from valve 
lesions)

Calculating Stroke Volumes in the aorta and pulmo-•	
nary artery (e.g., for cardiac output and Qp/Qs shunt 
calculations)
Pulmonary venous flow waveforms•	

High PRF PW Doppler

The primary factor determining the aliasing velocity is 
the PRF, limited by working depth. If, the PRF is dou-
bled, instead of Doppler shift data returning only from 
a single depth, it will arrive simultaneously from more 
than one sample volume, leading to ambiguity (Fig. 
1.32). However, since the PRF has been doubled, so 
has the aliasing velocity. This technique, called “High 
PRF” or “Extended range” Doppler, can lead to confu-
sion as to the origin of Doppler signals, but by judi-
cious placement of the beam so that the additional 
sample volumes are not in high-velocity areas, this 
usually can be avoided.

Fig. 1.31 A high-velocity jet caused severe aliasing and the PW spectral display overlaps, resulting in loss of all velocity and direc-
tion data

Comparison of spectral Doppler modes

Mode Velocity data Depth data

Continuous Wave (CW) Correct None
Pulsed Wave (PW) Limited by aliasing Correct
High PRF Aliasing velocity 

doubled, or 
quadrupled

May be 
ambiguous
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Color Flow Imaging

The PW Doppler principle can be extended to detect 
backscattered echoes, not just from a single “sample 
volume” but from a matrix of small “pixels” on the 
2-D image, or 3-D “voxels” on a real-time 3-D 
image. To analyze the Doppler shifts in real time 
imposes burdens on the processing system, and it is 
not possible to display the full spectral data from 
numerous sample points simultaneously, but basic 
velocity information can be provided in the form of 

a display in which the color of each pixel indicates 
the local flow direction and the approximate velocity 
(Fig. 1.33). The color flow data are superimposed on 
the 2-D or M-mode image. The standard convention 
is for flow toward the transducer to be shown as red 
and flow away from the transducer in blue; this is 
actually opposite to the observation Doppler made 
when he studied the stars, but it apparently arose 
when pioneering investigators looked at flow in their 
own carotid arteries and thought it ought to be  
colored red!

Fig. 1.32 High PRF Doppler reduces aliasing, but introduces some depth ambiguity

Fig. 1.33 A color flow image is formed by sampling flow velocity at a number of points and indicating mean velocity values by 
colored pixels superimposed on the 2-D image
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Advantages of Color Flow Imaging

Since its introduction in the mid-1980s, color Doppler 
has contributed greatly both to our understanding of 
blood flow patterns within the heart and great vessels, 
and also to diagnosis and management of heart dis-
ease. Many of these will become apparent in later 
chapters, but broadly they can be listed as follows:

It provides a rapid, comprehensive “overview” of •	
blood flow. This enables the echocardiographer rap-
idly to ascertain the presence of valve and shunt 
lesions, especially the unexpected, such as finding a 
persistent arterial duct in a middle-aged patient pre-
senting with “left heart failure.”
It shows the spatial localization and extent of flow •	
jets, for example the site of a VSD, or the path of an 
eccentric regurgitant jet from degenerative mitral 
valve disease. This also allows the operator to align 
the display cursor correctly for measuring the jet 
velocity with CW Doppler.
When superimposed on an M-mode, it provides •	
excellent temporal localization, for example to 
show the point at which a prolapsing mitral valve 
starts to leak (Fig. 1.34).

Limitations of Color Flow Imaging

While color Doppler has undoubtedly enriched under-
standing of blood flow within the heart, and is invalu-
able for detecting valve regurgitation and shunts 
lesions, it does have severe technical limitations, which 
must be understood if the images are to be interpreted 
correctly.

Reduced frame rate: to form a 2-D image and super-
impose color Doppler on it requires three or more 
ultrasound pulses to be transmitted along each image 
line, with consequent reduction in frame rate and/or 
line density. With modern parallel-processing systems, 
this is less important than it used to be, but still requires 
the operator to minimize sector depth and angle, and 
restrict the color sector size if acceptable frame rates 
are to be maintained.

Aliasing: since color Doppler is derived from PW 
Doppler, it suffers from aliasing, and to an even greater 
degree, because the effective PRF is reduced. Aliasing 
in a color image typically occurs at velocities above 
0.5 m.s−1. It manifests on a color display as color inver-
sion: red turning to blue and vice versa (Fig. 1.35). 
Thus, for steady flow toward the transducer, a velocity 

Fig. 1.34 Superimposing color on an M-mode recording relates the timing of valve movements to blood flow
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of 0.4 m.s−1 is represented by pale red, but as it increases 
to 0.6 m.s−1 it becomes pale blue. At 1.0 m.s−1 (twice 
the aliasing velocity) the color display shows black, at 
1.4 m.s−1 pale red again, 1.6 m.s−1 pale blue, and so on. 
There is, however, one application where the limitation 
imposed by aliasing has been turned into a benefit, and 
this is in the Proximal Isovelocity Surface Area (PISA) 
method for calculating instantaneous volumetric flow 
rates, which exploits the fact that as blood accelerates 
as it approaches a restrictive orifice, the velocity at 
which the color aliases is precisely known.

Mean velocity, peak velocity and turbulence: A 
color display can only show velocity at one point and 
at one time by a single color, and it was therefore sen-
sible that this should represent the mean velocity. Color 
Doppler does not attempt to show peak velocities. 
However, when flow is turbulent, there is a wide spec-
trum of local velocities: high and low, forward and 
reverse. This is indicated on a CW display as an 
increased peak velocity and broadening of the spectral 
band, but since the mean velocity is unchanged, it pre-
sented a challenge to color Doppler. The solution was 
to analyze the time variance of local velocity, and 
where the same pixel detects greatly different veloci-
ties in successive images, to modify the display, for 
example by showing those pixels in green. This is 

called variance mapping, but it places further strain on 
frame rates and aliasing velocity so is seldom used.

Flow angle: Since the Doppler shift is the product 
of blood velocity and the cosine of the angle between 
the flow axis and the ultrasound beam, the apparent 
velocity on a color display is determined both by the 
true blood velocity and by the angle at which the flow 
vector is intersected by the scanning beam. Not only 
does this mean that constant flow velocity is repre-
sented by a range of colors, but it can additionally 
introduce aliasing at higher velocities (Fig. 1.36).

Tissue Doppler Imaging

All moving objects intersected by the ultrasound beam 
generate Doppler shifts. For study of blood flow, 
Doppler signals from moving heart structures such as 
valve leaflets are removed by selective filtering, since 
they would generate high-amplitude artifacts. The fil-
tering is possible because the characteristics of Doppler 
signals from blood and tissue are markedly different: 
blood generally has high velocities, and relatively low 
signal amplitude since the red cell scatterers are rela-
tively sparse. Conversely, muscle and valve tissue have 
much slower velocities and higher signal amplitudes 
as the cells are packed together (Fig. 1.37). The extent 
to which low velocities are removed can be controlled 
by the operator; excessive low-velocity attenuation 
causes a dark band either side of the zero-velocity 
baseline and is undesirable for recording, say, venous 
flows.

If, instead of removing low velocities, the high-ve-
locity signals from blood are filtered out and the veloc-
ity and amplification scales suitably adjusted, Doppler 
signals from tissue motions can be recorded, either as 
PW spectral displays or in color (2-D or M-mode) 
(Figs. 1.38 and 1.39).

Strain Rate Imaging

The disadvantage of all Doppler is that it only detects 
motion relative to the transducer. Thus, when viewing 
the left ventricle from the cardiac apex, longitudinal 

Fig. 1.35 Aliasing in color Doppler. As velocity toward the 
transducer increases, the display changes from dark to light red. 
At the aliasing velocity, it “flips” to pale blue and then to darker 
blue. With further velocity increase, this process repeats. Once 
aliasing has occurred, the observer no longer knows the true 
velocity



BookID 128962_ChapID 1_Proof# 1 - 3/3/2009 BookID 128962_ChapID 1_Proof# 1 - 3/3/2009

Fig. 1.36 The velocity indicated by a color display is determined both by the true velocity and the angle at which the flow vector 
intersects the scanning beam

Fig. 1.37 By selectively filtering out high velocities, Doppler signals from tissue are displayed and those from blood are suppressed 
and vice versa

Fig. 1.38 Doppler recordings showing (left) blood velocity through the mitral valve and (right) the velocity of the valve annulus
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motion of the myocardium is recorded, but inward 
motion of the septum and lateral wall is not. In some 
systems this can be alleviated by selecting a “center of 
mass,” usually on the long axis approximately one-
third of the distance from mitral annulus to apex, and 
computing velocities relative to this point. However, it 
is still the case that motion of a particular element of 
the myocardium is in part the result of its own contrac-
tile function and in part the consequence of other ele-
ments pushing and pulling it.

The complex arrangement of layers of myocytes 
means that each element of viable muscle wall changes 
its shape in all three axes: longitudinal, radial, and cir-
cumferential. Strain is the deformation per unit length 
and is dimensionless; the rate at which the deformation 
takes place is termed Strain Rate, and longitudinal 
strain rate can now be derived from Doppler signals in 
some machines. Since it shows only local deformation, 
it is independent of extraneous forces.

Second Harmonic Mode Doppler and 
Contrast Imaging

Second Harmonic imaging was originally developed 
in order to enhance signals from encapsulated contrast 

media. These are proprietary products and comprise 
very small (1–3 mm) microspheres with a hard outer 
shell containing a gas. At very low ultrasound power 
levels, these act as normal scatterers, but with slightly 
greater power (but still lower than normally used for 
imaging) the pressure waves distort them and they 
vibrate, emitting energy at the second harmonic fre-
quency. A display based only on the second harmonic 
Doppler frequency thus selectively comes from the 
microspheres rather than from tissue or blood. The 
addition of echo contrast greatly enhances the quality 
of both images of blood-filled cavities and of Doppler 
signals, giving a clear velocity profile for even very 
small jets. At high ultrasound power levels, the micro-
spheres shatter, releasing the contained gas, and gener-
ating a brief, but very intense, echo.

Power Mode (Amplitude) Imaging

As stated previously, the Doppler Shift is determined 
by velocity, but the intensity of the Doppler signal 
relates to the number of scatterers within the ultra-
sound beam. If there are a lot of scatterers, but they are 
moving in random directions, the net velocity will be 
zero, but the amplitude of the Doppler signal remains 

Fig. 1.39 Tissue velocity shown in the form of a color M-mode
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high (Fig. 1.40). Thus, a display showing the ampli-
tude or power of the Doppler signal shows the density 
of scatterers, regardless of their velocities. This type of 
display is used, often in conjunction with harmonic 
mode, in contrast studies.

Is Ultrasound Safe?

Ultrasound is a form of energy, and at high power levels 
can be used to coagulate tissues, heat deep muscles, or 
clean dirty surgical instruments. Potential harmful effects 
are related to the beam intensity and ultrasound frequency. 
The energy lost through attenuation as the beam passes 
through tissues is converted to heat. The peak intensity as 
the ultrasound pulse passes may be quite high, but in 
pulsed modes (but not CW), there are large gaps between 
pulses (pulse duration 2 ms, interval between pulses 200 
ms) so the average heating is quite low. The term used to 
express this is Thermal Index and is the ratio of the actual 
beam power to that required to raise the temperature of a 

specific tissue by 1°C. A particular issue arises with 
transesophageal scanning, where the transducer face is 
in contact with the esophagus and local heating could, in 
the event of a fault within the transducer, cause tissue 
necrosis. For this reason, the probe tip temperature is 
monitored, and there is an automatic thermal cut-out in 
the event it becomes too high.

The pressure fluctuations within tissues as the ultra-
sound waves travel through them can be quite high. 
The potential for harm is quantified by the Mechanical 
Index, a parameter derived by dividing the peak nega-
tive wave pressure by the square root of the ultrasound 
frequency. Transthoracic scanning has caused hemor-
rhagic lesions on the lung surface of monkeys at MI 
1.8. For this reason, most commercial cardiac scanners 
limit the maximum power to MI 1.1.

The fact is that in over almost half a century of use, 
involving millions of scans in a wide variety of clinical 
settings (including transvaginal fetal imaging), no case 
of harm to a patient from diagnostic ultrasound has 
ever been documented. By any standards the risk-ben-
efit ratio of diagnostic ultrasound is negligibly low, but 
there is no such thing as zero risk, and to minimize it 
the user should always employ the “ALARA” principle 
(As Low As Reasonably Achievable) for machine 
power levels and patient exposure times.

Conclusions

The modern echo machine derives a great deal of 
information from echoes generated from the ultra-
sound beam it transmits into the body. These include 
specular echoes from which real-time 2-D/3-D images 
and M-mode traces are formed to study cardiac struc-
tures and their motion patterns; and Doppler signals 
from backscattered from blood and tissues that can be 
processed to provide spectral displays and color flow 
maps. Additional processing produces derived data 
such as strain rate and power mode imaging. It can be 
likened to a toolkit, all powered by a single source, the 
ultrasound beam. Each tool has its own particular 
applications; to use it optimally requires appreciation 
of its features, strengths, and weaknesses. Together 
they form a powerful, noninvasive diagnostic armory, 
which has revolutionized cardiac diagnosis in almost 
every area of clinical activity from primary care to the 
operating room.

Fig. 1.40 Doppler signal amplitude is determined by the num-
ber of scatterers and is independent of their velocities

Summary of Doppler modes

Doppler mode Display

Spectral Velocity
Continuous Wave (CW) Blood: high velocities
Pulsed Wave (PW) Tissue: low velocities
High PRF Signal amplitude (power)

Blood: low amplitude
Color Flow Mapping (2-D and 

M-mode)
Tissue: high amplitude

Fundamental and harmonic Strain Rate
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2D Normal Views

Echocardiography is a noninvasive procedure which 
illustrates the anatomy of the heart, including valves 
and valve motion, chamber size, wall motion, and 
thickness. Doppler echocardiography assesses the 
severity of valvular regurgitation, gradients across 
stenotic valves or between cardiac chambers, and the 
detection of intracardiac shunts.

Historical Perspective

Abel L Spallantzani (1729–1799) recognized the exis-
tence of Ultrasound. He demonstrated that bats who 
are blind, navigate by means of echo-reflections using 
inaudible sounds. He is considered the true “Father of 
Ultrasound.”

Johan C Doppler (1803–1853) worked out the 
mathematical relationship between the frequency shift 
of sound and the relative motion of the sound source 
and the observer for what was later developed as the 
“Doppler principle.” In 1845, CHD Buys Ballot (1817–
1890), a Dutch meteorologist, tested the theory of 
Doppler in an attempt to disprove it!

In 1880, Jacques and Pierre Currie discovered the 
piezoelectric effect, a phenomenon observed in certain 
quartz crystals, which were the basis of the early ultra-
sound systems. P. Langavin (1872–1946) conceived 
the idea to use a piezoelectric quartz crystal as both 

transmitter and receiver, which led to the development 
of the sonar used in World War I.

It was the Austrian KT Dussik who in 1941 first 
applied ultrasound for medical diagnosis. He outlined 
the ventricles of the brain using echo transmission, a 
principle similar to X-ray imaging. He is regarded as 
the “Father of diagnostic Ultrasound.”

It was not until 1950 however that the German WD 
Keidel first used an echo-transmission technique to 
perform the first cardiac examination in an attempt to 
measure cardiac output.

In 1953, I. Edler & CH Hertz in Lund, Sweden, first 
performed experiments using ultrasound echo-reflection 
for examining the heart stimulated by their surgeons who 
wanted a more accurate diagnosis before surgery. They 
produced the first echocardiogram of the heart in 1953 – 
“the Ultrasound Cardiogram.” Fortuitously, the machine 
used for detecting faulty metals had the same physical 
characteristics which were appropriate for the heart!

In 1963, Harvey Feigenbaum in the USA borrowed 
an unused echoencephalography machine to scan the 
heart and noted that cardiac images could be recorded. 
He first described the posterior pericardial effusion. He 
then substituted the word “cardio” for “encephalo” and 
gave the name “echocardiography.”

In 1968, R. Gramiak and Pravin M. Shah (USA) 
described contrast echocardiography, an accidental 
observation, during indocyaine green injections for 
cardiac output measurements. Later on in 1968 J Somer 
constructed the first electronic phased-array scanner, 
and in 1974 J Griffith and W Henry introduced the 
mechanical sector-scanner.

In 1974, FJ Thurstone and OT von Ram constructed 
their electronic phased-array scanner, similar to the 
instrument developed by J Somer.

In 1977 J Holen showed that the Bernoulli equation 
could be applied to estimate the pressure drop across a 
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stenotic orifice from the jet flow velocity. The following 
year, the Swiss MA Brandestini produced a 128-channel 
digital multigate Doppler instrument to allow real-time 
imaging of cardiac structures and blood flow in color.

The American Institute of Ultrasound in Medicine 
adopted the term echocardiography, which means the 
use of reflected ultrasound to describe cardiac structures 
(from the Greek echo = reflection).

Echocardiography has seen a rapid evolution from 
single crystal M-mode to two-dimensional echocardiog-
raphy, Doppler, and now color-flow imaging. Clinical 
use of echocardiography now extends into the operating 
room, as its utility in both transesophageal (TEE) and 
intraoperative echocardiography is meeting widespread 
acceptance among cardiovascular surgeons.

Normal Cardiac Anatomy

A normal heart comprises four cardiac chambers and 
four cardiac valves. Ultrasonic access to these cham-
bers and valves would be easy if it were not for the fact 
the heart is normally protected by the rib cage. 
Additionally, the heart is surrounded by the lungs lying 
within pleural membranes. The bony structure of the 
ribs and the air within the lungs provide a formidable 
obstacle to access the heart using ultrasound. Fortunately 
there are small acoustic windows beneath the third, 
fourth, and fifth intercostals spaces for 2 or 3cm to the 
left of the sternal border. Additional access can be 
obtained from the subcostal, apical, and suprasternal 
approach. Some of these approaches are more useful in 
Doppler echocardiography where it is important to be 
parallel to blood flow and not so important to be per-
pendicular to cardiac structures. For imaging purposes 
where it is important to be perpendicular to structures 
for the best reflections of the ultrasound, approaches 
such as the left parasternal are best.

Transthoracic Standard Imaging Planes

The superior ability of two-dimensional echocardiog-
raphy over M-mode echocardiography for the detection 
of pathology and its ability to define spatial relationships 
between the valves and cardiac chambers necessitate 
the limited discussion of M-mode throughout this 

book. We will, however, show M-mode recordings for 
specific disease states when appropriate.

Specific imaging planes to interrogate the heart 
have been established in order to record all intracar-
diac structures in a standardized fashion. In this chap-
ter we will cover the basic views of both transthoracic 
(TTE) and TEE echocardiography.

Left Parasternal Window

Long Axis

•	 Long-axis view of the left ventricle.

Used to evaluate left ventricular (LV) chamber size, 
performance, septal wall thickness and motion, aortic 
valve (AV) and aortic root, overriding aorta (Ao), 
mitral valve (MV), and left atrial (LA) dimensions. 
Figure 2.1 shows an example of a parasternal long axis 
in a normal patient during (a) systole and (b) diastole.

The landmarks to look for are the mitral valve in the 
center of the picture, the aortic root, and the left ventricle.

•	 Long-axis view of right ventricular inflow.

Used to evaluate right atrial (RA) and right ventricular 
(RV) dimensions, to detect mass lesions, and tricuspid 
valve (TV) abnormalities. Figure 2.2 shows an example 
of a parasternal long axis of right ventricular inflow 
during systole. This view is obtained by rotating the 
transducer counterclockwise approximately 20° from 
the long-axis view and angling the beam medial under 
the sternum.

The landmarks to look for are the tricuspid valve in 
an oblique projection in the center of the image, dividing 
the RA at the bottom from the RV on top.

Short Axis

•	 Short-axis level of the heart from base to apex.

Useful for the evaluation of the aortic valve, the mitral 
valve and left ventricular wall motion, wall thickness, 
chamber size, and presence of apical masses. The aim 
here is to produce serial cross-sectional sections of the 
heart from base to apex so that the entire left ventricu-
lar walls and thickening can be evaluated. These views 
are obtained by rotating the transducer clockwise 
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approximately 90° from the long-axis view and then 
angling the beam from the base of the heart to the 
apex.

•	 Short-axis level of the great arteries (base).

Figure 2.3 is an example of a parasternal short axis of 
the great arteries during diastole. This view is used to 
determine spatial orientation of the great arteries; to 
see enlargement and drainage of the coronary sinus; to 
evaluate abnormalities of the aortic, tricuspid, and 
pulmonic valves; and to determine location of the 
coronary arteries.

The subpulmonic region may be assessed, whether 
there is infundibular hypertrophy (tetralogy of Fallot) 
or RV free wall thinning (arrhythmogenic right ventricle). 
It is also useful to evaluate right ventricular outflow 
tract, right atrial size, and to detect intra-atrial masses. 

From this projection the presence of an arterial duct 
can be depicted.

•	 Short-axis level of mitral leaflets (LV base).

Figure 2.4 is an example of a parasternal short axis at 
the mitral valve level during diastole – useful in evalu-
ating ventricular septum, determining abnormalities of 
the mitral valve, and estimating the mitral orifice in 
mitral stenosis. This is a good view to describe both 
the anterior and the posterior mitral leaflets from the 
anterolateral to posteromedial commissures.

•	 Short-axis level of papillary muscles (mid-LV).

Figure 2.5 is an example of a parasternal short axis of 
the left ventricle at the papillary muscle level – useful in 

a b

Fig. 2.1 Normal parasternal long-axis view in (a) systole and (b) diastole

Fig. 2.2 Normal parasternal long axis of right ventricular inflow 
during systole

Fig. 2.3 Normal parasternal short axis of the great arteries during 
diastole
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locating and determining the number of papillary 
muscles in the left ventricle, evaluating interventricular 
septal motion, determining right and left ventricular 
chamber dimensions, and detecting intraventricular 
masses.

It is important that the left ventricle is displayed as 
a circle implying that the section is truly perpendicular 
to the left ventricle. In some pathological conditions 
(RV pressure or volume overload) the septum assumes 
a noncircular geometry.

Apical Window

•	 Four-chamber view.

Figure 2.6 shows an apical view of all four cardiac 
chambers with the atrial and ventricular septa – used 
for the detection of intracardiac cardiac masses, evalu-
ation of septal defects, detection of atrial and ventricu-
lar septal defects, detection of structural abnormalities 
of the atrioventricular valves and their tensor appara-
tus, evaluation of left ventricular function, and imag-
ing left ventricular apex.

Attention should be made to position the ventricu-
lar septum in the middle of the sector, although occa-
sionally, this could be shifted more to the left, so that 
the LV free wall can be better evaluated.

•	 Long-axis view.

Figure 2.7 depicts a normal apical long-axis view – 
useful for evaluating left ventricular function, imaging 
the left ventricular apex, detecting left ventricular 
aneurysms, determining aortic override of the left 
ventricular septum, and detecting intracardiac masses.

This view complements the parasternal long axis by 
visualizing the entire subvalvular apparatus of the 
mitral valve as well as the LV outflow tract.

Fig. 2.4 Normal parasternal short axis at the mitral valve level 
during diastole

Fig. 2.5 An example of a parasternal short axis of the left ven-
tricle at the papillary muscle level in a normal patient

Fig. 2.6 A normal apical four-chamber view of all the cardiac 
chambers during systole
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•	 Two-chamber view.

Figure 2.8 shows a normal apical two-chamber view. This 
view nicely depicts the anterior and inferior walls of the 
left ventricle and is commonly used during stress echo 
examinations – useful in evaluation of left ventricular 
function, detection of left ventricular aneurysms, and 
intracardiac masses. The aortic valve is not visualized in 
this view.

Subcostal window

•	 Four-chamber view.

Figure 2.9 demonstrates the anatomy seen in a normal 
subcostal four-chamber view – useful for detection of 
right and left atrioventricular valve abnormalities, 
determination of right and left ventricular wall thick-
ness, evaluation of atrial septal motion, and detection 
of intra-atrial masses.

•	 Short-axis left ventricular level.

Figure 2.10 shows the subcostal short axis at the left 
ventricular papillary muscle level – useful for evalua-
tion of size and contractility of the right and left 
ventricles.

•	 Long-axis inferior vena cava.

Figure 2.11 shows the subcostal long axis of the junc-
tion of the inferior vena cava (IVC), hepatic vein (HV) 
and right atrium – used in detecting abnormalities of 
the IVC, (HV, and right atrium.

Fig. 2.7 A normal apical long-axis view during diastole

Fig. 2.8 The apical two-chamber view in a normal patient. The 
anterior wall is marked by the arrow

Fig. 2.9 A normal subcostal four-chamber view of all the 
cardiac chambers during systole
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Suprasternal Window

•	 Long-axis aorta, short-axis right pulmonary artery.

Figure 2.12 shows a normal suprasternal view of the 
aortic arch and the right pulmonary artery (RPA) 
(arrow). – useful in determining the dimensions of the 
various parts of the aorta, detecting aorta arch abnor-
malities, determining the size of the (RPA, detecting 
and localizing possible coarctations of the aorta.

Transesophageal Standard Imaging 
Planes

Imaging of the heart from the esophagus was first 
reported by Dr. Frazin in 1976. At that time there was 
little directional control over the M-mode transducer 
once it was swallowed by the patient. Reworking 
flexible gastroscopes solved the problem of directional 
control and advances have continued in that. Today 
TEE probes are smaller, higher frequency, and allow 
rotation of the 2D beam throughout 180°.

With TEE imaging and the transducer in the esoph-
agus there is little noise and interference from either 
the bony structures of the rib cage or air in the lungs. 
In almost every patient the TEE image quality is vastly 
superior to TTE. While there are unlimited views that 
can be obtained by transesophageal echo we will con-
centrate on the basic ones in this chapter.

•	 Four-chamber view.

Figure 2.13 shows four-chamber view of all four 
cardiac chambers with the atrial and ventricular septa 
– used for the detection of intracardiac cardiac masses, 
evaluation of septal defects, detection of atrial and 
ventricular septal defects, detection of structural abnor-
malities of the atrioventricular valves and their tensor 
apparatus, evaluation of left ventricular function.

Fig. 2.10 Subcostal short axis of the left ventricle at the papillary 
muscle level in a normal patient

Fig. 2.11 Subcostal view of the junction of the IVC, hepatic 
vein and RA

Fig. 2.12 A normal suprasternal view of the aortic arch and the 
right pulmonary artery (arrow)
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•	 Two-chamber view.

Figure 2.14 shows a normal apical two-chamber 
view – useful in evaluation of left ventricular func-
tion, detection of left ventricular aneurysms and 
intracardiac masses. The aortic valve is not visualized 
in this view.

•	 Left atrial appendage view.

Figure 2.15 shows a normal apical two-chamber view 
rotated over to visualize the left atrial appendage 
(LAA) – useful in detection of left atrial thrombi.

•	 Short-axis level of the aortic valve (base).

Figure 2.16 is an example of a TEE short axis at the 
aortic valve level during systole. This view is used to 
determine spatial orientation of the great arteries; to 
see enlargement and drainage of the pulmonary veins; 
to evaluate abnormalities of the aortic, tricuspid, and 
pulmonic valves; and to determine location of the cor-
onary arteries.

•	 Bicaval view of the right atrium.

Figure 2.17 is an example of a TEE bicaval view of the 
right atrium. The left atrium, atrial septum appendage, 
and inferior (IVC) and superior vena cava (SVC) are 
visualized. This view also is helpful in documenting 
sinus venosus defects of the atrial septum.

Fig. 2.13 Four-chamber TEE view with the probe in the esoph-
agus the left atrium is the chamber closest to the transducer

Fig. 2.14 Two-chamber TEE view looking at the left atrium 
(LA) and left ventricle (LV)

Fig. 2.15 Two-chamber TEE view rotated over to visualize the 
left atrial appendage (LAA)

Fig. 2.16 TEE short axis at the aortic valve level during systole
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Controls Settings

Introduction

It is crucial for those performing an echocardiographic 
examination to understand how the controls on an 
ultrasound machine alter the display. Without this 

knowledge, it is impossible to consistently optimize 
images. Unskilled manipulations may misrepresent 
diagnostic information and result in missed diagnoses. 
Section 2 aims to describe controls found on most 
ultrasound machines, how they affect the image, and 
how they are used to optimize the ultrasound image. 
Table 2.1 describes the most commonly used controls 
for two-dimensional (2D) imaging.

Preparing the Machine

Preset. After providing power to the machine itself, be 
sure to define basic parameters for the test by choosing 
an appropriate preset. The preset provides a starting 
point for such basic machine settings as depth, gain, 
and process settings. The operator can adjust all the 
machine’s variables from the initially fixed settings as 
needed. Adjustments to the preset can be permanently 
saved under a different preset name when desired. 
Presets are also used to reset the ultrasound machine 
when the various controls are adjusted incorrectly.

Patient identification and any other relevant infor-
mation should be entered into the machine. Relevant 

Table 2.1 Describes the most commonly used controls and their functions for 2D imaging

2D Variable Knob(s) Function

Gain Gain Amplifies returning signals before display
TGC/DGC TGC/DGC toggles Selectively amplifies returning signals before 

display (horizontally)
LGC LGC toggles Selectively amplifies returning signals before 

display (vertically)
Compression Compression Changes the difference between the highest and 

the lowest received amplitudes (shades of 
gray)

Power Power (dB) Controls rate at which energy is propagated into 
an imaged medium

Frequency Dependent on probe Determines number of times per second a sound 
wave completes a cycle

Focal Zone Focal zone Alters the placement of the narrowed region that 
designates an area of improved resolution

Depth Depth Selects how shallow or deep an area is imaged
Sector Size Size, trackball Narrows or widens the image sector
Zoom Zoom Magnifies a particular area of interest within the 

sector
Freeze Freeze Stops or starts live imaging
Measurement Freeze, caliper, trace, 

enter, erase
Quantifies features of a 2D image

Harmonics Harmonics Uses frequencies created by the tissues, rather 
than the fundamental frequency, to create an 
image

Annotation Annotation Adds text or picture to image

Fig. 2.17 TEE bicaval view of the right atrium. The left atrium, 
atrial septum appendage, and inferior (IVC) and superior vena 
cava (SVC) are visualized
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information outside the patient’s name and medical 
record number may include date of birth, sex, videotape 
number, name of person performing examination, loca-
tion, or any number of other qualifiers for later reference.

Transducer selection: A transducer must be con-
nected to the machine and selected from other possible 
transducer options. Figure 2.18 shows typical ultra-
sound transducers currently in use in cardiovascular 
laboratories. A transesophageal probe is seen sur-
rounding three-phased array cardiac transducers of 
varying frequency. The wide probe on the right is a 
linear-array transducer for vascular studies such as 
carotid and venous examinations. A high transducer 
frequency may be selected for most children and pedi-
atric population (better near-field resolution), while for 
adult patients a lower-frequency transducer will pro-
vide penetration (but a loss of resolution).

The four most common modes used during the 
examinations are two-dimensional gray scale imaging, 
color Doppler, pulsed-wave Doppler, and continuous-
wave Doppler. The usual buttons or markers to enable 
these modes are: 2D, Color, PW, and CW. Other scan-
ning modes are often available, although for the sake 
of simplicity, this chapter will focus on the controls 
that affect the four primary modes previously listed.

Two-Dimensional Imaging and Basic 
Image Manipulation

Basic Echo Images: Two-dimensional (2D) gray scale 
imaging is a type of B-mode imaging (B is for brightness) 

in which the various amplitudes of returning ultra-
sound signals are displayed in multiple shades of gray. 
Higher-amplitude signals are closer to white, while 
lower-amplitude signals are displayed as closer to 
black. Many different shades of gray form a represen-
tational picture of the patient’s cardiac anatomy. The 
top portion of the sector shows the tissue closest to the 
transducer.

Gain: Gain is the most important variable to adjust 
during a study. It is also the one control that is most 
often misused. Overall gain controls the degree of 
amplification that returning signals undergo before 
display. Amplification, or overall gain, is the first post-
processing function performed by the receiver. One of 
the most common mistakes is to add too much gain to 
a picture. While this can make the picture brighter and 
structures more obvious overgaining will destroy 
image resolution. The appropriate amount of gain for a 
picture becomes apparent when reflectors and tissue 
interfaces can be seen, but fluid and blood appear as 
totally black and echo-free. Myocardium should be 
adequately dispersed with reflectors, but the muscle 
should not approach the look of a solid white band. 
Only the pericardium, certain states of abnormal thick-
ening, calcification, tissue infiltration, or surgically 
altered valves should be hyperechoic (very bright). 
The myocardium should be set at a medium shade of 
gray by the operator. Gain should be incrementally 
added if the picture is entirely black, or only normally 
hyperechoic structures can be seen with clarity. Figure 
2.19 shows three parasternal long-axis views with 
varying gain settings. Figure 2.19a demonstrates gain 
that is set too low, Fig. 2.19b with proper gain setting, 
and Fig. 2.19c with the gain set too high.

TGC/DGC: The second postprocessing function of 
the receiver is compensation. It is commonly known as 
time gain compensation (TGC) or depth gain compen-
sation (DGC). Compensation makes up for energy loss 
from the sound beam due to attenuation. Attenuation is 
the loss of intensity and amplitude of the ultrasound 
beam as it travels deeper into the body. Strong return-
ing signals from the near field (close to the transducer) 
need to be suppressed, while signals from the far field 
(deeper depths) require higher amplification.

TGC/DGC is seen on the machine as a column of •	
toggles that can be slid along a horizontal plane. By 
sliding a toggle to the right, the operator increases 
the gain at that given depth. The TGC/DGC is nor-

Fig. 2.18 Typical ultrasound probes used in a cardiovascular 
laboratory. A long TEE probe surrounds an array of cardiac and 
vascular (far right) transducers
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mally placed at a diagonal slope of variable steep-
ness. The upper or near-field toggles are often set at 
a lower degree of compensation, while the lower, 
far-field toggles are often set at a higher degree of 
compensation. A pattern of gradual change from 
one toggle to the next avoids a “striped” look to the 

ultrasound picture. Figure 2.20 shows a parasternal 
long-axis view with the TGC’s set incorrectly.

LGC: LGC is an acronym for lateral gain compensa-
tion and is present on some ultrasound machines. 
LGCs are toggles similar to TGC/DGCs but act 

a b c

Fig. 2.19 Parasternal long axis with gain that is set too low (a), proper gain setting (b), and with the gain set too high (c)

Fig. 2.20 Parasternal long-axis view with the TGCs set incorrectly: 19a has the near-field TGC set too high, so the septum is over-
gained and 19b has the far field set too high
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selectively on the y-axis of the picture to change the 
gain in vertical portions. LGCs are useful to bring out 
myocardial walls that may be hypoechoic (lacking in 
brightness) due to technique or positioning.

Compression: Compression or dynamic range is 
just as important as gain. Compression can decrease or 
increase the difference between the highest and lowest 
echo amplitudes received. Compression takes the 
received amplitudes and fits them into a gray scale 
range the machines can display. This dynamic range is 
determined by the degree of compression applied to 
returning signals. Dynamic range expresses how many 
shades of gray appear within the image. By increasing 
the compression, the image displays more shades of 
gray. Areas of medium amplitudes of gray, such as 
myocardium, may be better resolved. Decreasing the 
compression provides a highly contrasted image with 
strong white-and-black components. While sharply 
decreasing the compression may improve structure 
delineation, it will sacrifice low-amplitude targets. 
Most presets start at roughly midlevel value of com-
pression and gain.

Power: Power can be indirectly assessed by decibel 
(dB) settings, Mechanical Index (MI), and Thermal 
Index (TI). Power, expressed in watts (W) or milliwatts 
(mW), describes the rate at which energy is propagated 
into the imaged medium. Intensity is a concept that 
closely relates to power. Intensity is power per unit 
area (mW/cm2 or some unit variation). Intensity may 
not be entirely uniform throughout tissues. Intensity 
levels more accurately predict risk of bioeffects than 
power levels. When looking at an image, simply chang-
ing the output power from the transducer appears to 
have a similar effect as changing the overall gain. The 
power actually functions in a way that is less preferable 
than overall gain. The difference is that gain settings 
do not change the amount of energy in tissues. Overall 
gain works with signals that have already traveled 
through tissues. Work with gain variables before ever 
reaching to change the power. Recognize the power 
knob by its unit of measurement. Most machines do 
not describe the power level in watts or Milliwatts. 
Instead, they indirectly describe power in terms of 
decibels (dB).

Because the exact power or intensity levels are 
not apparent, manufacturers began to put two more 
variables on the screen to help clinicians to estimate 
power and intensity levels. The two variables are 
the Mechanical Index (MI) and the Thermal Index 

(TI). Mechanical Index (MI) is intended to convey 
the likelihood of cavitation resulting from the ultra-
sonic energy during the exam. Cavitation refers to 
activity of created or pre-existing gas bubbles 
within the tissues due to ultrasound energy. Thermal 
index (TI) is the ratio of output power emitted by 
the transducer to the power needed to raise tissue 
temperature by 1°C.

Frequency: Frequency is defined as the number of 
cycles per second. The frequency of most cardiac 
ultrasound probes is between 2.5 and 7MHz 
(5–7,000,000 cycles per second). The frequency of the 
ultrasound probe has a dramatic effect on image qual-
ity. Lower transmitted frequencies create very differ-
ent images than higher frequencies.

When the wavelength is smaller (higher frequen-•	
cies), the axial resolution is better.

Resolution is the ability to detect two targets positioned 
closely to one another. Improved resolution generates 
a more accurate anatomic rendering. The lower the 
sound source frequency, the more effective it is in pen-
etrating tissue and not falling subject to attenuation. 
Unfortunately, low frequencies yield poorer resolution 
in their resulting images when compared to high-
frequency images. When a structure near the chest 
wall needs to be better resolved, a high-frequency 
transducer may be preferred.

While the imaging frequency is dependent on the •	
transducer used, each probe has a frequency band-
width. Some machines have a wide bandwidth and 
allow an operator to select a part of the bandwidth 
spectrum to make the images.

Focal zone: The ultrasound beam is not necessarily the 
same width as it travels into the depths of tissue. Many 
systems use a technique known as focusing. Focusing 
the ultrasound beam is a process accomplished by 
mechanical or electronic means. On the other hand, it 
is possible to influence the way the beam is focused. 
As the beam proceeds deeper into the tissue, the beam 
gradually tapers to a narrow region known as the focal 
zone. The central point of the focal zone is the focal 
point. The focal point of a focused ultrasound beam 
will have the highest intensity (mW/cm2) of the trans-
mitted ultrasound energy from the transducer. It also 
produces a higher quality image because it yields 
better returning signals for the machine to process and 
display.
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Depth: All machines have a control that increases 
or decreases the overall image depth. Decreasing the 
depth increases the frame rate by reducing the amount 
of information that the machine has to process and 
shortening the time required for the beam to travel to 
and return from a target of interest. Regardless of frame 
rate, some cardiac views require a deeper field of view 
for adequate display.

Sector size: Reducing the width of the sector is 
another excellent way to increase frame rate and iso-
late an area of interest. Just as depth will reduce the 
amount of information needing to be processed so will 
narrowing the sector.

Zoom: Zooming an area of interest is another good 
way to remove unwanted information from the sector. 
Zooming trims from both the x- and the y- axes of the 
sector. Zoom can be selected on the machine and an 
initial zoom box will appear. Change the zoom param-
eters using the size and the position buttons along with 
the trackball, until the area of interest is adequately 
covered.

Measurements

All echocardiographic images can be measured and 
quantified. The same buttons that are used for Doppler 
evaluation are also used for gray scale assessments. 
Standard buttons are: freeze, caliper, trace, enter, and 
erase. Measurements of 2D images can be made either 
outside or inside the analysis package. If measure-
ments are plugged into the analysis package, the operator 
will need to select the analysis or measurement pack-
age button and then the proper name for the subsequent 
measurement. A pair of calipers can tell you exact linear 
measurements of gray scale images. The first caliper 
has to be entered onto a point in order to have the second 
caliper appear. Once the second caliper is set, then the 
machine calculates the straight linear distance between 
the two points. Multiple linear caliper measurements 
can be made. Remove the calipers by using the erase 
button. To perform planimetry of a valve orifice or 
measure along the outside borders of a mass, use the 
trace, trackball, and enter buttons. Once the trace 
function is selected, set the first given caliper to a start-
ing point and use the trackball to follow the borders of 
the desired region. Once the border is outlined and the 

dotted tracing line is returned to the starting point, the 
outline must be entered before the machine will calcu-
late any area. The operator can backtrack a traced line 
or completely remove any given trace by pushing the 
erase button (possibly several times to completely 
eliminate the trace).

Harmonics

Standard transducers transmit and receive frequencies 
that are the same or within a very close range. The fre-
quency from such a transducer is known as the funda-
mental frequency. As the beam propagates through 
tissues, it distorts and creates additional frequencies 
that are multiples of the fundamental frequency. These 
additional frequencies are the harmonic frequencies 
and are created by the tissues themselves (Chap.1). 
While the fundamental frequency may undergo a large 
amount of distortion, the harmonic frequencies do not. 
In patients with poor sound transmission due to obe-
sity or dense muscle tissue, the harmonic frequencies 
may make a better image than the fundamental fre-
quency. In fact, when using harmonics the image will 
likely have poorer resolution than the image created 
with the fundamental frequency. During contrast stud-
ies harmonics will improve image quality whether 
using agitated saline or one of the new, transpulmo-
nary contrast agents.

Annotation

Annotation can be a label in words or pictures added 
onto the screen to accompany a corresponding image. 
Nonstandard views, unusual anatomic variations, or 
highly edited standard views may need some further 
explanation. It is also helpful to annotate when a standard 
view is not available or is of very poor quality. Naming 
anatomical landmarks, relationship to other anatomic 
points of reference, body positioning of the patient, or 
timing of events is often helpful for the interpreting 
physician. For example, it may be of use to label a 
heart as pre- or postsurgical event. Be sure to remove 
any comments after they apply so that later pictures do 
not become confusing or incorrectly labeled.
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Color Doppler

Color Doppler is layered over a 2D image to provide 
information on blood flow. The 2D images provide a 
context needed to adequately interpret the color data. 
All forms of Doppler analysis on the ultrasound 
machine, including color Doppler, are based on the 
Doppler effect. The Doppler effect is the perceived 
change in frequency that occurs between a sound 
source and a sound receiver. When a reflector is sta-
tionary and the transducer is stationary, no Doppler 
shift occurs. The probe crystal samples the constantly 
moving red blood cells within the cardiac circuit, 
which create a Doppler shift. The direction of flow is 
shown on the machine’s color map. Many manufactur-
ers provide a red and blue color map, with red moving 
toward the probe and blue moving away from the 
probe.

Color Doppler analyzes velocities, direction of 
flow, and (depending on the color map chosen) areas of 
turbulence vs. laminar flow. Figure 2.21 shows normal 
flow in diastole from a pulmonary vein through the 
mitral valve into the left ventricle.

Quality of color imaging depends on the number of 
pulses per color packet, or packet size, and on the 
frame rate of the overall picture with color. These vari-
ables must be carefully balanced due to the fact that 
more pulses in the color packets result in lower frame 
rates. Each tiny color packet shows the mean velocity 
within that particular color packet. The more pulses 
providing individual pieces of data, the more accurate 

the received data and the more true the color 
representation.

Smoothing determines the degree to which the 
color packets progressively transition into adjacent color 
packets. A low smoothing setting will make the indi-
vidual color packets highly independent of one another 
and create a speckled impression of color flow. A high 
degree of smoothing will make the color packets 
appear as though they blend together to a large degree. 
The appearance of color filling improves with higher 
levels of smoothing.

Color Doppler provides data on moving reflectors 
only. Stationary reflectors detected within each color 
packet are eliminated from processing. Therefore, only 
moving reflectors play a role the color display. The 
machine operator can change many color display prop-
erties. A color invert option will flip the color map – 
blue flows toward the probe, red flows away from the 
probe. The color map can also be changed to display 
flows in an entirely new set of hues or intensities. Some 
color maps add an element of green or yellow to dif-
ferentiate between laminar and turbulent flow. The 
color mode has an adjustable scale, as well. The num-
ber above and below the color map shows the range of 
mean velocities that can be displayed, typically in 
cm/s, without aliasing.

The machine calculates an optimal scale largely 
based on depth. Lowering the scale number lowers 
the pulse repetition frequency (PRF) and therefore 
the Nyquist limit (PRF/2=Nyquist Limit). The lower 
scale is more sensitive to flow. Raising the scale will 
reduce sensitivity to flow, raise the pulse repetition 
frequency and Nyquist limit, and make the color dis-
play less likely to alias. The scale should be left alone 
most of the time – particularly when grading valvular 
regurgitation.

The frame rate of the image with color Doppler is 
highly dependent on the machine operator. It is impor-
tant to know how to raise frame rate without sacrificing 
diagnostic information. Use the trackball, size, and 
position controls to change the length, width, and place-
ment of the color box. The length of the color box is of 
no consequence to the frame rate. However, the overall 
depth of view does affect the frame rate, so keep the 
image as shallow as possible in order to have the high-
est frame rate. Wider color boxes will lower frame rate 
as more time is required to interrogate a flow in a larger 
area. The color box should be as narrow as possible 

Fig. 2.21 Normal flow by color Doppler in diastole from a 
pulmonary vein through the mitral valve into the left ventricle
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while fully covering the area of interest. If the color 
appears bright and flashy within the color box, it may 
help to decrease the color gain. Table 2.2 describes the 
most commonly used controls for adjusting the color 
Doppler display.

Pulsed-Wave and Continuous-Wave 
Doppler

•	 Pulsed-wave Doppler samples velocities at a spe-
cific point along the beam axis. A gate designates 
the sampling point and its position within a 2D 
image. The trackball moves the pulse sample gate 
within the ultrasound image. The disadvantage of 
pulsed wave lies in its susceptibility to aliasing. This 
type of Doppler is best for low-velocity flows or 
mapping a defined area of blood flow. Figure 2.22 
shows a pulsed Doppler trace with the sample site in 
the left ventricular inflow area. Note the systolic 
flow of mitral regurgitation (arrows) is aliased and 
an accurate peak velocity unable to be measured, but 
the mitral inflow velocities can be easily measured.

•	 Continuous-wave Doppler possesses a clear advan-
tage over pulsed wave in its total lack of a Nyquist 
Limit. This means that the high-velocity flows will 
not alias. If the scale on the Doppler waveform dis-
play is set too low, it may appear to wrap around in 
the same manner as pulsed-wave Doppler. If this 
occurs, increase the scale (in cm/s) to the desired 
velocity range. Continuous-wave Doppler is not 
depth specific. The machine samples all along the 
beam axis, sending and receiving Doppler signals 
constantly. It is of primary importance to have the 
beam axis at an angle as close as possible to 0 
degrees (parallel) with blood flow. On the sector 

display, position the dotted line designating Doppler 
beam placement within the area of interest. Figure 2.23 
shows a continuous-wave Doppler trace in a patient 
with aortic insufficiency (AI). The AI jet has a 
velocity of almost 4m/s, and with continuous-wave 
Doppler there is no problem with aliasing.
PW and CW Doppler displays may need to be •	
“cleaned up” before they are acceptable for acquisi-
tion. Relevant information should be extracted and 
refined from the Doppler display. Once Doppler sam-
pling placement is optimal, the resulting Doppler sig-
nal can be easily manipulated. Common controls to 
manipulate the signal include Doppler sweep speed, 
gain, scale, baseline, compression, and reject.

•	 Sweep speed changes the number and width of 
Doppler waveforms that can be displayed in a 
single picture. Increasing the sweep speed effec-
tively zooms on one or a few Doppler waveforms at 
a time. High sweep speed is optimal for patients in 

Table 2.2 Describes the most commonly used controls and their functions for adjusting the color Doppler display

Color variable Knob(s) Function

Map Map Provides key to convert velocities into colors
Scale Scale Specifies range of velocities that can be expressed by color 

and Nyquist Limit
Invert Invert Assigns specified color to direction of flow
Sector placement Position, trackball Determines placement of color box
Sector size Size, trackball Determines size of color box
Gain Gain Amplifies color Doppler signal before display
Baseline Baseline Shifts the zero baseline of the color scale velocities
Smoothing Smoothing Determines degree of separation of color packets

Fig. 2.22 Pulsed Doppler trace with the sample site in the left 
ventricular inflow area. Note the systolic flow of mitral regurgi-
tation (arrows) is aliased
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normal sinus rhythm with multiple uniform Doppler 
readings over time. Sweep speed should be reduced 
for patient with significant Doppler variations 
between cardiac cycles or for arrhythmic patients. 
Other common indications for very low sweep 
speed include assessment of tamponade or constric-
tion, where presence or lack of respiratory variation 
needs to be demonstrated.

•	 Gain amplifies or deamplifies the returning signal 
from the moving red blood cells. The gain is often 
preset, but it helps to change gain to compensate 
for low- or high-density red blood cell movement. 
The Doppler spectral signal itself should be a 
midlevel gray, while the Doppler background 
should be black. If the signal is bright white, turn 
down the Doppler gain. If it is very faint or totally 
black but present, turn the Doppler gain up. 
Increasing the audio volume to hear the Doppler 
shift may be helpful in optimizing the spectral 
trace. Audio volume provides critical information 
when using Pedoff probes, which produce Doppler 
signals with no 2D image for guidance.

•	 The scale setting controls the highest- and lowest-
velocity levels that can be presented on the Doppler 
display (in cm/s). If the baseline is in the center of 
the Doppler display y-axis, then the highest veloci-
ties that can be potentially detected above and below 
the baseline (toward and away from the probe) 
should be the same. If a flow is very high or low 
velocity, it may at some point be required to alter 
the Doppler scale.

•	 The baseline is a horizontal line showing the zero 
velocity point over time. Velocities can be shown 
symmetrically above and below the baseline. The 
alternative is to eliminate unwanted information 
by raising or lowering the zero velocity point 
along the y-axis of the Doppler display to focus 
attention on flow above or below the baseline. 
Figure 2.12 demonstrates the baseline shift as the 
baseline is moved up in order to display the entire 
spectral trace.

•	 Doppler compression changes the number of shades 
of gray assigned to the spectral display. Increasing 
the numerical level of Doppler compression creates 
a softer, smoother gray Doppler display. A lower 
numerical level of Doppler compression creates a 
harsh display with more black/white contrast and 
fewer shades of gray.

Fig. 2.23 Continuous-wave (CW) Doppler spectral trace in a 
patient with aortic insufficiency. Note the lack of aliasing with 
CW Doppler

Table 2.3 Describes the most commonly used controls and 
their functions for changing PW/CW Doppler variables

PW/CW 
variable Knob(s) Function

Sample 
placement

Position, trackball Specifies location of 
Doppler beam

Scale Scale Specifies range of 
velocities that can be 
displayed and Nyquist 
Limit (PW)

Sweep speed Sweep speed Changes number of 
cycles that can be 
shown on the x-axis of 
the Doppler display

Gain Gain Amplifies PW and CW 
Doppler signals before 
display

Baseline Baseline Positions the zero 
baseline of the Doppler 
display

Compression Compression Changes the difference 
between the highest 
and the lowest received 
amplitudes (shades of 
gray)

Reject Reject Eliminates low-velocity 
signals near zero 
baseline

Invert Invert Determines the 
presentation of signals 
as above or below zero 
baseline regardless of 
direction of flow

Measurements Freeze, caliper, 
trace, enter, 
erase

Quantifies features of a 
PW/CW Doppler 
spectral display
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•	 Reject functions to eliminate low-velocity signals, 
which are usually seen near the baseline. Reject 
brings the Doppler background to black or close to 
it. Reject also helps to define the borders of the 
Doppler signal. When tracing or measuring, be sure 
that the reject is set at an acceptable level.

Multiple controls play a role in measuring Doppler 
values. Adding Doppler measurements are often 
necessary for a complete cardiac assessment. Relevant 
controls include: freeze, caliper, trace, enter, erase, 
and the trackball. Caliper measurements of pulsed- and 
continuous-wave Doppler can be made using the caliper, 
trackball, and enter controls. Caliper settings give rise 
to machine calculations of instantaneous velocity val-
ues and instantaneous pressure values. Tracing will 
provide information on peak velocity, peak pressure 
gradient, and mean pressure gradient. A tracing is 
made by using the trace, trackball, and enter buttons. 
Press the erase button once or more to remove one or 
all the Doppler measurements from the image wave-
forms. Doppler measurements can be recorded inside 
or outside the machine analysis package. The analysis 
package on any machine is intended to label, identify, 

and present measurements in an organized manner. 
Measurements may be named on the display once they 
are made within the analysis package. Once certain 
Doppler measurements are accumulated, the machine 
may be able to calculate further helpful values using 
previously programmed ultrasound equations. Table 2.3 
describes the most commonly used controls for pulsed- 
and continuous-wave Doppler variables.

Conclusions

It is important to familiarize yourself with the common 
echocardiographic imaging modes and their controls. 
Image quality and diagnostic accuracy depend heavily 
on the knowledge and skill of the clinician operating 
the ultrasound machine. Awareness of the basic knobo-
logy associated with 2D, Color Doppler, PW Doppler, 
and CW Doppler is absolutely essential for performing 
a good echocardiographic examination. While even 
simple display manipulation may seem difficult at first, 
image optimization becomes second nature with time 
and experience.
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Introduction

Hemodynamic is concerned with the physical and 
physiological principles governing the movement of 
blood through the circulatory system. In other words, 
hemodynamic is the science and art of the relationship 
among pressure, viscous resistance to flow, and the 
volume flow rate in the cardiovascular system.

Prior to the application of Doppler echocardiogra-
phy, hemodynamic assessment was obtained invasively 
through cardiac catheterization. For most clinical pur-
poses and in daily practice, Doppler echocardiography 
has replaced cardiac catheterization and becomes the 
preferred method for hemodynamic assessment. 
Doppler principle can be applied to calculate flows 
through different valves, stroke volume, cardiac out-
put, valve areas, regurgitant volumes and shunts. 
Several animal and clinical studies have validated these 
methods and have yielded excellent correlations with 
simultaneously acquired invasive data.1-5

The Doppler Principle

The Doppler principle is applied in echocardiography to 
enable the determination of the blood flow characteris-
tics such as velocity and direction. In principle, the fre-
quency of the sound waves that are reflected by a 
stationary object is the same as the frequency of the 

sound waves transmitted by the transducer. On the other 
hand, the transmitted frequency of sound waves is altered 
when reflected by a moving object. If the object is mov-
ing toward the transducer, the reflected frequency will be 
slightly higher and if the object is moving away from the 
transducer the reflected frequency is slightly lower. This 
phenomenon is called Doppler Effect. In cardiovascular 
imaging, the moving objects are the red blood cells. The 
echocardiography instruments determine the frequency 
(Doppler) shift (f

D
) which is the difference between the 

transmitted (f
T
) and the received frequency (f

R
).

 f
D
 = f

R
 – f

T
 

This Doppler shift is affected by speed of sound in the 
tissue (C = 1,540 m/s), blood flow velocity (V), and the 
angle (q) between the ultrasound beam and the blood 
flow. So the equation can be restated as follows 
(Doppler equation):

 

q
=D T

cos
2

V
f f

C  

Frequency shift (f
D
) is, therefore, directly proportional 

to the blood flow velocity and the equation may be 
more practically rewritten this way:

 q
= D

T

C

2 cos

f
V

f  
(Note that C and f

T
 are constant and the cosq (when the 

ultrasound beam is parallel to the flow) is equal to one)
Therefore, with this equation we can easily deter-

mine the frequency shift and hence the blood flow 
velocity. However, this does not determine the direction 
of blood flow. The direction can be determined by the 
echo machine by calculating the frequency shift and 
giving a positive sign for flow toward the transducer 
and negative sign for that away from the transducer. In 
the computer screen this is shown in two ways:
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•	 Spectral	Doppler	analysis,	where	the	time	is	the	hori-
zontal line (baseline), the Y-axis determines the veloc-
ity of the flow. The spectral envelop, above and below 
the baseline, determines the flow direction (Fig. 3.1). 
In this example the envelop is above the baseline 

which represent a flow toward the transducer.
•	 Color-flow	Doppler	analysis	where	the	flow	is	color	

coded according to the direction of the flow. The 
flow toward the transducer is red and the color away 
from the transducer is blue (Fig. 3.2).

Fig. 3.1 Spectral Doppler 
analysis, where the time is 
the horizontal line 
(baseline), the Y-axis 
determines the velocity of 
the flow, and the spectral 
envelop above and below 
the baseline determines the 
flow direction. In this 
example of aortic stenosis, 
the transducer is at the apex 
and the stenotic jet 
velocities are moving away 
from the transducer and, 
therefore, are displayed 
below the baseline

Fig. 3.2 Color Doppler 
analysis where the flow is color 
coded according to the direction 
of the flow. The flow toward the 
transducer is depicted in shade 
of red and the flow away from 
the transducer is in shade of 
blue. In this example of the flow 
across the mitral valve, the 
transducer is at the apex. The 
flow is coming toward the 
transducer, so it is shown as red



3 Principles of Flow Assessment 49

BookID 128962_ChapID 3_Proof# 1 - <Date>

We will discuss the Doppler assessment of hemody-
namics as follows:

•	 Stroke	 volume,	 cardiac	 output,	 and	 cardiac	 index	
determination.

•	 Methodology	for	calculation	of	stenotic	valve	area.
•	 Principles	of	calculation	of	regurgitant	volume	and	

effective regurgitant orifice (ERO).
•	 Determination	of	transvalvular	pressure	gradient.
•	 Estimation	of	intracardiac	pressure	and	pulmonary	

artery pressure.

Four equations or principles are commonly used for 
these purposes:

1. Hydraulic equation of flow.
2. Continuity equation (law of conservation of mass).
3. Proximal isovelocity surface area (PISA) method.
4. Bernoulli equation.

Principle of Flow Assessment

Blood flow (Q) through a tube, vessel, or across a valve 
can be derived by a simple hydraulic equation as the 
product of flow velocity (V) and cross-sectional area 
(A) of the vessel at the site where velocity is measured. 

The area can be assumed to be circular and calculated 
as follows:

Area = pr2 (for circular orifice)  = p (D/2)2 = 3.14 (D/2)2  
= (3.14/4)D2 = 0.785 D2

where D is the diameter of the vessel.
And sometimes the area can be ellipsoid and calcu-

lated as follows:

Area = p (D
1
/2 × D

2
/2)(for ellipsoid orifice) = 0.785D

1
 D

2

Flow is the product of area and velocity and can be 
expressed as:

Q(cc/s) = A(cm2) × V(cm/s) = 0.785 D2V  
(for circular orifice) = 0.785 D

1
D

2
V (for ellipsoid orifice)

This equation assumes a constant flow. However, in 
pulsatile system (cardiovascular system), flow velocity 
varies throughout the ejection period and calculation 
of the volumetric flow is more complex. Therefore, the 
total flow has to be determined by integrating all 
individual velocities of the Doppler spectrum over 
time. In Doppler echocardiography this is known as 
time velocity integral (TVI), which is determined by 
measuring the area under the curve of the Doppler 
spectrum. The area under the curve is a measure of the 
distance the column of fluid travels (Figs. 3.3 and 3.4). 

Fig. 3.3 This figure demonstrates the flow in the tube and 
its representation by spectral method. The relation between 
the distance (D) and time is also shown. The blood travels 

longer distance with time. In pulsatile system the flow velocity 
starts at zero, gradually increases to peak, then again decel-
erates to zero
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The commercially available echocardiography machines 
can readily obtain TVI. The modal velocity is derived 
using the Doppler equation and is dependent on 
knowing the frequency shift, the velocity of sound in 
tissue, and the angle between the ultrasound beam and 
the direction of blood flow. The latter has to be less 
than 20°; otherwise, significant underestimation of 
velocity of calculated flow would occur using the 
assumption of a zero or near-zero intercept between 
the sound wave and the bloodstream.

The area can be planimetered or calculated utilizing 
two-dimensional echocardiography to obtain diameter (D) 
with a circular (A = 0.785 × D2) or elliptic (A = 0.785D

1
D

2
) 

assumption after the diameter(s) (D) is measured.

Stroke Volume and Cardiac Output

One of the fundamental functions of the heart as a 
pump is to provide adequate amount of blood flow for 
the normal function of the human body. In the past, the 
cardiac output determination required invasive com-
prehensive and time-consuming methods based upon 
Fick and indicator dilution principles. Nowadays, 
stroke volume and cardiac output can be noninvasively 
and reliably measured by 2D echo/Doppler methodology. 
The forward stroke volume can be determined by the 

Doppler method mentioned earlier, which can basically 
be applied to any of the cardiac valves assuming no 
significant valvular regurgitation is present. Usually 
the flow through the aortic valve (or left ventricular 
outflow tract – LVOT) is calculated because the aortic 
annulus has the least change in size during the cardiac 
cycle.4,6 The aortic annulus diameter is measured in 
the parasternal long-axis view (Fig. 3.5-lower) and 

Fig. 3.4 This figure shows schematic illustration of spectral 
Doppler. The outer border of the spectral Doppler display is 
traced to determine the TVI

Fig. 3.5 This figure illustrates the Doppler method to determine 
stroke volume. The diameter of the aortic annulus is usually 
obtained from parasternal long-axis view (lower). In this exam-
ple aortic annulus diameter is equal to 2.3 cm. The maximum 
diameter should be recorded. The TVI of the aortic annulus is 
normally obtained from apical long-axis view and occasionally 
utilizing 5-chamber view (upper). The TVI of LVOT is obtained 
by tracing the outer border of PW Doppler signal of LVOT. In 
this example average TVI is equal to 20.0 cm
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the maximum diameter is obtained. The velocity at the 
annulus is obtained utilizing the apical long-axis view 
and by placing the pulsed-wave (PW) Doppler sample 
volume at the level of aortic annulus. The closing click 
of the aortic valve should be recognized to insure good 
position. This velocity is then planimetered along its 
outer edge to obtain the TVI (Fig. 3.5-upper). If sig-
nificant aortic regurgitation is present, the flow through 
this valve cannot be used to calculate the cardiac out-
put. Errors can be incurred in the area calculation, 
mostly related to the diameter measurement (the error 
in area calculation is roughly doubled compared to the 
error in diameter measurement), but also includes 
inappropriate geometric assumptions and data acquisi-
tion at a different site from where velocity was 
recorded. Looking at the numbers in the figures (Fig. 
3.5) we can calculate the stroke volume as follows:

Stroke volume (SV) = 0.785 ´ D 2 ´ TVI = 0.785  
´ 2.32 ´ 20.0 = 83ml

Cardiac output is the product of stroke volume and 
heart rate (assume the heart rate is 65 beats/min)

Cardiac output (CO) = SV ´ HR = 86 ´ 65 = 5.398ml/
min = 5.4l/min(by converting 
the milliliter to liter)

Cardiac index is obtained by dividing the cardiac out-
put by body surface area (BSA)

Cardiac index(CI) = CO/BSA(1/min/m2)

Alternatively, but uncommonly used, cardiac output can 
be obtained from pulmonic valve or right ventricular 
outflow tract. In the short axis at the level of aortic valve 
the ultrasound beam is almost parallel to the blood flow 
at the level of pulmonic valve or right ventricular out-
flow tract. The TVI is obtained by pulsed-wave Doppler 
at the same level where the right ventricular outflow 
tract area is measured in 2D echocardiography.7 The 
cardiac output can be obtained at any valve assuming 
there is no regurgitation of the valve so the cardiac out-
put is constant for any given cardiac cycle.

Continuity Equation

Continuity equation is based on the principle of con-
servation of mass. This principle states that, under con-
ditions of cardiovascular stability without any 

regurgitation or shunt, the net blood volume at any part 
of circulation must equal the net blood volume at any 
other part next to it (what comes in must go out) (Fig. 3.6). 
This situation is true under certain assumptions:

•	 The	two	points	are	directly	connected.
•	 Blood	is	neither	added	nor	removed	from	the	system.

In applying the continuity equation to the blood 
flow in and out of the heart, the mitral valve stroke 
volume is equal to aortic valve stroke volume provided 
there is no mitral or aortic regurgitation (Fig. 3.7). In 
the same way the aortic stroke volume is equal to pul-
monic valve stroke volume provided no significant 
regurgitation is present in any of the valves, and no 
intracardiac shunt is present. The tricuspid valve stroke 
is not commonly used in clinical practice because of 
complex geometry for valve area calculation and 
because of the presence of tricuspid regurgitation in 
the majority of normal subjects.

The aortic valve stroke volume is calculated by 
measuring the aortic annulus diameter in parasternal 
long-axis view at maximum valve opening in systole. 
The TVI is obtained utilizing pulsed-wave Doppler 
sample volume at the level of aortic annulus on the 
apical long-axis or 5-chamber view. The aortic valve 
area (AVA) is assumed to be circular and, hence, the 
area is calculated from the obtained aortic annulus 
diameter (D

AA
)

AVA = p (D
AA

/2)2 = 0.785 D
AA

2

The stroke volume at the level of aortic valve is then 
calculated as follows

SV
AA

 = AVA ´ TVI
AA

SV
AA

 = 0.785 ´ D
AA

2 ´ TVI
AA

Fig. 3.6 This figure shows two tubes with different diameter in 
continuity. The continuity equation states that the flow volume at 
point A is equal to that of point B and mathematically written as 
follows: (Area A × Velocity A = Area B × Velocity B). Note that 
the velocity is higher with smaller area
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In calculating the mitral valve stroke volume, the mitral 
valve area is calculated either by assuming a circular 
or ellipsoid geometry. For practical purposes, the cir-
cular shape is the most often used. The mitral annulus 
diameter (D

MA
) is obtained from the apical 4-chamber 

view at maximum valve opening in diastole. The TVI 
is obtained from the same view by pulsed-wave 
Doppler sample volume at the level of the mitral 
annulus.

MVA = 0.785 ´ D
MA

2

And therefore:

SV
MA

 = MVA ´ TVI
MA

SV
MA

 = 0.785 ´ D
MA

2 ´ TVI
MA

Mathematically the continuity equation means that 
stroke volume through mitral valve is equal to the 
stroke volume through aortic valve:

TVI 1 ´ Area 1 (mitral) = TVI 2 ´ Area 2 (aortic)

0.785 ´ D
MA

2 ´ TVI
MA 

= 0.785 ´ D
AA

2 ´ TVI
AA

The concept of continuity is very useful clinically to 
assess mitral or aortic regurgitant volume (RV), regur-
gitant fraction, regurgitant orifice, as well as the 
stenotic mitral or aortic valve area.

Clinical Applications of Continuity 
Equation

Mitral Regurgitation

In mitral regurgitation (Figs. 3.8 and 3.9), the aortic 
stroke volume is less than the forward mitral stroke 
volume because part of the blood contained in the LV 
at the end of diastole is ejected back to the left atrium 
through the regurgitant mitral valve.

Aortic stroke volume = mitral stroke  
volume – RV (Mitral)

Therefore,

Mitral RV  = mitral stroke volume – Aortic stroke volume 
= (0.785 ´ D

MA
2 ´ TVI

MA
)  

– (0.785 ´ D
AA

2 ´ TVI
AA

)

Aortic Regurgitation

In aortic regurgitation the aortic stroke volume is more 
than the mitral stroke volume because the regurgitant 
volume through aortic valve will be added to the 

Fig. 3.7 This figure  
demonstrates the continuity 
between mitral and aortic 
valves’ stroke volume. The 
volume of blood that comes in 
through mitral valve must go 
out through aortic valve
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subsequent stroke volume from mitral valve (Figs 3.9 
and 3.10). The same methodology described to assess 
the mitral valve regurgitant volume is used to assess 
the aortic regurgitant volume. The difference is that the 
aortic stroke volume will be higher than that of mitral 
stroke volume (see earlier).

Aortic stroke volume = mitral stroke volume + RV 
(Aortic)

Therefore,

Aortic RV = Aortic stroke volume – mitral stroke 
volume = (0.785 ´ D

AA
2 ´TVI

AA
) 

– (0.785 ´ D
MA

2 ´ TVI
MA

)

Mitral Stenosis

The mitral valve area in the presence of mitral stenosis 
can also be estimated using the continuity equation. 
The stroke volume at mitral valve orifice is equal to the 
aortic stroke volume (the method to obtain the aortic 
SV is already discussed). The aortic annulus area mul-
tiplied by the aortic TVI is equal to MVA multiplied by 
the mitral TVI. Mitral valve TVI is obtained by contin-
uous-wave Doppler across the mitral valve from apical 

4-chamber or apical long-axis views. The MVA can 
then be calculated as follows:

MVA ´ flow = AVA ´ flow

MVA ´ TVA
MA

 = 0.785 ´ D
AA

2 ´ TVI
AA

MVA = 0.785 ´ D
AA

2 ´ TVI
AA

/TVI
MA

The limitation of this method is the presence of more 
than trivial/mild mitral regurgitation, which may be 
present in a significant number of patients.8,9

Aortic Stenosis

The same principle can be applied to any two orifices 
connected in series or tube at two different points pro-
vided that all the flow goes in one direction. This can 
be applied to assess the aortic valve area in aortic 
stenosis (what comes in must go out)10,11 (Fig. 3.11). 
The volume of blood going through LVOT (proximal) 
should be equal to that going through a stenotic aortic 
valve (distal). The LVOT diameter and TVI (TVI 

LVOT
) 

is determined as discussed previously. One important 
point to make is to avoid the area of flow accele-
ration (due to severe aortic stenosis) in the LVOT TVI 

Fig. 3.8 This figure shows 
schematic illustration of the 
principle of calculating mitral 
regurgitant volume based on 
hydraulic formula. Mitral 
inflow volume of 150 cc (what 
goes in) and aortic stroke 
volume of 80 cc (what goes 
out) are calculated based on the 
continuity equation. The 
difference (150 − 80 = 70 cc) 
must represent the mitral 
regurgitation volume
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determination by moving the sample volume about 1 
cm below the aortic annulus. The aortic TVI (TVI 

AA
) 

is obtained by CW Doppler across the aortic valve. 
This should be done from multiple locations (Fig. 3.11) 
and the highest velocity is used in the calculation. 
Aortic valve area (AVA) is calculated as:

AVA(cm2) ´ TVI
AA

 = (0.785 ´ D
LVOT

2 ´ TVI
LVOT

)

And then,

AVA(cm2) = –(0.785 ´ D
LVOT

2 ´ TVI
LVOT

)/TVI
AA

Echocardiographic findings of patients with tricuspid 
regurgitation generally mirror those found in mitral 
regurgitation. Therefore, the tricuspid valve stroke  
volume can be compared to the pulmonic valve stroke 

Fig. 3.9 The measurement needed for continuity equation in 
mitral regurgitation and aortic regurgitation. The mitral inflow 
volume is calculated from the mitral inflow TVI and mitral 
annulus diameter (0.785D

MA
2 × TVI

MA
 = 196 cc). The aortic 

stroke volume is calculated from the aortic TVI and aortic 
annulus diameter (0.785 × D

AA
2 × TVI

AA
 = 113 cc). The 

difference (196 – 113 = 83 cc) must be the mitral regurgitation 
volume



3 Principles of Flow Assessment 55

BookID 128962_ChapID 3_Proof# 1 - <Date>

Fig. 3.11 This figure shows the continuity method to assess AS 
severity. The flow rates at the LVOT and AV are the same. The 
LVOT flow rate is calculated from the LVOT TVI and diameter 

(see also Fig. 3.5). The TVI of AV is obtained by tracing the 
outer border of CW Doppler signal of AV. Then the AVA is cal-
culated as: AVA (cm2) = (0.785D

LVOT
2 × TVI

LVOT
)/TVI

AA

Fig. 3.10 This figure shows schematic illustration of the principle 
of calculating aortic regurgitant volume based of hydraulic  
formula. Mitral inflow volume 80 cc (what goes in) and aortic 

stroke volume 130 cc (what goes out) are calculated based on 
the continuity equation. The difference (130 − 80 = 50 cc) must 
represent the aortic regurgitation volume
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volume and the regurgitant volume can be estimated, 
but clinically this method is less often used than the 
PISA method.12

Proximal Isovelocity Surface Area 
method

Proximal Isovelocity Surface Area (PISA) method is 
based on the law of conservation of flow. The law 
states the flow rate at two consecutive points is identi-
cal. The method uses the advantage of aliasing in color 
Doppler imaging. In color Doppler the flow is given 
red or blue color if the direction of flow is toward and 
away from the transducer, respectively. As the flow 
approaches a narrowed orifice (stenotic or regurgitant), 
its velocity increases, in a shape of isovelocity hemi-
spheric shell as blood flow converges from all direc-
tions toward the orifice (Fig. 3.12). The flow rate at the 
surface of the hemispheric shell is equal to the flow 
rate at the regurgitant orifice (law of conservation of 
the flow). As the flow converges toward the orifice, it 
accelerates and aliasing occurs if the velocity exceeds 
the Nyquist limit. This can be nicely shown using the 
color Doppler imaging where the color changes from 
red to blue in a nice hemisphere. If the Nyquist limit is 

decreased, the aliasing occurs with lower velocity and 
starts further away from the regurgitant orifice making 
the hemisphere (PISA) larger. Using this principle, 
flow rate at the surface of the hemispheric shape can be 
estimated. The flow rate can be calculated by multiply-
ing the area by velocity (Flow rate = Area × Velocity). 
The area in case of valve is circular so it is calculated 
as (p r2), but in case of hemisphere surface area is cal-
culated as (2p r2 or 6.28r2), the r is the radius of the 
hemisphere. The radius of the hemisphere can be mea-
sured from the surface to the narrowest area of color 
flow, which is closely related to the regurgitant or 
stenotic orifice. The flow rate at the hemisphere (PISA) 
surface is

Flow rate = AV = 2pr
 
2 V

aliasing
 = 6.28r2 V

aliasing

and according to the law of conservation of flow, flow 
rate at the regurgitant orifice is equal to flow rate at the 
surface of the PISA.

Clinical Applications of PISA Method

Mitral Regurgitation

In mitral regurgitation, the apical 4-chamber view with 
color Doppler is commonly used (Figs. 3.12 and 3.13). 
However, parasternal long-axis view is sometimes 
used in case of eccentric jet where the PISA is better 
visualized. The Nyquist limit is shifted downward in 
the direction of the flow of mitral regurgitation (MR) 
jet. The velocity of the PISA is measured at mid to late 
systole (the same time the maximum MR velocity 
occurs).13, 14

Area(ERO) ´ V
max

MR = 6.28r 2 V
aliasing

Effective regurgitant orifice (ERO) = 6.28r 2 V
aliasing

/ 
V

max
MR

As discussed in the calculation of the stroke volume, 
flow rate is the product of area and TVI. The same 
method can be applied to calculate the regurgitant vol-
ume (RV). The area here is known (see earlier), which 
is the ERO of the mitral valve. The TVI is nothing but 
the TVI of the mitral regurgitation jet. Therefore:

Mitral RV = ERO(PISA) ´ TVI
MR

(CW\ Doppler)  
= (6.28r 2 V

aliasing
/ V

max
MR) TVI

MR

Fig. 3.12 Schematic illustration of the PISA. The flow acceler-
ates as it approaches a narrow orifice forming hemispheric shell. 
This can be shown on color Doppler (as in case of mitral regur-
gitation). The flow converges as it approaches the regurgitant 
mitral valve. The color changes due to high velocity exceeding 
the Nyquist limit and forming hemispheric shell (PISA)
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Width of vena contracta is another quantitative method 
to assess mitral regurgitation. It is defined as the nar-
rowest cross-sectional area of a jet. This can be easily 
seen, while obtaining the zone of flow convergence, 
above the mitral valve on the left atrial side (Fig. 3.12). 
On transthoracic color-flow mapping it has been shown 
that vena contracta width predicts angiographic sever-
ity of mitral regurgitation.15 Compared to continuity 
equation, vena contracta of more than 5 mm correlates 
well with severe mitral regurgitation.16

Semiquantitative Doppler methods to evaluate the 
mitral regurgitation are less sensitive and are considered 
complementary in mitral regurgitation evaluation.

Color-flow Doppler – The features of severe mitral 
regurgitation seen on color-flow Doppler imaging arise 
from the high-energy transfer of a large volume of 
blood into the left atrium, producing “jets” in the left 
atrium. Color-flow Doppler remains the easiest and the 
best method to screen for mitral regurgitation. It also 
provides semiquantitative assessment of the mitral 

regurgitation severity. The ratio of the mitral regurgita-
tion jet area to the total left atrial area has been reported 
to correlate well with MR severity.17 Severe mitral 
regurgitation is characterized by large jet (>40%) and 
extending into the pulmonary veins. However, jets are 
very sensitive to instrument settings, and the size of a 
color jet may be misleading such as in an eccentric jet; 
thus, reliance on these size judgments alone may not 
be sound practice.18-20

Doppler of pulmonary veins – Doppler interrogation 
of the pulmonary veins has produced insights into 
hemodynamics. In mitral regurgitation evaluation, 
pulsed-wave Doppler of the left and right upper 
pulmonary veins is performed from the apical 
4-chamber view. In hemodynamically severe mitral 
regurgitation, the flow in one or more pulmonary veins 
show systolic flow reversal. This echo feature is the 
analog of the V wave seen in the left atrial pressure 
tracing and on a pulmonary artery wedge pressure 
tracing.

Continuous-wave Doppler of the mitral regurgita-
tion jet – If the flow signal can be aligned parallel to 
the beam, in severe mitral regurgitation, the Spectral 
Doppler of the jet appears uniformly dense throughout 
its duration and have a well-defined envelop. MR jet 
velocity does not correlate with the severity.

Other features that are associated with severe  
mitral regurgitation include dilated or dysfunctional 
left ventricle, dilated left atrium, elevated pulmonary 
artery systolic pressure, and the presence of significant 
tricuspid regurgitation. In severe decompensated  
mitral regurgitation, the tricuspid regurgitation peak 
velocity is increased as the result of pulmonary 
hypertension.

Tricuspid Regurgitation

As with mitral regurgitation, severity of tricuspid 
regurgitation (TR) can be estimated by effective regur-
gitant orifice (ERO) by measuring the size of proximal 
flow convergence zones (PISA).21

Area(ERO) ´ V
max

TR = 6.28r 2 V
aliasing

ERO(Tricuspid) = 6.28r 2 V
aliasing 

/V
max

 TR

And even the regurgitant volume (RV) can be 
calculated

Fig. 3.13 This figure shows the PISA methods to evaluate the 
severity of mitral regurgitation. The PISA is obtained from the 
apical 4-chamber view. The baseline is shifted downward toward 
the regurgitant jet flow (arrow). Then the PISA diameter is 
measured from the surface of the hemisphere to the narrowest area 
on color Doppler (0.8 cm). The CW Doppler is utilized to measure 
the mitral regurgitation TVI and peak velocity. The effective 
regurgitant orifice (ERO) and the regurgitant volume (RV) are 
calculated as follows: ERO = 6.28r2V

aliasing
/V

max
MR = 6.28 × 0.82 × 

48/610 = 0.3 cm2 and RV = TVI × ERO = 200 × 0.3 = 60 cc
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RV(Tricuspid) = Area(ERO) ´ TVI = (6.28r 2  
V

aliasing 
/V

max
TR) ´ TVI

TR

Aortic Regurgitation

The severity of aortic regurgitation can be quantita-
tively assessed utilizing the PISA method.22 The apical 
5-chamber and apical long-axis views are used to visu-
alize the PISA. However, parasternal long-axis view is 
sometimes used in case of eccentric jet where the PISA 
is better visualized. The Nyquist limit baseline is 
shifted toward the flow of the aortic regurgitation jet 
(Fig. 3.14). The PISA radius is measured at early dias-
tole.23 Similarly, the maximum aortic regurgitation 
(AR) velocity is measure in early diastole is measured. 
The ERO is calculated as follows:

Aortic ERO = PISA flow rate/AR regurgitant velocity 
= 6.28r 2 (V

aliasing 
/AR regurgitant velocity)

The aortic regurgitant volume is calculated by tracing 
the aortic regurgitation jet outer surface to measure the 
aortic regurgitation TVI (TVI

AR
); therefore:

flow volume(RV) = Area(ERO) ´ TVI = (6.28r 2 
V

aliasing 
/V

max
AR) ´ TVI

AR

Vena contracta – It is the narrowest portion of the jet 
crossing the plane of the valve. It lies immediately 
next to the area of flow convergence. It can be 
measured from parasternal long-axis or apical long-
axis views. To optimize the visualization, the echo 
sector should be the narrowest possible and the depth 
decreased. Vena contracta of equal to or more than 
6 mm has been shown to correlate with severe aortic 
regurgitation. This method was found useful even in 
eccentric jet.24-26 Some investigators27 have used the 
cross-sectional area of the vena contracta to evaluate 
aortic regurgitation severity. The approach sounds 
promising and 3D echo may help to further tune this 
approach.24

Fig. 3.14 This figure shows the PISA method for calculation 
of the ERO in case of aortic regurgitation. The PISA is 
obtained from the apical long-axis or 5-chamber view. The 
baseline is shifted upward toward the regurgitant jet flow 
(arrow). Then the PISA diameter is measured from the  
surface of the hemisphere to the narrowest area on color 

Doppler (1.2 cm). The CW Doppler is utilized to measure 
the aortic regurgitation TVI and peak velocity. The effective 
regurgitant orifice (ERO) and the regurgitant volume (RV) 
are calculated as follows: ERO = 6.28r 2 V

aliasing 
/V

max
 AR = 

6.28 ´ 1.22 ´ 24-488 = 0.5cm2 and RV = TVI ´ ERO = 245 ´ 0.5 
= 118 cc
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There are several Doppler methods to evaluate aor-
tic regurgitation severity, most of which are less accu-
rate and should not be used alone to guide clinical 
decisions.

Regurgitant Jet size – Similar to most of the valvu-
lar lesions, color-flow Doppler is the initial screening 
method for the aortic regurgitation. With the advent of 
color Doppler many investigators had attempted to use 
the regurgitant jet size to quantify aortic regurgitation 
severity. However, this method has suffered several 
limitations.28,29 The jet is frequently eccentric and 
appears much smaller even in the presence of signifi-
cant aortic regurgitation, and its spread may be affected 
by the shape of the ventricular septum. Thus the size of 
the jet is only used as a screening tool after which other 
quantitative methods are used.

Jet Height to LVOT Height Ratio – This method 
depends on using the color Doppler in parasternal 
long-axis view to record the jet height at the valve 
orifice and compare it to the LVOT height (Fig. 3.15). 
This is related to the regurgitant orifice. The higher  
the ratio, the more severe is the aortic regurgitation. 
This method also has limitations. Eccentric jet may  
be difficult to assess. The shape of the regurgitant 
orifice affects the height of the jet on color Doppler 

images. Due to 2-Dimensional nature of the color-flow 
Doppler alignment on 2-Dimentional echo, they  
may not be perfectly aligned as they may not be in the 
same plane.30

Pressure half-time (PHT) – Aortic regurgitation jet 
PHT is measured using continuous-wave Doppler 
spectral display from apical long-axis view. It represents 
how quickly the aortoventricular pressure gradient 
equalizes during diastole (Fig. 3.16).31 The larger the 
regurgitant orifice, the more quickly the pressure 
equalizes and the velocity falls. A group of investigators 
has demonstrated that this sign is useful to judge about 
severe aortic regurgitation. The PHT of less than 200 
ms has been used to indicate severe aortic regurgitation.32 
However, it is important to keep in mind that numerous 
other factors can impact this, such as systemic vascular 
resistance and ventricular compliance.33

Aortic Diastolic Flow reversal – One of the earliest 
Doppler techniques to study aortic regurgitation was to 
examine retrograde diastolic flow reversal in the 
ascending and descending aorta or arch. Different 
numbers had been proposed to the measurement of the 
flow reversal TVI trying to assess severity. In general, 
flow reversal throughout the entire diastole is consis-
tent with significant aortic regurgitation.34

Fig. 3.15 Transthoracic echocardiogram at long-axis view demonstrates color Doppler method of the ratio of jet height to LVOT 
height to assess the severity of aortic regurgitation
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Mitral Stenosis

The PISA method can also be used to estimate mitral 
stenosis (MS).35,36 Because of the stenotic mitral valve, 
blood flow accelerates at the left atrial side and  
converges forming nice PISA (Fig. 3.17). With the 
appropriate setting (moving the Nyquist limit baseline 
upward the same direction of flow while interrogating 
the mitral valve from apical views), PISA can be  
optimized. The flow rate at the PISA surface is equal to 
the flow rate at the mitral valve orifice. The mitral 
valve maximum velocity is obtained by continuous 
Doppler through mitral valve at early diastole. Then 
the stenotic area (MVA) can be calculated as follows:

MVA = 6.28r 2 V
aliasing

regurgitant maximum velocity

The truly hemispheric shells occurs if surface of the 
valve is flat with the leaflets apposed at 180°. This 
PISA method in case of mitral stenosis is not perfect 
because mitral valve at maximum opening is not  
flat (less than 180°) (Fig. 3.17). So the angle (alpha = a) 
has to be corrected for, by dividing this angle  
by 180°. The estimation of the angle is crude approach 
and a significant source of error.35–37 MVA then  
calculated as:

MVA = 6.28r 2 (V
aliasing

regurgitant  
maximum velocity)(a /180)

The advantage of this approach is that it is not affected 
by coexisting mitral or aortic regurgitation.38

The tricuspid stenosis is not common. The severity 
can be quantitatively estimated in an identical way as 
the mitral stensos. Utilizing PISA, the flow at the PISA 
surface is equal to the flow rate at the tricuspid valve 
orifice (TVA). Because of complex valve geometry 
similar to the mitral stenosis, the angle needs to be cor-
rected for (a/180).

 TVA =  6.28r 2 V
aliasing

regurgitant maximum 
velocity ´ (a /180)

Again this approach is not perfect and less commonly 
used than other methods such as mean gradient and 
pressure half-time.
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Doppler echocardiography has become the most prac-
tical method for flow and hemodynamic assessment. 
Flow assessment is discussed earlier in the previous 
chapter. Both methods are inter-related and Doppler 
plays a major role in flow and hemodynamic evaluation. 
In this chapter we will discuss the principles and clinical 
applications of hemodynamic assessment.

Transvalvular Pressure Gradient

One of the most fundamental applications of Doppler 
echocardiography is the determination of transvalvular 
pressure gradient using Bernoulli equation (Fig. 4.1). 
This theorem states that the pressure drop across a dis-
crete stenosis in the heart or vasculature occurs because 
of energy loss due to three processes (1) acceleration of 
blood through the orifice (convective acceleration), (2) 
inertial forces (flow acceleration), and (3) resistance to 
flow at the interfaces between blood and the orifice 
(viscous friction).1 Therefore, the pressure drop across 
any orifice can be calculated as the sum of these three 
variables. As one can realize, the original Bernoulli 
equation is complex; however, most of its components 
(flow acceleration and viscous friction) are clinically 
insignificant and can be ignored. Furthermore, the flow 
velocity proximal to a fixed orifice (V

1
) is usually much 

lower than the peak velocity through the orifice  

(V
2
) and can also be ignored (Fig. 4.2). Therefore, the  

simplified form of Bernoulli Equation is commonly 
used in most clinical situations.

P
1
 – P

2
 (Pressure reduced = ∆P) = 4V 2

where V is the maximum instantaneous velocity and 4 
is equal to one-half of the blood density.

As seen from the equation, the maximum instanta-
neous velocity of blood is directly proportional to the 
peak gradient between the flow proximal and the flow 
distal to the orifice. The mean gradient can also be esti-
mated as it will be discussed later.

Aortic Stenosis

In addition to continuity equation method to assess 
aortic stenosis (see previous chapter), the concept of 
Bernoulli equation is applied to Doppler echocar-
diography to assess the severity of aortic stenosis. 
The continuous-wave Doppler provides the peak jet 
velocity from which the peak and mean gradients are 
derived. The apical view is the most commonly utilized 
position to interrogate the aortic valve and to get 
the ultrasound beam aligned parallel to aortic jet. 
Occasionally a higher aortic velocity can be obtained 
from the alternative transducer positions such as right 
parasternal and suprasternal views (Fig. 4.3). In addition, 
the use of small footprint nonimaging transducer 
usually provides a better means of manipulation 
between ribs and a more parallel position of the ultra-
sound beam to stenotic jet. This underscores the need 
for a systematic and meticulous approach for assessment 
of the severity of aortic stenosis, as the underestimation 
of the severity is common due to angle-dependent flow 
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assessment. The peak instantaneous pressure gradient 
across aortic valve is obtained utilizing continuous-
wave Doppler where the maximum peak velocity is 
recorded. Then simplified Bernoulli equation is applied 
to convert the velocity into gradients.

Pressure gradient (∆P) = 4V 2

where V is the maximum instantaneous velocity across 
aortic valve.

The maximum instantaneous pressure gradient 
obtained by Doppler is different from peak-to-peak 
pressure gradient frequently measured in the catheter-
ization laboratory. The latter is nonphysiologic param-
eter since the peak left ventricular pressure and peak 
aortic pressures do not occur simultaneously. The trans-
valvular mean gradient can also be measured by 
averaging all the individual velocities (time velocity 
integral, TVI) over the entire flow period (Fig. 4.4). 
This can be achieved by tracing the outer border of 
spectral Doppler envelope from the continuous-wave 
Doppler interrogation of flow through the aortic valve.2-4 
In patients with normal left ventricular systolic func-
tion the mean gradient correlates well with the severity 

Fig. 4.1 Bernoulli equation. The complete form states that the 
pressure drop across a discrete stenosis in the heart or vasculature 
occurs because of energy loss due to three processes (1) acceleration 
of blood through the orifice (convective acceleration), (2) inertial 
forces (flow acceleration), and (3) resistance to flow at the  
interfaces between blood and the orifice (viscous friction)

Fig. 4.2 This figure illustrates the simplified Bernoulli equation. 
Pressure drop across a small orifice can be estimated as four 
times the square of the peak velocity (if the proximal velocity is 
less than 1 m/s). V

1
 and P

1
 = proximal velocity and pressure; V

2
 

and P
2
 = distal velocity and pressure

Fig. 4.3 Alternative approaches to assess the blood flow velocity 
through aortic valve. The maximum velocity should be obtained 
and recorded

Fig. 4.4 The flow through aortic valve obtained with CW 
Doppler in the apical 5-chamber or long-axis views. The maxi-
mum velocity and the TVI are shown. From TVI the mean gradi-
ent can be measured
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of aortic stenosis and aortic valve area5 (Table 4.1). 
However, in patients with impaired left ventricular 
systolic function there is often a discrepancy between 
the pressure gradient across the valve and the stenosis 
severity as defined by valve area. It has long been rec-
ognized that an increased transaortic flow rate results 
in an increased gradient, whereas a decrease in flow 
rate results in a decreased gradient across the stenotic 
valve. In this situation, a low transaortic pressure gra-
dient may be caused by mild-to-moderate valve steno-
sis with a concurrent decline in ventricular contractility. 
Conversely, a low transaortic pressure gradient may be 
due to severe aortic stenosis with a low transaortic flow 
caused by impaired ejection performance. One 
approach to answer this question is the use of pharma-
cological agents such as intravenous dobutamine to 
augment cardiac output. It is the most commonly used 
approach in clinical settings. It indicates that if valve 
area increases with an increase in transaortic stroke 
volume (such as after intravenous dobutamine), the 
leaflets still are flexible enough to open more fully as 
more “force” is applied during ventricular ejection, 
implying only moderate valve stenosis. Conversely, a 
constant valve area despite an increase in flow (hence 
the gradient across aortic valve) suggests severe steno-
sis with stiff leaflets that cannot respond to the increased 
systolic ejection force.6 The dobutamine stress hemo-
dynamic data in the setting of low-gradient aortic 
stenosis have also been shown to have a prognostic 
value. Surgery seems beneficial for most of the patients 
with left ventricular contractile reserve. In contrast, the 
postoperative outcome of patients without reserve is 
compromised by a high operative mortality.7,8

In addition to Doppler findings, aortic stenosis is 
associated with 2D-echocardiographic features that 
should be looked for and correlated to hemodynamic 
data. Severe aortic stenosis, in adults, is often associ-
ated with extensive leaflets calcification, marked 
reduction in leaflet excursion, marked left ventricular 
hypertrophy, diastolic dysfunction, and even left ven-
tricular systolic dysfunction if left untreated. The 
amount and severity of valvular calcification is a 
marker of severity and determinant of the outcome.9

Pulmonary Stenosis

The severity of the pulmonic stenosis is approached in 
the same manner as the aortic stenosis. The pulmonic 
maximum instantaneous velocity can be obtained from 
the parasternal short axis at the level of the aortic valve 
(Fig. 4.5).10,11 Then the maximum instantaneous gradi-
ent is calculated using the simplified Bernoulli equa-
tion. The mean gradient can be obtained by tracing 
the outer border of continuous-wave Doppler spectral 
envelop. In clinical practice both the maximum gradient 
and the mean gradient are currently used for therapeutic 
decisions. Another related Doppler method is to measure 
the tricuspid regurgitation jet velocity. With increasing 
pulmonary stenosis severity the right ventricular 
systolic pressure increases. As discussed earlier tricuspid 
regurgitation jet velocity can be used to assess right 
ventricular systolic pressure. So the higher the tricuspid 
regurgitation velocity, the more severe the pulmonary 
stenosis. Although Doppler findings are the standard 

Table 4.1 Grading aortic stenosis severity in normal cardiac 
output state

Mean gradient (mmHg) Aortic valve area (cm2)

Mild <30 >1.5
Moderate 30–40 1.0–1.5
Severe >40 <1.0

Fig. 4.5 This figure illustrates the Doppler method to assess the 
severity of pulmonic stenosis. The parasternal short axis at the 
level of aortic valve is utilized to interrogate the pulmonic valve. 
The maximum velocity is recorded using CW Doppler through 
the valve. Then the gradient is calculated by simplified Bernoulli 
equation
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way to use, the 2D-echo features can also help to assess 
the severity of pulmonary stenosis. Leaflet thickening 
with restricted opening and right ventricular hyper-
trophy can often be seen in severe pulmonary stenosis.

Mitral Stenosis

Doppler echocardiography is the gold standard for the 
determination of the transmitral gradient in patients 
with native/prosthetic valve stenosis.12 The mean gra-
dient, rather than the peak, is commonly used to assess 
mitral stenosis. The apical views are used because the 
ultrasound beam is most parallel to the flow. Mitral 
stenosis jet is more complex than the aortic or pul-
monic (Fig. 4.6). The direction of flow can be variable 
and color Doppler guided approach to align the cursor 
to be parallel to the flow can reduce error in measuring 

the transmitral gradient. The jet is biphasic with early 
flow immediately following mitral valve opening and 
late due to left atrial contraction. The late phase is lost 
in atrial fibrillation, which is a common association 
with mitral stenosis. On determining the mean gradi-
ent TVI of both early and late flows should be traced. 
With increasing severity of mitral stenosis or in atrial 
fibrillation, the gradient persists throughout diastole 
making it relatively easier to trace the continuous-wave 
Doppler envelope (Fig. 4.7). Pressure half-time is 
another concept derived from Bernoulli equation. 
Pressure half-time is defined, as the time required by 
the maximum atrioventricular pressure to drop to half 
of its initial value. With increasing mitral stenosis 
severity this time becomes progressively longer13,14 
(Fig. 4.8). The slope of the pressure decay is then 
determined, and the pressure half-time is automati-
cally calculated by most of the currently available echo 
machines. Moreover the valve area can be estimated 

Fig 4.6 This figure illustrates the CW Doppler tracing through 
mitral valve in mitral stenosis. The flow through mitral valve  
is biphasic; one is early which is immediately after mitral  

valve opening and one is late and due to LA contraction.  
To determine the mean gradient both flows should be traced  
and recorded
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Fig. 4.7 This figure shows the CW Doppler through stenotic 
mitral valve. The flow is continuous in case of atrial fibrillation 
due to loss of late flow of atrial contraction. This can also be 
seen in severe mitral Stenosis

Fig. 4.8 This figure shows the CW Doppler through stenotic mitral valve. The slope of pressure gradient decay is determined. Then 
the pressure half-time (PHT) can be calculated. With more severe mitral stenosis, the PHT becomes longer

from pressure half-time using Hatle equation [Hatle L. 
Philadelphia: Lee & Febiger 1982]:

MVA (cm2) = 220/PHT

where MVA is mitral valve area and PHT is pressure 
half-time

Pressure half-time is influenced by other hemody-
namic parameters independent of mitral valve area. 
Hence it is not reliable measure of mitral valve area. 
In this regard, mitral valve area should routinely be 
measured utilizing the continuity equation (refer to 
Chap. 3). Table 4.2 summarizes Echo/Doppler criteria 
used to grade mitral stenosis severity. Other features of 
mitral stenosis on the two-dimensional echocardio-
gram are characteristic since mitral stenosis is almost 
always caused by rheumatic heart disease; however, 
none has been shown to be directly related to stenosis 
severity. One exception is valve area obtained by 
planimetry from 2D-echo short-axis view at the tip of 
the mitral valve leaflets. Other 2D-echo features 
include restricted posterior leaflet, doming anterior 
leaflet with hockey stick appearance on mitral valve 
opening, fusion of the commissures, and chordal thick-
ening and foreshortening.
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Tricuspid Stenosis

In tricuspid valve stenosis, the same approach as mitral 
stenosis can be used keeping in mind that the hemody-
namic assessment of the tricuspid valve varies with 
respiration. The mean gradient is the clinically used 
index to assess tricuspid stenosis severity. The flow 
through tricuspid valve can be interrogated from dif-
ferent views such as parasternal short axis at the level 
of aortic valve, right ventricular inflow view, and api-
cal 4-chamber view. The apical view is the most com-
monly used with the continuous-wave Doppler to 
obtain the diastolic flow, which is similar to the mitral 
flow. The mean gradient is obtained by tracing the 
outer edge of both the early and late flow.

In addition to valvular lesions, the concept of 
maximum velocity and gradient is widely used for any 
suspected stenosis such as coarctation of aorta or in the 
presence of shunt such as ventricular septal defect and 
patent ductus arteriosus.

Special Considerations with the Use  
of Simplified Bernoulli Equation

In certain situations, simplified Bernoulli equation 
may overestimate or underestimate the flow velocity; 
hence, the other components of the full Bernoulli equa-
tion must be taken into consideration.

Increased Flow Acceleration

Greater increase in momentum flow may be required 
to open the valve as with prosthetic valve. Therefore, 
flow acceleration may significantly contribute to the 
derived pressure gradient and may underestimate the 
pressure gradient.

Increased Viscous Friction

In long tubular obstructions like tunnel subaortic 
stenosis, diffuse supravalvular aortic stenosis, and dif-
fusely narrowed segment of aortic coarctation, the vis-
cous friction is significantly increased. By ignoring 
this, simplified Bernoulli equation will underestimate 
the pressure gradient. One clue in such a situation is 
that the flow will be continuous during both systole 
and diastole due to persistent gradient between proxi-
mal and distal to the stenosis.

Effect of the Angle

As discussed earlier, the principle of Doppler flow cal-
culation is dependent on the incident angle of interro-
gation (q). The maximum accuracy of the flow velocity 
estimation is obtained when the angle is zero (cosine  
q = 1). Remember frequency shift is

q
= D

T2 cos

f C
V

f

Angle of less than 20° (cosine 10 = 0.98, cosine 20 = 0.94, 
and cosine 30 = 0.86) is critical as the extent of error 
significantly increases beyond this angle (Fig. 4.9).

Fig. 4.9 This figure shows the relation between the angle q 
and the cos q. The cos q quickly approaches zero as the angle 
exceeds 20° making significant error in Doppler estimation of 
flow velocity

Table 4.2 Grading mitral stenosis severity

Mean gradient (mmHg) Mitral valve area (cm2)

Mild <6 >1.5
Moderate 6–10 1.1–1.5
Severe >10 £1.0
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Increased Proximal Velocity

Proximal velocity is the velocity (V
1
) upstream to 

stenotic orifice. As the V
1
 is small, it can be ignored in 

simplified version of Bernoulli equation. However, in 
certain situations V

1
 can no longer be ignored such as 

in high cardiac output state (anemia, sepsis, or hyper-
thyroidism), significant aortic regurgitation and asso-
ciated subvalvular stenosis.

Alteration of the Blood Viscosity

Anemia (low viscosity) and polycythemia (high vis-
cosity) cause inaccuracy in estimating transvalvular 
pressure gradient. The normal half of blood viscosity 
is 4. If this is used in a patient with anemia, where his 
actual half of blood viscosity is equal to 2, the calcu-
lated pressure gradient will be double (overestimated) 
his actual pressure gradient. Unfortunately, no hemo-
globin level can be used to try to correct for because it 
depends on the baseline hemoglobin level and the 
extent of cardiovascular compensation to the anemia.

Assessment of Intracardiac Pressures

Left Atrial Pressure

By using the simplified Bernoulli Equation the gradi-
ent between any two chambers can be determined. 
Mitral regurgitation peak velocity is converted to pres-
sure gradient between left atrium and left ventricle 
(Peak Gradient = 4V2). Left atrial pressure then can be 
estimated15,16 by the following equation: 

Transmitral regurgitation gradient = LV Systolic 
Pressure − LA Pressure

In the absence of aortic stenosis (subvalvular, valvular, 
and supravalvular), left ventricular systolic pressure 
(LVSP) should be essentially the same as the cuff 
derived systolic blood pressure (SBP). With advancing 
age, the systolic blood pressure is augmented by 4–8% 
due to peripheral wave reflection. Keeping that in mind 
left atrial pressure (LAP) is determined as: 

Transmitral regurgitation gradient [4(V
MR

)2]  
= SBP − LAP

And therefore: 

LAP = SBP − [4(V
MR

)2]

This method provides an approximation of the true left 
atrial pressure.

Left Ventricular End-Diastolic Pressures

The left ventricular end-diastolic pressure (LVEDP) 
can be estimated in patients with aortic regurgitation. 
The aortic regurgitation velocity at the end-diastole 
(V

AR–ED
) is converted to gradient using simplified 

Bernoulli equation: [4(V
AR−ED

)2]. This pressure gradient 
represents the difference between aortic diastolic blood 
pressure and the left ventricular end-diastolic pressure. 
The aortic diastolic pressure should approximately 
be the same as the cuff-obtained diastolic blood pressure 
(DBP). Therefore, left ventricular end-diastolic pressure 
(LVEDP) can be estimated17-20 as follows (Fig. 4.10): 

LVEDP = DBP − 4(V
AR−ED

)2

Alternatively and more accurately the left ventricular 
filling pressure (and thus LVEDP) is assessed using 
the mitral inflow patterns, pulmonary vein flow, and 
mitral annulus velocities. This has been used for the 
estimation of filling pressure with great success in 
the presence and absence of left ventricular systolic 
dysfunction.21-23

Normal transmitral flow is complex and consists of 
three distinct phases. Early (E-wave) flow which occurs 
immediately after mitral valve opening and continues 
till the left atrial to left ventricular pressures are almost 
equal, followed by a phase of no or minimal flow called 
diastasis which is then followed by late flow (A-wave) 
due to left atrial contraction (Fig. 4.11).

The pattern of flow through mitral valve reflects the 
pressure difference between left atrium and left ventricle. 
Transmitral flow has been recognized to reflect the atrio-
ventricular interaction during left ventricular filling. With 
occurrence of diastolic dysfunction, spectrum of filling 
pressure changes with a predictable pattern of progression 
has been observed. Initially, left ventricular relaxation is 
impaired resulting in early flow to be reduced (decreased 
E-wave velocity) and takes longer time (prolonged E-wave 
deceleration time) which means less blood has moved from 
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left atrium to left ventricle. This makes more amount of 
blood available at late diastole, which causes left atrium to 
stretch. According to the Frank-Starling law, the increased 
left atrial stretch leads to increased contraction and there-
fore increased emptying in late diastole, resulting in a high 
A-wave velocity (Fig. 4.12). Other features, like prolonged 
isovolumic relaxation time (IVRT), occasionally accom-
pany this abnormal flow pattern. Another transmitral flow 
pattern is called restrictive physiology pattern where 
E-wave velocity is high with short E-wave deceleration 
time and A-wave velocity is low. This is caused by elevated 
left ventricular filling pressure with greater left atrial to left 
ventricular pressure gradient early in diastole, which pro-
duces fast and short blood flow velocity into left ventricle. 
There will be a lower forward flow at atrial contraction 
because of markedly elevated left ventricular pressure (Fig. 
4.13). This pattern of flow is associated with severe left 
ventricular diastolic dysfunction. This pattern can also be 
due to restrictive and constrictive left ventricular filling. 
This abnormal flow can be accompanied by short IVRT.

Pulmonary venous flow can also be analyzed to 
derive the left ventricular filling pressure and can be 
recorded transthoracically or transesophageally, with a 
higher feasibility from the transesophageal approach. 
Also, a higher success rate is encountered in the outpa-
tient setting than in the intensive care unit.24

Forward flow into the left atrium from the pulmo-
nary veins occurs in systole and diastole. After atrial 
contraction, retrograde flow (Ar) into the veins from 
the left atrium is observed (Fig. 4.14). As left atrial 

Fig. 4.10 CW Doppler of aortic regurgitation. The end-
diastolic pressure gradient between aorta and LV can be 
measured using the Bernoulli equation. The end-diastolic 
velocity is 4.0 m/s. Therefore the pressure gradient is 4(V

AR − ED
)2 

= 4 × (4)2 = 64 mmHg. If the diastolic pressure in the aorta is 

known (approximately the same as the diastolic blood 
pressure (DBP), left ventricular end-diastolic pressure 
(LVEDP) can be calculated as: LVEDP = DBP – 4 (V

AR − ED
)2.  

In the figure (arrow) DBP is 88 mmHg, so the LVEDP is 88 – 
64 = 24 mmHg

Fig. 4.11 This figure shows the normal flow through mitral valve. 
The pulsed-wave Doppler is position at the tip of mitral valve leaf-
lets to record the flow from LA to LV. Two phases of flow are 
identified: early passive flow (E wave) and Late flow due to LA 
contraction (A wave)
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Fig. 4.12 This figure shows 
transmitral flow pattern in abnormal 
relaxation. It is characterized by 
small E wave and larger A wave 
velocities and long E wave 
deceleration time

Fig. 4.13 This figure shows mitral flow pattern in restrictive 
physiology. It is characterized by high E wave velocity, small A 
wave velocity, and short E wave deceleration time

Fig. 4.14 This figure shows the normal flow of the pulmonary 
vein. The PW Doppler is used in apical 4-chamber view to 
record two forward waves systolic and diastolic and one back-
ward wave due to atrial contraction
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pressure increases, systolic velocity of the pulmonary 
venous flow (and time velocity integral) is reduced, 
with a predominance of diastolic flow.19,25-27 This hap-
pens because the left atrium empties in diastole and 
therefore has a lower pressure in relation to the pulmo-
nary veins at that time. Ar velocity and duration can 
also provide a reasonable assessment of filling pres-
sures. As filling pressure increases, both the velocity 
and the duration of Ar increase.28,29 With a stiff left 
ventricle, atrial contraction results in an antegrade flow 
across the mitral valve of short duration and an Ar of 
longer duration into the pulmonary veins, i.e., a posi-
tive Ar wave minus A-wave durations. This parameter 
was the best predictor (among all other mitral and pul-
monary venous flow variables) of elevated left ven-
tricular end-diastolic pressure in patients with normal 
left ventricular systolic function and in the presence 
of left ventricular systolic dysfunction.

As discussed earlier the changes in transmitral flow 
are predictable. With impaired left ventricular relax-
ation, the E-wave velocity is reduced until left atrial 

hypertension develops and the E-wave velocity starts 
to increase again. At one stage these changes are in 
between abnormal relaxation and restrictive patterns. 
The resulted flow pattern is exactly similar to normal 
pattern. This is called pseudonormal pattern but is 
associated with elevated left ventricular filling pres-
sure. Several methods are used to differentiate this pat-
tern from normal. The use of Valsalva maneuver to 
decrease the preload shifts the pseudonormal to abnor-
mal relaxation pattern.30

Tissue Doppler imaging (TDI) can be combined 
with transmitral flow to assess left ventricular diastolic 
function (Fig. 4.15). TDI of the mitral annulus can 
show the early diastolic annular recoil velocity (E¢ 
wave) and has been shown to be reduced in patients 
with diastolic dysfunction (Fig. 4.16). With advancing 
diastolic dysfunction, the E-wave velocity tends to go 
higher and E¢-wave velocity goes lower. Therefore, 
with increasing filling pressure, E/E¢ ratio tends to 
increase that represents increasing diastolic dysfunc-
tion severity. TDI is less flow dependent and can be 

Fig. 4.15 This figure shows a normal Doppler tissue imaging (DTI) of the mitral annulus velocity. Systolic wave, E¢ wave and A¢ 
wave are identified
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applied in case of atrial fibrillation. The E/E¢ ratio of 
more than or equal to 15 is associated with severely 
elevated left atrial pressure.23,31 In most of the clini-
cally oriented settings, a combination of transmitral 
flow pattern, TDI of mitral annulus and pulmonary 
flow to the left atrium is utilized to assess the left ven-
tricular filing pressure demonstrating changes that  
correlate with the increasing severity of diastolic dys-
function (fig.4.17).

Several other investigators have used the early flow 
propagation velocity from left atrium into the left ven-
tricle to determine left ventricular filling pressure (Fig. 
4.18). Combined with the mitral flow pattern, it has 
been demonstrated to provide valuable information 
about left ventricular filling pressure.22 With the color 
M-mode Doppler and the cursor line placed along the 
central portion of the mitral inflow blood, the first 
aliasing velocity is obtained and the slope of the 
first aliasing velocity is determined. Then the rate of 
flow propagation is determined. With more severe dia-
stolic abnormalities, the flow propagation becomes 
higher. A flow propagation of more than 50 cm/s is 
associated with markedly elevated left atrial pressure.

Left atrial volumes can also be used to predict the 
filling pressure. Patients with elevated filling pressures 

Fig. 4.16 The E¢ wave velocity is progressively decreased with 
increasing diastolic dysfunction severity

Fig. 4.17 It illustrates stages of diastolic dysfunction as 
assessed by combining all the information from transmitral 
flow pattern, TDI of the mitral annulus and pulmonary vein 
flow to the LA. Grade III can be further defined according to 
the changes of the mitral flow pattern with maneuver that 

decreases the preload such as Valsalva. If the flow pattern can 
be reversed from restrictive pattern to pseudonormal or abnor-
mal relaxation pattern, it is said to be reversible restrictive 
physiology and termed grade III. If it is not reversible, it is 
considered grade IV
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have larger left atrial volume. It has been shown that 
left atrial volume indexed to body surface area to be 
strongly associated with diastolic function grade, inde-
pendent of left ventricular ejection fraction, age, gen-
der, and cardiovascular risk score. In patients without a 
history of atrial arrhythmias or valvular heart disease, 
left atrial volume expressed the severity of diastolic 
dysfunction and provided an index of cardiovascular 
risk and disease burden.32 Left atrial volume is less 
affected by acute hemodynamic changes and reflects 
the average effect of chronic or intermittent LV filling 
pressures elevation.

Right Ventricular Pressure

The tricuspid regurgitation jet velocity is the most 
commonly used method to assess the right ventricular 
pressure. Right ventricular systolic pressure is esti-

mated from peak transtricuspid pressure gradient.33,34 
With the transducer at the apex or para-apical position, 
the continuous-wave Doppler (2D-guided or nonimag-
ing) is used to obtain the peak transtricuspid velocity 
(Fig. 4.19). In case of weak signal saline contrast 
enhancement should be performed. Right ventricular 
systolic pressure (RVSP) is calculated as follows: 

Peak transtricuspid pressure gradient = RVSP − RAP

RVSP = peak transtricuspid pressure  
gradient + RAP = 4(V

TR
)2 + RAP.

Right atrial pressure (RAP) is estimated by examining 
the inferior vena cava (IVC) size (normal = 5 mmHg, 
dilated but compressible during inspiration = 10 mmHg 
and dilated and noncompressible ³15 mmHg).35 Some 
other investigators have utilized the IVC collapse dur-
ing inspiration (Fig. 4.20) to estimate the right atrial 
pressure. If IVC is decreased by 50% or more, the right 
atrial pressure is less than 10 mmHg.36

Fig. 4.18 This figure shows rate of the flow propagation utiliz-
ing color M-mode imaging. With the cursor line placed along 
the central portion of the mitral inflow blood, the first aliasing 
velocity is obtained. Then the slope of the first aliasing velocity 
is determined. With more severe diastolic abnormalities, the rate 
of the flow propagation velocity is higher. A velocity of more 
than 50 cm/s is associated with markedly elevated LA pressure

Fig. 4.19 This figure illustrates the CW Doppler interrogation 
of the tricuspid regurgitation velocity to assess right ventricular 
systolic pressure (RVSP). With the transducer at the apex,  
the CW Doppler (2D-guided or nonimaging) is used to obtain 
the peak tricuspid regurgitation velocity. Using the simplified 
Bernoulli equation, the velocity is converted to pressure  
gradient. In this case the transtricuspid gradient is 4 × (3.0)2 =  
36 mmHg
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Similar to the mitral valve flow patterns, the tricus-
pid flow (Fig. 4.21) can be used to estimate the right 
ventricular filling pressure.37 The inferior and superior 
vena cava flow patterns should be interpreted just like 
the pulmonary vein flow to the left atrium.

In the presence of ventricular septal defect (VSD) 
the right ventricular pressure can be estimated by 
obtaining the trans-VSD velocity and thus calculate 
the maximum systolic gradient between the left and 
right ventricles.38 Depending on the VSD type, the best 
position is selected to obtain the flow most parallel to 
the ultrasound beam (Fig. 4.22). As discussed earlier 
the left ventricular systolic pressure (LVSP) is approx-
imately equal to SBP (cuff) in the absence of LVOT 
obstruction. So the right ventricular systolic pressure 
(RVSP) is calculated as 

Trans-VSD pressure gradient = LVSP − RVSP  
= SBP − RVSP

Therefore: 

RVSP = SBP (cuff) − trans-VSD pressure  
gradient = SBP (cuff) − VSD 4V 2

Pulmonary Artery Pressures

In the absence of pulmonic stenosis right ventricular 
systolic pressure is equal to pulmonary artery 
systolic pressure (PASP). The end-diastolic velocity 
of the pulmonic regurgitant (PR) jet may be used to 
estimate the pulmonary artery diastolic pressure.39 
The end-diastolic velocity of the pulmonary 
regurgitation jet is expressed as 4V2 which equals 
the pressure gradient between the pulmonary artery 
and the right ventricle at end diastole, i.e., pulmonary 
artery diastolic pressure minus the right ventricular 
end-diastolic pressure. The latter pressure is usually 
close to the right atrial pressure. Accordingly, the 
pulmonary artery diastolic pressure (PADP) can be 
calculated as 

PADP = 4V2 (end-diastolic 
velocity of PR jet) + RA pressure

In addition, the mean pulmonary artery pressure (MPAP) 
can be calculated as: MPAP = 4V 2 (the peak velocity of 
the PR)

Fig. 4.20 This figure illustrates the inferior vena cava (IVC) from subcostal view. Note the normal respiratory variation of the size 
of the IVC. With elevated right atrial pressure (RAP), this respiratory variation is lost. If the IVC decreases by less than 50% with 
inspiration, it suggests elevated RAP
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Note here that assuming the RV early diastolic pres-
sure is close to zero

In the last two chapters, we discussed in detail the 
concepts used in assessment of flow and hemodynamics 
of various cardiovascular function and abnormalities. 
Both semiquantitative and quantitative methods are 
discussed with greater emphasis on the quantita-
tive methods. Some of the clinical applications of 
these methods are presented. However, this is not con-
clusive as several other clinical uses are not mentioned 
or not discussed in detail. The purpose is to present the 

most clinically relevant, the most reliable, and less 
technically tedious methods available. Which method 
to use depends on the skill and comfort with that 
particular method. But it is important to be familiar 
with strengths and limitations of each method. Finally 
the art of medicine is to find the diagnostic method that 
is most useful for your patient, so the quantitative 
methods should be used as much as possible.

References

 1.  Holen J, Waag RC, Gramiak R, Violante MR, Roe SA. 
Doppler ultrasound in orifice flow. In vitro studies of the 
relationship between pressure difference and fluid velocity. 
Ultrasound Med Biol. 1985;11:261–266.

 2.  Zoghbi WA, Farmer KL, Soto JG, Nelson JG, Quinones MA. 
Accurate noninvasive quantification of stenotic aortic valve area 
by Doppler echocardiography. Circulation. 1986;73:452–459.

Fig. 4.21 Apical four-chamber view with the PW Doppler sam-
ple volume at the tip of tricuspid valve. The transtricuspid flow 
wave pattern is similar to the transmitral flow. Two distinct 
waves are identified. E wave due to passive ventricular filling 
and A wave due to right atrial contraction. Refer to the mitral 
valve for detailed interpretation

Fig. 4.22 Parasternal long-axis view with color flow is seen 
through membranous ventricular septal defect (VSD). The max-
imum velocity, obtained by CW Doppler, is 6 m/s. Note also that 
flow continues throughout diastole because the left ventricular 
diastolic pressure is higher than right ventricular diastolic pres-
sure. Applying the concept of Bernoulli equation, the pressure 
gradient between left and right ventricles is equal to 144 mmHg. 
If we know that the systolic blood pressure (SBP) by cuff is 110 
mmHg (approximately equal to LVSP) then RVSP = trans-VSD 
pressure gradient – SBP = 144 − 110 = 34 mmHg



4 Principles of Hemodynamic Assessment 77

BookID 128962_ChapID 4_Proof# 1 - 15/3/2009

 3.  Nishimura RA, Holmes DR, Jr., Reeder GS, et al. Doppler 
evaluation of results of percutaneous aortic balloon valvulo-
plasty in calcific aortic stenosis. Circulation. 1988;78: 
791–799.

 4.  Otto CM, Pearlman AS, Gardner CL, et al. Experimental 
validation of Doppler echocardiographic measurement of 
volume flow through the stenotic aortic valve. Circulation. 
1988;78:435–441.

 5.  Casale PN, Palacios IF, Abascal VM, et al. Effects of dobu-
tamine on Gorlin and continuity equation valve areas and 
valve resistance in valvular aortic stenosis. Am J Cardiol. 
1992;70:1175–1179.

 6.  Lin SS, Roger VL, Pascoe R, Seward JB, Pellikka PA. 
Dobutamine stress Doppler hemodynamics in patients with 
aortic stenosis: feasibility, safety, and surgical correlations 
[see comment]. Am Heart J. 1998; 136:1010–1016.

 7.  Monin JL, Quere JP, Monchi M, et al. Low-gradient aortic 
stenosis: operative risk stratification and predictors for long-
term outcome: a multicenter study using dobutamine stress 
hemodynamics. Circulation. 2003;108:319–324.

 8.  Nishimura RA, Grantham JA, Connolly HM, Schaff HV, 
Higano ST, Holmes DR, Jr. Low-output, low-gradient aortic 
stenosis in patients with depressed left ventricular systolic 
function: the clinical utility of the dobutamine challenge in 
the catheterization laboratory [see comment]. Circulation. 
2002;106:809–813.

 9.  Messika-Zeitoun D, Aubry MC, Detaint D, Bielak LF. 
Evaluation and clinical implications of aortic valve calcifi-
cation measured by electron-beam computed tomography. 
Circulation. 2004;110:356–62.

10.  Lima CO, Sahn DJ, Valdes-Cruz LM, et al. Noninvasive 
prediction of transvalvular pressure gradient in patients 
with pulmonary stenosis by quantitative two-dimensional 
echocardiographic Doppler studies. Circulation. 1983;67: 
866–871.

11.  Kosturakis D, Allen HD, Goldberg SJ, Sahn DJ, Valdes-
Cruz LM. Noninvasive quantification of stenotic semilunar 
valve areas by Doppler echocardiography. J Am Coll 
Cardiol. 1984;3:1256–1262.

12.  Nishimura RA, Rihal CS, Tajik AJ, Holmes DR, Jr. Accurate 
measurement of the transmitral gradient in patients with 
mitral stenosis: a simultaneous catheterization and Doppler 
echocardiographic study. J Am Coll Cardiol. 1994;24: 
152–158.

13.  Libanoff AJ, Rodbard S. Atrioventricular pressure half-
time. Measure of mitral valve orifice area. Circulation. 
1968;38:144–150.

14.  Bruce CJ, Nishimura RA. Newer advances in the diagnosis 
and treatment of mitral stenosis. Curr Probl Cardiol. 1998; 
23:125–192.

15.  Gorcsan J, III, Snow FR, Paulsen W, Nixon JV. Noninvasive 
estimation of left atrial pressure in patients with congestive 
heart failure and mitral regurgitation by Doppler echocar-
diography. Am Heart J. 1991;121:858–863.

16.  Ge Z, Zhang Y, Fan D, Zhang M, Duran CM. Simultaneous 
measurement of left atrial pressure by Doppler echocardiog-
raphy and catheterization. Int J Cardiol. 1992;37:243–251.

17.  Grayburn PA, Handshoe R, Smith MD, Harrison MR, 
DeMaria AN. Quantitative assessment of the hemodynamic 
consequences of aortic regurgitation by means of continuous 
wave Doppler recordings. J Am Coll Cardiol. 1987;10:135–141.

18.  Ge ZM, Zhang Y, Fan DS, Zhang M, Fan JX, Zhao YX. 
Quantification of left-side intracardiac pressures and gradi-
ents using mitral and aortic regurgitant velocities by simul-
taneous left and right catheterization and continuous-wave 
Doppler echocardiography. Clin Cardiol. 1993; 16:863–70.

19.  Appleton CP, Galloway JM, Gonzalez MS, Gaballa M, 
Basnight MA. Estimation of left ventricular filling pressures 
using two-dimensional and Doppler echocardiography in 
adult patients with cardiac disease. Additional value of ana-
lyzing left atrial size, left atrial ejection fraction and the dif-
ference in duration of pulmonary venous and mitral flow 
velocity at atrial contraction. J Am Coll Cardiol. 1993;22: 
1972–1982.

20.  Nishimura RA, Tajik AJ. Determination of left-sided pres-
sure gradients by utilizing Doppler aortic and mitral regurgi-
tant signals: validation by simultaneous dual catheter and 
Doppler studies. J Am Coll Cardiol. 1988;11:317–321.

21.  Mulvagh S, Quinones MA, Kleiman NS, Cheirif J, Zoghbi 
WA. Estimation of left ventricular end-diastolic pressure 
from Doppler transmitral flow velocity in cardiac patients 
independent of systolic performance. J Am Coll Cardiol. 
1992;20:112–119.

22.  Garcia MJ, Ares MA, Asher C, Rodriguez L, Vandervoort P, 
Thomas JD. An index of early left ventricular filling that 
combined with pulsed Doppler peak E velocity may esti-
mate capillary wedge pressure. J Am Coll Cardiol. 
1997;29:448–454.

23.  Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, 
Quinones MA. Doppler tissue imaging: a noninvasive tech-
nique for evaluation of left ventricular relaxation and esti-
mation of filling pressures. J Am Coll Cardiol. 1997; 
30:1527–1533.

24.  Nagueh SF, Kopelen HA, Zoghbi WA. Feasibility and accu-
racy of Doppler echocardiographic estimation of pulmonary 
artery occlusive pressure in the intensive care unit. Am J 
Cardiol. 1995;75:1256–1262.

25.  Kuecherer HF, Muhiudeen IA, Kusumoto FM, et al. 
Estimation of mean left atrial pressure from transesophageal 
pulsed Doppler echocardiography of pulmonary venous 
flow. Circulation. 1990; 82:1127–1139.

26.  Rossvoll O, Hatle LK. Pulmonary venous flow velocities 
recorded by transthoracic Doppler ultrasound: relation to 
left ventricular diastolic pressures [see comment]. J Am Coll 
Cardiol. 1993;21:1687–1696.

27.  Pozzoli M, Capomolla S, Pinna G, Cobelli F, Tavazzi L. 
Doppler echocardiography reliably predicts pulmonary 
artery wedge pressure in patients with chronic heart failure 
with and without mitral regurgitation. J Am Coll Cardiol. 
1996;27:883–893.

28.  Nishimura RA, Abel MD, Hatle LK, Tajik AJ. Relation of 
pulmonary vein to mitral flow velocities by transesophageal 
Doppler echocardiography. Effect of different loading con-
ditions. Circulation. 1990;81:1488–1497.

29.  Yamamoto K, Nishimura RA, Chaliki HP, Appleton CP, 
Holmes DR, Jr., Redfield MM. Determination of left ven-
tricular filling pressure by Doppler echocardiography in 
patients with coronary artery disease: critical role of left 
ventricular systolic function. J Am Coll Cardiol. 1997;30: 
1819–1826.

30.  Hurrell DG, Nishimura RA, Ilstrup DM, Appleton CP. 
Utility of preload alteration in assessment of left ventricular 



78 A.A. Alsaileek and A.J. Tajik

BookID 128962_ChapID 4_Proof# 1 - 15/3/2009

filling pressure by Doppler echocardiography: a simultane-
ous catheterization and Doppler echocardiographic study. 
 J Am Coll Cardiol. 1997; 30:459–467.

31.  Takatsuji H, Mikami T, Urasawa K, et al. A new approach 
for evaluation of left ventricular diastolic function: spatial 
and temporal analysis of left ventricular filling flow propa-
gation by color M-mode Doppler echocardiography [see 
comment]. J Am Coll Cardiol. 1996;27:365–371.

32.  Tsang TS, Barnes ME, Gersh BJ, Bailey KR, Seward JB. 
Left atrial volume as a morphophysiologic expression  
of left ventricular diastolic dysfunction and relation to  
cardiovascular risk burden. Am J Cardiol. 2002;90: 
1284–1289.

33.  Currie PJ, Seward JB, Chan KL, et al. Continuous wave 
Doppler determination of right ventricular pressure: a simul-
taneous Doppler-catheterization study in 127 patients. J Am 
Coll Cardiol. 1985;6:750–756.

34.  Yock PG, Popp RL. Noninvasive estimation of right ven-
tricular systolic pressure by Doppler ultrasound in patients 
with tricuspid regurgitation. Circulation. 1984;70:657–662.

35.  Simonson JS, Schiller NB. Sonospirometry: a new method 
for noninvasive estimation of mean right atrial pressure 
based on two-dimensional echographic measurements of the 
inferior vena cava during measured inspiration. Journal Am 
Coll Cardiol. 1988;11:557–564.

36.  Kircher BJ, Himelman RB, Schiller NB. Noninvasive esti-
mation of right atrial pressure from the inspiratory collapse 
of the inferior vena cava. Am J Cardiol. 1990;66:493–496.

37.  Klein AL, Hatle LK, Burstow DJ, et al. Comprehensive 
Doppler assessment of right ventricular diastolic function in 
cardiac amyloidosis. J Am Coll Cardiol. 1990;15:99–108.

38.  Marx GR, Allen HD, Goldberg SJ. Doppler echocardio-
graphic estimation of systolic pulmonary artery pressure in 
pediatric patients with interventricular communications. 
J Am Coll Cardiol. 1985;6:1132–1137.

39. Masuyama T, Kodama K, Kitabatake A, Sato H, Nanto S, 
Inoue M. Continuous-wave Doppler echocardiographic 
detection of pulmonary regurgitation and its application to 
noninvasive estimation of pulmonary artery pressure. 
Circulation. 1986; 74:484–492.



Conventional transthoracic echocardiography remains 
the most commonly used imaging modality in clinical 
practice. The improvement of diagnostic tools remains 
a major goal and considerable technical progress has 
been made in image quality by utilizing harmonic 
imaging on conventional echo and with the recent 
introduction of new imaging techniques.

Assessment of myocardial wall motion is usually 
performed by visual estimation of 2D images which 
requires training and remains a subjective and operator-
dependent assessment. M-mode technique provides a 
1D semiquantitative assessment of a limited number of 
myocardial segments. Over the years several imaging 
modalities have been developed for the direct mea-
surement of myocardial wall motion in real time, thus 
allowing objective assessment of global and regional 
left and right ventricular function and improving the 
accuracy and reproducibility of echocardiography 
studies. The use of Doppler tissue echocardiography 
has been reported since 1994. Tissue tracking, Doppler 
strain, and Doppler strain rate imaging were derived 
from color Doppler tissue echocardiography since 
1999. Non-Doppler strain or Speckle tracking was 
introduced in 2004 to overcome limitations of the 
Doppler technique and is obtained from processing 
conventional 2D images. Three-dimensional non-Doppler 
strain is under development. Although these imaging 
modalities have been widely available for more than 
10 years, they are not routinely used in many echo 
laboratories due to cumbersome image acquisition and 
to the expertise required for postprocessing analysis 
and interpretation. Myocardial tissue parameters cannot 

be reliably measured after pressing a button on the 
echo scanner keyboard.

This chapter reviews principles, requirements for 
image acquisition, postprocessing analysis, clinical 
applications, and limitations of Tissue Doppler, 
Doppler strain and strain rate, and non-Doppler tis-
sue velocity and strain.

Doppler Tissue Imaging

Principles and Modalities Have Been 
Published Previously1

Briefly recalled, myocardial motion is characterized by 
relatively low-velocity and high-amplitude signals (Fig. 
5.1). To record wall motion velocity, high pass filters are 
bypassed with the tissue signal directly entered into the 
autocorrelator. Doppler tissue echocardiography has 
three modalities: spectral pulsed-wave Doppler, 2D, and 
M mode color Doppler. Bidimensional images have 
good spatial resolution, whereas spectral Doppler and 
M mode have the best temporal resolution (Fig. 5.2).

Requirements for Image Acquisition when 
Acquiring Color Tissue Doppler Images

Optimal settings of frame rate, velocity scale, and gain 
are required. Three cardiac cycles should be stored 
with breath held at end expiration. Breath holding is 
required to minimize through plane motion. Image 
frame rate is increased by decreasing image sector 
width and changing depth. Optimal frame rate is over 
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150/s. Velocity scale should be modified to avoid 
aliasing. During stress echocardiography, myocardial 
velocities increase and velocity scale should also be 
increased. On the other hand, color velocity scale 
should be decreased to optimally measure low veloci-
ties occurring during pre-ejection and isovolumic 
relaxation periods at rest.

Postprocessing Analysis

Postprocessing analysis of color images aims to 
measure velocity data offline after image acquisition. 
A region of interest (ROI) is manually placed over a 
myocardial segment, and color pixels within the ROI 
are converted into myocardial velocities. When analyzing  

a

b

Fig. 5.1 Myocardial motion can be recorded when the sample 
volume is placed into the posterior wall in parasternal long-axis 
view (a). Myocardial motion is characterized by low-velocity and 
high-amplitude signals in contrast with conventional flow Doppler 
signals that are typified by high velocity and low amplitude. 
Myocardial motion creates Doppler shifts that are approximately 40 

dB higher than Doppler signals from blood flow. Due to its high-
amplitude signal myocardial motion can also be recorded when the 
sample volume is placed into the LV cavity (b). The spectral Doppler 
tissue velocity profile is noisier and velocities are lower. Although 
the sample volume is fixed when the wall is moving, one must pay 
attention to the position of the sample volume appropriately
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color tissue Doppler 2D cineloops, the software 
measures myocardial velocities within the ROI on each 
frame of the cineloop and links the measurements up 
with lines to create a velocity profile throughout the 
cardiac cycle. The frame rate determines the number 
of measurements. If measurements are performed 
during only one phase of the cardiac cycle, freezing 
the image at the time of the measurement is useful to 
make sure that the ROI is positioned within the wall, 
for example freezing the image during ejection to 
measure peak ejection velocity (Fig. 5.3). Measurements 
are made with a sweep speed of 100 mm/s and an 
average of three measurements is required.

Velocities measured by online spectral pulsed-wave 
Doppler are 20–25% higher than those measured 
offline by the postprocessing of high frame rate color 
2D cineloops (Fig. 5.4). This should be considered 
during calculation of the ratio of early diastolic trans-
mitral inflow velocity to early diastolic tissue Doppler 
velocity of mitral annulus.

Tissue tracking is obtained by time integration 
of color tissue Doppler 2D cineloops and assesses 
displacement. 

Advantages of Tissue Doppler 
Echocardiography Over Conventional 
Echocardiography

Myocardial velocities quantify global and regional left 
ventricular function independent of endocardial border 
delineation.

Tissue Doppler echocardiography has been shown 
to be a more sensitive technique than conventional 
echo in early detection of cardiomyopathy.

Velocity of each myocardial layer including endocar-
dium, midwall, and epicardium can be measured in animal 
experiments2 and in humans.3 However, no company has 
made this assessment commercially available and its 
potential applications have been limited (Fig. 5.5).

Applications

Mitral Annular motion is among indices of global LV 
systolic performance that are not dependent on endocar-
dial definition and less dependent on loading conditions. 

Fig. 5.2 Tissue Doppler echocardiography has three modalities including spectral pulsed-wave Doppler, color 2D, and color M 
mode which is illustrated here by zoom of the left ventricular posterior wall in the parasternal approach. The characteristics of the 
three modalities are described
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Fig. 5.3 Apical four chamber view recorded with high 
frame rate and color tissue Doppler imaging. During post-
processing analysis the cineloop is frozen during midejec-

tion. Therefore, one can be sure that the ROI is positioned 
into the septum when the measurement of systolic velocity 
is made

Fig. 5.4 Measurement of lateral mitral annular velocity has 
been obtained successively in the same patient by online 
spectral pulsed-wave Doppler (panel A) and by 
postprocessing of high frame rate color 2D cineloop (panel 
B). Velocities measured by spectral pulsed-wave Doppler 

are 20–25% higher than those measured by the postprocessing 
of color 2D cineloops. This should be considered during 
calculation of the ratio of early diastolic transmitral inflow 
velocity to early diastolic tissue Doppler velocity of mitral 
annulus
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Mitral annular velocity can be obtained in 77% of 
patients using conventional echo and in all patients 
using pulsed-wave tissue Doppler measurements. 
Systolic mitral annular velocity determined by pulsed-
wave tissue Doppler and averaged over three sites 
including lateral, septal, and posterior mitral annulus 
£8 cm/s has 94% sensitivity, 93% specificity, and 94% 
accuracy for the detection of LV ejection fraction 
<50%. Early diastolic mitral annular velocity (average 
of three sites) >5.4 cm/s is 88% sensitive and 97% spe-
cific for the detection of LV ejection fraction >50%. 
Tricuspid annular velocity has been used as an index of 
right ventricular function in patients with heart failure. 
Systolic annular velocity <11.5 cm/s predicted right 
ventricular ejection fraction <45% with a sensitivity of 
90% and a specificity of 85%.

Assessment of diastolic function and gross estimation 
of LV filling pressure is currently one of the main 
applications of the technique.4 The ratio of mitral inflow 
early diastolic velocity (E) to early diastolic mitral 
annular velocity (E¢) correlates with left ventricular 
filling pressure. Noninvasive hemodynamic assessment 

of LV filling pressure is not reliable in patients with 
moderate and severe mitral regurgitation of degenerative 
origin. The E/E¢ ratio is incremental to clinical factors 
and ejection fraction for the prediction of heart failure 
events. The number of myocardial segments with 
altered early to late diastolic strain rate ratio increases 
with worsening global diastolic function.

Experimental and clinical studies have shown that 
during acute ischemia, myocardial peak systolic veloc-
ity and strain rate were notably reduced or reversed 
within 5 s after coronary occlusion. Postsystolic short-
ening or thickening is a sensitive marker of ischemia 
occurring during the isovolumic relaxation period, 
often extending into the early filling period. Accurate 
timing of the aortic valve closure is crucial for recogni-
tion of postsystolic shortening. The main limitations of 
stress echocardiography interpretation are the subjec-
tive visual analysis of endocardial motion and wall 
thickening and the necessity of adequate training. 
Tissue Doppler echocardiographic criterion to detect 
stress-induced ischemia is a lack of increase in peak 
systolic velocity. In patients with severe chronic 

Fig. 5.5 M mode zoom of the left ventricular posterior wall 
recorded successively with conventional echocardiography and 
with color Doppler tissue imaging. The additional information 
obtained with color tissue Doppler includes clear individualization 

of all the phases of the cardiac cycle, and gradient of velocity 
across the thickness of the myocardial wall visible during ejection 
and early diastole. Wall thickness must be measured by calipers on 
the gray-scale image before calipers are pasted on the color image
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three-vessel disease and left ventricular dysfunction, 
Doppler myocardial velocities have been used to dis-
tinguish viable from non-viable segments. Tissue 
Doppler imaging has shown left ventricular wall 
motion during the pre-ejection period by displaying 
several color strips within the walls. These color strips 
represent successive inward and outward wall motions 
with rapid changes in direction. In both walls, there 
was a simultaneous inward motion toward the left ven-
tricular cavity center (Fig. 5.6). Pre-ejection inward 
motion velocity in the posterior wall was shown to cor-
relate linearly with left ventricular systolic function.

Tissue Doppler imaging has been used in patients 
with dilated cardiomyopathy and severe heart failure 
(Fig. 5.7). Randomized clinical trials have produced 
unequivocal support for the use of cardiac resyn-
chronization therapy in patients with refractory heart 
failure and evidence of LV dyssynchrony on ECG. 
However, 30% of patients treated by cardiac resyn-
chronization therapy devices do not exhibit left ven-
tricular functional recovery and reverse remodeling. 
Mechanisms of cardiac resynchronization therapy 
benefits are incompletely understood, and LV lead 
positioning is limited by venous anatomy. Mechanical 

dyssynchrony may be better than electrical dyssyn-
chrony for the selection of potential responders, and 
several echo parameters have been suggested includ-
ing intraventricular dyssynchrony combining longi-
tudinal and radial parameters and atrioventricular 
dyssynchrony parameters. Sensitivity, specificity, 
and accuracy of these parameters have been high in 
single center studies, but have suboptimal interinsti-
tutional reproducibility. As a general rule, several 
parameters must be used and the greater the magni-
tude of dyssynchrony, the greater the likelihood of 
positive response to cardiac resynchronization therapy. 
Echo data are useful in patients with comorbidities 
or narrow QRS complexes.

Tissue Doppler imaging has been used in patients 
with hypertrophic cardiomyopathy and detects gene 
mutation carriers independent of hypertrophy. LVEF ³ 
68% and E¢ < 15 cm/s showed 100% specificity and 
44% sensitivity in detecting gene mutation carriers.5 
Tissue Doppler imaging detected decreased longitudinal 
velocities in hypertrophic cardiomyopathy patients with 
apparently normal radial systolic function. In difficult 
cases, tissue Doppler echocardiography of mitral and 
tricuspid annuli has been useful for distinguishing 

Fig. 5.6 Color M mode Doppler tissue imaging of the left ven-
tricle recorded from a parasternal approach. During the pre-
ejection period when mitral and aortic valves are closed, 
successive color strips are visible in the septum and in the poste-

rior wall corresponding to successive inward and outward wall 
motions (left panel). The conversion of color pixels into velocity 
shows simultaneous inward motion of both walls toward the left 
ventricular cavity center (right panel).



5 Tissue Doppler, Doppler Strain, and Non-Doppler Strain: Tips, Limitations, and Applications 85

BookID 128962_ChapID 5_Proof# 1 - 15/3/2009

hypertrophic cardiomyopathy and athlete’s heart. 
Systolic and early diastolic mitral annular velocities 
<9 cm/s have 87% sensitivity, 97% specificity, and 92% 
accuracy in the diagnosis of hypertrophic cardiomyopathy 
versus athlete’s heart. Early diastolic tricuspid annular 
velocity <16 cm/s has 89% sensitivity and 93% specificity 
in the diagnostic of hypertrophic cardiomyopathy versus 
athlete’s heart. In restrictive cardiomyopathy, mitral annular 
velocity was reduced, whereas it was within normal 
range in constrictive pericarditis.6 Fabry cardiomy 
opathy is X-linked hypertrophic cardiomyopathy by 
deficiency of a-galactosidase. Conventional noninva-
sive tools are unable to provide a preclinical diagnosis 
allowing prompt institution of enzymatic therapy. 

Early detection of Fabry cardiomyopathy has been 
obtained by tissue Doppler imaging before develop-
ment of left ventricular hypertrophy.

Limitations of Tissue Doppler 
Echocardiography

This modality is used mainly to quantify longitudinal 
ventricular function. Tissue Doppler echocardiography 
is an angle-dependent Doppler technique; therefore, 
apical segments cannot be analyzed especially in patients 
with dilated cardiomyopathy who have spherical LV 

Fig. 5.7 Flow and tissue Doppler recordings in a patient with 
severe dilated cardiomyopathy. The first panel shows the aortic 
flow with aortic valve opening and closure. The onset of the Q 
wave on the ECG is indicated on the Doppler trace. Basal lat-
eral, basal anterior, and basal posterior wall velocity profiles 
have been recorded with spectral tissue Doppler imaging. The 
event markers obtained from the aortic flow have been pasted 

on the velocity profiles since the patient is in regular sinus 
rhythm. Wall motions are lower during ejection than during 
pre-ejection and isovolumic relaxation periods suggesting that 
a lot of energy is used when mitral and aortic valves are closed. 
Dotted lines show mitral valve opening and closure, and there-
fore, left ventricular filling time in relation to the duration of the 
cardiac cycle
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shape. Tethering by adjacent segments is another  
limitation of the technique. These limitations also 
apply to tissue tracking.

Limitations of mitral annular motion include pros-
thetic mitral valve or prosthetic mitral annulus, mitral 
annular calcification (Fig. 5.8), and ischemia of the 

Fig. 5.8 Estimation of left ventricular filling pressure was per-
formed in a 61-year-old subject with normal LVEF. Mitral inflow 
and tissue Doppler velocity of lateral mitral annulus were 
recorded first (a, b). Mitral annular early diastolic velocity (E¢) 
was low 0.05 m/s, and septal annular velocity was lower than 
that of lateral velocity. E/E¢ ratio was 17.8. Marked calcification 

of mitral annulus seen on the apical four chamber view may also 
be responsible for reduced mitral annular velocity. Therefore, 
left ventricular flow propagation velocity (c) and pulmonary 
venous flow (d) were recorded and showed normal patterns. 
Derived measurements and calculations were in favor of left 
ventricular filling pressure being within the normal range
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wall above the interrogated annular site which require 
averaging velocities from multiple sites.

Complex fiber architecture, translation, and rotation 
of the heart in the chest are common limitations to all 
cardiac imaging modalities.

Doppler Strain and Strain Rate

Principle and Modalities

The shape of a structure deforms during motion when 
different elements of the structure move with different 
velocities. Doppler strain and strain rate are derived 
from high frame rate 2D color Doppler myocardial 
imaging cineloops and provide noninvasive quantifica-
tion of myocardial deformation.7 These modalities 
were introduced with the aim of overcoming tethering 
of abnormal myocardial segments by adjacent normal 
segments, and distinguishing between segmental thick-
ening and passive motion due to heart translation in the 
chest. Myocardial strain is the percentage of shorten-
ing or lengthening of a myocardial segment. Strain rate 
is the rate at which the myocardium shortens or 
lengthens.

Requirements for Image Acquisition

Requirements for Doppler strain and strain rate image 
acquisition are the same as those for Doppler tissue 
imaging and should be even more meticulously 
followed. High frame rate, optimal velocity scale, 
optimal gain, breath holding at end expiration, and 
storage of three cardiac cycles are mandatory (Figs. 
5.9 and 5.10). Frame rate should be as high as possible 
taking into account the size of the structure being 
studied. For the LV, imaging each wall individually 
with a narrow sector to obtain a frame rate of 200/s or 
higher is required to study pre-ejection and isovolumic 
relaxation periods. In addition, recording aortic flow 
using pulsed-wave flow Doppler to obtain timing of 
aortic valve opening and closure is useful if the patient 
is in regular sinus rhythm and if the ECG trace displays 
high R wave amplitude with reproducible detection of 

the R wave. Measurements of isovolumic relaxation 
period and diastolic strain require recording of mitral 
inflow to obtain timing of mitral valve opening.  
In normal subjects the posterior wall thickens and 
expands during ejection in parasternal views (radial 
deformation), and Doppler strain and strain rate are 
positive. In apical views (longitudinal deformation) 
during ejection the base moves toward the apex, the 
posterior wall as well as the other walls shortens, and 
Doppler strain and strain rate are negative. However, 
this technique cannot assess the complex changes of 
the 3D deformation of the heart, and the main question 
is whether this assessment is clinically relevant for 
patient management.

Postprocessing Analysis

Requirements are also the same as those for tissue 
Doppler echocardiography with the addition of setting 
the sample distance and using timing of aortic valve 
opening and closure on the strain profile. Timing  
of aortic valve closure is crucial to define the end of 
ejection flow and detect postsystolic myocardial wall 
motions.

Advantages of Doppler Strain and Strain 
Rate Over Doppler Tissue Velocity

Doppler strain and strain rate are less affected by 
translational motion and by the tethering from adja-
cent segments. Doppler strain is calculated as the 
spatial gradient between two velocities separated by a 
short distance (sample distance) within the myocar-
dial wall, whereas tissue Doppler imaging measures 
wall velocity in the myocardium with reference to the 
transducer. Systolic strain rate correlates more closely 
with invasive parameters including peak elastance 
(E

max
 = slope of end systolic pressure–volume rela-

tionships during caval occlusion) than systolic tissue 
velocity in experiments.8 Several authors reported that 
Doppler strain and strain rate were superior to Doppler 
tissue velocity in the assessment of ischemia, viability, 
and cardiomyopathy.
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Fig. 5.9 (a) Tissue Doppler velocity, tissue tracking, strain rate, 
and strain curves were obtained in the same patient with the 
same ROI and a frame rate of 157/s during three cardiac cycles. 
Velocity and displacement curves showed robust profiles with 
minor variations between cardiac cycles (b). Doppler strain rate 
and strain curves showed variability between consecutive cycles. 

This example illustrates the need for very high frame rate 
obtained with narrower image sector. There is less noise in strain 
than in strain rate because Doppler strain is obtained through 
integration of the strain rate signal and integration reduces noise. 
Doppler strain and strain rate should only be reported when the 
signal is consistent
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Applications

Deformation parameters can identify and quantify 
regional myocardial ischemia in patients with ischemic 
heart diseases including chronic myocardial infarc-
tion,9 acute myocardial infarction, and during coronary 
angioplasty with transient coronary artery occlusion. 
Prediction of infarct size after primary angioplasty for 
acute anterior myocardial infarction has also been 
reported. Strain rate differentiated transmural from 
nontransmural myocardial infarction which is equiva-
lent to viability assessment at rest. Diastolic deforma-
tion parameters differentiated transmural myocardial 
infarction from stunned myocardium. Experimental 
and clinical studies using peak strain rate during iso-
volumic relaxation period were able to distinguish 
ischemic and nonischemic postsystolic thickening. In 
patients with severe chronic three-vessel disease and 
left ventricular dysfunction, myocardial velocity gra-
dient has been used to distinguish viable from nonvia-
ble segments10 (Fig. 5.11). Changes in peak systolic 
strain rate were superior to changes in peak systolic 
velocity in the detection of viable segments in patients 
with depressed left ventricular ejection fraction.

Doppler systolic Strain, strain rate, and isovolumic 
myocardial acceleration are other indices of global LV 
systolic performance that are not dependent on endo-
cardial definition and less dependent on loading con-
ditions. Myocardial acceleration during isovolumic 
contraction has been validated as a sensitive noninva-
sive method of assessing left and right ventricular  
performance (Fig. 5.12).

When distinction between hypertrophic cardiomyo-
pathy and physiologic hypertrophy secondary to ath-
letic training is difficult, early diastolic myocardial 
velocity gradient across the thickness of the posterior 
wall (equivalent to strain rate) £7/s measured in sub-
jects between 18 and 45 years old showed 96% sensi-
tivity and 96% specificity in the diagnosis of 
hypertrophic cardiomyopathy. There was no similar 
cut-off value in subjects older than 45 years.11

Detection of preclinical abnormalities in patients 
with cardiomyopathy has also been described. Mean 
longitudinal strain of eight myocardial segments of 
−10.6% showed 85% sensibility, 100% specificity, 
and 91% accuracy in the diagnosis of hypertensive 
cardiomyopathy versus hypertrophic cardiomyopathy. 
Paradoxical septal systolic strain rate and strain in 
midseptum has been described in patients with hyper-
trophic cardiomyopathy. In patients with Friedrich’s 
ataxia who were homozygous for the GAA expansion 
in the smaller allele of Friedrich’s ataxia gene, systolic 
and early diastolic radial myocardial velocity gradient 
was lower than in age-matched control subjects.12 
Myocardial velocity gradient during isovolumic relax-
ation was positive in restrictive patients and negative 
in constrictive patients. Primary amyloidosis (car-
diac AL) is characterized by an early impairment in 
systolic function. This abnormality can be detected by 
systolic strain and strain rate but is not apparent on the 
systolic velocity profile. In patients with Fabry 
disease, peak systolic radial strain and strain rate 
showed improvement in cardiac function 12 months 
after enzyme replacement therapy.

Fig. 5.10 Improvement in cycle-to-cycle variability of midseptum longitudinal peak systolic strain and noise of Doppler strain 
curves with increasing frame rate in the same patient using the same ROI position and size
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Fig. 5.11 Myocardial velocity gradients distinguished viable 
from nonviable segments. Velocity gradients were calculated 
across the thickness of the myocardial wall from endocardium to 
epicardium using color M mode tissue Doppler images in 
patients with severe chronic three-vessel disease, coronary artery 
disease, and LV dysfunction. In viable segments, distribution of 
velocities did not show the pattern of linearly decreasing veloc-
ity from endocardium to epicardium observed in normal seg-

ments. The highest velocity was located in the midlayer 
conferring a bell-shaped pattern to the velocity gradient. In non-
viable segments, the distribution of velocity was close to zero or 
anarchic with small variations in velocities. These results sug-
gest that the contractile properties of diseased but viable myo-
cardium are mainly concentrated in the midlayer. The dramatic 
ultrastructural changes observed in hibernating myocardium 
may explain the heterogeneity of the velocity gradient

Fig. 5.12 Tissue Doppler imaging and derived modalities have 
provided indices of global LV systolic function that are not 
dependent on endocardial delineation and less dependent on 

loading conditions than conventional indices. These indices are 
early diastolic mitral annular velocity, systolic strain rate, and 
isovolumic acceleration during the pre-ejection period
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Doppler strain and strain rate are more sensitive 
than tissue Doppler imaging and conventional echo, 
and have been shown to detect preclinical abnormali-
ties in systolic function in patients with transplanted 
heart, diabetes mellitus, under antracycline or epirubi-
cin therapy, aortic coarctation, hypo/hyperthyroidism, 
acromegaly, GH deficiency, obesity, and rheumatoid 
arthritis.

Atrial myocardial Doppler strain and strain rate pre-
dicted maintenance of sinus rhythm after cardioversion.

Limitations of Doppler Strain  
and Strain Rate

The main limitation relates to reproducibility includ-
ing cardiac cycle-to-cycle variability (Fig. 5.9), vari-
ability from adjacent and overlapping ROI within the 
same myocardial segment in controls, and therefore, 
observer variability. Increasing ROI size, changing 
sample distance, and very high frame rate above 200/s 
do not totally solve these issues. There is spatial aver-
aging of calculated strain and strain rate values within 
the ROI, and a large ROI decreases noise with a reduc-
tion in axial resolution. Artifacts related to transla-
tional motion, respiration, rib artifact, and ROI close to 
the border of the image sector must be identified. In 
theory peak systolic strain rate is the best available 
parameter for measuring segmental function. Strain 
rate is more volume independent than strain. Diastolic 
strain rate might be more specific than systolic strain 
rate for the diagnosis of ischemia. However, Doppler 
strain rate curves are noisy and require very high frame 
rate obtained with the narrowest image sector. Doppler 
strain is obtained through integration of the strain rate 
signal and integration reduces noise. Therefore, a very 
noisy strain rate signal may coexist with a less noisy 
strain signal of questionable value. Switching the drift 
compensation function off is a way of assessing the 
quality of Doppler strain and strain rate data.

As lateral resolution of Doppler strain is influenced 
by beam width, it is unclear whether reliable resolution 
exists to separate endocardial from epicardial strain in 
longitudinal axis. Doppler strain and strain rate are 
angle-dependent Doppler techniques and are mainly 
used for the assessment of longitudinal deformation. 
We must keep in mind that loading variations and 
myocardial stiffness are important determinants of 

myocardial deformation. Doppler strain and strain rate 
should only be reported when the signal is consistent. 
Careful analysis of normal subjects is crucial before 
interpreting patient recordings. At the present time, the 
use of TDI and strain requires specific training before 
it can be applied to the clinical decision-making  
process. These limitations may explain why Doppler 
strain and strain rate have not been included into inter-
national guidelines of ischemic heart disease, valvular 
heart disease, and cardiomyopathy.

Non-Doppler Tissue Velocity  
and Non-Doppler Strain

Non-Doppler strain, 2D strain, or Speckle tracking 
echocardiography (STE) is a recent imaging technique 
that enables an objective assessment of three myocar-
dial deformation components: longitudinal, radial, and 
circumferential.13

Principle

Speckles are unique natural acoustic markers resulting 
from the interaction of ultrasound energy with tissue 
and are generated by the reflected ultrasound beam. 
Their size is 20–40 pixels. The speckle pattern is 
unique for each myocardial region and is relatively 
stable throughout the cardiac cycle. Each speckle can 
be identified and followed accurately over a number of 
consecutive frames. These markers are tracked by 
calculating frame-to-frame changes using a sum of 
absolute difference algorithm. The displacement of 
this speckled pattern is considered to follow myocardial 
movement, and a change between speckles represents 
myocardial deformation (strain). The geometric posi-
tion of speckles changes from frame to frame with sur-
rounding tissue motion. The geometric shift of each 
speckle represents local tissue movement. When track-
ing a defined region of speckles, a software algorithm 
extracts displacement, velocity, strain, and strain rate. 
Low image frame rate may not be adequate for strain 
rate calculations.

Using apical views, longitudinal velocity, longitu-
dinal strain, and longitudinal displacement can be calcu-
lated as well as transverse displacement. In short-axis 
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images radial strain (Fig. 5.13), radial displacement, 
circumferential strain, rotational velocity, and rota-
tional strain can be calculated for all myocardial seg-
ments (Figs. 5.14–5.16).

Validation

Using in vivo and in vitro models, STE has been vali-
dated as an angle-independent measurement of myo-
cardial strain showing good correlation and agreement 
with sonomicrometry and MRI tagging.

Requirements for Image Acquisition

Image acquisition for STE only requires storing a 
cineloop of a full cardiac cycle using conventional 

gray-scale imaging. Efforts should be made to visualize 
the endocardial border and obtain the best possible 
image quality. Frame rate must be between 40 and 90/s 
and is recommended to be above 70/s. Dual focus 
should not be used as it markedly decreases frame rate. 
Image sector width and depth are optimized to include 
only the region of interest. Optimization of gain and  
R wave amplitude on ECG trace are also required  
as well as breath holding. Harmonic imaging is now 
routinely used.

Postprocessing Analysis

STE analysis begins with the apical three-chamber 
view where aortic valve closure is visible. Aortic 
valve closure is automatically detected and could 
also be determined manually. Subsequently, R wave 

Fig. 5.13 (a) Radial non-Doppler peak systolic strain obtained 
in six myocardial segments from SAX view at mitral valve level 
in a patient with coronary artery disease. Radial strain is measured 
at the time of aortic valve closure. (b) Radial non-Doppler peak 

systolic strain obtained from SAX view at the apical level in the 
same patient. Radial strain is lower at the apex than at the base 
of the left ventricle
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Fig. 5.14 The bull’s eye diagram represents longitudinal peak 
systolic non-Doppler strain measured in all myocardial seg-
ments in a 25-year-old professional football player with LBBB. 

The three apical views recorded with conventional imaging are 
displayed to compare visual with quantitative assessment of 
regional wall motion abnormalities

to aortic valve closure time interval is used on the 
other views. This time interval is also checked 
against mitral valve opening, which is easily seen in 
apical views. End-systolic frames are used to trace 
endocardial border in a click-to-point approach, and 
the software automatically processes all frames of 
the loop. Three color-encoded parallel lines are cre-
ated and should be moving with the myocardial 
walls. When image quality is suboptimal manual 
correction of the endocardial line is required to 
improve wall tracking throughout the cardiac cycle. 
Segmental wall tracking and analysis cannot be per-
formed when the segment is poorly or not visualized 
and close to the image sector border. In addition to 
contour correction wall tracking width can be modi-

fied according to wall thickness in patients with 
dilated or hypertrophic cardiomyopathy.

The image is automatically divided into six seg-
ments, and parameters are generated for each segment 
based on the spatial and temporal shift of the corre-
sponding acoustic markers. Results are shown as traces 
in specific diagrams successively displaying strain, 
displacement, and myocardial velocities.

Normal Values

Longitudinal, circumferential, and radial strain have 
been obtained in normal adults using STE. Normal 
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Fig. 5.15 Individual non-Doppler strain curves obtained in myocardial segments of each apical view in the same patient as in  
Fig. 5.13. Septal strain curves are clearly identified

a

b
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values were 19 ± 4% for longitudinal midseptal strain, 
37 ± 17% for radial basal posterior strain, 21 ± 7% for 
circumferential basal posterior strain, −10.9 ± 3.3 for 
apical rotation, 4.6 ± 1.3 for basal rotation, and −14.5 
± 3.2 for torsion, respectively.13-15

Advantages of STE Over Doppler-Derived 
Deformation Imaging

Image acquisition is less demanding and all myocar-
dial segments can be interrogated. In contrast to tissue 
Doppler-derived parameters, STE is an angle-inde-
pendent technique as the movement of speckles can 

be followed in any direction. In addition to radial and 
longitudinal parameters, circumferential parameters, 
ventricular rotation, and twist can be obtained13,14 and 
three components of deformation (longitudinal, radial, 
and circumferential) are assessed. This is useful in 
patients without longitudinal motion. STE has better 
lateral resolution than tissue Doppler echocardiogra-
phy due to higher density of scan lines on conven-
tional echocardiography. STE also has better 
reproducibility as it does not require manual position-
ing of ROI, choice of ROI size, and ROI tracking. This 
technique generates bull’s eye plot of longitudinal 
global and segmental peak systolic strain (Figs. 5.14 
and 5.15). A similar technique uses arrows to display 
the direction and amplitude of motion at various points 

Fig. 5.16 (a) Rotation of the base of the left ventricle in 6 
myocardial segments throughout the cardiac cycle calculated 
from the SAX view at mitral valve level. (b) Rotation of the left 
ventricular apex throughout the cardiac cycle in the corresponding 

segments in the same patient. (c) The white line represents the 
torsion of the left ventricle throughout the cardiac cycle. 
Amplitude and timing of maximal torsion are visualized and 
measured
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in the heart. Intra- and interobserver variability were 
found to be lower ranging from 3.6 to 5.3% and 7 to 
11.8%, respectively.

As speckle tracking is not dependent on the angle of 
ultrasound beam or aliasing, experimental studies have 
tested the feasibility of STE for flow quantification. 
Preliminary results indicate the ability of speckle 
tracking to measure laminar flow in a phantom at a 
beam–vessel angle of 60°.

Applications

Regional LV function can be assessed by frame-by-
frame tracking of acoustic markers in 2D echocardio-
graphic images. Left ventricular torsion plays an 
important role with respect to LV ejection and filling. 
During the cardiac cycle, there is a systolic twist and 
an early diastolic untwist of the LV on its long axis 
because of oppositely directed apical and basal rota-
tions (Fig. 5.16). The magnitude and characteristics of 
this torsion deformation are a useful tool to assess LV 
systolic performance. Previously this component of 
LV contraction was only assessable by MRI tagging, 
and implementation has therefore been limited by 
complexity and cost. STE has demonstrated to provide 
accurate measurement of regional LV rotation and 
torsion13,14 with good correlation with sonomicrometry 
(r = 0.94, P = 0.001) and MRI (r = 0.85, P = 0.001).

Global longitudinal non-Doppler strain and strain 
rate have shown high sensitivity and specificity for 
the diagnosis of postmyocardial infarction patients.16 
Radial and circumferential non-Doppler strain has 
shown the ability to describe regional LV function 
assessed by MRI.

During stress echocardiography evaluation of 
regional left ventricular abnormalities is subjective, 
requires expertise, and is at best semiquantitative. A 
validation of speckle-derived longitudinal, circumfer-
ential, and radial strain has been performed during 
dobutamine stress using an open-chest animal model 
showing good correlation and agreement between 
STE and sonomicrometry at rest and during stress. 
Longitudinal and circumferential strains were abnor-
mal at rest during flow-limiting stenosis and during 
stress with nonflow-limiting stenosis, whereas radial 
strain was only abnormal during stress in the setting of 
flow-limiting stenosis. However, the non-Doppler 

strain technique does have tracking problems at peak 
stress in humans which may be related to hyperdy-
namic LV contractility and excessive annular motion 
in the base, making this technique challenging in the 
posterolateral circulation.17

Quantification of left ventricular dyssynchrony by 
echocardiography has emerged as an important poten-
tial means to predict improvement of symptoms and 
positive LV remodeling after cardiac resynchroniza-
tion therapy in patients with severe chronic heart fail-
ure.18,19 (Several studies suggested that measures of 
mechanical dyssynchrony by cardiac imaging are 
superior markers of response to cardiac resynchroniza-
tion therapy compared with QRS duration.18,19) STE 
radial LV dyssynchrony predicts both immediate and 
long-term response to cardiac resynchronization ther-
apy.20 STE detected radial dyssynchrony in a subset of 
patients with apical dysfunction who showed a favor-
able response to CRT, although they did not appear to 
have dyssynchrony by routine longitudinal tissue 
Doppler assessment. Circumferential STE delay was 
significantly lower in responders than in nonresponders 
to CRT and was improved by CRT. In patients with 
hypertrophic cardiomyopathy non-Doppler strain iden-
tified subclinical global systolic dysfunction. There 
was a good correlation in peak velocity and deforma-
tion values but moderate correlation in time intervals 
between STE and tissue Doppler imaging for the 
quantification of regional RV function.

Limitations

Poor image quality induces poor wall tracking which 
may be improved by alterations of endocardial border 
detection (Fig. 5.17). At present, STE algorithm does 
not work on contrast images. Non-Doppler strain rate 
may not be reliable when the frame rate is too low. 
Assessment of wall thickness is mandatory before 
image processing. In patients with apical hypertrophic 
cardiomyopathy increased wall thickness at the apex is 
often responsible for incorrect wall tracking especially 
in patients with apparent apical hypokinesia on con-
ventional images (Fig. 5.18). As parameters are aver-
aged over the whole myocardial segment, small regions 
of myocardial dysfunction may be overlooked. During 
the early stages of arrhythmogenic right ventricular 
cardiomyopathy localized right ventricular akinetic 
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areas with diastolic bulging and regional right ventric-
ular hypokinesia may not be detected by STE. Tracking 
problems at rapid heart rates have been described.17 
Other limitations are related to the out-of-plane motion 
of speckles, dropouts, and the ability to track speckles 
with sufficient temporal resolution. Radial strain mea-
surements did not correlate well with sonomicrometry, 
demonstrated larger variability, and have been mea-
sured in fewer locations compared with longitudinal 
strain. Although speckle-derived strain has been vali-
dated in various circumstances this recent technique 
needs further supporting data to extend its use in clini-
cal practice.

Conclusion

The improvement of diagnostic tools for an optimal 
assessment of global and regional myocardial  
performance is a work in progress. These techniques 
add substantial information on myocardial function 
compared with conventional echocardiography. 

Doppler and non-Doppler deformation parameters 
have provided new indices of global LV systolic 
performance that are not dependent on endocardial 
definition and less dependent on loading conditions. 
These modalities are more sensitive than conven-
tional echo in the detection of early abnormalities in 
systolic and diastolic function in a large range of 
cardiac diseases. Tissue Doppler imaging is more 
sensitive than conventional echocardiography, and 
strain/strain rate are more sensitive than myocardial 
velocities. Noninvasive hemodynamic assessment 
of LV filling pressure is currently one of the main 
applications of the technique. Myocardial velocity 
and deformation appear to be of optimal value if 
image acquisition and analysis are meticulous and 
the interpretation careful. However, the limitations, 
the lack of randomized and blinded studies in large 
populations, and the lack of outcome data may 
explain why these techniques have not yet been 
included into international guidelines of ischemic 
heart disease, valvular heart disease, and cardiomy-
opathy. Technical progresses may improve repro-
ducibility and wider clinical use.

c

Fig. 5.17 (a) Longitudinal non-Doppler strain curves in a patient 
with suboptimal 2D images showing no segmental abnormali-
ties. (b) After contour correction, peak systolic strain was reduced 

in basal inferior wall and in half of basal infero septum and pos-
terior wall. Wall tracking correction should be performed when 
wall tracking is not moving with the myocardial walls
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Fig. 5.18 Endocardial border delineation at the apex is chal-
lenging as the apex is in the near field of the image sector. (a) 
Longitudinal non-Doppler strain curves in a patient with apical 

hypertrophic cardiomyopathy showing paradoxical deformation 
of the apical region. (b) After contour correction, peak systolic 
strain values were highest at the apex
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Transesophageal echocardiography (TEE) involves 
ultrasound imaging of cardiovascular system from the 
confines of the gastroesophageal track. This helps 
reduce signal attenuation and permits the use of higher 
ultrasound frequencies, thereby providing an enhanced 
spatial resolution.

TEE for recording continuous-wave Doppler 
velocities of cardiac flow was first described by Side 
and Josling in 1971.1 Subsequently, the first transesoph-
ageal M-mode echocardiogram was reported by Frazin 
et al in 1976,2 while Hisanaga et al in 1977 illustrated 
the use of cross-sectional real-time imaging using a 
scanning device that consisted of a rotating single 
element in an oil-filled balloon mounted at the tip of 
the gastroscope.3 One year after their first report, 
Hisanaga et al also described a linear mechanical scanner 
that was suitable for transesophageal echocardio-
graphic studies, but its applications were limited due to 
rigidity of the mechanical sector scanning device. The 
initial acceptance of TEE was offset by the logistic 
difficulties of introducing rigid endoscopes. In 1982, 
Jacques Souquet produced the first mono- and multi-
plane electronic phased-array probes. The ensuing tech-
nological developments that facilitated the transition of 
TEE to its present clinical status included the introduc-
tion of flexible endoscope, miniaturization and 
improvements in transducer designs, serial improvement 
in scanning capabilities from monoplane, biplane to 
multiplane views (Table 6.1), and the addition of spec-
tral and color Doppler imaging. TEE is currently used 
in approximately 5–10% of patients being evaluated in 
the cardiovascular ultrasound imaging and hemody-
namic laboratory.

Patient Preparation and 
Instrumentation

TEE can be performed as an outpatient or inpatient 
procedure. Fasting based on conscious sedation guide-
lines, an intravenous access, careful history to rule out 
presence of laryngeal or gastroesophageal diseases, 
and removal of dentures are prerequisites.

Absolute contraindications to TEE include esopha-•	
geal stricture, diverticulum, tumor, and recent 
esophageal or gastric surgery.
Topical spray, intravenous sedation, a drying agent •	
to minimize oral secretion and use of appropriate 
lubrication are helpful. Although the risk of bacte-
rial endocarditis is extremely low and routine anti-
biotic prophylaxis before TEE is not advocated, 
occasionally, some high-risk patients such as those 
with prosthetic valves, multivalvular involvement, 
or those with a past history of infective endocarditis 
may require antibiotic prophylaxis. However, there 
is no sufficient scientific evidence that even this is 
necessary and the practice largely depends on local 
protocols.
Before the introduction of the scope into the esopha-•	
gus, the array is rotated to 0° to place the transducer 
into a conventional transverse plane. A bite guard is 
used always unless the patient is edentulous. Placing 
the imaging surface facing the tongue directs the 
ultrasound beam toward the anterior chest wall while 
the transducer is in the esophagus. The tip of the 
transducer is advanced into the esophagus gently 
without force and stopped if any resistance is 
encountered. After moving the transducer into the 
desired location, the probe is manipulated to orient 
the imaging planes for obtaining the desired cross-
sectional images. The multiplane TEE transducer 
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consists of a single array of crystals that can be elec-
tronically and mechanically rotated in an arc of 180° 
(Figs. 6.1–6.4). Scanning along desired planes is 
obtained by observing the images develop as the 
probe is manipulated, rather than by relying on the 
depth markers on the probe or the angle icon. There 
are individual variations in the anatomic relation-
ship of the esophagus to the heart; in some patients, 
the esophagus lies adjacent to the lateral portion of 
the atrioventricular groove, whereas in others it is 
positioned directly posterior to the left atrium. This 
relationship is taken into consideration when devel-
oping each desired cross-sectional view.

Although each of the views represents echocardio-•	
graphic image in cross-section, moving the probes 
through the entire extent of a structure permits a 
rapid 3-D evaluation of cardiac structures. Although 
the TEE study needs to examine all the regions of 
the heart and great vessels, examination can be ini-
tially targeted for resolving the primary issue for 
which TEE is being performed. Almost all views 

obtained by surface echocardiography can be dupli-
cated by TEE.

Left Ventricle

From the midesophagus, LV can be visualized by posi-
tioning the transducer posterior to the LA.

0–20°: The four-chamber view is obtained by rotat-
ing the multiplane angle from 0 to 10–20°.

80–100°: Midesophageal two-chamber view is 
developed by rotating the angle by 80–100°. Internal 
landmarks consist of the left atrial appendage and cor-
onary sinus.

120–160°: For obtaining the long-axis view, the 
angle is further rotated between 120 and 160°. Here 
the LV outflow and the ascending aorta can well be 
visualized.

Transgastric views: The transgastric views of  
the LV are acquired by advancing the probe into the 

Table 6.1 Transesophageal echocardiography cross-sections

Window (depth from incisors) Cross-section Multiplane angle range (°) Structures imaged

Upper esophageal (20–25 cm) Aortic arch long axis (s) 0 Aortic arch, left brachio v
Aortic arch short axis (t) 90 Aortic arch, PA, PV, left brachio v

Midesophageal (30–40 cm) Four chamber (a) 0–20 LV, LA, RV, RA, MV, TV, IAS
Mitral commissural (g) 60–70 MV, LV, LA
Two chamber (b) 80–100 LV, LA, LAA, MV, CS
Long axis (c) 120–160 LV, LA, AV, LVOT, MV, asc aorta
RV inflow-outflow (m) 60–90 RV, RA, TV, RVOT, PV, PA
AV short axis (h) 30–60 AV, IAS, coronary ostia, LVOT, PV
AV long axis (i) 120–160 AV, LVOT, prox asc aorta, right PA
Bicaval (l) 80–110 RA, SVC, IVC, IAS, LA
Asc aortic short axis (o) 0–60 Asc aorta, SVC, PA, right PA
Asc aortic long axis (p) 100–150 Asc aorta, right PA
Desc aorta short axis (q) 0 Desc thoracic aorta, left pleural space
Desc aorta long axis (r) 90–110 Desc thoracic aorta, left pleural space

Transgastric (40–45 cm) Basal short axis (f) 0–20 LV, MV, RV, TV
Midshort axis (d) 0–20 LV, RV, pap mm
Two chamber (e) 80–100 LV, MV, chordae, pap mm, CS, LA
Long axis (j) 90–120 LVOT, AV, MV
RV inflow (n) 100°–120° RV, TV, RA, TV chordae, pap mm

Deep transgastric (45–50 cm) Long axis (k) 0°–20° (anteflexion) LVOT, AV, asc aorta, arch

Reproduced with permission from the recommendations of American Society of Echocardiography4

Brachio v Brachiocephalic vein; PA pulmonary artery; PV pulmonic valve; LV left ventricle; LA left atrium; RV right ventricle; RA 
right atrium; MV mitral valve; TV tricuspid valve; IAS interatrial septum; LAA left atrial appendage; CS coronary sinus; AV aortic 
valve; LVOT left ventricular outflow tract; prox proximal; RVOT right ventricular outflow tract; SVC superior vena cava; IVC 
inferior vena cava; RPA right pulmonary artery; asc ascending; desc descending; pap mm papillary muscles
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stomach and anteflexing the tip. The short-axis  
view appears at 0°, whereas the long-axis view 
appears at 90°. The transgastric short-axis view of 

the LV at the level of midsegment is used for assess-
ing LV chamber size, wall thickness, and chamber 
functions.

Fig. 6.1 Multiplane transesophageal echocardiographic views (0, 
45, 90, and 135°) obtained from midesophagus. (RA right atrium; 
RAA right atrial appendage; TV tricuspid valve; RV right ventricle; 
LA left atrium; LV left ventricle; LVO left ventricle outflow; Asc Ao 

ascending aorta; MPA main pulmonary artery; R, L, and N right, 
left, and noncoronary aortic sinus). Reproduced with permission 
from the BMJ Publishing Group. Sengupta PP, Khandheria. 
Transoesophageal echocardiography. Heart. 2005;91(4):541-547

Fig. 6.2 Series of longitudinal views obtained with tip of 
transducer in midesophagus. The shaft of the scope is rotated 
to patient’s left for obtaining optimal image of the mitral 
valve (MV) and the left ventricular (LV) inflow views. 
Sequence of longitudinal views is obtained by progressively 

rotating the shaft of scope to the patient’s right. (RA right 
atrium; RAA right atrial appendage; TV tricuspid valve; RV 
right ventricle; LA left atrium; LV left ventricle; MV mitral 
valve; MPA main pulmonary artery; SVC superior vena cava; 
IVC Inferior vena cava)
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Fig. 6.4 Series of multiplane 
transgastric views. With tip of 
transducer in a stable transgastric 
position, the probe is rotated to 
obtain an array of short- and 
long-axis views.  
(AW anterior wall; IW inferior 
wall; VS ventricular septum;  
AL anterolateral papillary 
muscle; PM posteromedial 
papillary muscle; RVO right 
ventricular outflow; LA left 
atrium; LV left ventricle;  
LVO left ventricle outflow;  
VS ventricular septum)

Fig. 6.3 Series of multiplane apical long-axis TEE views 
obtained by rotating the probe through 0, 90, 135, and 180°. The 
two-chamber view is comparable to midesophageal two-cham-
ber view but with the transducer retroflexed and cardiac apex 
displayed upward. Long-axis view is comparable to midesopha-
geal long-axis view of left ventricular outflow but with trans-

ducer retroflexed and cardiac apex displayed upward. (Pul V 
pulmonary vein; VS ventricular septum; PM papillary muscle; 
LV left ventricle; MV mitral valve; TV tricuspid valve). 
Reproduced with permission from the BMJ Publishing Group. 
Sengupta PP, Khandheria. Transoesophageal echocardiography. 
Heart. 2005;91(4):541-547

Mitral Valve

The mitral valve is examined on TEE by using the 
four midesophageal and two transgastric views.  
The transmitral flow velocity profile is examined 

using spectral pulsed-wave Doppler (PWD) to evaluate 
LV diastolic function in the midesophageal four 
chamber or midesophageal long-axis view by placing 
the sample volume between the tips of the open 
mitral leaflets.
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0–20 degrees: The mitral valve leaflets in this view 
are visualized along the 4-C chamber view. The poste-
rior mitral leaflet P1 is to the right of the image display, 
and the anterior mitral leaflet A3 is to the left.

60–70 degrees: Further rotation of the imaging 
plane aligns it parallel to the line that intersects the two 
commissures of the mitral valve. Leaflet A2 is seen in 
the middle, while leaflets P1 and P3 are seen on the 
right and left sides, respectively.

80–100 degrees: This results in midesophageal 
two-chamber view in which leaflet P3 is displayed to 
the left and the leaflet A1 is on the right.

120–160 degrees: This forms the midesophageal 
long-axis view in which the posterior mitral leaflet P2 
is to the left of the display and the anterior leaflet A2 is 
to the right.

The transgastric basal short-axis view provides a 
short-axis view of the MV and is generally obtained 
at a multiplane angle of 0°. The transgastric two-
chamber view is useful for examining the chordae 
tendinae, which lie perpendicular to the ultrasound 
beam in this view.

Aortic Valve

Midesophagus: Once the aortic valve is viewed during 
its short axis from the transducer positioned in the 
midesophagus, the angle is further rotated to approxi-
mately 30–60° until a symmetrical image of all three 
cusps comes into view.

120–130 degrees: The long-axis view is the best for 
assessing the size of the aortic root by measuring the 
diameters of the AV annulus, sinuses of Valsalva, sino-
tubular junction, and proximal ascending aorta.

The transgastric views: Detailed evaluation of the 
valve anatomy is difficult in these views because the LV 
outflow tract and the aortic valve are located in the far 
field. Thus these views are primarily reserved for direct-
ing Doppler beam parallel to flow through the aortic 
valve, which is not possible from the midesophageal 
window. The transgastric long-axis view is developed 
by rotating the multiplane angle to 90–120°. For devel-
oping the deep transgastric view, the probe is advanced 
deep into stomach and flexed, turned, rotated, and 
advanced gradually with trial and error for developing 
an optimum view.

Left Atrium

Examination of the left atrium (LA) is initiated with 
the midesophageal four-chamber view. From 
midesophageal four-chamber view, the multiplane 
angle is rotated through 90° for obtaining orthogonal 
view of the LA. In each of the views the entire cham-
ber and its contents can be examined by panning the 
probe from top to bottom or by turning the probe from 
side to side. In the four-chamber view, the left atrial 
appendage (LAA) can be seen to open near the supe-
rior and lateral aspect of LA. The left upper pulmonary 
vein (LUPV) enters the LA just lateral to the LAA.

The left lower pulmonary vein (LLPV) enters the 
LA just below the LUPV and is then identified by turn-
ing the transducer slightly farther to the left and 
advancing 1–2 cm (Fig. 6.5).

In the four-chamber view, the right upper pulmo-
nary vein (RUPV) is imaged by turning the probe to 
the right at the level of the LAA. Like the LUPV, the 
RUPV can be seen entering the LA in an anterior to 
posterior direction. The right lower pulmonary vein, 
which enters the LA nearly at a right angle to the 
Doppler beam, can be identified by turning the probe 
slightly to right and advancing the probe by 1–2 cm.

90 degrees: The interatrial septum (IAS) is examined 
at the midesophageal level by moving the probe slightly 
to the right of midline and advancing and withdrawing 
the probe through its entire superior-inferior extent. 
From the midesophageal four-chamber view, the multi-
plane angle is rotated forward to approximately 90. The 
LAA is seen as an outpouching of the lateral, superior 
aspect of the LA. From there, the LUPV is identified by 
turning the probe slightly farther to the left.

80–110 degrees: The bicaval view is developed 
from the midesophageal two-chamber view by turning 
the probe to the right and rotating the multiplane angle 
forward between 80 and 110° until both the superior 
vena cava (SVC) and the inferior vena cava (IVC) 
come into view.

Right Ventricle

The examination of the right ventricle (RV) begins at 
the midesophageal four-chamber view.
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60–90 degrees: The RV inflow-outflow view can be 
developed by rotating the multiplane angle forward 
between 60 and 90° keeping the TV visible until the 
right ventricular outflow track opens up and the pul-
monic valve (PV) and the main pulmonary artery (PA) 
come into view.

The transgastric RV inflow view can be developed 
further by turning the probe to the right until the RV 
cavity is located in the center of the display and the mul-
tiplane angle is rotated forward between 100 and 120° 
until the apex of the RV appears in the left side of the 
display. This cross-section provides good views of the 
inferior (diaphragmatic) portion of the RV free wall.

Tricuspid Valve

The tricuspid valve can be visualized in the midesoph-
ageal four-chamber view.

The multiplane angle can be further rotated to 
develop the midesophageal RV inflow-outflow view, 
and these views are repeated with color flow Doppler 
to detect flow abnormalities of the TV.

The transgastric views of the TV are obtained by 
advancing the probe into the stomach and developing 
the transgastric RV inflow view. A short-axis view of 
the TV can be developed by withdrawing the probe 
slightly toward the base of the heart until the tricuspid 

annulus is in the center of the display and rotating the 
multiplane angle backward to approximately 30°.

Right Atrium

The examination of the RA is initiated from the midesoph-
ageal four-chamber view followed by the midesophageal 
bicaval view developed by rotating the multiplane angle 
between 80 and 110°. This view also provides good 
images of the right atrial appendage that emanates from 
the superior, anterior aspect of the RA.

Pulmonary Artery

The midesophageal short-axis view at the level of the 
aortic valve provides a view of the pulmonary veins 
and the main pulmonary artery (PA).

0 degrees: The multiplane angle is rotated back 
toward 0° and the probe is anteflexed or withdrawn 
slightly to display the bifurcation of the main PA with 
the right PA at the top of the display coursing off to 
the patient’s right. The left PA arches over the left 
mainstem bronchus after bifurcating from the main 
PA and is difficult to visualize with TEE due to the 
intervening airway.

Fig. 6.5 Simultaneous TEE visualization of upper and lower 
pulmonary veins. For imaging of the right pulmonary veins (left 
panel), the angle is maintained at 70–80° in midesophagus and 
rotated rightward, whereas for imaging the left pulmonary 

veins(right panel), the angle is rotated at 100–110° and the 
scope is rotated to left. (RUPV right upper pulmonary vein; 
RLPV right lower pulmonary vein; LUPV Left upper pulmonary 
vein; LLPV left lower pulmonary vein)
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The midesophageal RV inflow-outflow view dis-
plays the pulmonary veins in long axis and is useful for 
detecting pulmonic regurgitation by color flow Doppler. 
The main PA and the pulmonary veins can also be seen 
in the upper esophageal aortic arch short-axis view.

Thoracic Aorta

Midesophageal views can be used for assessing the 
ascending aorta in its short-axis view by adjusting the 
angle until the vessel appears circular, usually between 
0 and 60°. The probe can be advanced or withdrawn 
for examining different levels of the aorta.

100–150 degrees: The multiplane angle can be 
rotated between 100 and 150° to develop the midesoph-
ageal ascending aortic long-axis view in which the 
anterior and the posterior walls of the aorta appear par-
allel to one another.

Descending aorta: TEE examination of the descend-
ing thoracic aorta is accomplished by turning the probe 
to the left from the midesophageal four-chamber view 
for displaying the descending aortic short-axis view.

The aortic arch is imaged with the multiplane angle 
at 0° by withdrawing the probe while maintaining an 
image of the descending thoracic aorta until the upper 
esophageal window is reached. The multiplane angle 
is rotated to 90° to develop the upper esophageal aortic 
arch short-axis view, and the probe is turned to the 
right to move the imaging plane proximally through 
the arch and to the left to move distally.

Clinical Applications

Infective Endocarditis

TEE is superior to transthoracic echocardiography 
for better delineation of the shape and size of vegeta-
tions and for assessing the structural complications 
such as myocardial abscess, fistulas, mycotic aneurysms, 
valvular aneurysms or perforations, flail leaflets or 
prosthetic valve dehiscence.5 TEE is also more supe-
rior than transthoracic echocardiograms TEE has a 
higher sensitivity (76–100%) and specificity (94%) 
than transthoracic echocardiography for diagnosing 

perivalvular extension of infection.6 The cost 
effectiveness and incremental utility of TEE when 
used in conjunction with the clinical information is 
particularly higher in patients who have an intermedi-
ate clinical likelihood of infective endocarditis.7 A 
negative TEE in a patient with suspected infective 
endocarditis virtually rules out an infection of the 
native valve, except in very early phases of the dis-
ease when vegetations may not be detected. When 
clinical suspicion of infective endocarditis is high 
and results from TEE are negative, a repeat TEE is 
warranted within 7–10 days, which may demonstrate 
previously undetected vegetations or abscess.

Evaluation of Prosthetic Valves

TEE is the procedure of choice for detecting abnormal-
ities of mitral valve prostheses (perivalvular regurgita-
tions, cusp abnormalities in tissue prosthesis, embolic 
events, patient-prosthesis mismatch, and malfunction 
of repaired valves and implanted rings) (Fig. 6.3).8 
The aortic valve lies in a plane perpendicular with the 
esophagus, with a flow that has an asymmetric profile; 
therefore, assessment of a prosthetic aortic valve by 
TEE may be more challenging. However TEE is useful 
in detecting abnormalities of aortic valve prosthesis, 
particularly those related to periprosthetic tissue. A 
deep transgastric view is required for assessing the gra-
dient across the prosthesis and for better assessment of 
prosthetic aortic valve regurgitation.

TEE is also useful in diagnosing prosthetic valve 
thrombosis and for assessing success of thrombolytic 
therapy. TEE allows a close examination of the sewing 
ring and the occluder, thus helping differentiate pan-
nus from a thrombus and for establishing the mecha-
nism of an incomplete occluder opening. TEE is also 
useful in providing a high-resolution assessment of 
valves in tricuspid and pulmonic positions.

Cardioembolic Strokes

The likelihood of identifying a potential cardiac source 
of emboli depends on how thoroughly a patient is eval-
uated. TEE has a higher accuracy in identifying abnor-
mal lesions in patients with cardioembolic strokes.9 
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These include abnormalities of the left and right atrium 
and appendages, intra-atrial septum, patent foramen 
ovale, atrial septal aneurysm, vegetations, spontaneous 
contrast, left ventricular clots, and various cardiac 
masses.

The diagnostic yield of TEE for a cardiac source of 
emboli in a group of patients presenting with unex-
plained stroke or transient ischemic attacks is high 
with potential lesions identified in over 50% of the 
studies. However, one-third of patients who have a car-
dioembolic stroke also have concomitant cerebral or 
vascular atherosclerosis, which can confound the diag-
nosis. Moreover, no absolute clinical or laboratory 
gold standard exists for diagnosing a potentially cardi-
oembolic lesion; hence, risk stratification schemes 
have been suggested based upon strength of the asso-
ciation of a given lesion with ischemic strokes.

Atrial Fibrillation

Atrial arrhythmias predispose to emboli formation. A 
sustained impairment or transient stunning results in 
poor emptying and enlargement of left atrium and left 
atrial appendage, leading consequently to stasis and 
thrombus formation. Transient paroxysms of atrial 
fibrillation may lead to thrombus formation in the left 
atrium. Left atrial thrombus may be detected in the 
presence of sinus rhythm.10 Conversely, the lack of 
visualization of appendage thrombi on TEE after 
stroke does not exclude the appendage as the embolic 
source. In absence of well-formed thrombi, a dense 
spontaneous contrast has been shown to be a strong 
predictor of ischemic strokes. An annual thromboem-
bolic event rate of 12% has been observed in patients 
with spontaneous echo contrast compared to 3% in 
patients without it.11

In patients with atrial fibrillation, clinical and 
echocardiographic markers of thromboembolism are 
helpful for risk stratification and include a history of 
hypertension, a previous thromboembolic event, and 
heart failure. Echocardiographic risk factors include 
left ventricular systolic function, left ventricular hyper-
trophy, left atrial enlargement, and spontaneous 
echocardiographic contrast. The absolute risk of stroke 
in atrial fibrillation shows marked variation with age 
and coexisting cardiovascular diseases, ranging from 
2 to 18% per year depending on the investigated patient 

population.12 Short-term anticoagulation combined 
with TEE before cardioversion has been suggested to 
be an effective alternative to 3–4 weeks of empiric 
anticoagulation before cardioversion.13 Economic 
analysis of TEE-facilitated acute cardioversion has 
been shown to result in higher initial treatment costs 
but a lower subsequent outcome-associated cost, 
resulting in no significant cost difference between the 
two strategies.14

Aortic Diseases

Transesophageal examination is extremely valuable 
for managing patients with aortic diseases (aortic dis-
sections, intramural injury, and aortic trauma).15 In a 
comparative imaging of multilane TEE with spiral CT 
and MR imaging, the sensitivity and specificity of TEE 
for diagnosing aortic dissections has been reported as 
98 and 95%, respectively.16 However care needs to be 
taken to differentiate reverberation artifacts. Conversely 
false-negatives may occur when small dissections are 
located within upper ascending aorta or proximal aor-
tic arch. The reverberation artifacts may be differenti-
ated using M-mode echocardiography. The chief 
advantage of TEE in imaging aortic dissections is that 
it provides diagnostic information faster than other 
modalities and, the only modality which can be used 
intraoperatively during surgery. TEE has also been 
found useful in screening patients with suspected aortic 
trauma and for diagnosing acute aortic intramural 
hematomas.

There may be an association between large athero-
mas in the ascending aorta and the aortic arch and an 
increased risk of cerebral embolic events in patients 
older than 60 years. Morphologic features such as 
atheroma protrusion and ulceration have been shown 
to carry significantly higher risk of embolic events, 
particularly after cardiopulmonary bypass or follow-
ing invasive procedures such as cardiac catheterization 
or intra-aortic balloon placement. Although TEE has 
been used to assess atheromas and their morphologies, 
it is not clear whether atheroma thickness is directly 
related to the mechanism of stroke or represents a 
marker for other conditions. In a recent study, the asso-
ciation between previous ischemic strokes, transient 
ischemic episodes, and aortic atherosclerosis was 
found to be insignificant once age and gender-related 
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adjustments were made.17 The overall importance of 
aortic atherosclerosis in the pathogenesis of cerebro-
vascular accidents is thus not clear and needs to be cor-
related with associated risk factors such as hypertension, 
coagulation, and lipid disorders.

Cardiac Masses

TEE is superior to transthoracic echocardiography in 
delineating cardiac masses and masses adjacent to the 
heart, such as in the pulmonary arteries and mediasti-
num. It is particularly useful for differentiating struc-
tural features such as site of attachment, consistency as 
in cystic vs. solid, and infiltration into surrounding 
structures, that are useful for differentiating thrombi 
and benign from malignant neoplasms. TEE is particu-
larly advantageous in detecting masses posterior to 
mechanical devices or in left atrial appendages. TEE is 
also useful in detection of thrombi lying in the proxi-
mal portion of the pulmonary arteries.18

Congenital Heart Diseases  
and Intracardiac Shunts

Transesophageal echocardiography is superior to rou-
tine surface echocardiography for the evaluation of 
specific cardiac defects, such as certain types of atrial 
septal defects, anomalous pulmonary venous connec-
tions, and complex cardiac malformations. The tech-
nique is particularly useful in atrial septal defects. 
Sinus venosus defects and anomalous pulmonary vein 
drainage are detected more easily by TEE as compared 
to transthoracic echocardiography because of the prox-
imity of the transducer to the atrial septum.

TEE is recommended in any patient with an unex-
plained dilatation of the right side of the heart for rul-
ing out a sinus venosus atrial septal defect and 
associated pulmonary venous abnormalities.19

TEE is also useful for visualizing the margins of an 
atrial septal defect for defining candidates who may 
benefit from nonsurgical device closure of the defect.

 TEE has been used for detecting shunt flow across 
foramen ovale in adults. Patent foramen ovale (PFO) 
and stroke remain a subject of intense investigation with 
no clear answers. Patent foramen may also be associated 

with atrial septal aneurysms (Fig. 6.6 ), and presence of 
both these lesions has been also been implicated in 
recurrent embolic strokes.20 Administration of intrave-
nous contrast is important for defining patency at rest. 
A right to left shunting of three or more contrast bubbles 
during normal breathing is diagnostic for presence of a 
PFO. The sensitivity of an intravenous injection of 
contrast in detecting a PFO improves threefold if an 
injection is given through the femoral vein in contrast to 
antecubetal vein.

Critically Ill Patients

The limited acoustic windows in critically ill patients 
make TEE an attractive alternative to transthoracic 
echocardiography. In addition to the usual indications 
for TEE (suspected endocarditis, source of embolus, 
and suspected aortic dissection), there are several indi-
cations that are unique to critical care patients. These 
include:

1. Assessment of unexplained hypotension,
2. Suspected massive pulmonary embolism,
3. Unexplained hypoxemia, and
4. Complications of cardiothoracic surgery.

Unlike transthoracic echocardiography, TEE can 
visualize emboli lodged in the proximal pulmonary 
arteries. The right pulmonary artery can be observed 
for most of its course; however, the left pulmonary 

Fig. 6.6 Transesophageal echocardiography for delineating 
atrial septal aneurysm (arrows)
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artery rarely can be observed beyond its first two 
centimeters.

Less common indications for TEE in the critical 
care unit include continuous hemodynamic monitoring, 
evaluation of potential transplant donors, and guidance 
of central-line placement. The recent development of 
transnasal TEE probes may allow for monitoring in the 
awake patient. The potential benefits of the transnasal 
probe include less risk for esophageal trauma in 
patients with varices or coagulopathies and less need 
for sedation in those with compromised respiratory or 
hemodynamic status.

Perioperative and TEE During Procedures

TEE is valuable in the perioperative period and can 
provide incremental information for either changing 
the preoperative plan or prompting immediate revision 
of hemodynamically significant residual defects.

Intraoperative TEE is extremely useful in patients 
undergoing valve repairs, replacements, and reoperative 
surgeries. In patients undergoing mitral valve repairs, 
TEE is extremely useful for the surgeons in making a 
decision about the choice of the surgical procedure 
which may include chordal shortening, chordal transfer, 
artificial chords, posterior leaflet sliding technique, 
anterior leaflet resection, or placement of annular ring. 
Routine intraoperative echocardiography has also been 
found to be cost effective in children undergoing cardiac 
surgery for congenital heart lesions.21

Transeosphageal echocardiography also plays a role 
in the interventional laboratory for percutaneous inter-
ventions such as transcatheter closure of atrial septal 
defects (Fig. 6.7) and ventricular septal defects. It is 
used before the procedure for identifying the defect, 
excluding multiple defects, measuring the adequacy of 
the rim of the interatrial septum and its distance from 
the pulmonary vein and the mitral valve and superior 
vena cava, balloon sizing of the stretched diameter, and 
for proper placement of the occluder. TEE is also used 
as an important imaging modality for blade atrial sep-
tostomy and closure of baffle fenestrations following 
total caval pulmonary connection and closure of baffle 
leak following the Mustard or Senning surgeries.

Other interventional procedures where TEE is useful 
include balloon mitral valvuloplasty, nonsurgical reduction 
of ventricular septum in patients with hypertrophic 

cardiomyopathy, and trans-septal catheterization for 
placement of catheter during radiofrequency ablation of 
cardiac arrhythmias.

TEE also plays an important role in patients with 
heart failure undergoing implantation of left ventricu-
lar assist devices for selecting the type of the assist 
device necessary (right vs. left or biventricular), opti-
mization of device performance, the evaluation of 
hypoxemia, and the determination of patient’s ability 
to be weaned from the mechanical device.22 A correct 
positioning of cannula under TEE guidance optimizes 
the LV filling, besides intraoperative recognition of 
right ventricular failure, which can decrease pump 
flow due to inadequate left-sided filling.

Pitfalls

TEE needs expertise for avoiding potential erroneous 
diagnosis resulting from misinterpretation of normal 
and abnormal anatomy (Figs. 6.8–6.10).

•	 Air within the esophagus and stomach, or an air-
filled trachea and bronchi intervening between 
probe and cardiac structures can consistently pro-
duce artifacts or interfere with certain tomographic 
views.

•	 Reverberation signals or ghost shadows are common 
and result from impedance mismatch resulting in 
linear artifacts most commonly seen in the upper 
ascending and mid-descending aorta. Imaging of 
the upper ascending aorta with the horizontal plane 

Fig. 6.7 Amplatzer device (arrows) positioned across an atrial 
septal defect
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is limited by a blind spot caused by interposed 
bronchus between the esophagus and upper ascending 
aorta.

•	 Normal anatomy may be interpreted abnormal. 
These include muscular trabeculations in the atrial 

appendage mistaken as mass or thrombus, the terminal 
portion of the partition between the left atrial 
appendage and left upper pulmonary vein appearing 
as a globular mass, fat-laden fossa ovalis or lipoma-
tous hypertrophy of the atrial septum interpreted as 

Fig. 6.8 (a, b) Appearance of pectinate muscle in right and left atrial appendage, respectively, which may be confused as thrombi. 
(c, d) Appearance of Eustachian valve in the right atrium which may be interpreted as an abnormal structure
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a mass, and surgical sutures appearing filamentous 
or pedunculated and interpreted as mass or 
vegetations.

•	 “Echo-free spaces”: Certain normal structures gen-
erate echo-free spaces and may be incorrectly inter-
preted as cysts or abscesses. These include the 
transverse and the oblique sinus.

•	 Other difficulties that may be encountered during 
TEE include the adequate visualization and quantifi-
cation of aortic valve regurgitation, aortic valve, and 
pulmonary valve gradient estimation and nonfore-
shortened visualization of the left ventricular apex.

Finally, ultrasound transducers generate heat. During •	
prolonged monitoring, the device may be required to 
be shut down periodically to allow cooling.

Complications

Procedural risks are low in trained hands. However, 
they need to be explained clearly to the patient. These 
include transient throat pain, laryngospasm, aspiration, 
hypotension, hypertension, tachycardia, mucosal 

Fig. 6.10 Reverberation artifacts in descending thoracic aorta

Fig. 6.9 Diagnostic pitfalls during TEE. Lipomatous inter-
atrial septum (panel A), the membrane of the fossa ovalis is 
spared while the remaining septum is thickened resulting in a 

dumbbell mass like appearance. Panel B shows normal appear-
ance of the transverse sinus which appears as an echo-free 
space
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bleeding, esophageal rupture, and rare risk of death. 
Benzocaine topical spray can cause toxic methemo-
globinemia. The treatment is administration of methyl-
ene blue in addition to supportive measures. Being 
semi-invasive, appropriate training requirements are 
needed and have been laid down by both the American 
Society of Echocardiography23 and the British Society 
of Echocardiography.

Conclusions

Easy applicability, lower costs, portability, and instan-
taneous availability of test results have made TEE a 
valuable imaging modality in clinical cardiology. The 
utility of TEE in visualizing cardiovascular structures 
and its incremental value over transthoracic echocar-
diography have been well established. Future minia-
turization of the TEE transducer design is likely to 
improve application in a wider subgroup of patients 
including premature infants, children, pregnant women, 
and patients with hemodynamic instability. A smaller 
probe design would help minimize discomfort from 
longer monitoring of cardiovascular hemodynamics 
and therapy.

TEE provides high-quality 2-D images, which there-
fore provide a basis for 3-D reconstructions. Since the 
atrial cavities lie close to esophagus, TEE is likely to be 
useful for 3-D imaging of regurgitation jets, particularly 
those with eccentric orifices and orientations. Real-time 
3-D imaging would also facilitate accurate monitoring 
of catheter-based techniques, radiofrequency ablations, 
and for intraoperative monitoring of surgical techniques 
that require appreciation of complex geometries like the 
valves and the subvalvular apparatus.
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Section 2
Valvular Heart Disease



Introduction

There have been dramatic changes in the incidence of 
valve disease over the past decade. With the decline of 
rheumatic fever, the incidence of rheumatic heart dis-
ease has been reduced. In contrast, people now live a 
lot longer than 10–20 years ago, which has led to the 
increase of degenerative valve disease and in particular 
aortic stenosis. Valvular aortic stenosis is now the 
commonest valve lesion seen in adult cardiological 
practice in the Western world.

Etiology

Can be separated into three categories according to the 
location of the stenosis, valvular, subvalvular, and 
supravalvular.

Valvular

Calcific degenerative aortic stenosis•	
Bicuspid aortic valve•	
Rheumatic heart disease•	
vegetations (infective/sterile)•	
Inflammatory disorders (SLE)•	

Calcific Degenerative Aortic Stenosis

Today, aortic stenosis has become a disease of the 
elderly, and it is by far the commonest cause of aortic 
stenosis. The valve is tricuspid and the cusps thick-
ened, fibrotic, and calcified with reduced overall 
mobility. It is an active process similar to atherosclero-
sis in the majority of patients. The calcification may 
extend down to the mitral annulus in the most severe 
cases (Fig. 7.1).

Aortic sclerosis is probably an early stage of the 
disease progression and is characterized by focal areas 
of cusp thickening without affecting the mobility of 
the cusps and not associated with a significant gradient 
(>30 mmHg). Clinically, with the exception of a sys-
tolic murmur due to the turbulence, the signs of aortic 
stenosis are absent (slow rising pulse and soft second 
heart sound).

Calcific aortic stenosis is a progressive disease and 
the overall rate of hemodynamic progression is pre-
dictable with an average annual increase in aortic jet 
velocity of 0.3 m/s, mean gradient of 7–8 mmHg, and 
a decrease in valve area of 0.1 cm2. Echocardiography 
therefore is pivotal to follow disease progression and 
predicting clinical outcome.

Bicuspid Aortic Valve

This is the most frequent cause of isolated aortic steno-
sis in patients under 50 years. It may be separated into 
two types: the true bicuspid valve, which is associated 
with two, usually asymmetric aortic sinuses with the 
larger anterior and the smaller posterior. The valve will 
open in an oblique fashion seen from short-axis pro-
jections (Fig. 7.2). From the parasternal long axis, it 
will appear doming in systole with the narrowest 
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orifice area about 1 cm above the cusp insertion 
(Fig. 7.3). The commonest form is a bicuspid valve 
associated with a fusion between two cusps or raphe, 
and it is associated with three aortic sinuses often 
asymmetrical.

In most instances, there will be a dilation of the 
ascending aorta beyond the sinotubular junction sug-
gestive of a poststenotic dilatation. It is important to 
identify whether or not there is such a poststenotic 

dilatation and how much it is as it is recommended that 
if the dilation is more than 55 mm, then the surgeon 
needs to replace the ascending aorta at the same time 
as the aortic valve. Figure 7.4 is from a patient with a 
bicuspid aortic valve and a poststenotic dilatation of  
55 mm. This patient went on to have an aortic valve 
replacement together with an interposition graft in the 
ascending aorta.

Far less common are unicuspid or quadricuspid 
valves, which probably are the commonest cause of 
severe aortic stenosis in infancy.

Fig. 7.1 Parasternal long-axis view from a patient with calcific 
aortic stenosis. Note the extensive calcification of the aortic 
valve extending up on the aortic root and down the mitral 

annulus. On the right, continuous-wave Doppler from the same 
patient demonstrating a significant gradient (mean) of 48 mmHg 
LA left atrium, LV left ventricle

Fig. 7.2 Short-axis projection from a 28-year-old patient with a 
true bicuspid aortic valve. Notice the two aortic sinuses arranged 
in an oblique fashion with one anterior (top) and one posterior 
(bottom) cusps

Fig. 7.3 Long-axis projection from another patient with a 
bicuspid aortic valve. Notice that in systole, the aortic cusps are 
doming toward the ascending aorta (arrow)
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It is important to remember that congenital abnormali-
ties of the aortic valve may be associated with other car-
diac lesions such as coarctation of the aorta so that a 
careful exploration of the descending aorta may be 
necessary.

Rheumatic

Rheumatic disease affects predominantly the mitral 
valve leading to mitral stenosis (Fig. 7.5). Here, the 
characteristic findings are:

Diastolic doming or the anterior leaflet•	
Fixed posterior leaflet•	
Commissural fusion (from short-axis projections)•	
Chordal thickening•	
Involvement of the aortic valve (thickening)•	
Dilated left atrium•	
Normal size left ventricle•	
Usually atrial fibrillation present•	

The aortic valve is almost invariably affected to a 
variable degree. The rheumatic process affects the free 
edges of the valve cusps, leading to thickened valve 
cusps and fused commissures (Fig. 7.6). There is often 
some retraction and shortening of the cusps leading to 
the inability of the valve to close properly causing 
some regurgitation. Frequently however the aortic 
valve morphology is similar to that of calcific degen-
erative disease except that here the mitral valve is 
abnormal too.

Disease progression in rheumatic aortic stenosis is 
slower than that in calcific degenerative disease, and it 
can take years before becoming severe.

Vegetations

Infective endocarditis can affect the aortic valve with 
local growth of vegetations (Fig. 7.7). Vegetations are 
mobile structures, often pedunculated that do not affect 
the valve mobility. Aortic vegetations with the ensuing 
aortic regurgitation may contaminate the mitral valve, 
usually the anterior mitral leaflet, and it is important 

Fig. 7.4 Another patient with a bicuspid aortic valve. Here we can 
clearly see a poststenotic dilatation of the ascending aorta and 
some of the basic measurements at the sinotubular junction (34 
mm) and the proximal ascending aorta (55 mm) LV left ventricle

Fig. 7.5 Parasternal long-axis projection from a patient with 
rheumatic valve disease. Notice that the mitral valve is grossly 
abnormal (see text) with a dilated LA. In addition, the aortic 
valve is thickened at the tips with reduced mobility

Fig. 7.6 Parasternal short-axis projection from the same patient 
with rheumatic valve stenosis. Here it shows the classic thickening 
at the aortic cusp tips of all three cusps with commissural fusion
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therefore always to also look at the mitral valve for 
possible signs of infection or indeed perforation. 
Endocarditis will predominantly lead to valve destruc-
tion and regurgitation, and it is very rare for the vege-
tations to become so large and obstructive.

There are however other types of vegetations which 
are sterile and may be the result of a tumor (marantic 
endocarditis) or lupus erythematosus.

Subvalvular Aortic Stenosis

Discrete Subaortic Membrane

This is a rare congenital abnormality caused by a fibro-
muscular ring obstructing the left ventricular outflow 

track approximately 1 cm below the aortic cusp inser-
tions. From parasternal long-axis projections this is 
seen as a short notch dipping down from the proximal 
septum and another notch rising from the root of the 
anterior mitral leaflet upward (Fig. 7.8). It is associated 
with turbulent flow in the subaortic area.

Hypertrophic Cardiomyopathy

An autosomal dominant familial disorder causing sud-
den death in the young. It is characterized by asym-
metric left ventricular hypertrophy in about 40% of 
patients.

There are several phenotypic and genotype varia-
tions (see Chap. 20), but it can be associated with 

Fig. 7.7 Transesophageal images from a patient with a seemingly normal aortic valve but with clear vegetations of the aortic cusps. 
The valve itself opened fully and had a normal mobility

Fig. 7.8 Parasternal long-axis (left) and apical 5-chamber view (right) from a patient with subaortic stenosis. Notice the shelf-like 
structure just below the aortic cusps insertion creating a narrowing of the outflow track
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marked hypertrophy of the proximal ventricular 
septum, which may lead to a functional obstruction 
to the left ventricular outflow. Here characteristi-
cally, the aortic valve is structurally normal and the 
outflow track velocity high with a characteristic late 
picking (scimitar) appearance.

Supravalvular Aortic Stenosis

Familial Hypercholesterolemia

Familial hypercholesterolemia (FH) is characterized 
by dominantly inherited hypercholesterolemia, early 
appearance of cutaneous and tendon xanthomata, 
and a predisposition to premature cardiovascular 
disease. Inheritance of one mutant gene causes 
heterozygous FH (1:500), while inheritance of two 
mutant genes gives rise to phenotypic homozygosity 
(1:1,000,000).

The commonest abnormality is that of a small 
aortic root and aortic sinuses with highly echogenic 
walls.1 Premature coronary artery disease is com-
mon in FH, while atheromatous involvement of the 
aortic valve and root is almost always present in 
homozygotes.

Lipid infiltration with consequent thickening of 
the aortic cusps is a unique feature of homozygotes 
and can affect the valve’s mobility (Fig. 7.9a). 
However, atherosclerotic involvement of the aortic 
root is an even more common complication, rarely 
reported in heterozygotes, and leads to ostial steno-
sis and “supravalvar” aortic stenosis. The character-
istic findings are those of a funnel-like narrowing of 
the aortic root, which is highly echogenic with small 
but mobile aortic leaflets. The ascending aorta 
extends to its normal size after several centimeters 
(Fig. 7.9b).

William’s Syndrome

This is a rare congenital abnormality caused by a con-
strictive ridge of fibrous tissue at the level of the sino-
tubular junction. The condition is most often associated 
with Williams–Beuren syndrome characterized by an 
“elfin” facies, mental retardation, low-set ears, strabis-
mus, hypercalcemia, and multiple pulmonary artery 

stenosis. In its extreme form it is part of the hypoplas-
tic left heart syndrome.

There may be three anatomical variables:

An hour-glass type with an annular constriction at •	
the sinotubular junction
A membranous type with a fibromuscular diaphragm•	
A hypoplastic type, in which part of the ascending •	
aorta is underdeveloped

Fig. 7.9 Parasternal long-axis projection (a) from a patient with 
familial hypercholesterolemia. Here the aortic root is narrowed 
with thickening of the cusps, which maintained a good overall 
mobility. The ascending aorta is of normal size, thus creating the 
appearance of a funnel on the aortogram (b)
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The Role of Echocardiography

The role of echocardiography in patients with aortic 
stenosis is:

To evaluate the level of stenosis and describe the •	
anatomy
To evaluate the severity of stenosis•	
To assess the left ventricle•	

Evaluate the Level of Stenosis  
and Describe the Anatomy

The strength of echocardiography is its spatial resolu-
tion and thus the ability to describe the various compo-
nents of the aortic root, ascending aorta, and valve in 
great detail. If the valve is normal with freely moving 
cusps, this excludes aortic stenosis at valve level. The 
best projections for the anatomic description are the 
parasternal long- and short-axis views.

A systematic evaluation of the subaortic region, 
aortic sinuses, the sinotubular junction, and ascending 
aorta is mandatory. If pathology is strongly suspected 
yet transthoracic imaging is suboptimal, a transesoph-
ageal examination of the aortic root and valve may be 
necessary.

Very often following a valvular aortic stenosis, par-
ticularly of a bicuspid valve, there is a degree of post-
stenotic dilatation of the ascending aorta, above the 
sinotubular junction. This is important to notify as 
when the dilatation exceeds 55 mm, there may be an 
indication for the surgeons to also replace part of the 
ascending aorta at the same time as replacing the aortic 
valve. The poststenotic dilatation of the ascending 
aorta is almost exclusively seen in congenital aortic 
valve stenosis, and it is probably due to the eccentric 
jet impinging on to a soft aortic wall leading to its 
expansion.

Evaluate Severity of Stenosis

This is performed with a combination of Doppler 
echocardiography and two-dimensional imaging. 
Doppler echocardiography is used for the determination 

of the direction and velocity of a moving blood vol-
ume, the estimation of valvular gradients, and the esti-
mation of intracardiac pressures.

Doppler ultrasound measures the difference between 
the transmitted and returned frequencies. This change 
in frequency occurs when the ultrasound wave hits the 
moving blood cells. The faster the blood flow in rela-
tionship to the transducer, the greater the change in 
frequency. Normal blood flow is laminar; the direction 
and the velocity of red blood cells are approximately 
the same at one time. When there is disturbance to this 
blood flow there is disruption to the normal laminar 
pattern becoming turbulent. Most of the time turbulent 
blood flow indicates underlying pathology. In aortic 
stenosis there will be both an increased turbulence and 
a marked rise in blood flow velocity at the level of 
stenosis.

Pressure Gradients

Pressure gradients (PG) across a stenotic aortic valve 
may be measured using the Bernoulli equation:

 ( )= −2 2
2 1PG(mmHg) 4 ,V V

where:

–  V
1
 is the velocity in the LV outflow track, usually 

measured by Pulsed-wave Doppler at the level 
where the outflow velocity is aliasing using color 
Doppler (apical five-chamber projection)

–  V
2
 the velocity across the aortic valve measured by 

continuous-wave Doppler

When the proximal (outflow) velocities are below  
1 m/s, it is acceptable to ignore this and simply square 
and multiply by 4 the maximal transaortic velocity.

 = 2PG(mmHg) 4 .V

It is important to remember that the maximum instan-
taneous pressure gradient obtained by Doppler is dif-
ferent from peak-to-peak pressure gradient frequently 
measured in the catheterization laboratory, so that the 
two are not comparable (Fig. 7.10). The latter is a non-
physiologic parameter since the peak LV pressure and 
the peak aortic pressures do not occur simultaneously. 
It is recommended that one should routinely measure 
the mean transvalvular gradient by tracing the outer 
border of spectral Doppler envelope from the CW 
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Doppler interrogation of flow through the aortic valve. 
If the hemodynamic conditions are similar between the 
patient studied in the catheter laboratory and the echo 
laboratory, then those two gradients should be compa-
rable. In patients with normal LV systolic function the 
mean gradient correlates well with the severity of aor-
tic stenosis and aortic valve area.2

Aortic Valve Area

Pressure gradients are largely dependent on left ven-
tricular function. A small hyperdynamic left ventricle 
will produce high LV outflow velocities, as well as 
high transaortic velocities translating often to an over-
estimation of aortic severity. Similarly, an impaired LV 
function will produce low outflow and transaortic 

velocities with the potential of underestimating sever-
ity of aortic stenosis.

Calculating aortic valve area is taking into consid-
eration the left ventricular contraction, and conse-
quently the LV outflow velocity, which is factored in 
the continuity equation used to calculate the aortic 
valve area.

 p=2 2
LVOT AAAVA cm ( TVI ) / TVIR

where AVA is aortic valve area, R the radius of the LV 
outflow track, p = 3.14, TVI

LVOT
 the time velocity inter-

val of the outflow track and TVI
AA

 is the time velocity 
interval across the aortic valve

The diameter of the left ventricular outflow is calcu-
lated from parasternal long-axis projections just under 
the insertion of the aortic cusps (Fig. 7.11, left panel). 

Fig. 7.10 Pressure gradients obtained by cardiac catheteriza-
tion (top) where aortic and left ventricular pressures are obtained 
simultaneously. The commonest pressure gradient provided here 
is the peak-to-peak gradient, which is clearly less than the peak 

instantaneous gradient provided by continuous-wave Doppler 
(bottom panel). The ideal measurement is the mean pressure 
gradient provided by both cardiac catheterization and Doppler 
echocardiography (see text)
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The flow velocity at the annulus/outflow track is obtained 
with Pulsed-Wave Doppler from the apical long-axis 
view and by placing the sample volume at the level of 
aortic annulus. The closing click of the aortic valve 
should be recognized (Fig. 7.11, right panel). The prod-
uct of left ventricular area to the velocity equals left ven-
tricular outflow track flow.

For the transaortic velocities, one should use the 
Continuous-wave Doppler from several projections to 
assure that the maximal velocity is obtained. The typical 
projections are the apical five-chamber, three-chamber, 
the right parasternal (usually with a stand-alone CW 
transducer) and suprasternal views. It is also possible to 
use the maximal velocities instead of the TVI when this 
is not optimally visualized but in general, for volumetric 
measurements it is always preferred to use the TVI.

Advantages of Continuity Equation

Coexisting aortic regurgitation does not affect the cal-
culation of the aortic valve area

Coexisting left ventricular dysfunction has little 
effect on calculating valve area unless the stroke vol-
ume is severely reduced.

Problems Using the Continuity Equation

One of the difficulties and consequently source of 
error in calculating aortic valve area is the measure-
ment of the outflow track diameter. For this, one 
should obtain a high parasternal long-axis projec-
tion centered around the aortic root and ascending 
aorta with reduced gains so that the subaortic region 
is perpendicular to the sector. The outflow diameter 
is then measured at about the level of aortic cusp 
insertion in systole.

The main problem of this calculation results from 
the measurement of the outflow diameter, which is 
hardly reproducible and it varies from individual to 
individual. In patients with a rather small LV out-
flow diameter (less than 2 cm) the aortic stenosis 
severity may be overestimated. Conversely, when 
the LV outflow is rather large (>3 cm) then the aortic 
stenosis severity may be underestimated.

The aortic area may vary depending on the patient’s 
body surface area. It is therefore advisable to correct 
the aortic valve area to body surface area. Table 7.1 
shows the range of aortic stenosis severity per aortic 

valve area.

Fig. 7.11 Cross-sectional echocardiographic and Doppler imaging 
of the heart demonstrating how measurements are performed to 
assess left ventricular stroke volume (see text). On the left, measure-

ment of the left ventricular outflow and on the right pulsed-wave 
Doppler with the sample volume positioned at the level of the high-
est left ventricular outflow track velocity seen on color Doppler
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Finally, it is important that the outflow track area 
and flow measurement using the TVI at the LV outflow 
be measured at the same level.

Outflow-to-Aortic Velocity Index

This is a simplified way to estimate severity of aortic 
stenosis by using the basic continuity equation exclud-
ing the outflow diameter, which often is a source of 
error, yet taking into consideration left ventricular 
contractility.

A ratio of <25% will imply severe aortic stenosis, 
whereas a ratio of >50% will be normal.

Valve Resistance

Calculations using the Bernoulli equation as well as 
the continuity equation (to calculate aortic valve area) 
are flow dependent. Increased flow rate will lead to 
increased valve area, and a reduced flow rate will 
lead to reduced valve area. Significant variations of 
flow rates therefore will introduce a source of error in 
calculating aortic stenosis severity in low- or high-
output states.

To minimize errors in assessing severity of aortic 
stenosis in these circumstances, it may be possible to 
calculate the valve resistance, which is relatively a 
flow-independent measurement and depends on the 
ratio of mean pressure gradient and mean flow rate cal-
culated as follows:

Resistance (R) 
(dyne × S × cm –5) =  ∆P

mean
(mmHg)/Q

mean
(ml/ s ) × 

1,333(dyne × S × Cm –5)
where:

Stroke Volume calculated as: SV(ml) = VTI•	
LVOT

  
× CSA

LVOT

Mean systolic transvalvular flow rate (•	 Q
mean

) (ml/s) 
is obtained by dividing SV (ml) by systolic ejection 
time (s).

Peak instantaneous pressure gradients (•	 DPG
peak

) were 
calculated according to the simplified Bernoulli 
equation:

DPG
peak

 = 4V 2 max.

V
max

 is the maximum transvalvular velocity as obtained 
by CW Doppler

The mean pressure gradient (•	 ∆P
mean

) is derived by 
averaging peak instantaneous pressure gradients 
over the ejection period. This may be obtained sim-
ply by integrating the instantaneous transaortic 
velocity obtained by CW. Most of equipment soft-
ware will provide the mean pressure gradient 
automatically.

Example:

DP
mean

 40 mmHg
SEP (ejection time) systolic ejection period (CW) ms 
= 344 or 0.344 s
SV (PW) 49 ml
Calculation of Q

mean
 (ml/s) = SV/ET = 49 ml/0.344s = 

142 ml/s
R= 40 mmHg/142 ml/s = 0.282 × 1,333 = 375 dyne × 
S × cm−5.

Potential Advantages

1. It is simple to obtain and, unlike the Gorlin equation, 
avoids the use of an empirical constant. The constant 
1.333 is simply a conversion factor to units of dynes × 
s × cm–5.

2. It may be less flow dependent than aortic valve area 
(AVA) calculations.

3. It allows the distinction of mild-to-moderate AS 
with a functionally small AVA (pseudosevere AS) 
from truly severe stenosis in the setting of low flow 
– low gradient AS.3

Summary

While this calculation is useful, it is not used rou-•	
tinely except in those clinical settings where there 
are concerns regarding cardiac output.
In low flow – low gradient AS, valve resistance  •	
< 120 dyne × S × cm−5 appears to identify pseudo-
severe AS, whereas valve resistance > 180 dyne × s 
× cm−5 implies truly severe AS.

Table 7.1 Definition of severity of aortic stenosis

Degree ACC/AHA (cm2) WG VHD ESC (cm2/m2)

Mild >1.5 >1.0
Moderate 1.0–1.5 0.5–1.0
Severe <1.0 <0.6

ACC/AHA Guidelines. Bonow, et al. JACC. 1998; WG VHD ESC 
European Guidelines; Lung, et al. Eur Heart J. 2002;23:1253–1266
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However, values between 120 and 180 dyne × s •	
× cm−5, which are very common in this setting, 
are not diagnostic.

Aortic Stenosis and Left Ventricular 
Dysfunction

In patients with left ventricular dysfunction and reduced 
cardiac output it is often difficult to assess the true aor-
tic stenosis severity due to the flow dependence of the 
Bernoulli and continuity equations. Pressure gradients 
therefore will be low and the aortic valve area may be 
underestimated. This is a clinically important issue 
because any aortic valve replacement will carry 
increased mortality and morbidity in those patients.

Dobutamine stress echocardiography may be useful 
in evaluating the true aortic stenosis severity by pro-
gressively increasing the stroke volume across the 
stenotic valve with inotropic/chronotropic stimulation 
of the heart.

Patients with low-gradient aortic stenosis, demon-
stration of contractile reserve during dobutamine stress 
echocardiography predicts a low operative risk and a 
good long-term prognosis after valve surgery, whereas 
the lack of contractile reserve predicts a high operative 
mortality.

With mild to moderate aortic stenosis, augmenta-•	
tion of transaortic flow rate with dobutamine will 
result in a significant increase (0.2 cm2) in valve 
area as the flexible leaflets open to a greater extent. 
Due to the inotropic stimulation, the outflow veloc-
ity will increase disproportionally to the transaortic 
velocity; thus, the valve area will increase.
Conversely, with critical aortic stenosis, the valve •	
area will change very little despite increased 
transaortic flow rate and stroke volume because the 
cusps are stiff, rigid, and possibly calcified. In such 
patients, dobutamine infusion will increase outflow 
and transaortic velocities proportionally so that the 
ratio of peak aortic velocity and outflow velocity 
will remain the same.
The third and worse possibility will be if the left •	
ventricle does not respond to dobutamine stimula-
tion with increased contractility as might occur in 
the setting of coronary artery disease and extensive 
myocardial infarction. Here, neither the jet velocity 

across the aortic valve nor the maximal gradient 
will increase. These patients will carry a high mor-
tality irrespective of the treatment options.

Clinical Decision Making

Aortic stenosis is a progressive disease irrespective of 
the underlying cause. The overall rate of progression 
is with an annual increase in aortic velocity of approxi-
mately 0.3 m/s or increase in mean gradient of 
8–10 mmHg and a reduction of valve area of 0.1 cm2.

The management of patients with aortic stenosis 
will depend upon:

Severity of aortic stenosis•	
Symptoms•	
State of the left ventricle•	
Associated clinical conditions that may increase the •	
operative risk (comorbidity), i.e., coronary artery 
disease, general patient’s status etc

Most symptomatic patients need to be operated as soon 
as possible.

Asymptomatic patients will need to be followed up 
carefully in clinics (every 6 months). The role of echocar-
diography here is pivotal as any further reduction in valve 
area, or developing left ventricular dysfunction will need 
to expedite the patient to surgery.

Stress testing in asymptomatic patients is an important 
determinant of outcome.

Treadmill exercise may be useful in uncovering 
functional and hemodynamic impairment that may be 
clinically silent. Signs such as unexpected hypotension, 
inadequate blood pressure increase, rhythm distur-
bances, and signs of ischemia are all of prognostic 
importance. This however will need to be carefully 
supervised medically so that early symptoms during 
exercise may be promptly recognized.

Dobutamine stress may help particularly in patients 
with impaired left ventricular function (see earlier).

Conclusions

Echocardiography plays a very important role in man-
aging patients with aortic stenosis from diagnosis to 
monitoring patients with asymptomatic aortic stenosis. 
Careful quantitation by experts is very important so 
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that any changes are real rather than falling within the 
operator’s variability of measurements. Patients with 
ventricular dysfunction and aortic stenosis need some 
specific consideration as those may be of higher surgi-
cal risks. Stress testing is safe as long as it is performed 
by physicians who know what to look for.

B. Aortic Regurgitation

Introduction

Aortic regurgitation is one of the commonest valvular 
lesions and has many causes (Table 7.2). While acute 
aortic regurgitation may be suspected by the patient’s 
symptoms, chronic aortic regurgitation may often passed 
unnoticed for many years and may be uncovered by an 
incidental clinical examination of Echocardiographic 
study. Echo cardiography and Doppler are currently the 
diagnostic methods of choice for the assessment of the 
severity of aortic regurgitation and remodeling of the car-
diac chambers in response to the volume overload state.

Etiology of Aortic Regurgitation (Table 7.2)

There are several conditions that may lead to aortic 
regurgitation:

Degenerative•	
Rheumatic•	

Congenital (bicuspid)•	
Endocarditis•	
Connective Tissue Disease•	
Inflammatory aortitis•	
Dissection•	
Others•	

Degenerative Disease

This is by far the commonest etiology and it is related 
to age degeneration of the aortic valve with cholesterol 
and fibrous tissue deposition and subsequent calcifica-
tion. This can lead to a mixed disease, regurgitation, 
and stenosis of variable predominance. Often encoun-
tered in the middle-aged population and the elderly, 
and usually chronic with little variation from year to 
year (Fig. 7.12).

Rheumatic

The second commonest etiology typically in associa-
tion with rheumatic mitral Stenosis. Also usually 
resulting to mixed disease but often predominantly 
regurgitant.

Fig. 7.12 Parasternal long-axis view from a patient with degen-
erative aortic regurgitation. Ao Aorta, MV mitral valve, LA Left 
atrium, LV Left ventricle

Table 7.2 Etiologies of aortic regurgitation

Calcific degenerative disease
Rheumatic
Congenital
Bicuspid, unicuspid, quadricuspid
Aortic cusp prolapse with VSD
Connective tissue disease
Marfan’s
Ehlers–Danlos
Osteogenesis imperfecta
Inflammatory aortitis
Ankylosing spondylitis
Rheumatoid arthritis
Reiter’s syndrome
Endocarditis
Dissection
Others
Syphilitic aortitis
Aortic root dilatation (hypertension, atheromatous)
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Congenital

The commonest cause here is bicuspid aortic valve. 
In the young, it is frequently the valve regurgitation 
that dominates the clinical picture, but occasionally, 
it may be more stenotic. Other congenital malfor-
mations of the aortic valve may be a unicuspid or 
quadricuspid valve. These malformations however 
are rare.

An important cause of aortic regurgitation in con-
genital heart disease is the prolapse of an aortic cusp 
into a ventricular septal defect just below the valve. 
While the VSD may be small, the aortic regurgitation 

may become the dominant lesion often requiring surgi-
cal intervention in adolescent or adult life.

Endocarditis

The aortic valve may be the site of infection, particu-
larly if the valve is already abnormal. Depending on the 
duration of illness and the virulence of the bacteria, 
there may be a more or less rapid growth of vegetations, 
the hallmark of endocarditis, but at the same time there 
may be also direct valve destruction and perforations 
leading to valvular regurgitation (Fig. 7.13).

Fig. 7.13 Transesophageal images of the aortic valve in short axis (left) and long axis (right) demonstrating small vegetations up on the 
left- and right-coronary cusps during systole. In diastole, the vegetations are seen protruding into the LV outflow track (top right panel)
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If infection extends in the perivalvular area upward 
in the aortic sinuses or downward in the proximal  
ventricular septum, there may be abscess formation, 
which may perforate in the surrounding tissues. Figure 
7.14 is a transesophageal picture from the same patient 
demonstrating a typical aortic Regurgitant jet.

Connective Tissue Disease

The following conditions lead to aortic regurgitation sec-
ondary to aortic root Dilatation, leaving the aortic cusps 
largely unaffected. The commonest condition is Marfan’s 
syndrome (Fig. 7.15), which is a disorder of the collagen.

The classical clinical picture is that patients are 
tall and slim with scoliosis, long thin fingers called  

Fig. 7.14 Transesophageal projections from the same patient with infective endocarditis. Notice on the right panel the presence of 
aortic regurgitation

Fig. 7.15 Parasternal long-axis projection from a patient with 
Marfan’s syndrome. Notice the very large aortic root (66 mm) at 
the level of the aortic sinuses. Ao Aortic root, LV Left ventricle
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arachnodactyly, lax joints, slender “asthenic” built, lens 
dislocation, high palate, and aortic root dilatation.

Other syndromes that can lead to aortic dilatation 
are the Ehlers–Danlos syndrome and osteogenesis 
imperfecta.

Inflammatory Aortitis

These are systemic conditions that affect the aortic 
wall or even the valve itself, which may appear edema-
tous and inflamed at surgery. Ankylosing spondylitis 
causes fibrosis that distorts the aortic root and some-
times the valve itself. Similar appearances may be seen 
in association with rheumatoid arthritis, psoriasis, and 
Reiter’s syndrome.

Aortic Dissection

This is often an acute presentation of a hypertensive 
patient with chest pain irradiating to the back. ECG 
changes are nonspecific and chest X-ray shows an 
enlarged aortic shadow. Echocardiography may show 
a dilated aortic root, although a normal size root is not 
infrequent. The hallmark of aortic dissection is the 
identification of an intimal flap, that is a separation of 
the aortic wall with the intima “flapping” in the aortic 
lumen (Fig. 7.16). Aortic dissection may be localized 
only in the ascending aorta (type A), or extend all the 

way down to the descending aorta (Type B). Aortic 
regurgitation may ensue from the protrusion of the 
aortic intima down to the left ventricular outflow track. 
Echocardiography is pivotal in the diagnosis, not only 
of the intimal flap in the proximal aorta but more 
important for the detection of aortic regurgitation, 
which will guide the surgical strategy.

Others

Other rare conditions of the aortic wall can lead to aortic 
regurgitation secondary to aortic root dilatation. Such 
conditions are syphilis or aortic aneurysms from chronic 
systemic hypertension and diffuse atherosclerosis.

Methods of Assessing Aortic 
Regurgitation

In 2003, the ASE jointly with the ACC Echo commit-
tee, the Cardiac Imaging Committee, the American 
Heart Association and the ESC, working group on 
echocardiography, developed joint recommendation of 
the evaluation of the severity of value regurgitation.4

Doppler Methods

Color-Flow Doppler

Color-Flow imaging directly shows the regurgitant flow 
through the aortic valve during diastole. Because the jet 
direction may be unpredictable, it is important to image 
the aortic regurgitant jet from several projections so that 
a three-dimensional evaluation may be obtained. The 
three most important projections are the parasternal long 
axis, the apical 5-chamber, and 3-chamber projections.

The regurgitant flow has three components that can 
be visualized:

The jet size (area) and direction•	
The flow convergence region in the aorta (PISA)•	
The vena contracta through the regurgitant orifice•	

Regurgitant Jet Size

This is simple to do but it has to be assessed from all 
available projections so that the largest jet area may be 

Fig. 7.16 Parasternal long-axis projection from a patient with 
acute aortic dissection (Type A). Notice the intimal flap (arrows) 
and the lack of apposition of the aortic cusps in diastole. Ao 
Aorta, LA Left Atrium, LV Left Ventricle
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obtained. It is important to remember that the length of 
the aortic regurgitant jet should not be used as an indi-
cator of severity. It is better to estimate the severity of 
AR based on jet size in the LV outflow, but this is only 
as a gross indicator of the degree of AR.

It is important to evaluate the direction of the jet. 
When the jet is perpendicular against the anterior 
mitral leaflet or parallel to the ventricular septum, this 
may lead to an underestimation of the severity of AR. 
It may also indicate a structural abnormality of the 
valve (e.g., prolapse, flail, or perforation).

Flow Convergence or PISA

This is less often performed than in mitral regurgita-
tion and its accuracy may not be as good. 
Transthoracically it is very difficult to quantitate but 
transesophageally may be easier.

Images are zoomed on the valvular and supraval-
vular region. The Nyquist limit is adjusted to obtain a 
rounded and measurable flow convergence zone, and 
the aliasing radius is measured from the stop frame 
with the largest observable PISA.

CW Doppler recording of the regurgitant peak 
velocity and velocity time integral allows calculation 
of the EROA and regurgitant volume.

The thresholds for severe AR are an EROA ³0.30 
cm2 and a regurgitant volume ³60 ml.

Vena Contracta

It is defined as the smallest neck of the flow region at 
the level of the aortic valve immediately below the 
flow convergence region and provides an estimate of 
the EROA.

Imaging of the vena contracta is performed from 
parasternal long-axis projections with the zoom func-
tion centered at the aortic root. To specifically image the 
vena contracta, it is often necessary to angulate the 
transducer out of the normal echocardiographic imaging 
planes such that the area of proximal flow acceleration, 
the vena contracta, and the downstream expansion of 
the jet can be distinguished.

The threshold of vena contracta width associated 
with severe aortic regurgitation is >0.6 cm, while mod-
erate between 0.3 and 0.6 cm.

Pulsed and Continuous-Wave Doppler

Quantitative Flow Methods (See Also Chap. 3)

Quantitation of flow with pulsed Doppler for the assess-
ment of aortic regurgitation is based on comparison of 
measurement of aortic stroke volume at the LVOT (aor-
tic annulus) with mitral or pulmonic stroke volume.

This method is simple but does require careful 
measurements and regular practice.

Stroke volume (SV) at the left ventricular outflow 
track is derived as the product of cross-sectional area 
(CSA) of the left ventricular outflow at the level of the 
aortic annulus and the velocity time integral (VTI) of 
flow at the annulus. So,

 SV
LVO

 = CSA
LVO

 × VTI
LVO

. 

If the mitral valve is chosen for comparison, which is 
also the commonest option, then the calculation of the 
SV across the mitral valve is derived as the product of 
the mitral annular CSA (assuming a circular geometry) 
at the level of the mitral annulus (the diameter mea-
sured from apical four-chamber views) and the VTI of 
mitral inflow at the level of the mitral annulus. Thus.

 SV
M

 = CSA
M

 × VTI
M

. 

Alternatively, the pulmonic stroke volume could be used 
for comparison with the left ventricular outflow derived 
as the product of cross sectional area (CSA) of the right 
ventricular outflow at the level of the pulmonary valve 
annulus and the velocity time integral (VTI) of flow at 
the annulus. This method however is not widely used 
because of the difficulty in measuring the right ventricu-
lar outflow diameter. It is used, however, when there is 
also significant mitral regurgitation, in which case the 
mitral valve annulus cannot be used for comparison.

In the presence of aortic regurgitation, without 
any intracardiac shunt, the flow through the aortic 
valve will be larger than through the other competent 
valves chosen for comparison (mitral or pulmonic). 
The difference between the two represents the regur-
gitant volume (RV):

 RV(ml) = SV
LVO

 – SV
M

 

Regurgitant fraction (%) is then derived as the regurgi-
tant volume divided by Stroke Volume through the left 
ventricular outflow:

 RF(%) = (SV
LVO

 –SV
M

) / SV
LVO

 × 100. 
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For mild aortic regurgitation RF is <30%, moderate 
30–50%, and severe >50 ml. Effective regurgitant 
orifice area can be calculated similar to the PISA 
method as regurgitant volume divided by the velocity 
time integral of the aortic regurgitant jet velocity 
(VTI

AR
) recorded by CW Doppler as:

 EROA = RV/VTI
AR

. 

Total stroke volume (aortic stroke volume) can also be 
derived from quantitative 2D measurements of LV end-
diastolic and end-systolic volumes. This method however 
may result in a significant underestimate of volumes if 
optimal endocardial border delineation is not achieved.

A regurgitant volume ³60 ml and EROA ³0.30 cm2 
are consistent with severe AR.

Errors

The most common errors encountered in determining 
these parameters are:

1. Failure to measure the valve annulus properly (error 
is squared in the formula)

2. Failure to trace the pulsed-wave velocity correctly 
(brightest signal representing laminar flow)

3. Failure to position the sample volume correctly at 
the level of the annulus.

4. In the case of significant calcifications of the mitral 
annulus and valve, quantitation of flow at the mitral 
site is less accurate and more prone to errors

Aortic Diastolic Flow Reversal

It is normal to observe a brief diastolic flow reversal in the 
thoracic aorta. The flow reversal is best recorded in the 
upper descending aorta below the aortic isthmus using a 
suprasternal view. With increasing aortic regurgitation 
both the duration and the velocity of the reversal increase. 
Therefore, a holodiastolic reversal is usually a sign of at 
least moderate aortic regurgitation and appears to be more 
specific if recorded from the abdominal aorta.

In severe aortic regurgitation there will be a promi-
nent, holodiastolic flow reversal in the descending aorta.

Signal Density

The density of the CW Doppler spectral display of the 
AR jet reflects the volume of regurgitation, especially 

in comparison to the antegrade spectral density Doppler 
jet density is an imperfect indicator of severity of AR

Diastolic Jet Deceleration

The rate of deceleration of the diastolic regurgitant jet 
and the derived pressure half-time reflect the rate 
of equalization of aortic and LV diastolic pressures. 
With increasing severity of AR, aortic diastolic pres-
sure decreases more rapidly, while left ventricular 
end-diastolic pressure will be increasing. As a result, 
the end-diastolic pressure gradient between aorta and 
LV will be reduced. The rate of such reduction indi-
cates severity of aortic regurgitation. The late diastolic 
jet velocity is lower and hence pressure half-time is 
shorter (Fig. 7.17).

Pressure half-time of the aortic regurgitant jet is 
easily measured if the early peak diastolic velocity is 
well visualized.

A Pressure half-time ³500 ms will indicate mild aor-
tic regurgitation, 200–500 moderate, and <200 severe.

One limitation of PHT is that it is also shortened 
with increasing LV diastolic pressure secondary to left 
ventricular dysfunction and impaired compliance. The 
impact of LV dysfunction on the PHT however is much 
less than the aortic regurgitation itself so that despite 
this, PHT remains a very valid method of assessing 
severity of aortic regurgitation. When PHT is >200, it 
is safe to rule out severe aortic regurgitation.

Assessment of Ventricular Function

Significant aortic regurgitation (moderate and severe) 
will be accompanied by a characteristic left ventricular 
remodeling. The LV will become dilated and volume 
loaded and will be globular in shape. The left ventricle is 
able to accommodate the large regurgitant volume by 
dilation and thereby maintain a normal cardiac output 
until the late stages of the disease. Consequently, patients 
often tolerate severe aortic regurgitation for many years 
without developing symptoms. The main concern how-
ever is that while the ventricle dilates and the patient 
remains asymptomatic, irreversible damage to the left 
ventricle may be occurring that ultimately may impact on 
mortality and morbidity following valve replacement.

The duration (acute or chronic) and the severity of 
valvular regurgitation are among the most important 
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determinants of the adaptive changes that occur in the 
cardiac chambers in response to the regurgitant volume.

Acute aortic regurgitation however will be character-
ized by normal size left ventricle contracting vigorously. 
Conditions that lead to such acute changes are acute 
bacterial endocarditis and aortic dissection. In these 
conditions, the LV does not result in such remodeling 
and may be normal in size.

While such cardiac chamber remodeling is not spe-
cific for the degree of regurgitation, its absence in the 
face of chronic regurgitation should imply a milder 
degree of aortic regurgitation.

Assessing ventricular function is performed with 
two-dimensional echocardiography.

While assessing ventricular volumes may be useful, 
simple ventricular dimensions may be more reproduc-
ible when it comes to accurate follow-up measure-
ments. What is important in patients follow-up is 
looking for consistent changes in ventricular size so 
that a measurement with the least interobserver vari-
ability is probably the most reliable.

More recently, Tissue Doppler Imaging may be used 
to assess more subtle changes in systolic or diastolic 
function, but longitudinal studies are still scarce.

Acute vs. Chronic Aortic Regurgitation

There are different etiologies for these conditions.

In chronic aortic regurgitation, the commonest eti-•	
ologies are bicuspid aortic valve or progressive 
degenerative aortic degeneration.

The left ventricle is often dilated with a moderate at 
most diastolic velocity slope and the patient is often 
asymptomatic.

In acute aortic regurgitation the etiologies are usu-•	
ally aortic valve endocarditis or aortic dissection. 
The left ventricle is not dilated but contracting 
vigorously. Diastolic pressure are rapidly rising, 

Fig. 7.17 Left-ventricular and aortic pressure tracings in mild (top) and severe (bottom) aortic regurgitation. Note that the late pres-
sure drop is decreasing, with the increasing severity of aortic regurgitation, predominantly because of the increasing left ventricular 
end diastolic pressure (LVEDP)
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the diastolic murmur is quieter with a steep dia-
stolic slope on C/W. There may be early mitral 
closure in severe cases due to the very high end-
diastolic LV pressure exceeding that of the left 
atrial pressure.

The patient is usually sick, tachycardic, and in heart 
failure with low diastolic blood pressure (<40 mmHg).

Conclusion

If all qualitative parameters indicate that the aortic 
regurgitation is only mild, there is no need for further 
quantification. When however the aortic regurgitation 
is more than mild, then it is desirable to quantitate the 
severity of aortic regurgitation.

Regurgitant volume and Regurgitant areas have the 
advantage that they can also be used in chronic moder-
ate aortic regurgitation for follow-up so that any pro-
gression of aortic regurgitation severity may be 
ascertained.

References

1.  Rallidis L, Naoumova RP, Thompson GR, Nihoyannopoulos 
P. Extent and severity of atherosclerotic involvement of 
the aortic valve and root in familial hypercholesterolae-
mia. Heart. 1998;80:583–590

2.  Zoghbi WA, Farmer KL, Soto JG, Nelson JG, Quinones 
MA. Accurate non invasive quantification of stenotic 
aortic valve area by Doppler echocardiography circulation. 
1986;73:452–459

3.  Mascherbauer J, Schima H, Rosenhek R, Czerny M, Maurer G, 
Baumgartner H. Value and limitations of aortic valve resis-
tance with particular consideration of low flow–low gradient 
aortic stenosis: an in vitro study. Eur Heart J. 2004; 
25(9):787–793

4.  Zoghbi WA, Enriquez-Sarano M, Foster E, et al. 
Recommen-dations for evaluation of the severity of native 
valvular regurgitation with two-dimensional and Doppler 
echocardiography. A report from the American Society of 
Echocardiography’s Nomenclature and Standards 
Committee and the task force on valvular regurgitation, 
developed in conjunction with the American College of 
Cardiology Echocardiography Committee, The Cardiac 
Imaging Committee, Council on Clinical Cardiology, the 
American Heart Association, and the European Society of 
Cardiology Working Group on Echocardiography. E J 
Echocardiogr. 2003;4:237–261



BookID 128962_ChapID 8_Proof# 1 -20/3/2009

The mitral valve is the most easily recognized moving 
structure in the heart. Because of its rapid to and fro 
motion, the mitral valve serves as “home base” for 
almost all echocardiographic examinations. When the 
transducer is directed posteriorly from the chest wall 
toward the heart, the most rapidly moving target will 
almost invariably be the anterior mitral leaflet. Most 
echocardiographers, therefore, learn cardiac anatomy 
and motion based upon relationships of the mitral 
valve to other structures.

Cardiac Anatomic Relationships

Parasternal Long Axis

Examination of the heart by ultrasound begins with a 
parasternal long axis. Figure 8.1 shows an anatomic 
section of the ventricular (LV) long axis from the aor-
tic root (right side) to the left ventricular apex (left 
side). The right ventricle is seen anteriorly (upward) 
on the figure as it wraps around the left ventricle. Note 
that the papillary muscles of the left ventricle emerge 
from the ventricular free wall (arrow) and give rise to 
the chordae tendineae of the two mitral valve leaflets.

The longer anterior mitral valve leaflet is easily 
seen and connects right to the aorta directly with the 
posterior aortic (Ao) wall and aortic valve. Thus, there 
is what is called “mitral and aortic continuity” in the left 
heart. The posterior mitral valve leaflet is seen attached 
to the mitral annulus along the posterior ventricular 

free wall. Therefore the posterior mitral leaflet is the 
mural leaflet. The left atrium (LA) is posterior to the 
aorta and one of the main pulmonary artery (PA) 
branches sits posterior to the aorta and just above to 
the left atrium. Many observers imagine that the left 
atrial anterior wall and posterior aortic wall are one. 
That is, however, not true as there is a pericardial sinus, 
the transverse sinus, that is between the aorta and the 
left atrium. This transverse sinus will prove to be an 
important space for surgical approaches to the atrium 
in the operating room. The circumflex coronary artery 
and the larger coronary sinus are seen in the posterior 
atrioventricular groove (not marked).

Selected diastolic and systolic frames from an actual 
echocardiogram are seen in Fig. 8.2. A large right ven-
tricular trabeculation is seen in the diastolic frame (left 
panel). In diastole, the aortic valve is in the closed posi-
tion and the mitral valve is open. The anterior mitral 
valve leaflet is again noted to be the longest in compari-
son to the posterior (mural) leaflet and is contiguous 
with the posterior aortic wall demonstrating mitral-aortic 
continuity. The right-hand panel shows the same heart 
in systole with the closed mitral valve and the open 
aortic valve. The pulmonary artery main branch (PA) is 
seen above the left atrium and posterior to the aorta, as 
in the previous figure. In most patients this is the right 
main stem pulmonary artery branch. Behind the left 
atrium is the descending aorta (desc Ao). Note that the 
size of the left atrium (LA) is approximately the diam-
eter of a normal aorta. When looking at an echocardio-
gram, observers need a quick approximation of sizes, 
and this is a handy relationship to keep in mind. Of 
course, if both the aorta and the left atrium are dilated, 
this approximation estimate can be misleading.

Selected diastolic and systolic frames in Fig. 8.3 
show a somewhat thicker left ventricle (LV hypertro-
phy) with a slightly enlarged left atrium. Again, only a 
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portion of the right ventricle is visualized as it wraps 
around the left. The posterior mitral valve leaflet is 
attendant to the posterior wall and is easily identified by 
its attachment only to the wall. The anterior mitral leaf-
let is again identified by its connection to the posterior 

wall of the aorta. We emphasize these attachments as 
they become particularly important for recognition of 
the two mitral leaflets from the various two- and three-
dimensional echocardiographic presentations.

Similar selected frames are seen in Fig. 8.4, this 
time with a remarkably dilated left atrium that is much 
bigger than the normal aorta. There is also a dilated 
left ventricle as well as the atrium in this 50-year-old 
patient with a severe dilated cardiomyopathy. A por-
tion of the descending aorta (desc Ao) is seen right 
posterior to the heart. Note in the systolic frame (right 
panel) the mitral valve leaflets are again identified by 
their various attachments. The anterior mitral leaflet is 
attached to the posterior aortic wall, while the poste-
rior mitral leaflet is attached to the ventricular wall 
itself. Because of this attachment of the anterior mitral 
leaflet to the aorta, some people call it the “aortic” 
mitral leaflet. This nomenclature is rarely used, but is 
wholly descriptive of the attachment. The “mural” 
leaflet is short, but is easily seen attached to the poste-
rior left ventricular wall at the mitral annulus.

There are numerous small biologic variations in the 
shape and configuration of cardiac structures, but the 
relationships pointed out to this point are rather consis-
tent from heart to heart in individuals with normal car-
diac relationships. The anatomic section seen in Fig. 8.5 

Fig. 8.1 Anatomic section cut along a typical parasternal long 
axis used in two-dimensional echocardiography. The arrow points 
to the base of the papillary muscles emerging from the left ven-
tricular free wall. LV left ventricle; RV right ventricle; LA left 
atrium; Ao aorta; PA main branch of the pulmonary artery. Modified 
from Kisslo, Leech & Adams. Essentials of Echocardiography

Fig. 8.2 Parasternal long axis from a patient with a normal size left atrium. Note one of the main pulmonary artery branches (PA) 
on the top of the left atrium (LA). Compare this with Fig. 8.1
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shows the long axis of a left ventricle as viewed from the 
patient’s left-hand side from the free wall looking medi-
ally. The interior surface of the left ventricular wall is, 
therefore, the interventricular septum. The face of the 

intraventricular septum is smooth just underneath the 
aortic valve, but becomes hypertrabeculated toward the 
ventricular apex. Again, chordae tendinea can be seen 
arising from a portion of the papillary muscle on the 

Fig. 8.3 Parasternal two-dimensional echocardiographic images in diastole and systole from a normal patient demonstrating mitral 
valve echocardiographic anatomy. Note that the anterior mitral leaflet is longer than the posterior mitral leaflet

Fig. 8.4 Parasternal two-dimensional echocardiographic images in diastole and systole from a patient with a dilated cardiomyopa-
thy, including a dilated left atrium. Note the mitral-aortic continuity. desc Ao descending aorta
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inferior side of the ventricle that rests upon the dia-
phragm. This particular specimen has a uniquely good 
picture of the coronary sinus as it wraps in the left-sided 
atrioventricular groove. The transverse sinus of the peri-
cardium is well seen as it separates the aorta and the left 
atrium. The transverse sinus is rarely differentiated by 
echocardiography techniques because it is usually 

collapsed and not filled with fluid. Note that the trans-
verse sinus is not recognizable in Figs. 8.2–8.5.

Three-dimensional echocardiographic sections that 
appear in Fig. 8.6 show the transverse sinus to be 
poorly identified. However, one can see the anatomic 
structures of the face of the interatrial septum inside of 
the left atrium (LA). The diastolic frame shows the 
mitral valve structures in the open position and the aor-
tic valve in its closed position.

The right-hand panel of Fig. 8.6 shows the mitral 
valve in its closed position. A set of primary chordae 
tendineae (1°) are seen attaching to the tip of the poste-
rior mitral valve leaflet from the tip of the papillary 
muscle. Secondary (2°) chordae tendinea are seen going 
to the backside of the anterior mitral leaflet along the 
left ventricular outflow tract. Such secondary chordae 
can also be seen from papillary heads to the underside 
of the posterior mitral leaflet, between the leaflet and 
ventricular wall. These secondary chordae become very 
important when severe mitral regurgitation is encoun-
tered due to broken mitral chordae and surgical repair is 
contemplated. If chordae are intact on a leaflet opposite 
to the leaflet with broken chords, a chordal transfer may 
be done if appropriate to the repair procedure. In any 
event, the composite of the mitral valve in long axis 
contains recognition of the two mitral leaflets, their 
rough proportions, and details of their attachments.

Fig. 8.5 Long-axis cut anatomic cut specimen along the plane 
of the long axis used for two-dimensional echocardiography. 
Note the chordae tendineae inserting into the tips of the mitral 
leaflet tips. A large coronary sinus is easily seen adjacent to a 
smaller circumflex coronary artery in the posterior atrioventricu-
lar groove. PMVL posterior mitral valve leaflet. Courtesy of 
Anderson R.H. Modified from Kisslo J. Thinking in 3D

Fig. 8.6 Parasternal long-axis perspective from a three-dimensional echocardiogram viewed from the left ventricular free wall. The 
descending aorta is seen behind the heart. 1° = primary chordae tendineae, 2° = secondary chordae tendineae
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A view from the other side of the left ventricle is 
seen in Fig. 8.7 where the viewer is looking at the free 
wall as the interior left ventricular surface. Here, the 
perspective is that from the intraventricular septum 
toward the posterior and anterior left ventricular walls. 
The inferomedial papillary muscle is seen along the 
inferior aspect of the left ventricle, while the anterolat-
eral papillary is seen in its midventricular position, 
entirely on the free wall. The various chordae tendinea 
appear to spring from the tips of the papillary muscles 

in a vast array and connect to the various mitral leaflet 
edges as primary chordae tendinea. The attachments of 
the mitral leaflets are as previously described, the ante-
rior mitral valve leaflet (AMVL) to the posterior aortic 
wall and aorta and the posterior mitral valve leaflet 
(PMVL) to the free wall. These attachments will come 
in handy when trying to differentiate the various leaf-
lets of the mitral valve apparatus in free space.

Just above the mitral annulus in the left atrium in 
Fig. 8.7 are other important structures. Two large ostia 
of the two left pulmonary veins are seen in the superior 
portions of the left atrial wall. Between two prominent 
ostia and the mitral valve apparatus is the ligament of 
Marshall. This ligament is important because it is the 
site of interest for (RF) ablation for atrial arrhythmias. 
The left atrial appendage os is then situated between 
the Ligament of Marshall and the mitral annulus, but is 
poorly seen in this anatomic specimen.

A similar view, using three-dimensional echo, is 
seen in Fig. 8.8. The dark shadows of the orifices of the 
pulmonary veins are seen posteriorly, just behind the 
ligament of Marshall. Further anterior to the Ligament 
of Marshall is the os of the left atrial appendage. Other 
structures such as the aortic valve and mitral valve are 
easily identified. Note the locations of the papillary 
muscles within the left ventricle.

Further details of this area within the lateral wall of 
the left atrium are detailed in Fig. 8.9. Note the left 
upper pulmonary vein (LUPV) and the relationships of 
these pulmonary veins to the Ligament of Marshall, 

Fig. 8.7 Half of the human left ventricle anatomic specimen cut 
along the parasternal long axis of the left ventricle. The half 
shown is opposite to those shown in Figs. 8.1 and Fig. 8.5. Here 
the LV perspective is viewed from the ventricular septum toward 
the free wall and includes lateral portions of the left atrium dis-
cussed in the text. AMVL anterior mitral valve leaflet, A-L pap 
anterolateral papillary, I-M pap inferomedial papillary. Courtesy 
of Ho S.Y. Modified from Kisslo J. Thinking in 3D

Fig. 8.8 Three-dimensional 
echocardiogram of the heart from a 
similar perspective of the cut 
section seen in the previous figure. 
Pulmonary atrial veins, ligament of 
Marshall, and the os of the atrial 
appendage are seen
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the os of the left atrial appendage, the mitral annulus, 
and the mitral leaflets. Real-time, three-dimensional 
echocardiography clearly shows these relationships 
that are difficult to appreciate by two-dimensional 
echocardiography alone. Such relationships are impos-
sible to recognize by M-mode echo as it lacks spatial 
information in anything beyond depth.

Parasternal Short Axis

With three-dimensional echo, almost any orientation is 
permissible as it is like holding the heart in one’s hand 
and rotating the heart into any position. Conventional 
two-dimensional echocardiography views the heart 
from its apex toward the base. The left-hand panel of 
Fig. 8.10 shows a cut short-axis section at the level of 
the mitral valve leaflet tips looking upward toward the 
cardiac base. The right-hand panel shows a similar 
section at the level through the papillary muscles. In 
both panels, the right ventricle is seen to wrap around 
the left. The interventricular septum is easily identified 
between the two ventricles. The remaining portions of 
the left ventricular wall that do not comprise the sep-
tum may be referred to as the free wall.

The clinical relationships to learn are those of the 
papillary muscles and the mitral valve commissures. 
Note the inferomedial papillary (inferior pap) sits at 
the junction of the septal and free walls at approxi-
mately eight o’clock on the ventricular short axis (right 
panel). This location at the junction of the septal and 
free walls is critical to identifying this given papillary. 
In contrast, the anterolateral papillary (anterior pap) is 
located only on the ventricular free wall surface, 
attached only to the free wall. Look back at Fig. 8.7 to 
see these relationships in the specimen cut along the 
opposing ventricular long axis.

By comparing the left- and right-hand panels of 
Fig. 8.10, one can appreciate the location of the infe-
rior mitral commissure to the inferomedial papillary. 
This commissure is properly called the inferomedial 
commissure, but this chapter will use “inferior” for 
short. Likewise, note the location of the anterolateral 
papillary and its relationship to the anterior commis-
sure. Similarly, we will use the word “anterior” for 
anterolateral commissure and papillary. Of further criti-
cal note is the position of the left atrial appendage tip 
as it peeks out over the ventricular free wall border in 
the left panel of Fig. 8.10. It can easily be appreciated 
how a surgeon could incise the left atrial appendage tip 
and inserted a finger over the mitral annulus in the left 

Fig. 8.9 Details of the paired images presented in the previous figure. Detailed images of the left atrial anatomy are possible using 
three-dimensional echocardiography. LUPV left upper pulmonary vein
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atrium and into the anterior commissure to perform a 
mitral commissurotomy for rheumatic mitral stenosis.

These critical relationships are further documented 
in the series of two-dimensional echocardiograms seen 

in Figs. 8.11 and Fig. 8.12. In Fig. 8.11 the mitral orifice 
is seen in the open position in a patient with a dilated 
cardiomyopathy. The positions of the commissures, 
identified on this echocardiogram, are obtained from 

Fig. 8.10 Parasternal short axes obtained from the chest wall in the short-axis view of the mitral leaflet tips and papillary bases seen 
by two-dimensional echocardiography. Modified from Kisslo, Leech & Adams. Essentials of Echocardiography

Fig. 8.11 Parasternal short-axis echo view from the chest wall at the level of the papillary tips in a patient with a dilated 
cardiomyopathy
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the chest wall. The mitral valve is seen in the open 
position in diastole in the left-hand panel and in the 
closed position in systole in the right-hand panel. The 
left atrial appendage tip is identified as it peeks over 
the left ventricular brim. The left atrial appendage tip 
is not easily identified in most echocardiograms from 
the chest wall, but can be appreciated in easy to image 
patients and the operator knows specifically where to 
point the transducer array.

The locations of the papillary muscles in the mid-
ventricular region are seen in Fig. 8.12 when the inter-
rogating plane is angle a bit toward the LV apex from 
the plane noted in the previous figure. Again, the infe-
rior papillary is adjacent to the junction of the intra-
ventricular septum and the free wall. The anterior 
papillary sits on the free wall entirely. These are easily 
identified both in diastole and systole. The size of both 
papillary heads is roughly symmetric. But sweeping 
the transducer in the chest wall position from base 
toward apex, the relationships between papillaries and 
commissures can be better appreciated.

Apical views

Another critical view for the evaluation of mitral 
anatomy is the apical four chamber. Traditionally, 

echocardiography orients this view with the apex of 
the left ventricle toward the top of the sector arch as 
visualized in the left-hand panel of the Fig. 8.13. 
Both ventricles are seen juxtaposed and separated by 
the intraventricular septum. The interatrial septum is 
seen between both atria. The arrow points toward yet 
another septum, the common septum shared by the left 
ventricle and the right atrium that is called the atrio-
ventricular septum. Thus, there are really three septa 
to the heart, not just two. Of other note is the fact that 
the mitral valve apparatus is farther away from the 
ventricular apex than the tricuspid apparatus. Note 
the position of these two atrioventricular (AV) valves 
in this left panel. The chordae tendinea supporting 
the mitral valve emerge from the papillary muscles 
attached to the ventricular free wall surfaces. In con-
tradistinction, the tricuspid valve apparatus, nearer to 
the apex, is supported by chordae tendinea both from 
the free wall and the interventricular septum. 
Accordingly, mitral and tricuspid valves can be differ-
entiated by their position in relationship to the cardiac 
apex and their attachments to ventricular walls.

The other presentation sometime used for the apical 
four-chamber view is with the cardiac apex in the down 
position. This, so called, anatomic presentation is 
much preferred by pediatric cardiologists and other 
users because one can easily visualize and remember 
the position of the heart in the intact human. We think 

Fig. 8.12 Parasternal 
short-axis echo view from the 
chest wall at the level of the 
papillary bases in a patient with 
a dilated cardiomyopathy
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the apex in the down position helps all users of echocar-
diography to remember anatomic relationships. In 
addition, it corresponds to presentations of the heart in 
X-ray, EKG, CT, and other imaging techniques. Of 
course, relationships between chambers and valves are 
unaltered no matter what the presentation used for 
imaging. Users of three-dimensional echocardiogra-
phy will profit greatly by orienting their apical four-
chamber views with the apex down in two-dimensional 
echocardiography and then creating the three-dimensional 
images from that point.

An actual echocardiogram of an apical four-cham-
ber view of the left ventricle is seen in Fig. 8.14. Both 
left and right ventricles (LV and RV) and atria (LA and 
RA) are identified. The atrioventricular valves are seen 
to open and close. Again, note that the atrioventricular 
septum is indicated by the arrow in both the diastolic 
(left) and systolic (right) still frames. The tricuspid 
valve is located closest to the ventricular apex, while 
the mitral valve is the farthest away. An examiner 
should always note the presence of three septa in the 
heart. This very short atrioventricular septum is altered 
in such defects AV canal defects.

A similar view can be obtained with the transducer 
positioned in the subcostal area and the interrogating 
array pointed in the same plane, but from a different 

transducer position. The transducer is then directed 
superiorly and a similar four-chamber view can be 
obtained ( Fig. 8.15). The arrow points again to the 
atrioventricular septum,

An actual two-dimensional echocardiogram from a 
patient with an enlarged left ventricle and a very 
enlarged left atrium is seen in Fig. 8.16 from the sub-
costal transducer position. Here the interatrial septum 
is seen to bulge from the left atrium to the right atrium. 
The highly reflective targets near the apex of this sec-
tor arch are from reflections from the liver tissue. The 
mitral valve is seen in the closed position. Because the 
mitral valve apparatus is far away from the transducer 
the resolution of the details of chordal structures is not 
as well seen in this view.

One of the more remarkable views of the left ven-
tricle and mitral valve is seen from three-dimensional 
echocardiography in this so-called, frontal long-axis 
view ( Fig. 8.17). Here, the orientation of the apex is 
toward the bottom in a more anatomic presentation, 
with the aorta and the cardiac base oriented toward the 
top of the figure. Thus, the length of the left ventricle is 
seen from base to apex while viewing the back of the heart 
and the papillary muscles relationships to the mitral 
valve. On both sides are the papillary structures with 
chordal attachments toward the face of the anterior 

Fig. 8.13 Anatomic cut sections representing the echocardiographic apical four-chamber view. The arrow points to the atrioven-
tricular septum. Modified from Kisslo, Leech & Adams: Essentials of Echocardiography
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Fig. 8.14 Two-dimensional 
echocardiographic images in 
diastole and systole oriented in 
the apical four-chamber view for 
comparison. The arrow points to 
the atrioventricular septum

Fig. 8.15 Anatomic cut section along the orientation of the sub-
costal view from chest wall echocardiography. Modified from 
Kisslo, Leech & Adams: Essentials of Echocardiography

Fig. 8.16 Two-dimensional echocardiogram from the subcostal 
view. Compare to Fig. 8.15
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mitral valve leaflet (AMVL). Here the anterior mitral 
valve leaflet is seen on enface as it moves forward and 
back toward and away from the viewer when imaged 
in real time. Remember that the right ventricle is ante-
rior to the left ventricle and curves around the left ven-
tricle. Here, the right ventricle and most of the 
interventricular septum is cut away, but the right ven-
tricular inlet (RV inlet in the upper left) in the upper 
left and the right ventricular outlet (RV outlet in the 
upper right) remain. The actual body of the right ven-
tricle is in the portion that is cut away. Of particular 
note in this view is that the papillary muscles are in a 
vertical position and well within the lateral limits for 
the mitral valve annulus. The papillary to the left is the 
inferomedial and the papillary to the right is the ante-
rolateral. For best understanding of all these spatial 
relationships, review all of the anatomic figures from 
Figs. 8.1–8.17.

The Surgical View

An additional view remains and is termed the surgical 
view. Until the advent of three-dimensional echo, such a 
presentation of surfaces that are routinely encountered 
by surgeons in the operating room was not possible. 

Using three-dimensional echo, one can record an entire 
volume of three-dimensional data, and crop the image to 
view various internal cardiac structures. Three-
dimensional images viewed in this chapter are the result 
of such acquisition techniques and cropping.

One of the best views for the communication of 
information concerning the mitral valve is this surgical 
view. When surgeons approach the mitral valve they 
generally do so from the left atrial approach but cutting 
into the roof of the atrium in the transverse sinus or 
some other approach to view directly into the mitral 
valve orifice. Figure 8.18 shows a section from a por-
cine heart specimen in a surgical view. The pulmonary 
artery is seen arising anterior to the aorta and the left 
atrium is behind the aorta and separated from it by the 
transverse sinus. Note the location of the left atrial 
appendage to the left and its relationship to the antero-
lateral commissure. The inferomedial commissure is 
seen on the opposite side of the mitral orifice, toward 
the interatrial septum. Multiple scallops are seen along 
the posterior mitral valve leaflet.

The observer of this view should be impressed that 
the anterior mitral valve leaflet comprises approxi-
mately 40% of the mitral valve annular structure. The 
remainder (60%) is taken up by the posterior, or mural, 
leaflet. Accordingly, the normal anterior mitral leaflet 
is the longest in length, but the narrowest around the 
annulus. The opposite is true of the posterior (or mural) 
mitral leaflet (shortest in length but widest around the 
annulus).

Fig. 8.17 Frontal long axis by three-dimensional echocardiog-
raphy with the base at the top and left ventricular apex oriented 
toward the bottom. Using this view, the relation of the papillary 
muscles to the mitral valve is easily identified

Fig. 8.18 Anatomic specimen of a porcine heart showing the 
typical surgical approach. The anterior commissure is oriented 
toward the left atrial appendage. Modified from Kisslo J.: 
Thinking in 3D
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This surgeon’s view is seen in the human specimen 
in Fig. 8.19. The pulmonary artery courses from the 
right to the left, anterior to the aorta (top of the pic-
ture). Note the coronary arteries emerging from the 
aorta at approximately ten (left main) and three (right 
coronary) o’clock along the aortic circumference. The 
transverse sinus then separates the aorta from the pos-
terior atrial structures. The left atrium and its append-
age are directly behind the aorta.

The most critical relationship is that of the anterior 
commissure to the atrial appendage. When the atria is 
opened, one looks for the os of the left atrial append-
age, and the commissure just below the os indicates 
the anterolateral mitral commissure.

In this specimen, structures from the tricuspid orifice 
are also seen. The two circles of the mitral and tricuspid 
annuli have the aorta wedged posterior between them. 
This is a normal relationship in a properly septated 
atrioventricular valve assembly. In AV Canal defects 
(atrioventricular septal defects) there is a common 
mitral-tricuspid orifice, and the aorta is markedly 
anteriorly displaced.

These remarkable relationships may also be visualized 
by three-dimensional echocardiography. Figure 8.20 
shows such a still frame captured during isometric 
contraction with the pulmonic, aortic, and mitral and 
tricuspid valves in the closed positions. The interatrial 
septum is seen between the two atrioventricular 
valves. Such a view is not possible by conventional 
two-dimensional echocardiography.

Such relationships are further enhanced by studying 
Fig. 8.21, similar to the previous two previous views. 
The pulmonary artery and aortic relationships are as 
previously noted. The transverse sinus is shown to 
separate the aorta from both the left atrium and right 
atrium. In addition, both atrial appendages are seen to 
curl anteriorly around the great vessels. Once again, 
the anterior commissure points toward the os of the left 
atrial appendage and the inferior commissure is seen at 
the opposite side. In addition, the coronary sinus 

Fig. 8.19 Anatomic human specimen oriented into the surgical 
view. For details see text. Courtesy of Ho S.Y. Modified from 
Kisslo J. Thinking in 3D

Fig. 8.20 Three-dimensional echocardiographic cut section 
showing the orientation of the mitral, aortic, and tricuspid valves

Fig. 8.21 Anatomic human specimen, cut and oriented into the 
surgical view. Note the anterior commissure orientation toward 
the left atrial appendage. Courtesy of Anderson R.H. Modified 
from Kisslo J. Thinking in 3D
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emerges from the right atrium and circles clockwise 
around the mitral valve annulus.

This coronary sinus can also be identified by three-
dimensional echocardiography. This is demonstrated 
in Fig. 8.22 where the coronary sinus is easily seen to 

emerge from the right atrium and circle in the same 
clockwise pattern around the mitral valve annulus. 
This is an extraordinary image of the relationship of 
the coronary sinus to the mitral annulus. While the left 
atrial appendage itself is not seen in this view, one can 
see a defect in the annulus where the os is usually 
located adjacent to the anterior commissure.

Since a variety of electrophysiology procedures 
involve the insertion of catheters into the coronary 
sinus, the identification of this structure is of growing 
importance. As well, there are a number of forthcom-
ing devices under investigation which may be inserted 
into the coronary sinus for reconfiguration of the mitral 
valve annulus in the setting of severe mitral regurgita-
tion. Thus, routine visualization of the coronary sinus 
will become imperative over time as these techniques 
demand guidance by echocardiographic approaches.

Further examination of structures above and below 
the mitral apparatus is seen in Fig. 8.23. Here a long-
axis section is shown in the left-hand panel of the left 
atrium and left ventricle. The ligament of Marshall is 
identified in this same individual as seen in Figs. 8.8 
and Fig. 8.9. Note that there is a slight downward tilt-
ing of the left ventricular apex so that this patient is 
imaged in a more anatomically correct position. The 

Fig. 8.22 Three-dimensional echocardiographic still frame in 
systole of the surgical view of the mitral valve. The annulus is 
cropped to reveal the coronary sinus emerging connecting to the 
posterior portion of the right atrium. Note how the coronary 
sinus encircles the mitral annulus

Fig. 8.23 Three-dimensional echocardiographic still frame of the long axis of the left ventricle showing the left atrium, mitral 
valve, and left ventricle from the septal side toward the LA and LV lateral walls. The arrow points toward secondary chordae as the 
image is rotated
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rotation of the left panel clearly shows secondary chor-
dae tendinae to the anterior side of the closed anterior 
mitral valve leaflet. This section is taken from isomet-
ric contraction so that both the aortic and mitral valves 
are closed. As the heart is progressively tilted toward 
the left, the back wall of the left atrium is seen and the 
supporting chordal structures can easily be identified.

Functional Mitral Valve Anatomy

Functional Anatomic Segments

With the advent of mitral valve repair, it became nec-
essary for cardiac surgeons to precisely identify the 
location of mitral regurgitation. The most popular ana-
tomic descriptive system is the functional classifica-
tion of Carpentier. This classification recognizes three 
major regions of the posterior mitral valve leaflet; P

1
, 

P
2
, and P

3
 as seen in Fig. 8.24 with a schematic dia-

gram in the left panel. This nomenclature system 
begins at the anterolateral commissure and extends 
clockwise to the posterior medical commissure. Using 
the traditional chest wall echo orientation, the numbering 
would begin (right panel Fig. 8.24) at the right side of 

the image (left atrial appendage) and circle clockwise. 
No matter the orientation, or view, one needs to iden-
tify the left atrial appendage location in order to prop-
erly assign these regions.

Figure 8.25 shows a short axis or mitral apparatus 
near the midportions of the mitral valve leaflets from 
the chest wall in a patient with prominent posterior leaf-
let scallops. This patient has a very large P

2
 scallop, and 

the remaining P
1
 and P

3
 regions are easily seen. In this 

individual both commissural areas are also easily iden-
tified in this mid-diastolic frame. The orientation is 
from the standard chest wall short-axis configuration.

Functional Nomenclature in Other Views

The proper orientation for the surgical view may be 
somewhat confusing at first. The chest wall echo visual-
izes structures from below (left-hand panel Fig. 8.26) 
and the surgical view is from above (right-hand panel 
Fig. 8.26). In these two different orientations, the image 
seen in the left-hand panel is simply flipped over like 
turning a playing card from the chest echo orientation to 
the surgical orientation. To facilitate understanding of 
this view reversal, one may look at the palm of their 

Fig. 8.24 Schematic and anatomic sections demonstrating the posterior mitral leaflet segments from the standard chest wall 
two-dimensional orientation (from below)
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right hand. This can be imagined as viewing the mitral 
apparatus from below (with your thumb as the left atrial 
appendage). Then, simply turn your hand over and look 
at its backside. Using this orientation, your thumb is at 
the left, the equivalent of surgical orientation.

Given this turning from one side to the other, the 
labels identifying the various commissures and poste-

rior valve leaflet scallops are also reversed from one 
view to the other in Fig. 8.26. Also note the orientation 
of the aortic valve and the various coronary ostia as 
views are flipped. Because the views are reversed, the 
right coronary artery still emerges most anteriorly. The 
chest wall echo visualizes the ostium of the left coro-
nary artery at approximately three o’clock on the 

Fig. 8.25 Still frame 
mid-diastolic short axis of 
an echocardiogram showing 
the three scallops of the 
posterior mitral leaflet and 
accompanying schematic 
diagram. The anterior 
commissure is at the right 
when oriented from the 
two-dimensional echo 
standard from below

Fig. 8.26 Schematic 
comparison of the orienta-
tions of echocardiographic 
images from the standard 
short axis of the mitral valve 
from the chest wall 
compared to that visualized 
by surgeons in the operating 
room. See text discussion
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aortic valve circumference. In the surgical view, sur-
geons will locate the left coronary artery at approxi-
mately nine o’clock on the aortic circumference.

The opposing segments of the anterior mitral valve 
leaflet are also identified ( Fig. 8.27). Since the os of 
the left atrial appendage is at the upper left of the mitral 

apparatus in the surgical orientation, the nomenclature 
begins at the atrial appendage and moves counter 
clockwise in the surgical presentation. Therefore, the 
A

1
 segment opposes the P

1
 segment and so forth.

Figure 8.28 shows an actual three-dimensional 
echocardiogram presented from the transesophageal 

Fig. 8.27 Functional anatomy of the mitral valve presented in the surgical view. The segment numbering starts at the anterolateral 
commissure

Fig. 8.28 Paired diastolic and systolic three-dimensional views from the surgical view (atrium down toward the ventricle). The vari-
ous leaflet segments are labeled. The aortic valve is anterior
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approach and oriented in the surgical view in a patient 
with prominent posterior leaflet scallops. Both the 
anterolateral and posterior-medial commissures are 
crisply identified in the left-sided diastolic panel. In 
systole (right-hand panel) the various opposing seg-
ments are seen. This patient has a somewhat prominent 
P

2
 segment that makes identification of this scallop 

most easy in both diastole and systole. In reality, the 
various mitral valve scallops may comprise several 
smaller scallops and in normals are much less clearly 
differentiated. Compare the images seen in Fig. 8.28 
with those seen in Figs. 8.18–8.22. Surgeons have little 
choice in orienting the human mitral valve since standard 
surgical approaches dictate that valve replacement 
and/or repair be performed from the atrial perspective. 
Therefore, it is imperative that echocardiographers 
learn to reorient their images as to provide surgeons 
with the appropriate view.

These orientations may be even more complicated 
when one takes into consideration standard chest wall 
echo presentations from those seen by standard 
transesophageal two-dimensional echo orientations  
(Fig. 8.29). Since the transducer is behind the heart in 
the transesophageal (TEE) two-dimensional approach, 
the mitral valve is actually flipped from front to back. 

The aortic position is, obviously, reversed. Again, the 
easiest way to identify these structures is to locate both 
the aorta and the left atrial appendage, and this gives 
location to the anterolateral commissure and the 
assignment of all the attendant segments.

As A-mode echo moved into M-mode, then two-
dimensional echo emerged and now we are at the 
advent of three-dimensional echo, there are multiple, 
confusing orientations that resulted. It is expected that 
most examiners will orient images anatomically as 
time moves forward so that images will be consistent 
from technique to technique. Old image orientations, 
like old imaging methods, take long to change and 
even longer to die.

The schematic drawing shown in Fig. 8.30 diagrams 
the mitral annulus cut at the anterolateral commissure 
and the mitral leaflets opened to reveal the entire mitral 
circumference. Doing this reveals the entire array of 
the various segments to be unfolded in a straight line. 
Note that since the cut occurred at the anterolateral 
commissure the P

1
 segment is located at the far right in 

this diagram. It is important to also see that chordal 
attachments arising from each of the papillary head go 
to both the leaflets. In this case, the centrally diagramed 
posteromedial papillary gives chordal structures to 

Fig. 8.29 Comparison of schematic diagrams of the orientation of standard chest wall echocardiograms of the mitral valve with 
those during transesophageal echocardiography
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both the anterior and posterior leaflet segments. The 
same is true for the anteromedial papillary (but not 
diagrammed).

Such a cut was actually made in a porcine heart and 
is demonstrated in Fig. 8.31 with the leaflets splayed 
out along a straight line. Both anterior and posterior 
mitral leaflets are identified, and chordal structures can 
be seen to support both the leaflets from any one papil-
lary. In this, a thumb is located in the lower right posi-
tion. This marks the anterolateral commissure and 
where the anterior papillary was divided to open the 

entire array of leaflets, scallops, chordal structures, and 
papillaries. The inferomedial papillary is located cen-
trally. Note that the delicate attachment of the chordae 
tendinae is they arise from the papillary heads and then 
join the tips of the primary chordal insertions in the 
leaflet tips. Secondary chords are not visualized in this 
image because they go to the backside of the leaflets.

In summary, it is important to recognize where 
mitral valve leaflets are attached in order to identify 
which is the anterior or posterior leaflet. The anterior is 
attached to the aorta in an otherwise normal individual, 
while the posterior is attached to the ventricular wall 
(the “mural” leaflet). Keeping this in mind will always 
allow an examiner to differentiate these leaflets. As 
well, the anterior mitral leaflet is the longest in com-
parison to the posterior leaflet. However, the anterior 
leaflet takes up only 40% of the mitral valve annulus.

Remember that the left atrial appendage marks the 
anterolateral commissure, no matter the view or tech-
nique. On the ventricular side of the anterolateral com-
missure is the anterolateral papillary muscle, attached 
to the free wall of the left ventricle. The posterolateral 
commissure has the posterolateral papillary just below 
it in the ventricle. If one looks at the midportion of the 
anterior mitral leaflet in Figs. 8.18–8.22 as well as the 
schematic diagrams in Figs. 8.24–8.29, one can appre-
ciate that the midportion of the anterior leaflet is just 
behind the aorta. Given this anatomic orientation of 
the aorta to the anterior mitral valve leaflet, one might 
expect a “cleft” (seen in AV Canal defects) to go 
directly toward the aorta. As will be seen near the end 
of this chapter ( Fig. 8.139), such a cleft does not go in 
this direction, because there is a significant rotation of 
the entire mitral valve apparatus in AV canal defect 
patients. Rather, such a cleft goes toward the interven-
tricular septum.

Mitral Valve Spatial Movement and Flow 
Profiles

Cyclical Mitral Valve Movement

The first recognition of mitral valve movement came 
from the M-mode echocardiogram. Here, a single 
line of information is directed from the chest wall 
toward the mitral valve apparatus as seen in Fig. 8.32. 

Fig. 8.30 Schematic diagram of the mitral valve, cut at the 
anterolateral commissure and then laid flat. The anterior leaflet 
is the longest from top-bottom, but only occupies about 40% of 
the annulus

Fig. 8.31 The porcine mitral valve, cut at the anterolateral 
commissure as in the previous figure. The large papillary mus-
cle at the center is the inferomedial. This demonstrates how 
each papillary muscle gives rise to chordae tendineae to both 
leaflets. Modified from Kisslo J. Thinking in 3D
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The diagram of the left ventricle is in the parasternal 
long-axis orientation with apex at the left and aorta to 
the right. The chest wall is at the top. Most examiners 
will easily recognize the rapid to and fro movement of 
the mitral valve by any examination technique whether 
it be M-mode, two-dimensional, or three-dimensional 
echocardiography.

Figure 8.33 shows a typical M-mode echocardio-
gram of both the anterior and the posterior mitral valve 
leaflets as they move to and fro between diastole and 

systole. Because the anterior leaflet is the longest, its 
motion is the greatest in comparison to the posterior 
leaflet, which is hardly seen during this examination. 
In fact, the posterior leaflet appears almost buried on 
the posterior ventricular wall. The mitral valve first 
opens and moves anteriorly to its E point, the point of 
maximum excursion. This corresponds to the rapid 
inflow of blood during the rapid filling period of dias-
tole. The valve leaflet then drifts posterior to its F point 
where it lingers during mid-diastole, in the period 
known as diastasis (where little flow occurs). With 
atrial contraction, there is a slight anterior movement 
to the A point. This is followed by systolic closure to 
the C point following the QRS complex of the EKG 
(vertical line). At the C point, the anterior and the pos-
terior valve leaflets meet and then drift slightly anterior 
to the D point during ventricular systole as it is carried 
with the anteriorly moving left ventricular and aortic 
supporting structures. Then in diastole, the process 
repeats itself over and over in a cyclical fashion.

During this cycle, the aorta moves anteriorly in sys-
tole and posteriorly in diastole. The mitral annulus 
itself moves toward the ventricular apex as the left ven-
tricle shortens and contracts.

Given that a patient is in normal sinus rhythm, the 
patterns of E and A excursions are usually seen in most 
normal mitral valve leaflet M-mode examinations if 
the leaflets are pliable and free of intrinsic disease. Of 
course, best imaging of a mitral valve is obtained when 
the interrogating sound beam is perpendicular to the 
mitral valve apparatus itself (a specular orientation). 
This is generally done from the anterior third through 
fifth intercostals spaces with the beam directed poste-
rior to encounter the anterior mitral leaflet.

Since the normal mitral valve leaflet is a passive 
envelope of flow, the mitral valve flow profiles by either 
pulsed- or continuous-wave Doppler show a marked 
resemblance to movements detected by M-mode (Fig. 
8.34). Note that the E and A points are identified in the 
M-mode, pulsed-wave, and continuous-wave recordings 
of mitral valve movement and flow.

The best Doppler recordings are detected from the 
ventricular apex, parallel to flow. Using this apical 
approach for Doppler interrogation, a small degree of 
retrograde flow opposite to the diastolic flow can be 
seen in systole. Some of this low-velocity flow away 
from the transducer represents flow out of the left ven-
tricle during mechanical systole that is caught between 
the leaflets as they close. This is called “backflow.”

Fig. 8.32 Schematic diagram of the path of a single M-mode 
beam, directed posteriorly from the chest wall to intercept both 
leaflets of the mitral valve

Fig. 8.33 M-mode echocardiogram of the normal mitral valve 
showing wide excursion of the anterior mitral leaflet (AMVL) in 
diastole
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Normal Doppler Mitral Profiles

Cyclical flow through the normal mitral valve orifice is 
shown in Fig. 8.35 (top panel). Note the relationship of 
diastolic flow to the EKG. Flow into the left atrium 
through a pulmonary vein is also shown in the lower 
panel in this figure. There is filling of the left atrium 
from the pulmonary vein during the entirety of the car-
diac cycle, one being predominantly in diastole (D 
wave) and the other predominantly in systole (S wave). 
The general contour of flow through the mitral orifice 
itself is as previously indicated and forms the E point 
(occurring with the D point of flow from pulmonary 
vein D point in diastole). As the mitral valve is opened, 
the atrium serves as a simple conduit of flow from pul-
monary vein through the left atrium and into the left 
ventricle. When the mitral valve is closed, flow contin-
ues from the pulmonary vein (S wave) into the left 
atrium and the atrium functions as a reservoir (S wave 
lower panel of Fig. 8.35). When pressure rises in the 
left atrium due to mitral regurgitation or high left ven-
tricular filling pressures, this antegrade flow during 
systole is frequently suppressed. Most initial students 
of echocardiography do not realize that flow continues 

into the heart during the entirety of the cardiac cycle in 
normal patients. The normal ventricle will fill during 
diastole, but the normal atrium fills during both dias-
tole and systole.

Continuous-wave Doppler interrogation of abnor-
mal mitral flows includes mitral stenosis and mitral 
regurgitation ( Fig. 8.36). Mitral stenosis is a diastolic 
event (note the EKG in the upper panel) where there is 
spectral broadening and a slow diastolic descent. Note 
that the peak velocity in mitral stenosis is between 2.0 
and 3.0 m/s. In mitral regurgitation (lower panel) there 
is a high-velocity flow away from the transducer in 
systole. This high-velocity flow goes from a very high-
pressure chamber (left ventricle) to a low-pressure 
chamber (left atrium). In this setting of mitral regurgi-
tation there is an increased systolic flow approaching 
4–5 m/s retrograde into the left atrium from the left 
ventricle depending upon the various pressures. In 
these examples (dashed horizontal lines) the diastolic 
stenotic flow approaches 2.4 m/s, while the systolic 
regurgitant flow is slightly over 4 m/s. Note that the 
scale on the right side shifts from cm/s to m/s between 
the two interrogations. These continuous-wave Doppler 
tracings are not from the same patient.

Fig. 8.34 Movement profiles of the mitral valve by M-mode (left panel), pulsed-wave Doppler (middle panel), and continuous-wave 
Doppler (right panel). All show the greatest degree of movement or flow with passive ventricular filling in the first one-third of diastole
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Fig. 8.35 Comparison of 
pulsed Doppler spectral flow  
profiles at the level of the 
mitral orifice (top panel) and 
pulmonary vein (bottom 
panel). Note how the diastolic 
flow profiles are similar in 
diastole as the atrium serves 
as a conduit with flow from 
lungs through the atrium to 
the ventricle. In systole, the 
normal antegrade mitral flow 
stops but the pulmonary 
venous flow continues to fill 
the atrium (now acting as a 
reservoir)

Fig. 8.36 Typical abnormal 
continuous-wave flow profiles 
in mitral stenosis (top panel) 
and mitral regurgitation (bottom 
panel)
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Comprehensive Evaluation of Mitral 
Regurgitation

Mitral regurgitant jets have four basic components by 
color-flow Doppler. Comprehensive evaluation of the 
mitral valve requires that one examine at all four com-
ponents of the jet when evaluating color-flow images 
for mitral regurgitation ( Fig. 8.37). As flow converges 
in the left ventricle in systole just proximal to the 
regurgitant orifice it forms into a three-dimensional 
volume of flow convergence. Here, flow begins to 
accelerate in velocity. It then narrows into the fastest 
velocity of a regurgitant jet where the flow accelerates 
through the actual regurgitant orifice itself. Then, as 
the flow jet emerges from the regurgitant orifice into 
the left atrium the jet splays out into a large area of 
turbulence, much like water going over the precipice 
of the waterfall into the waterfall itself. This third area 
of turbulence is the first thing a viewer recognizes 
when viewing a regurgitant jet in the left atrium. The 
fourth, and last, effect is the downstream effect of sup-
pression or reversal of systolic flow into the left atrium 
in systole through a pulmonary vein ( Fig. 8.38).

Of course, various quantitative indices can be 
applied to these different areas recognized in the two-
dimensional color-flow image. The area of flow con-
vergence can be described in what is known as the 
PISA (proximal isovelocity surface area) for the deri-
vation of effective regurgitant orifice area (EROA)  
(Fig. 8.39). As the jet then passes through the area of 
flow acceleration (the jet orifice) the flow will increase 

somewhat in velocity (in the vena contracta), and the 
diameter of this flow acceleration can be measured. 
The most obvious area is that of the flow disturbance 
within the left atrium itself. Beginners in echocardiog-
raphy will be most attracted to this area, but it is the 
least reliable in the various descriptive indices now 
described for the severity of mitral regurgitation. 
Lastly, there is the effect seen downstream from the 
regurgitation when there is pulmonary venous flow 
suppression or actual reversal of pulmonary venous 
inflow during systole. When such suppression or reversal 
is noted, the regurgitant jet is likely severe.

Of course, as the jet increases in size, one may 
expect a larger PISA, vena contracta, area of flow 

Fig. 8.37 Schematic diagram of the comprehensive color eval-
uation of mitral regurgitation

Fig. 8.38 Schematic diagram of the four areas of interest in a 
comprehensive evaluation of mitral regurgitation by color-flow 
Doppler

Fig. 8.39 Schematic diagram of the four ways to quantitate the 
color-flow Doppler of mitral regurgitation
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disturbance (jet size) and either a decrease in systolic 
venous flow or reversal itself ( Fig. 8.40). Flow is actu-
ally quite organized as it moves into the area of flow 
acceleration (PISA) and into the vena contracta (flow 
acceleration). The flow into the atrium is, however, 

quite disorganized and turbulent at it emerges from the 
regurgitant orifice. The area of the jet in the left atrium 
is therefore subject to many factors. One major factor 
is the size of the atrium. Imagine a jet made up of 50 cc 
being received in a very large left atrium as opposed to 
the same volume jet being received in a small left 
atrium. The dispersal of forces and the size and pres-
sure of the receiving chamber can all, therefore, affect 
the size of this jet, and thus render it unreliable. Given 
these observations, however, note the examples of mild 
and severe mitral regurgitation noted from the chest 
wall apical four-chamber approach in Fig. 8.41. In 
each case, note the size of the flow convergence (PISA), 
flow acceleration (jet diameter at the vena contracta), 
size of the jet in the left atrium, as well as the presence 
of flow reversal in the pulmonary vein. The right panel 
(arrow) shows such actual reversal compatible with 
severe mitral regurgitation. Always look at all four 
components of mitral regurgitation when evaluating 
severity.

As previously mentioned, the size of the jet may be 
the least reliable quantitative index of these various 
descriptors. This is in part because the regurgitant flow 
into the chamber is affected by the constraints induced 
of the blood that is residual within the left atrium dur-
ing systole. As well, attenuation of the ultrasound sig-
nal may artifactually and significantly reduce the size 

Fig. 8.40 Schematic summary of the degrees of severity of 
color-flow Doppler in mitral regurgitation. As the severity 
increases, so do the sizes of all components

Fig. 8.41 Apical four-chamber views from two different patients, one with mild and the other severe mitral regurgitation
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of the jet. Various individuals have tried to relate the 
size of the left atrium in relationship to the size of the 
regurgitant jet, but with little absolute reliability. Jets 
also have duration and such duration must subjectively, 
or objectively, be taken into account when assessing 
regurgitant jet severity.

Another notable example of the unreliability of jet 
size is the so-called Coanda effect (Fig. 8.42). In this 
case, the regurgitant jet is directed from the valve orifice 
directly adjacent the atrial wall where it curls around the 
left atrium. This is sometimes informally referred to as 
a “wallhugger” jet and can occur along any of the atrial 
walls. When this occurs, most subjective analytic 
schemes increase the severity of mitral regurgitation one 
grade higher than would be estimated by the size of the 
jet alone. In the example shown in Fig. 8.42 (arrow) one 
can appreciate a larger zone of convergence and flow 
acceleration than would normally be likely from a jet of 
this modest size. This phenomenon results from rather 
complex dispersions of kinetic energy and is beyond the 
scope of discussion in this basic chapter.

Calculations of Jet Severity

It is common in many laboratories to assign values for 
the calculations of the severity of mitral regurgitation 
on the basis of PISA and subsequently Effective 
Regurgitant Orifice Area (EFRO). This is performed 

by a series of maneuvers described elsewhere in this 
book. The method is dependent on the assumption that 
the isovelocity shell revealed by a color baseline shift 
is a perfectly symmetric hemisphere. The larger the 
PISA, the larger the regurgitant jet. Calculation of jet 
diameter through the vena contracta suffers from a 
similar limitation as it also assumes a symmetric flow 
acceleration area. Both are demonstrated Fig. 8.43. 
Larger areas and diameters imply larger jets, but nei-
ther is precise measure of mitral regurgitation. Despite 
all these limitations, one measurement or estimation 
can be used to verify another, and a comprehensive 
review can result in a very useful clinical estimate of 
severity of mitral regurgitation. Values for vena con-
tracta diameter and EFRO are seen in Table 8.1.

Mitral Timing Relationships

Spectral Doppler indices of the severity of mitral regurgi-
tation also exist. They are dependent on an understanding 

Fig. 8.42 The Coanda effect is present when a regurgitant jet is 
directed against a wall. Note the large zone of convergence

Fig. 8.43 Flow through the zone of convergence (vertical arrow) 
and zone of flow acceleration through the regurgitant orifice (hor-
izontal arrow) is generally organized and can be quantified

Table 8.1 Table of values for estamating severity of mitral 
regurgitation by Vena Contracta or Effective Regurgitant 
Orifice Area measurements

Severity of mitral regurgitation

Mild Moderate Severe

Vena contracta width (cm) <0.3 0.3–0.69 ³0.7
EROA (cm2) <0.20 0.20–0.39 ³0.40
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of the various pressure relations that exist in left-sided 
heart contraction and relaxation. Figure 8.44 shows the 
timing relationships of left-sided pressures in the Aorta 
(Ao), left ventricle (LV), and the left atrium (LA). As the 
pressure rises in the left ventricle during mechanical sys-
tole, it exceeds that of the left atrium and mitral valve 
closes. This initiates a period of rising left ventricular 
pressure with no movement of blood that precedes the 
opening of the aortic valve. This interval is known as the 
period of isovolumic contraction. The term “isovolumic,” 
of course, means that there is no volume change prior to 
aortic valve opening.

As the pressure in the left ventricle exceeds that in 
the aorta the aortic valve opens, mechanical systole 
ensues, and blood is ejected until the left ventricular 
pressure drops below that of the aorta. When aortic pres-
sure drops, the aortic valve shuts. Isovolumic relaxation 
then ensues as the ventricular pressure falls until mitral 
valve opening. Diastole then begins. Note the light blue 
interval areas indicated in Fig. 8.44 of the isovolumic 
relaxation period at the end of systole and then the 
isovolumic contraction period at the beginning of systole 
in the subsequent beat.

Relationships of Spectral Doppler

Of course, both aortic stenosis (AS) and mitral regur-
gitation (MR) are systolic events. As well, both aortic 

regurgitation (AR) and mitral stenosis (MS) are diastolic 
events. Because of the proximity of the aortic to the 
mitral valve, these various regurgitations and stenoses 
may be confused for one another. These complex tim-
ings in relationship to aortic and mitral stenotic and 
regurgitant flows are illustrated in Fig. 8.45 where mitral 
regurgitation and mitral stenosis are illustrated in orange 
and aortic stenosis and aortic regurgitation are illustrated 
in green. The various valve left-sided valve openings and 
closings are indicated with the blue shaded areas denot-
ing isovolumic relaxation and contraction (identified in 
the previous figure) added. Figures 8.44 and 8.45 should 
be carefully correlated.

At first, it may appear that the spectral profile of 
aortic stenosis resembles mitral insufficiency and those 
of aortic insufficiency resemble mitral stenosis. These 
various disease profiles may be differentiated by a 
knowledge of the various timing relationships of left-
sided valvular opening and closings. Figure 8.45 shows 
the relationships between these various normal spec-
tral velocities. The duration of mitral insufficiency is 
generally longer than that of mitral stenosis, in part, 
because the time from mitral valve closing to mitral 
valve opening is longer than from aortic valve opening 
to closing. Similarly, the aortic closing to aortic open-
ing is longer than from mitral opening to closing.

The problem of recording flow across the mitral and 
aortic valves simultaneously (Fig. 8.45) results partly 

Fig. 8.44 Schematic diagram of the relationship between left 
atrial, left ventricular, and aortic pressures during the cardiac 
cycle. The light blue areas represent the periods of isovolumic 
relaxation and isovolumic contraction

Fig. 8.45 Schematic diagram showing the timing relationships 
of abnormal flows through the left-sided heart valves. Aortic 
stenosis and mitral regurgitation are systolic events and may be 
confused with one another. Aortic regurgitation and mitral 
stenosis are diastolic events and may also be confused. The light 
blue areas represent the periods of isovolumic relaxation and 
isovolumic contraction
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from the fact that the ultrasound beam width in spec-
tral Doppler is large enough to detect more than one jet 
at the same time. Failure to appreciate the phenomenon 
of jet width may lead the unwary beginner to diagnose 
mitral stenosis, for example, when only aortic regurgi-
tation is present.

Using these principles, spectral aortic and mitral 
flows may be differentiated using spectral Doppler 
tracings of mitral flow. Note in Fig. 8.46 that the dura-
tion of aortic outflow is quite a bit shorter than the 
duration of mitral regurgitation in this patient and then 
compare these observations to Fig. 8.45. While the 
velocity of mitral regurgitation in this individual is 
considerably higher than the normal aortic velocity 
seen in the left panel, aortic flow may be confused with 
mitral regurgitation in a patient where aortic stenosis 
and mitral regurgitation coexist. They can be differen-
tiated by their location and duration.

This phenomenon is somewhat better illustrated in 
Fig. 8.47 where an elevated systolic velocity jet from 
aortic stenosis is seen in the top panel and coexistent 
mitral regurgitation is indicated in the bottom panel, 
also having elevated velocity. In this setting, one could 
easily confuse the continuous Doppler of aortic steno-
sis with that of mitral regurgitation or vice versa. The 

duration of the more severe mitral regurgitation may 
also be reduced because the mitral regurgitation 
encroaches into the period of isovolumic relaxation.

Similar problems could exist between aortic regur-
gitation and mitral stenosis, both diastolic events. The 
top panel of Fig. 8.48 shows aortic regurgitation and 
the bottom panel shows the delayed diastolic descent 
of mitral stenosis. Again, identification of the various 
isometric periods will help somewhat in differentiating 
these flows.

Use of Color-Flow Doppler Controls

Mitral regurgitation during systole can be seen by color-
flow Doppler in the left atrium in systole using color-flow 
Doppler ( Fig. 8.49). Note that there is an area of color 
mosaic in the left atrium this patient examined in the 
parasternal long axis from the chest wall. The patient 
has a dilated cardiomyopathy, so both the left ventricle 
and the left atrium are dilated.

One serious problem for color-flow Doppler is the 
fact that improper use of the color controls can result 
in the marked increased in jet size ( Fig. 8.50). In this 

Fig. 8.46 Continuous-wave Doppler recordings through the aortic outflow (left panel) and mitral inflow (right panel) to differenti-
ate systolic aortic flow from mitral regurgitant flow durations. Mitral flow duration in a normal is longer than aortic flow duration
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example, a subject with known trivial of mitral regur-
gitation (left panel) can demonstrate an area of more 
sizable regurgitation (right panel) when the improper 
settings are employed. Multiple factors can control this 
creation of a spuriously sized jet and profoundly affect 
the estimation of jet severity.

Use of Color Gain

The first, and most obvious, control is that of overall 
color gain. Figure 8.51 shows a left panel where nor-
mal color gain is demonstrated. The right panel shows 
a remarkable increase in the overall color gain resulting 

Fig. 8.47 Continuous-wave Doppler 
recordings from a patient with aortic 
stenosis (top panel) and mitral regurgita-
tion (bottom panel). The light blue areas 
represent the periods of isovolumic 
relaxation and isovolumic contraction

Fig. 8.48 Continuous-wave Doppler 
recordings from a patient with aortic 
regurgitation (top panel) and mitral 
stenosis (bottom panel). The light blue 
areas represent the periods of isovolumic 
relaxation and isovolumic contraction
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in a somewhat larger jet when color gain is increased. 
Both these images were obtained during the isometric 
contraction period with both the mitral and the aortic 
valves in the closed positions.

Further evidence of the effect of variable color 
Doppler gain is noted in Fig. 8.52. Here, there is low 
color gain in the left panel followed by correct gain in 
the middle panel, and obvious, excessive color Doppler 

Fig. 8.49 Diastolic and systolic still frames from a parasternal long axis of the left ventricle in mild mitral regurgitation

Fig. 8.50 Apical four-chamber views from the same volunteer showing that improper use of the color-flow controls may artifactu-
ally increase the size of a regurgitant jet
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gain in the right panel. Excessive color gain is character-
ized by the sparkling appearance of a variety of pixels 
seen in the right color image. The hallmark of correct 
gain (middle panel) is the detection of some low-velocity 

flow in the left ventricular outflow tract as well as lower-
velocity flows seen surrounding the turbulent jet. The 
lower-velocity flows surrounding the turbulent jet reflect 
the movement of red cells already present in the left 

Fig. 8.51 Parasternal long axis from a patient with a centrally directed small degree of mitral regurgitation that increased in size 
with an increase in color gain

Fig. 8.52 Three panels from the apical four-chamber view in a subject with trivial mitral regurgitation where there is low, correct, 
and excessively high color gain. The excessive color gain floods the image with sparkling in the low-velocity color
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atrium that are engaged by the regurgitation. This phe-
nomenon is known as the “entrainment.”

These observations of improper use of color gain are 
not machine manufacturer specific even though various 
different machines may display color flow somewhat 
differently. The effect of overall increases in color gain 
is shown in an alternate manufacturer’s device seen in 
Fig. 8.53. Here the three panels show an obvious 
increase in the size of the color-flow jet of mitral regur-
gitation encountered as the color gain is increased from 
12 to 24. Numbers displayed on devices for gain are all 
relative and have no specific meaning except that one 
gain is higher than another. It should be noted that the 
individual demonstrated here is the same individual 
seen in Fig. 8.50. These different machines may display 
the color noise encountered by remarkably excessive 
color gain in different ways, but excess color gain will 
always result in a bigger jet. Figure 8.54 shows evi-
dence of color noise in the apex of the left ventricle in 

Fig. 8.53 Three panels from a subject with trivial mitral regurgitation from the apical four-chamber view showing artifactual 
increase in jet size with increase in color-flow gain

Fig. 8.54 Apical four-chamber view with markedly excessive 
color gain that renders the color flow unintelligible. Note the 
excess color gain makes the tissue around the apex sparkle
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an apical four-chamber view that renders the color-flow 
image almost uninterpretable. Note the sparkling of tis-
sue noise at the ventricular apex in this view.

Altered Nyquist (or Scale Factor)

Another major factor that can significantly alter the 
size of the color jet is Nyquist shift. With lowering of 
the Nyquist (color scale factor) progressively lower 
velocities will be displayed with increased brightness, 
artifactually increasing jet size. Most international 
standards for the display of color-flow images of mitral 
regurgitation from the apical four-chamber view rec-
ommend scale factor (Nyquist settings) in the 60 cm/s 
range (0.60 m/s). Figure 8.55 shows a remarkable 
increase in the size of a color-flow jet from a Nyquist 
setting of 78 cm/s down to 49 cm/s. All other factors 
were held the same during this demonstration of this 
phenomenon in an otherwise normal individual.

Effect of Frame Rate and Persistence

Figure 8.56 shows the effect of decreased frame rate 
when a moving jet is encountered. The left two panels 
evidence of a moving jet at 25 frames per second as it 
moves from frame to frame in time. On the right is the 
same individual encountered at a slower frame rate where 

the two jets are “added” into a single frame, obscuring 
dynamics and artifactually increasing jet size. Obviously, 
the maximum temporal sampling that is possible will 
provide a truer depiction of dynamic jet size. One should 
absolutely avoid widening the color-flow sector arc, thus 
slowing frame rate and obscuring flow dynamics.

Similarly, color frames obtained over a period of 
time could potentially be added to one another in any 
given display using a control called persistence. 
Figure 8.57 demonstrates the addition of multiple 
frames in a moving image so that the net effect is to 
markedly increase jet size. All other factors are held 
constant, including the Nyquist limit, as indicated in 
the inset boxes that reflect system settings. Neither 
two-dimensional echo image nor color persistence 
should be used in echocardiography. The heart moves 
much too rapidly to make these controls be of any use 
in the examination of cardiac structures. Never use 
persistence any time when examining a heart.

Excess Image Gain

There is also the possibility of decreasing jet size by 
certain setting factors. This decrease in jet size is dem-
onstrated in Fig. 8.58. Here, excess image gain alone is 
added to the system settings from the properly obtained 
image in the left-hand panel. The added image gain 
encroaches on pixels occupied by color and the color is 

Fig. 8.55 Effect of the 
decrease in Nyquist limit (scale 
factor or PRF) as the jet size is 
markedly increased. For mitral 
regurgitation, Nyquist limits 
should be set at about 60 cm/s.
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Fig. 8.56 Low frame rates may also increase the size of a mitral regurgitant jet

Fig. 8.57 Image persis-
tence may also increase the 
size of a jet and have no 
place in echocardiography 
for examination of the 
rapidly moving heart
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eliminated as an image display can provide a picture of 
either black-and-white anatomic information or color-
flow information, but not both at the same time. Note 
the image gain increase on the right has increased low-
amplitude image noise into the picture that causes a 
haze within the cardiac chambers, displacing low-
velocity flow, previously detected in the image on the 
left. Excess image gain, as well as color gain should be 
avoided in the conduct of any color-flow examination. 
Beginners with echocardiography will encounter this 
problem frequently as the use of excess image gain is 
frequently used to acquire anatomic targets when skill 
sets for transducer angulation and proper aiming are 
lacking. This sets up a cycle of increased image gain 
followed by increased color gain until a terribly dis-
torted image of anatomy and flow is encountered.

System Setting Variability in Jet Size

These and other factors can increase the size of a color-
flow jet. Figure 8.59 shows the addition of multiple 
factors to move a rather negligible jet seen in Panel 1 
into a somewhat sizable jet seen in Panel 7. The various 
steps along the way can be seen to increase the jet size 
in progressive steps from left to right.

Such manipulated settings can be obtained with any 
color-flow machine. Figure 8.60 demonstrates such 

manipulations with an alternate device in the same indi-
vidual depicted in Fig. 8.59. The major factors that 
exist in such manipulation are the increase in color 
gain, together with the decrease in Nyquist settings, but 
other less obvious factors can be added to distort image 
reliability of size, and thus, estimation of severity. Both 
excessive color gain and low Nyquist should always be 
avoided. Likewise, these manipulations should be rec-
ognized by any interpreter of color-flow information.

Jet Duration

The simple size of a jet in a still frame follow image 
can never be accurately relied upon as an absolute 
indicator of jet severity by itself. Size and jet duration 
must be taken together. It is well known that mitral 
regurgitation is classically described as a holosystolic 
jet by physical examination. Figure 8.61 shows suc-
cessive new acoustic frames from the four-chamber 
chest wall approach in an individual with trivial mitral 
regurgitation. Note that the jet size remains small 
throughout the most of systole (solid arrows). Systolic 
frames are indicated with S and the last frame of the 
previously diastole and first frame of the next diastole 
are depicted by D. Figure 8.62 shows an ever-increas-
ing large jet in a patient with more significant mitral 
regurgitation (solid arrows).

Fig. 8.58 Excess image 
gain may suppress the color 
as black-and-white 
anatomic information 
competes with color-flow 
information for display in 
any given pixel
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Fig. 8.59 Between panels 1 and 7, several color-flow settings are changed to artifactually increase the size of this trivial mitral 
regurgitant jet

Fig. 8.60 The size of the trivial mitral regurgitant jet is again 
increased in this image from the apical four-chamber view by 
use of improper settings. The machine used here is different 

from that seen in the previous figure. Improper use of color gain 
and Nyquist are the main problems
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Fig. 8.61 Successive new acoustic frames from a volunteer 
with mild mitral regurgitation. The last frame of diastole (D) is 
followed by successive systolic frames and finishes with the first 

diastolic frame (D) of the next diastolic cycle. The solid arrow 
shows the duration of the minimal mitral regurgitation through-
out all but one systolic frame. Jets have duration as well as size

Fig. 8.62 Successive new acoustic frames from a volunteer with severe mitral regurgitation. The solid arrows show the jet to grow 
in size and last throughout systole. All jets have duration as well as size
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When the mitral valve shuts in early systole, and 
before the aortic valve opens, the left ventricle is con-
tracting prior to ventricular ejection (isometric/iso-
volumic contraction). Some blood is trapped in the 
closing mitral orifice, and when the leaflets shut there 
usually is some movement of blood posteriorly into the 
left atrium that accompanies the closing velocity of the 
leaflets. This phenomenon is known as “backflow,” but 
may also be termed by the words “closing velocity,” 
“mitral flash,” or other such terms. This is found in 
almost all individuals and is further demonstrated in 

Fig. 8.63. (dashed arrow). This phenomenon is, there-
fore, characterized by a frame detected in early systole 
as well as a quite typical back flow, red–blue pattern of 
systolic flow within the left ventricle. One would be 
markedly mistaken if the backflow determined in frame 
S

2
 in Fig. 8.64 was taken as mitral regurgitation. The 

turbulent flow noted in this acoustic frame is entirely 
compatible with the backflow phenomenon, and there 
is no evidence of regurgitation seen is any other sys-
tolic frame.

Hints from Spectral Doppler

There are other spectral Doppler findings which may 
assist an examiner in determining the severity of regur-
gitation. Figure 8.65 shows a continuous-wave spectral 
Doppler tracing from an individual with mild regurgi-
tation (patient CG, left panel) compared to a patient 
with more significant regurgitation (patient LR, right 
panel). The method for determining the severity of 
mitral regurgitation using spectral Doppler relies on 
the subtle comparison of diastolic flow (seen above the 
baseline) to the regurgitant systolic flow seen below 
the baseline in brightness. Simply expressed, the 
brightness of any Doppler signal reflects the number of 
red blood cells moving through a Doppler sample if 
spectral Doppler gain settings are properly set. The 

Fig. 8.63 The typical presentation of backflow during the 
period of isometric contraction. As the mitral leaflets close in 
early systole, the small degree of blood trapped between the leaf-
lets moves back into the atrium (dashed arrow)

Fig. 8.64 Successive new acoustic frames from a volunteer with only backflow demonstrated during the cardiac cycle. All jets have 
duration as well as size
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left-hand panel of Fig. 8.65 shows a remarkably bright 
antegrade signal in diastole when compared to the 
much less bright regurgitant flow signal (dashed 
arrow). In the right panel, one can compare the ante-
grade flow through the mitral valve in diastole to the 
regurgitant flow also represented by the dashed arrow. 

In this setting the brightness of antegrade flow and ret-
rograde flow is much closer to each other. In both 
cases, peak velocities of mitral regurgitation are high 
and do not reflect the volume of regurgitant flow.

The same individuals depicted in Fig. 8.65 are 
shown in Fig. 8.66 using Doppler color-flow imaging. 

Fig. 8.65 Two contrasting 
continuous-wave recordings of 
mild and more severe mitral 
regurgitation from two different 
patients. One can also use the 
intensities of the Doppler 
recordings to indicate severity 
of regurgitation. See text

Fig. 8.66 Parasternal 
long-axis color-flow systolic 
still frame images from the 
same patients shown in the 
previous figure
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These findings also reflect the somewhat more signifi-
cant mitral regurgitation in the patient depicted on the 
right, in comparison to the patient on the left.

Given all these expressed limitations, it should not 
be interpreted that Doppler and/or echo methods yield 
unreliable results. Rather, these methods turn out to be 
additive as a user of these techniques learns to apply 
proper control settings and then use the comprehensive 
characteristics of color flow and spectral Doppler to 
render a reliable estimate of severity of mitral regurgi-
tation. No single factor should ever be used and jet 
duration should always be taken into account.

In addition, it is recommended that a beginner 
always try to avoid the use of hyphenated degrees of 
mitral regurgitation, such as “mild–moderate” or 
“moderate–severe.” While it is accepted that such bor-
derline degrees may actually occur a simple grading 
system of none, trivial, mild, moderate, and severe is 
preferred (or 0, 1+, 2+, 3+, and 4+). When intermedi-
ate hyphenated degrees are avoided, the interpreter is 
forced to check all the factors in arriving at a conclu-
sion. Echocardiography takes discipline to use every 
tool available to achieve a reliable clinical diagnosis.

Mitral Stenosis

In examining the disorders that induce abnormal mitral 
valve flow and function, mitral stenosis first comes 
into attention. In fact, one of the first applications for 
the diagnostic use of echocardiography was for the 
detection and assessment of severity of mitral stenosis. 
Rheumatic mitral stenosis is manifest by thickening of 
the mitral valve leaflet tips. Figure 8.67 shows a patho-
logic specimen of rheumatic mitral stenosis with the 
irregular orifice that results from this chronic inflam-
matory process. Not only are the leaflet tips thickened, 
but the commissures become fused (arrows). Contrast 
this image viewed from the atrium down toward the 
mitral valve orifice with other pathologic specimens in 
Figs. 8.18–8.22.

Also contrast the appearance of a normal M-mode 
echocardiogram shown in Fig. 8.68 (left panel) with 
that of mitral stenosis (right panel). The M-mode 
movement of the tip of a normal mitral valve leaflet 
shows broad excursion and rapid deceleration during 
the period of passive ventricular filling from the E to F 

slope. In mitral stenosis, there is remarkable thicken-
ing of the mitral valve leaflet with significant restric-
tion of the E to F slope. During the early days of 
echocardiography the determination of the rate of E to 
F slope was used for the estimation of the severity of 
mitral stenosis. This has long been abandoned and is 
no longer in common clinical use because it could 
detect severe mitral stenosis but could not differentiate 
moderate from mild stenosis. For all clinical purposes, 
measurement of E–F slope by M-mode has no clinical 
application.

Most recently, real-time three-dimensional echocar-
diography has been used to inspect the mitral orifice, 
either from the chest wall or transesophageal approach. 
These methods began in this institution, and the first 
clinical images were introduced from humans in 1993.1 
Figure 8.69 shows a contemporary still frame three-
dimensional echocardiographic images in diastole (left 
panel) and systole (right panel) from an individual 
with no evidence of rheumatic mitral valve disease 
using transesophageal echocardiography and displayed 
in the surgical view. The mitral and tricuspid orifices 
are clearly visualized. The aorta is positioned as previ-
ously described anteriorly between the two atrial–ven-
tricular valve openings. Valve leaflets are easily 
identified and both A–V orifices open widely.

Fig. 8.67 Anatomic pathologic specimen of a rheumatic mitral 
valve. There is thickening of leaflet tips and commissural fusion 
(arrows). Modified from Kisslo, Leech & Adams. Essentials of 
Echocardiography
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Contrast the findings in Fig. 8.70 (mitral stenosis) 
with those of 7.69 (no mitral stenosis. In Fig. 8.70 the 
open mitral orifice in a patient with moderate restric-
tion of diastolic opening is seen from the three-dimensional 
echocardiographic approach obtained from the chest 

wall. The mitral valve is viewed from the left ventricu-
lar perspective up toward the left atrium in the left 
panel and shows marked thickening of the leaflet tips 
together with commissural fusion. In the right panel, 
the same mitral orifice is visualized from the atrial side 

Fig. 8.68 Comparison of M-mode echo recordings from a normal mitral valve and one with mitral stenosis

Fig. 8.69 Relationships of the mitral, aortic, and tricuspid valves from the surgical view in a three-dimensional echocardiogram in 
diastole (left) and systole (right)
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toward the ventricle. The left atrial appendage is clearly 
seen and is dilated. The commissural fusion is again 
readily noted.

In severe mitral stenosis, the mitral valve opening is 
even more severely restricted. The more restricted 
rheumatic mitral valve orifice is seen Fig. 8.71 from the 
left ventricular perspective toward the atrium (left panel) 

and the left atrial side toward the ventricle (right panel). 
Here there is even more severe leaflet tip thickening 
and remarkable commissural fusion than noted in the 
previous figure.

A more troublesome expression of rheumatic mitral 
valve disease is demonstrated in Fig. 8.72 where both 
left and right panels are viewed from the left atrium 

Fig. 8.70 Three-dimensional echocardiographic still frames showing a stenotic mitral valve orifice from the ventricular (left) and 
atrial (right) perspectives. There is leaflet tip thickening and commissural fusion

Fig. 8.71 Three-dimensional echocardiographic still frames 
showing a severely stenotic mitral valve orifice from the ven-
tricular (left) and atrial (right) perspectives. There is even more 

leaflet tip thickening and commissural fusion than in the similar 
views in the previous figure
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toward the ventricle. The mitral orifice is severely 
restricted as seen in previous examples. However, in 
this patient, there is remarkable thickening of the annu-
lus that can be seen to extend far into the commissures, 
rendering successful mitral commissurotomy unlikely 
(arrow). One can also easily appreciate the marked 
dilation of the left atrial appendage in this patient, 
together with large trabeculation at the appendage tip 
which appears to divide the atrial appendage into two. 

Indeed, this patient underwent mitral valve replace-
ment due to the marked annular and commissural 
thickening.

Despite the advent of three-dimensional echocar-
diography, two-dimensional echocardiography still 
plays a very significant role. The pattern of diastolic 
movement of the anterior mitral valve leaflet seen in 
Fig. 8.73 is characteristic of rheumatic mitral stenosis. 
The leaflet tip is restricted and bends toward the 

Fig. 8.72 Surgical view of a 
three-dimensional echocardio-
gram in mitral stenosis. In this 
patient, there is marked annular 
and suprannular thickening and 
fibrosis (arrows)

Fig. 8.73 Two-dimensional 
echocardiographic parasternal 
long-axis view of rheumatic 
mitral stenosis showing 
tethering of the anterior mitral 
valve leaflet tip. The body of 
the leaflets remains mobile 
(arrow) in all but the most 
severe disease. Rheumatic 
mitral valve disease is a disease 
of leaflet tips
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restricted posterior mitral leaflet in diastole because of 
leaflet tip attachment and commissural fusion. This pat-
tern results in a very narrow orifice. The body of the 
anterior mitral leaflet (arrow) is usually, however, fre-
quently spared in this disorder except in its most severe 
forms. The left atrium is significantly enlarged in both 
systole and diastole. Note the mitral valve closing pat-
terns in systole. This opening pattern of the mitral valve 
apparatus in diastole is sometimes referred to as “dia-
stolic doming,” as the mitral valve leaflets form a dome-
like structure from atrium toward ventricle during 
ventricular filling. What is most significant is to recog-
nize the attachment of leaflet tips and to recognize that 
rheumatic involvement of the mitral valve is manifest by 
disease at the leaflet tips and commissures, frequently 
sparing the body of anterior mitral valve leaflet.

Because of this leaflet tip restriction, systolic clo-
sure is impaired and rheumatic mitral regurgitation can 
consequently result (Fig. 8.74). Again, the left atrium 
is seen to be massively dilated in this individual with 
several mitral stenosis. When mitral stenosis is severe 
and mitral regurgitation is significant, mitral commis-
surotomy is not performed either by balloon (at cathe-
terization) or surgically. Rather, the mitral valve is 
replaced. Open mitral valve repair with this combina-
tion of findings has had only variable results.

Doppler patterns of normal and mitral stenosis can 
also be differentiated. In panel A of Fig. 8.75, the normal 
antegrade mitral Doppler flow is seen. There is a narrow 

Doppler spectrum of velocities and a rapid E to F slope 
with easily recognized preservation of the A wave, fol-
lowing atrial contraction. Panel B shows the typical 
pattern of mitral valve obstruction with marked delay 
in the degradation of the E–F slope and significant 
spectral broadening. Spectral broadening refers to the 
presence of multiple velocities in the recording at any 
one point in time.

Planimetry of the Mitral Orifice

Since the mitral orifice may be directly visualized by 
two-dimensional echocardiography with proper trans-
ducer angulation, this is an ideal technique for deter-
mining the cross-sectional area of the mitral valve. 
Figure 8.76 contrasts mitral valve opening during dias-
tole in an individual with no mitral stenosis (left panel) 
with that in an individual with severe mitral stenosis 
(right panel). Most echocardiographic systems will 
provide a method for easy planimetry of these valve 
orifices.

Figure 8.77 contrasts two patients with mitral 
stenosis. One is moderate (left panel) and one is severe 
(right panel).2 Proper detection of a rheumatic valve 
orifice by two-dimensional echocardiography requires 
some operator experience to adjust the plane of exam-
ination directly through the leaflet tips. If diagonally 

Fig. 8.74 Two-dimensional 
echocardiographic parasternal 
long-axis view of rheumatic 
mitral stenosis. The color-flow 
image at the right shows mitral 
regurgitation
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oriented through the body of the anterior mitral leaflet 
to the tip of the posterior leaflet, the orifice will appear 
artifactually large due to angulation. Proper assess-
ment also requires that the image gain be properly set 

lest the orifice be depicted as too small by excess 
image gain.

Using proper technique, it is long been accepted 
that two-dimensional echocardiography can reliably 

Fig. 8.75 Spectral Doppler recordings from the apex showing normal mitral diastolic flow compared to mitral stenosis. In mitral 
stenosis there is spectral broadening and a slow diastolic flow decay

Fig. 8.76 Parasternal two-dimensional short-axis still frames comparing mitral diastolic orifice area in a patient with no mitral 
stenosis (left) to one with a restricted orifice of mitral stenosis (right)
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demonstrate mitral valve leaflet tip cross-sectional 
area. Various mitral valve orifices are demonstrated in 
Fig. 8.78 with comparative echocardiographic and cath-
eterization determined mitral valve orifice area.2 The 
correlation of echo and catheterization valve areas is 
shown in Fig. 8.79 from an early paper where this capa-
bility was demonstrated (r = −0.93). Of course, consis-
tent methods can be used in any one center that lead to 
measurement consistencies. Such correlations are gener-
ally not as effective following mitral commissurotomy.

Results of such correlations from a multicenter 
study involving the Balloon Valvuloplasty Registry 
showed much wider variation when two-dimensional 
echoes determining valve area and catheterization 
valve area were compared (Fig. 8.80).3 While this cor-
relation is less than ideal it does reflect the variations 
that might occur from institution to institution and as 
hemodynamic situations may vary between echocar-
diographic and hemodynamic assessments.

Mean Mitral Gradient by Doppler

Another method for determining severity of mitral stenosis 
by Doppler is the measurement of mean mitral gradient. 
When using this method, the Doppler continuous-wave 

transducer is placed at the ventricular apex and angled 
through the mitral orifice in diastole. The resulting diastolic 
flow signal is then traced within the software package of 
the ultrasound machine to determine the mean mitral gradi-
ent according to the method described by Hatle (Fig. 8.81).4 
Figure 8.82 shows the correlations from this approach for 
determination of mean mitral gradient when measurements 
are made by Doppler and by hemodynamics simultane-
ously. The correlations are excellent.

Variations are, however, encountered when mea-
surements are made by multiple institutions and deter-
mined nonsimultaneous with catheterization. These 
variations are seen in Fig. 8.83 from the multicenter 
study previously mentioned.

Pressure Half-Time Mitral Valve Area

There is another method for determination of mitral 
valve area using the degradation of the gradient in 
mitral stenosis by Doppler echocardiography referred 
to the pressure half-time method. This method is 
dependent on determining the time interval that it takes 
for the mitral gradient to drop to half its initial value.

Figure 8.84 shows how the pressure half-time is 
measured. The starting point is the time of peak velocity 

Fig. 8.77 Parasternal 
two-dimensional diastolic 
short-axis still frames from a 
patient with moderate (left) 
mitral stenosis compared to one 
with severe mitral stenosis 
(right)
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Fig. 8.78 Compared diastolic orifice measurements showing progressively smaller mitral orifice size with more severe mitral 
stenosis. Redrawn after Nichol et al2

Fig. 8.79 Comparison of echo calculated valve area from cath-
eterization calculated valve area. Redrawn after Nichol et al2

Fig. 8.80 Comparison of echo calculated valve area from cath-
eterization calculated valve area from a large multicenter study. 
Redrawn after Kisslo3
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(Point 1), which in this example is approximately 2.4 
m/s. This corresponds to a peak pressure gradient of 
approximately 24 mmHg by the modified Bernoulli 
equation. A line along the diastolic descent of the 
mitral valve spectrum is then drawn (Step 2). The point 
is then found along this line where the pressure is then 
dropped to one-half of its initial value (to Point 3). 
This point is rapidly determined by dividing the initial 
velocity by the 1.4 (which is the square root of 2). In 
this case 2.4/1.4 = 1.71 m/s. Thus, when the velocity 
falls to 1.71 m/s the pressure is at one-half of its initial 
value seen at Point 1. The pressure half-time is simply 
the time interval between Point 1 and Point 3, in this 
case approximately 250 ms (Interval 4).

Subsequently, Hatle and Angelsen4 found the pres-
sure half-time could be used to estimate mitral valve 
area from an empirical formula shown in the bottom 
of Fig. 8.84. In this series of 20 patients, they found a 
stronger correlation between this Doppler-derived 
estimate and catheterization-derived mitral valve area 
(Fig. 8.85). Once again, however, when these quanti-
tative manipulations are applied to larger populations 
in a multicenter study, these correlations are less exact 
(Fig. 8.86).

The advantage of all these quantitative approaches 
is that a clinician is not dependent on any single 

Fig. 8.81 Measurement of 
mean mitral gradient

Fig. 8.82 Mean mitral gradient by Doppler compared to simul-
taneous measurement of mean mitral gradient at catheterization. 
Redrawn after Hatle and Angelsen4 Fig. 8.83 Comparison of Doppler calculated mean mitral gra-

dient to nonsimultaneous catheterization measured mean mitral 
gradient from a large multicenter study. Redrawn after Kisslo3
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measurement for the assessment of the severity of 
mitral stenosis. Rather, one can implement all methods 
and then implement a conclusion that is most consis-
tent with the quantitative and subjective findings. In 
severe mitral stenosis, the left atrium is dilated and 
right ventricular pressures are elevated (through deter-
mination of peak right ventricular systolic pressure 
from tricuspid regurgitation).

Beginners in echocardiography sometimes think 
that a single measure can determine the severity of the 
disorder alone. It is the clinical decision-making pro-
cess, all factors must be taken into account and then a 
decision as to severity of stenosis rendered. Observers 
should take into account other factors such as left atrial 
size and right ventricular pressure when applying the 

Fig. 8.84 Steps in the calculation of mitral valve area by pressure half-time

Fig. 8.85 Comparison of mitral valve area calculated from 
pressure half-time to that calculated at cardiac catheterization. 
Redrawn after Hatle and Angelsen4 Fig. 8.86 Comparison of mitral valve area calculated from 

pressure half-time to that calculated at cardiac catheterization 
from a large multicenter study. Redrawn after Kisslo3
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terms mild, moderate, or severe to rheumatic mitral 
stenosis by echocardiography. Measures should corre-
late to a reasonable degree or the observer has made 
some error with the measurement that is in conflict 
with others.

Echocardiography is not alone in this need for 
proper clinical decision-making processes. A clinician 
would not apply the diagnosis of diabetes to a single 
measurement of blood sugar of 140 mg/100 ml. Rather, 
proper clinical practice is to perform other tests, such 
as blood sugar determination in a fasting condition and 
a glucose tolerance testing or other procedure to ensure 
the reliability of a diagnosis is not dependent on one 
measurement alone. Echocardiography is no different 
and still remains the most readily available and best 
noninvasive or invasive method for determination of 
the severity of mitral stenosis or insufficiency.

Mitral Prolapse

The combination of echocardiographic imaging meth-
ods for determination of mitral valve anatomy together 
with Doppler assessment of the location and severity 
of mitral regurgitation is now the principal method for 
evaluation of mitral degenerative disorders such as 
mitral valve prolapse. Almost two-third of mitral regur-
gitation is due to such disorders and these techniques 

have found immense value in planning surgical proce-
dures as well as evaluating the results of these 
procedures.

The M-mode echocardiogram in Fig. 8.87 shows 
the classic appearance of mitral prolapse using this 
one-dimensional technique. There is a posterior bow-
ing of the mitral valve apparatus in late systole (arrow). 
Depending on the angulation of a single beam used in 
M-mode, there are multiple sources for error. In addi-
tion, there is no guarantee that the entire mitral valve 
can be interrogated by a single beam except in the 

Fig. 8.87 The classic appearance of mitral valve prolapse by 
M-mode echo. There is a mid-late systolic posterior motion of 
the mitral valve (arrow)

Fig. 8.88 The functional classification of mitral regurgitation. For details, see text
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hands of a few experts. Accordingly, the application of 
M-mode in this disorder lost favor with the advent of 
two-dimensional echocardiography.

Functional Classification of Mitral 
Regurgitation

Mitral valve prolapse is included in the currently 
applied descriptions of the functional classification of 
the etiology of mitral regurgitation. Because most 
mitral regurgitation can be surgically managed by 
valve repair, rather than replaced, this classification is 
now widely used (Fig. 8.88).

Currently, the functional classification of mitral regur-
gitation is described as consisting of three basic types. 
Normal mitral valve coaptation occurs with the tips of 
the mitral leaflets located well into the left ventricle in 
systole, far from the mitral valve annulus (Fig. 8.89). 
This level of coaptation provides adequate surfaces for 
coaptation of both leaflets to prevent significant 
regurgitant flow into the atrium in systole.

In Type I mitral regurgitation there the mitral annu-
lus is stretched, usually due to dilatation of the left 

ventricle as seen with dilated cardiomyopathy. When 
the annulus dilates, the leaflets are stretched and there 
is a resultant failure of the leaflets to coapt except at 
the very leaflet tips, if at all. Accordingly, there is little 
leaflet surface to impede regurgitation. This Type I will 
be discussed later in the section on congestive heart 
failure. Surgical correction of this type of mitral regur-
gitation involves the placement of a mitral valve ring to 
bring the leaflet tips down into the left ventricle.

Type II is usually due to abnormalities we com-
monly describe as mitral valve prolapse where there 
is a malapposition of leaflet tips. This could occur in 
the anterior, or posterior mitral valve leaflet tips 
where coaptation of one or both leaflets approaches 
the mitral annulus. Given this malapposition, the leaf-
let tips do not align and mitral regurgitation results. 
Surgical repair of this type of mitral regurgitation is 
based upon removal (by quadrilateral resection of a 
prolapsing P

2
 segment) or alignment of prolapsing 

leaflet tips by chordal transfer, chordal shortening, or 
other alignment techniques.

Type III mitral regurgitation is due to a specific 
restriction of a valve leaflet or leaflets. Type IIIa is 
found in patients with rheumatic mitral stenosis where 
there is significant diastolic and systolic restriction of 

Fig. 8.89 Parasternal long-axis two-dimensional echocardiographic still frames showing marked prolapse of the A
2
 and P

2
 scallops



184 J. Kisslo et al.

BookID 128962_ChapID 8_Proof# 1 -20/3/2009 BookID 128962_ChapID 8_Proof# 1 - 20/3/2009

the posterior mitral leaflet. Type IIIa uncommonly 
results in surgical repair. Type IIIb is a bit different 
and is found in individuals with underlying wall 
motion abnormalities due to ischemic heart disease. 
In this setting, there is posterior wall motion abnor-
malities where there is stretching of the mitral valve 
apparatus that result in abnormalities of valve move-
ment. Type IIIb is surgically treated by the placement 
of the smallest mitral ring available to not only 
approximate the leaflet, but to remodel the proximal 
ventricle to allow the posterior leaflet chordae to 
approximate those of the anterior leaflet.

Typical Type II, P
2
 Leaflet Prolapse

Figure 8.90 shows a two-dimensional echocardiogram 
in the parasternal long axis from the chest wall in a 
58-year-old patient with Type II valve leaflet motion. 
Prolapse of both the anterior and the posterior mitral 

valve leaflets (arrows) is seen as both leaflets billow 
back into the left atrium in systole. This movement of 
both leaflets into the atrium in systole is better appreci-
ated in Fig. 8.90 by three-dimensional echocardiogra-
phy from the transesophageal approach. In this series 
of systolic still images, the mitral apparatus is viewed 
from a posterior perspective as both leaflets emerge 
just over the mitral annulus in systole (left panel). The 
middle and the right panels show the appearance of 
these leaflets as the mitral valve annulus is tilted into 
the more recognizable surgical view. All three panels 
were obtained during peak systole as both the anterior 
and the posterior leaflets are billowed upward into the 
atrium (arrows). The schematic discs below show the 
tilting of the still frame as the full extent of these leaf-
lets is viewed from the atrium.

Evaluation of leaflet motion can actually be assisted 
by inspection of color-flow patterns during systole. In 
the vast majority of instances, the direction of any 
given regurgitant jet is opposite the leaflet that pro-
lapses. Figure 8.91 shows an apical four-chamber view 

Fig. 8.90 Three-dimensional echo view of the same mitral prolapse seen in the previous figure
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in a patient with posterior mitral leaflet prolapse (left 
panel). The right panel shows the regurgitant jet clearly 
opposite the prolapse as it is directed toward the atrial 
septum, then posteriorly into the atrium (arrows). Most 
mitral regurgitation that comes to surgical repair is 
anteriorly directed, indicating that most Type II mitral 
regurgitation is due to posterior leaflet prolapse.

A schematic diagram of P
2
 prolapse is shown in 

Fig. 8.92 from a parasternal long axis (left panel) and 
the surgical view right panel. Segments A

2
 and P

2
 are 

encountered in the two-dimensional echocardiographic 
long-axis view. From these schematic diagrams, one 
can appreciate how mitral regurgitation from Type II, 
P

2
 prolapse would therefore be direct anteriorly along 

the backside of the anterior mitral valve leaflet toward 
the anterior aspects of the left atrial wall.

Actual three-dimensional echocardiographic images 
from a systolic frame of significant P

2
 leaflet chordal 

thickening and flail are demonstrated in Fig. 8.93. The 
massively fibrotic chordal structures can be seen 
(arrow) to prolapse into the left atrium during systole. 
The annulus is again tilted as indicated in the discs in 
the blue bar below. Here, body of the posterior leaflet 
does not seem to prolapse as much as its thickened tip 
and remarkable chordal structures.

Contrast the previous three-dimensional figure with 
that shown in Fig. 8.94. Here there is massive P

2
 bulging 

with obvious chordal flail in this tilting systolic still 
frame. The annulus is rotated from side to side in the 
still frame to allow examination of the full extent of the 
mitral valve prolapse and chordal flail by the three-
dimensional echocardiography still frames.

The mitral valve apparatus can also be viewed from 
below from the left ventricular perspective toward the 
mitral valve apparatus and into the aortic outflow tract 
(Fig. 8.95). The upward doming of the P

2
 segment can 

be visualized from this perspective and then revealed 
further by tilting the heart forward. As the still frame 
images are tilted anteriorly the gaping orifice of the P

2
 

segment can be seen (right-hand panel).

Fig. 8.91 Apical four-chamber view of mitral regurgitation directed against the atrial septum. The jet direction is opposite the 
prolapsing leaflet

Fig. 8.92 Schematic representation of prolapse of the P
2
 

segment
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An actual surgical photograph of this mitral valve 
prolapsing segment is shown in Fig. 8.96. The dilated 
body of the P

2
 segment is easily identified as are the 

broken chordae tendinea. This patient underwent a 
quadrilateral resection of the P

2
 segment and the place-

ment of a ring during mitral valve repair. In a quadri-
lateral resection, the P

2
 segment is excised and the 

adjacent P
1
 and P

3
 segments are sutured together and a 

mitral ring is put into place to stabilize the mitral appa-
ratus. Residual of this approximation of the P

1
 and P

3
 

segments is seen at the arrow in Fig. 8.97.
Figure 8.98 shows an M-mode echocardiogram 

from another patient with similar P
2
 prolapse. The 

dashed arrow points to the prolapsing segment in the 
M-mode that markedly resembles the M-mode tracing 
seen previously in Fig. 8.87. The solid arrow in the 
two-dimensional parasternal long axis of the inset 
echocardiogram above shows the P

2
 prolapse quite 

clearly. Two-dimensional echocardiography shows 
more spatial information than M-mode and is currently 
the standard for evaluation of mitral prolapse, either 
from the chest wall or transesophageal approaches.

The transesophageal echocardiogram from this 
patient also demonstrated the P

2
 leaflet prolapse and 

further indicated that there was flail of the P
2
 leaflet tip 

(Fig. 8.99). There is no need for a diagnostic transesoph-
ageal echo in mitral valve prolapse if the chest wall 
echocardiogram is of superior quality. However, few 
older patients have such high-quality images, and cli-
nicians must resort to the transesophageal approach for 
more detailed leaflet analysis.

In this case, the three-dimensional echo from the 
esophagus revealed even more information as the pro-
lapse was seen to extend from the P

2
 segment into the 

P
3
 segment. Figure 8.100 shows the mitral apparatus 

viewed in three dimensions from the posterior perspective 

Fig. 8.93 Three-dimensional echo systolic frames from the surgical view in a patient with marked flail of thickened structures from 
the P

2
 segment



8 Mitral Valve Disease 187

BookID 128962_ChapID 8_Proof# 1 - 20/3/2009

and the mitral annulus is rotated into the surgical view. 
The marked billowing of the P

2
 segment with flail of 

the leaflet tip is easily seen as is billowing of the P
3
 

segment. A more detailed image set is seen in Fig. 
8.101 where these distortions of the P

2
–P

3
 segments 

have resulted in failure to coapt between the A
1
–P

1
 

segments, rendering the valve an unlikely candidate 
for repair.

Repair of the mitral valve was attempted, but failed, 
and the surgical procedure resulted in the placement  
of a bileaflet prosthetic valve seen in Fig. 8.102.  
After weaning from cardiopulmonary bypass, the  
bileaflet prosthesis is visualized by three-dimensional 
transesophageal echocardiography in Fig. 8.103. The 
two prosthetic leaflets are open in diastole (left panel) 
revealing the three diastolic flow orifices typical of 
these bileaflet valves. The leaflets are seen in the closed 
position in the panel on the right.

Typical Type II, A2 Leaflet Prolapse

The anatomic features of prolapse in any mitral valve 
segment can be visualized by two- or three-dimen-
sional echocardiography. Schematic demonstration of 
anterior leaflet prolapse of an A

2
 segment is shown in 

Fig. 8.104. When prolapse of this segment is encoun-
tered the direction of the mitral regurgitant jet is mark-
edly posterior (Fig. 8.105). In this figure, a massive A

2
 

prolapse is identified (left panel arrow). The color-flow 
Doppler frame in the right panel (arrow) shows mas-
sive mitral regurgitation opposite the leaflet segment 
prolapse and directed posteriorly. Occasionally, callus-
like patches may be seen on the atrial walls at the 
impact site of mitral regurgitant jets and are known as 
McCallum’s patches.

The three-dimensional echocardiogram of this 
patient is seen in Fig. 8.106, where the massively 

Fig. 8.94 Three-dimensional echo systolic frames from the surgical view in a patient with P
2
 prolapse and broken chords to the P

2
 

segment
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Fig. 8.95 Three-dimensional echo systolic frames of the mitral apparatus viewed from the left ventricle toward the atrium in the 
same patient with P

2
 prolapse as in the previous figure. When tilted downwards, failure of coaptation between A

2
 and P

2
 is seen

Fig. 8.96 The findings of P
2
 mitral prolapse with broken chor-

dae seen at surgery from the same patient seen in the previous 
two figures

Fig. 8.97 This patient underwent mitral repair with a quadrilat-
eral resection of P

2
 and placement of a mitral ring
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domed A
2
 segment is revealed as it prolapses back into 

the mitral orifice in this surgical view. The annulus is 
again rotated side to side in this systolic still frame to 
allow further examination. In real time, an examiner 
would perform these rotations as mitral valve appara-
tus moves with the cardiac cycle to examine the mitral 
valve in all spatial conditions.

The surgical findings from a patient with a similar 
problem of A

2
 prolapse is demonstrated Fig. 8.107. In 

this individual, the A
2
 prolapse is not as severe as is 

seen in the patient in the previous Fig. 8.106 but, nev-
ertheless, demonstrates the problem and appearance of 
this type of prolapse at surgery. This patient underwent 
successful mitral valve repair that included plastic pro-
cedures to the A

2
 chordal segments and placement of a 

mitral valve ring.

Visualization of Other Mitral Procedures

Three-dimensional echocardiography can be used for 
visualization of a variety of prosthetic valves. A mitral 
bioprosthesis is seen from the left ventricular perspec-
tive (looking toward the mitral orifice and left ventric-

ular outflow tract) in Fig. 8.108. The three supporting 
stents are readily identified, as are the closed valve 
leaflets in systole. The valve orifice is tilted anteriorly 
to offer slightly different perspective of the three-
dimensional prosthetic valve.

Another surgical technique with growing use is the 
placement of a surgical stitch between the A

2
 and P

2
 seg-

ments. While this results in a small degree of obstruction 

Fig. 8.98 M-mode and two-dimensional echocardiogram showing P
2
 prolapse

Fig. 8.99 The transesophageal echo showed flail at the tip of 
the P

2
 segment from the patient seen in the previous slide
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Fig. 8.100 A three-dimensional echocardiogram displayed in the surgeon’s view also shows flail extending into the P
3
 segment. In 

addition, there was no coaptation between the P
1
 and A

1
 segments that confounded surgical repair. This is the same patient seen in 

the two previous figures

Fig. 8.101 Closer look at 
the surgeon’s view in this 
patient showing the P

2
 and 

P
1
 flail with failure to coapt 

between the P
1
 A

1
 segments



8 Mitral Valve Disease 191

BookID 128962_ChapID 8_Proof# 1 - 20/3/2009

at the level of the mitral orifice, there is usually plenty of 
room to accommodate such a stitch when prolapsing 
mitral leaflets are encountered. This is commonly called 
the Alfieri Stitch and can reduce the surgical pump times. 
Such a stitch is shown in Fig. 8.109 where the two residual 
mitral orifices are readily demonstrated.

At the time of preparation of this chapter, there is 
also growing interest and experience in the catheter-

ization-based insertion of mitral valve clips for the 
repair of A

2
–P

2
 mitral prolapse and its consequent 

regurgitation. Figure 8.110 shows the rotation of a 
mitral valve annulus when such a clip is introduced 
from the left atrial side (via a catheter across the inter-
atrial septum) and then through the mitral valve ori-
fice. In this figure, the clip is in the open position. The 
mitral orifice is in the surgical view and is tilted from a 
slightly posterior perspective directly into the mitral 
orifice in the right panel.

As the clip is introduced in the heart, the clip is in 
the closed position as it is advanced toward the mitral 

Fig. 8.102 Repair was attempted but failed and the mitral valve 
was replaced using a bileaflet mechanical prosthesis

Fig. 8.103 Three-dimensional echo of the mechanical prosthesis seen in the previous figure

Fig. 8.104 Schematic representation of prolapse of the A
2
 

segment
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Fig. 8.105 Parasternal long 
axis of the mitral valve in a 
patient with huge A

2
 

segment prolapse (arrow 
left panel). The mitral 
regurgitation is directed 
posteriorly (arrow, right 
panel)

Fig. 8.106 Three-dimensional systolic still frame from the patient seen in the previous figure in the surgical view. There is huge 
doming of the A

2
 segment (arrow)



8 Mitral Valve Disease 193

BookID 128962_ChapID 8_Proof# 1 - 20/3/2009

valve orifice and the prolapsing leaflet segments 
(Fig. 8.111, left panel) and then opened as it approaches 
the actual orifice (Fig. 8.111, middle panel). The device 

is then progressively inserted through the mitral valve 
orifice and then rotated so that the open clip can engage 
both the A

2
 and P

2
 segments (Fig. 8.111, right panel). 

As the open clip is then pulled backward, it can then 
grasp the A

2
 and P

2
 segments as it is then closed. The 

catheter is then disengaged from the stable clip, leav-
ing the mitral orifice with a double opening, markedly 
resembling the Alfieri stitch.

Mitral Regurgitation and Congestive 
Heart Failure

As any examiner with echocardiography knows, mitral 
regurgitation is frequently associated with congestive 
heart failure. This is usually Type I mitral valve regur-
gitation that results from dilatation of the mitral valve 
annulus. Figure 8.112 shows parasternal short axis of 
mitral valve in the closed position in systole, extending 
from commissure to commissure. When the mitral 

Fig. 8.107 Surgical photograph of the mitral valve from a 
patient with similar A

2
 prolapse

Fig. 8.108 Porcine bioprosthesis depicted in place from the left ventricular perspective, up into the mitral orifice. The stents of the 
prosthesis are easily recognized
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Fig. 8.109 Sometimes it is 
beneficial for the surgeon to 
suture the A

2
 and P

2
 

segments, the Alfieri stitch. 
The characteristic post stitch 
three-dimensional image is 
seen on the right and is 
joined in the center, creating 
two diastolic orifices. A 
mitral prosthetic ring is also 
in place

Fig. 8.110 A catheter-based mitral clip is seen above the mitral orifice in a three-dimensional still frame of an open mitral valve in 
diastole. For details, see text
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valve coaptation points are examined in this view with 
color-flow Doppler, one can appreciate mitral regurgi-
tation along the entire coaptation line (right panel, Fig. 
8.112). If surgical intervention is necessary in this dis-
order, a mitral ring is usually put in place to bring the 
leaflet tips downward into the left ventricle to allow the 
leaflets to coapt properly.

The three-dimensional echocardiogram shown in 
Fig. 8.113 shows the left ventricle in two individuals 
from the left ventricular frontal long-axis three-dimen-
sional view. The anterior mitral leaflet is seen enface 
and compares the orientation of the papillary muscles 
in each of these patients. The left panel shows the ori-
entation of the papillary muscles in a patient with mild 
mitral regurgitation. The papillary muscles are aligned 
vertically and are within the mitral annulus. Compare 
the orientation of these papillary muscles to those seen 
in the right panel from a patient with a dilated cardio-
myopathy and more severe mitral regurgitation. In the 
right panel, the papillary muscles are seen to be later-
ally displaced and are pointed more medially. Also 
compare these images to that seen in Fig. 8.17 taken 
from a normal individual in a similar frontal long-axis 
view. Thus, mitral valve coaptation is not only a leaflet 

phenomenon, but is dependent upon the orientation of 
supporting structures such as the papillary muscles and 
their relationship to the entire mitral valve apparatus.

Mitral Annular Calcification

Calcification and/or fibrosis of the mitral valve annu-
lus is a common finding in elderly patients. Such a 
finding is manifest by two-dimensional echocardiogra-
phy as a bright spot in the posterior mitral valve annu-
lus (MAC = mitral annular calcification). Because of 
the marked reflectivity of significant calcification and/
or fibrosis, sound waves do not usually penetrate such 
a structure and a shadow can be seen posterior to the 
abnormal annulus. Such mitral valve annular calcifica-
tion is usually quite bright and the shadow is the hall-
mark that this is a calcific structure.

Such mitral valve annular calcification can be much 
larger, particularly in patients with chronic renal fail-
ure. Mitral annular calcification is also seen in patients 
with hypertrophic cardiomyopathy. A chest wall 
echocardiogram from a patient with renal failure is seen 

Fig. 8.111 The clip is closed (left panel), then opened (center panel), then is pushed through the mitral orifice to engage the A
2
 and 

P
2
 segments. For details, see text
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Fig. 8.112 Short-axis parasternal view of a closed mitral orifice in a patient with a dilated cardiomyopathy and mitral regurgitation. 
Using color flow, the mitral regurgitation can be seen along the entire mitral coaptation line (right panel)

Fig. 8.113 Frontal long 
axes from base (toward 
figure top) down toward 
apex (bottom of figure) of 
the left ventricles of two 
patients. Note the orientation 
of the papillary muscles 
vertically in the left panel 
and compare this to the 
positions of the papillaries in 
the image in the right panel 
from a patient with dilated 
cardiomyopathy. For details, 
see text
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in Fig. 8.114 in the parasternal long-axis view. The 
images are of high quality and the bright target of the 
annular calcification (MAC) reveals an ultrasonic 
shadow extending posteriorly from the MAC.

A parasternal long-axis image from an elderly 
patient demonstrates a large annular calcification 
from the chest wall parasternal long-axis view in 

the left panel of Fig. 8.115. The patient also had 
chronic obstructive lung disease and the quality of 
the chest wall image is suboptimal. The transesoph-
ageal echocardiogram of this patient is seen in the 
right-hand panel where the annular calcification 
can be easily differentiated from surrounding mitral 
structures.

Fig. 8.114 Parasternal long 
axis from a patient with 
renal failure and mitral 
annular calcification 
(arrow). Note the shadow-
ing from the MAC

Fig. 8.115 Chest wall and 
transesophageal echo still 
frames from a patient with 
mitral valve calcification
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The three-dimensional echocardiogram from the 
patient seen in the previous figure is demonstrated in 
Fig. 8.116. The massive annular calcification is seen 
just posterior to the mitral orifice in the open position 
in diastole and the closed position in systole. It is nec-
essary to use two-dimensional echocardiography to 
differentiate this three-dimensional appearance from 
that of mitral valve prolapse.

Infective Vegetative Endocarditis

The appearance of mitral valve vegetations is dramatic 
when using any echocardiographic technique. These 
mass lesions are seen to oscillate rather rapidly and are 
usually attached to the flow surfaces of cardiac valvu-
lar structures. The M-mode echocardiogram in Fig. 
8.117 shows the typical rapidly oscillating masses 
encountered in endocarditis and is seen just anterior to 
the mitral valve apparatus (arrow). While this oscilla-
tion resulted from an aortic valve vegetation that pro-
lapsed into the left ventricular outflow tract during 
diastole, such oscillations are typical of vegetations 
from any leaflet. This given lesion resulted in massive 
aortic regurgitation and preclosure of the mitral valve 

apparatus (vertical line) prior to the QRS complex of 
the EKG. Such mitral preclosure is a generally omi-
nous sign in aortic regurgitation as it results from the 
high late diastolic pressures that prematurely close the 
mitral valve in late diastole. The role of echocardiogra-
phy and vegetative endocarditis is discussed fully by 
Cable elsewhere in this volume.

These oscillating masses can be viewed on the 
mitral apparatus by two-dimensional echocardiogra-
phy as shown in Fig. 8.118. Here, a single oscillating 
mass can be appreciated by two-dimensional echocar-
diography only in the moving picture. It does, how-
ever, result in a posteriorly directed mitral regurgitant 
jet that is seen in the right-hand panel. This lesion was 
also attendant to a small number of ruptured chordae 
tendinea causing mild mitral prolapse of the A

2
 

segment.
A two-dimensional echocardiogram from another 

patient with a small oscillating vegetative mass is seen 
in Fig. 8.119. This lesion was attendant to the P

2
 seg-

ment and is denoted by the arrow. Immediately after 
initial detection and blood culture, but in the absence 
of any untoward hemodynamic complications, the 
patient suffered a stroke and the follow-up echocardio-
gram showed disappearance of this vegetative mass 
(right-hand panel).

Fig. 8.116 Three-dimensional image of the mitral orifice in the surgeon’s view in a patient with mitral annular calcification. 
Without two-dimensional echo, it is difficult to differentiate mitral annular calcification from prolapse by 3D
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Fig. 8.117 M-mode echocardiogram from a patient with vegetative endocarditis. The rapidly oscillating mass lesion (arrow) is seen 
just anterior to the mitral valve. This vegetation was on the aortic valve and resulted in severe aortic regurgitation, causing premature 
closure of the mitral apparatus (dashed line) because of the high end-diastolic pressures

Fig. 8.118 Parasternal long axis from a patient with a small mitral vegetation (arrow). This resulted in the mitral insufficiency seen 
in the color flow in the right panel



200 J. Kisslo et al.

BookID 128962_ChapID 8_Proof# 1 -20/3/2009 BookID 128962_ChapID 8_Proof# 1 - 20/3/2009

These lesions may be attendant with all degrees of 
mitral regurgitation. Figure 8.120 shows mitral regur-
gitation using three-dimensional echocardiography 

and color-flow Doppler. There is a perforation of the 
A

2
 segment at its midpoint. The rotation is turned side 

to side to show the extent of this small perforation. 

Fig. 8.119 Another small 
vegetation on the mitral 
apparatus is seen on the left 
panel (arrow). After blood 
cultures the patient sustained 
a stroke and the vegetation 
was no longer seen

Fig. 8.120 Mitral regurgitation seen in the surgeon’s view from the chest wall in a three-dimensional echo. The regurgitation origi-
nates through a small perforation in the midportion of the anterior mitral leaflet (arrow)
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In this patient, the area of perforation was surgically 
debrided and the anterior mitral valve leaflet was patched.
Vegetations come in all varieties and locations along 
the lines of mitral valvular flow (usually on the atrial 
side). Occasionally, there may be huge vegetative 
masses attendant to vegetative endocarditis. Figure 
8.121 shows a massive vegetation invading the anterior 
mitral valve leaflet and extending into the left ventricu-
lar outflow tract both in diastole and systole (dashed 
arrow) in a patient with chronic renal failure, diabetes, 
and peripheral vascular disease. Another large mass 
can be seen at the tip of the anterior mitral valve leaflet 
and extends into the ventricle in diastole and then back 
into the atrium in systole (solid arrow).

Of interest is this patient’s echocardiogram 4 years 
prior to the onset of the episode of endocarditis showed 
no evidence of infection and was performed during 
another episode of infection that did not result in endo-
carditis. While left ventricular hypertrophy and mild 
pericardial effusion are identified, no vegetative masses 
are seen (Fig. 8.122). This vegetation seen 4 years later 
in Fig. 8.121 was extensive and its invasion of the 
mitral leaflet dramatic. The overall medical condition 

of the patient precluded attempts at surgical correction 
and the patient later died of overwhelming sepsis.

When surgical intervention is entertained, transes- 
ophageal and three-dimensional echocardiography are 
indicated. Figure 8.123 shows a transesophageal 
echocardiogram from a patient with a large vegetative 
mass along the posterior mitral valve leaflet. The three-
dimensional echocardiogram conducted during mitral 
valve repair of this same patient is seen with this large 
mass located primarily on the P

2
 segment (Fig. 8.124). 

The mitral annulus is again rotated from side to side 
and then tilted. Visualizing the full extent of the mass 
with three-dimensional echocardiography surgical 
repair can be readily facilitated, and more and more 
three-dimensional studies are being conducted for deci-
sion making concerning mitral valve repair.

Left Atrial Myxoma

The most dramatic entity seen by echocardiography is 
the presence of a left atrial myxoma. Here, this benign 

Fig. 8.121 Large vegetative masses invading the anterior mitral leaflet. Portions of the mass partially obstruct the LV outflow tract 
in systole (right panel), while another part prolapses into the left atrium (arrow)
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tumor of the left atrium is seen to move through the 
mitral valve orifice in diastole (Fig. 8.125) with the 
cardiac cycle. This patient was a 55-year-old female 

suffering from progressive shortness of breath. Left 
atrial myxomata are found in predominantly female 
patients over the age of 50.

Fig. 8.122 Echocardiogram performed 4 years earlier on the patient seen in Fig. 8.121. No vegetative masses were seen then

Fig. 8.123 Transesophageal echo with a cluster of vegetations seen along the P
2
 segment in a patient with endocarditis
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Fig. 8.124 Three-dimensional echo in the surgical view showing the sessile cluster of vegetations residing over the P
2
 segment

Fig. 8.125 Typical 
parasternal long axis of a 
left atrial myxoma, 
prolapsing into the mitral 
orifice in diastole
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Such tumors are not, however, restricted to older 
female patients. The parasternal echocardiogram from 
another patient with a massive left atrial myxoma is 
seen in Fig. 8.126 and is from a 17-year-old male, also 
suffering from progressive shortness of breath. The two-
dimensional echocardiogram in this picture shows the 
mitral valve in the open position and the massive tumor 
prolapsing toward the left ventricle in diastole. The 
M-mode echocardiogram on the right shows the mitral 
valve to open in early diastole, rapidly followed by the 
tumor an instant later (arrow). This movement has been 
well correlated with the “tumor plop” heard on ausculta-
tion in patients with this disorder. Figure 8.127 shows 
this large tumor in the left atrium in systole (Panel A) 
and then progressively moving through the mitral valve 
annulus in diastole (through Panel D). Such movements 
are incredibly dramatic and this series of still frames is 
nowhere near as impressive as viewing the tumor move-
ment in real time. The diastolic movements depicted, 
however, readily demonstrate the physiologic problem 
encountered in these patients with occlusion of the 
mitral valve orifice and symptoms of shortness of breath. 
Note that this tumor is not homogeneous. Panel A shows 
an area of necrosis within the tumor.

While a large myxoma is responsible for multiple 
color artifacts seen when using color-flow imaging, the 
mitral valve should be carefully examined for the presence 

of mitral regurgitation (right-hand panel, Fig. 8.128). 
This patient’s massive mitral regurgitation was caused 
by distortion of the mitral valve apparatus due to the 
tumor and completely disappeared following surgical 
resection. In fact, attendant mitral regurgitation in 
patients with atrial myxoma rarely needs surgical 
repair as the regurgitation usually disappears with 
tumor removal.

An examiner using echocardiography should not be 
distracted by the appearance of the tumor itself. One of 
the most important things that echocardiography can 
contribute is to determine the location of attachment of 
these large tumors. It is now well accepted that the 
point of attachment must be completely surgically 
excised to eliminate recurrence. Figure 8.129 shows the 
point of attachment of this tumor to be the midatrial 
septum. This is the same patient depicted in long axis in 
Fig. 8.125. Most atrial myxomata will be attached along 
the atrial septum and the atrial septum is, therefore, 
removed with the tumor at the time of surgery. The 
atrial septum is then patched. Wherever the tumor is 
located, the point of attachment to the heart should 
never be missed by echocardiography as it can deter-
mine the best approach for surgical resection.

A left atrial myxoma may be simulated by mitral pro-
lapse with M-mode echocardiography. One important 
factor to recognize is that a large P

2
 segment of mitral 

Fig. 8.126 Parasternal long axis of a myxoma in a young male. The M-mode echo shows movement of the tumor mass into the 
mitral inflow just after mitral valve opening (arrow)
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valve prolapse may simulate a left atrial myxoma 
attached along the posterior left atrial surface. Figure 
8.130 shows a normal mitral valve at the leaflet tip by 
M-mode. When the transducer is angled somewhat more 

cephalad it encounters the large P
2
 segment prolapsing 

down into the mitral valve orifice. Thus, prolapse is both 
a systolic and a diastolic phenomenon. Two-dimensional 
echocardiography can readily differentiate these entities. 

Fig. 8.127 Serial diastolic frames showing prolapse of this massive tumor into the mitral orifice

Fig. 8.128 Mitral regurgitation (right panel, arrow) often results from left atrial myxoma, but frequently resolves after surgical 
removal



206 J. Kisslo et al.

BookID 128962_ChapID 8_Proof# 1 -20/3/2009 BookID 128962_ChapID 8_Proof# 1 - 20/3/2009

While M-mode echocardiography is hardly ever, if ever, 
performed as a stand alone procedure over the recent 
decade, this example serves to help understand spatial 
movement of cardiac structures.

Figure 8.131 shows a left ventricular, rather than, 
left atrial myxoma using M-mode echocardiography. 

The myxoma was located on the septal surface of the 
left ventricular outflow tract and appeared to represent 
a massive structure anterior to the moving mitral valve 
(arrow). While such confusions exist with M-mode 
echocardiography, two-dimensional echocardiography 
can readily differentiate the location of these tumors.

Fig. 8.129 Transesophageal echo showing the point of attachment of a myxoma on the atrial septum in the fossa ovalis. It is impor-
tant to find the point of attachment to aid in directing the approach for surgical removal of the mass

Fig. 8.130 A large P
2
 segment prolapsing down into the mitral orifice may simulate left atrial myxoma (right panel, arrow)
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Congenital Anomalies of the Mitral 
Valve

There are multiple congenital anomalies of the mitral 
valve and only few can be discussed in the context of 
this chapter. One interesting anomaly is shown in Fig. 
8.132, where a congenital double orifice mitral valve is 

shown. Movement of the mitral apparatus may resem-
ble that of mitral stenosis in this entity with restriction 
of the valve leaflet tip in the parasternal long axis. In 
the short-axis view, these patients are sometimes mis-
diagnosed as having mitral stenosis. If the restriction 
to flow in diastole is minimum, there may be no symp-
toms associated with this disorder. However, more 
commonly, there are symptoms due to mitral valve 
leaflet obstruction and they are progressive shortness 
of breath.

Figure 8.133 shows another patient with such a 
double orifice of congenital origin. Again, the anterior 
mitral valve leaflet tip is bowed slightly posteriorly in 
diastole and the typical double orifice is easily recog-
nized. When the transducer is moved to the apical 
four-chamber view, the double orifice can again be 
noted (left-hand panel Fig. 8.134). When color flow is 
then utilized the double orifice can readily be identi-
fied (right-hand panel). Even more rare is the presence 
of a triple orifice mitral valve. Two-dimensional 
echocardiogram from the chest wall is identified in 
such a patient in Fig. 8.135 where a parasternal long 
axis (left panel) and a short axis (right panel) are 
shown. Reconstruction of the mitral valve with a triple 

Fig. 8.131 M-mode echocardiogram of a left ventricular myx-
oma that obliterated the left ventricular outflow tract (arrow)

Fig. 8.132 Parasternal long and short axes from a patient with a double orifice mitral valve (arrows, right panel)
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Fig. 8.133 Parasternal long and short axes from yet another patient with a double orifice mitral valve (arrows, right panel)

Fig. 8.134 Both orifices of the valve seen in the previous figure can be visualized from the apex. Two LV inlet flow jets can be seen
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orifice mitral valve is impossible at the present time, 
and this patient had to undergo mitral valve replacement 
consequent to significant symptoms due to mitral 
restriction.

Figure 8.136 demonstrates an entity where an incor-
rect diagnosis of mitral valve orifice would be rendered 
and results from mitral prolapse. The left-hand panel 
shows a patient with typical P

2
 mitral valve prolapse 

Fig. 8.135 While exceed-
ingly rare, a triple orifice 
mitral valve can also be 
detected (arrows, right panel)

Fig. 8.136 One false positive 
for a multiple orifice mitral 
valve is seen where the “dome” 
of the prolapsing P

2
 segment 

simulates a triple orifice valve 
in systole (arrow, right panel)
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seen in the parasternal long axis (arrow). The orthogo-
nal short axis (right panel) shows diastolic frame 
through the body of the large P

2
 segment simulating a 

multiple orifice mitral valve. Obviously, the paraster-
nal long axis in this entity would help differentiate 
these two entities.

Another false positive for double mitral orifice of 
the congenital variety is that acquired by patients 
undergoing the Alfieri stitch procedure. The left-hand 
panel of Fig. 8.137 from a patient with surgically prove 
double orifice mitral valve, while the right-hand panel 
shows a patient after the Alfieri stitch. While the two 
show a double mitral orifice, one is congenital and the 
other is obviously surgically acquired. An adequate 
patient history and physical examination should show 
evidence of previous surgical intervention and further 
help differentiate these entities.

Patients with other congenital lesions of the mitral 
valve may present simulating mitral stenosis. What 
one such entity is an arcade lesion that is manifest by 
marked thickening of the posterior leaflet and very 
poor differentiation of the chordal structures. A patient 

with this entity is shown in Fig. 8.138. These patients 
may be easily confused with those of rheumatic mitral 
stenosis. They are, however, exceedingly rare.

A much more common abnormality of the mitral 
valve is found in patients with atrioventricular septal 
defects. In this disorder, there is a huge rotation of the 
entire mitral apparatus and malformation of the mitral 
and tricuspid apparatus. There may be a so-called 
“cleft” of the anterior mitral valve leaflet (Fig. 8.139). 
With an AV Canal defect, the “cleft” is really due to a 
trileaflet left-sided AV valve. This “cleft” is typically 
angled toward the intraventricular septum and may 
result in attendant mitral regurgitation. Of course, 
other findings of atrioventricular septal defect (AV 
canal defect) are usually seen.

One of the more profound anomalies of the mitral 
valve is that seen in hypoplastic left heart syndrome. 
Figure 8.140 shows a parasternal long axis from an 
infant with hypoplastic left heart syndrome with marked 
dysplasia of the mitral and aortic apparatus and a rather 
diminutive left ventricle. These patients are, obviously, 
not encountered in the adult population.

Fig. 8.137 Another false positive for a congenital double orifice mitral valve is in patients with history of Alfieri stitch. An adequate 
history will obviate this problem
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Fig. 8.138 Arcade lesion of the mitral valve in an adult patient. For details, see text

Fig. 8.139 Parasternal long axis from a patient with an AV Canal defect (atrioventricular septal defect) with malalignment of the 
mitral and aortic valves (left panel). The so-called cleft in this disorder seems to be aimed at the interventricular septum (right panel, 
arrow)
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Fig. 8.141 A membrane of cor triatriatum is seen in the apical four-chamber view (arrow, left panel) and the transesophageal 
(right panel)

Fig. 8.140 Hypoplastic left heart syndrome in an infant. The mitral and the aortic valves and left ventricle are dysplastic and 
diminutive
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Another congenital heart lesion that could present 
with symptoms of marked mitral valve obstruction is that 
of cor triatriatum. While the symptoms may be that of 
mitral stenosis the movements of the mitral valve leaflet 
are usually quite normal. However, (Fig. 8.141) a mem-
brane is seen across the atrium just superior to the mitral 
valve annulus. The obstruction is at the level of this 
membrane. The figure shows such a membrane demon-
strated from the apical four chamber in an image obtained 
from the chest wall or from an attendant transesophageal 
echocardiogram. Simple surgical removal of this mem-
brane results in a profound alleviation of symptoms.
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In the adult, the tricuspid and pulmonic valves are in 
general less affected by disease states compared to 
left-sided cardiac valves. While right-sided valves are 
essential in maintaining hemodynamic balance and in 
dictating long-term prognosis, valvular disease is better 
tolerated compared to left-sided valves. With the common 
occurrence of trivial regurgitation in right-sided valves 
in normal individuals, noninvasive determination of 
pulmonary pressures using the Bernoulli principle is 
frequently feasible. In this chapter, we will present an 
overview of diseases that affect the tricuspid and 
pulmonic valves, discuss their echocardiographic 
characteristics and the methodology for evaluating the 
severity of valvular regurgitation and stenosis.

Tricuspid Valve

The tricuspid valve (TV) is an essential part of the 
right ventricular (RV) inflow tract and has the largest 
area of all the valves, estimated at around 6–7 cm2. It 
has three leaflets demarcated by commissures: the 
anterior, posterior, and septal leaflets. Most often there 
are three papillary muscles that contribute chordae to 
the leaflets: a large anterior papillary muscle provides 
chordae to the anterior and posterior leaflets, the poste-
rior papillary muscle to the posterior and septal leaf-
lets, and the conal papillary muscle to the anterior and 
septal leaflets.

With echocardiography, the tricuspid valve is exam-
ined using the parasternal RV inflow, parasternal short-
axis, apical four-chamber, and subcostal views. A 
combination of imaging planes permits visualization 
of each of the leaflets in at least two orthogonal planes. 
Within the heavily trabeculated RV, the papillary mus-
cles are usually not prominent, unless involved with 
hypertrophy.

Tricuspid Regurgitation

A small degree of tricuspid regurgitation (TR) is  
present in about 70% of normal individuals (Fig. 9.1). 
Pathologic regurgitation is often due to RV and tricuspid 
annular dilation secondary to pulmonary hypertension 
or RV dysfunction. Primary causes of TR include 
endocarditis, carcinoid heart disease, Ebstein’s anomaly, 
and rheumatic disease (Table 9.1). A detailed discussion 
of individual conditions and the assessment of TR 
severity with 2D and Doppler echocardiography follow. 

Etiology

Functional

Functional TR occurs with dilatation of the annulus 
and poor leaflet coaptation. Any condition that results 
in RV dilation and dysfunction can initiate this cycle. 
This may be a primary disease of the RV such as car-
diomyopathy or infarction. Rarely, unexplained TR 
and right-sided heart failure is the presenting lesion in 
a patient with RV dysplasia or Uhl’s disease, and is the 
result of cardiomyopathic changes in the RV.  Functional 
TR may also be secondary to pulmonary hypertension, 
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which in turn may be primary or secondary to left-
sided heart disease and/or lung pathology. All these 
conditions can perpetuate the cycle of “TR begets TR”: 
with progressive RV dilation, the annulus is more 
stretched, the leaflets tethered, thus worsening the 
regurgitation. In functional TR, the tricuspid leaflets 
and chordae themselves appear normal, while there is 
RV dilatation, with and without hypertrophy with teth-
ering of chordae or poorly aligned papillary muscles. 
Functional TR is not necessarily only mild, as it can 
encompass varying degrees of severity.

Infective Endocarditis

Most often infective endocarditis is seen with intrave-
nous drug abuse or indwelling catheters in the central 
circulation (e.g., hyperalimentation, chemotherapy, or 
access for hemodialysis). In immunocompromised 
hosts, endocarditis may be fungal in etiology, with 
large bulky vegetations seen on echocardiography. In 
developing countries, TV endocarditis is also associated 

Fig. 9.1 Mild tricuspid regurgitation in an otherwise normal 
individual. A very thin jet of regurgitation is seen on color Doppler, 
with a low velocity by continuous-wave Doppler and a round  

contour to the jet velocity. The hepatic veins and inferior vena cava 
are of normal size and display a normal hepatic venous flow pattern 
of systolic dominant flow by pulsed Doppler. S systole; D diastole

Table 9.1 Etiology of tricuspid regurgitation

Diseases of the tricuspid valve apparatus
•	 Rheumatic	heart	disease
•	 Carcinoid	heart	disease
•	 Infective	endocarditis
•	 Trauma
•	 Right	ventricular	infarction
•	 Myxomatous	disease
•	 Right	ventricular	cardiomyopathy
•	 Congenital	(Ebstein’s	anomaly)
•	 Radiation	therapy
•	 Eosinophilic	myocarditis
Functional tricuspid regurgitation
 Normal individuals (trivial or mild degree)
 Pulmonary hypertension
 Primary
 Secondary

•	 Mitral	stenosis
•	 Congenital	heart	disease
•	 Sleep	apnea
•	 Collagen	vascular	disorders
•	 Pulmonary	parenchymal	disease
•	 LV	dysfunction	(diastolic	or	systolic)

 Diseases of the right ventricle
 Right ventricular infraction
 Right ventricular cardiomyopathy
 Post cardiac transplantation
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with septic abortions. Rarely an infected ventricular 
septal defect jet may be the culprit. In patients with 
pacemaker lead infection, there may be incidental 
involvement of the valve. Most often endocarditis 
results in TR. Very large vegetations, however, may 
mimic valvular stenosis. In technically adequate stud-
ies, the transthoracic approach is usually sufficient for 
the detection of the majority of native tricuspid valve 
vegetations, and for the assessment of the severity of 
associated TR. Transesophageal echocardiography is 
reserved for technically difficult cases and where other 
valvular involvement is suspected.

Ebstein’s Anomaly

Ebstein’s anomaly is a congenital abnormality charac-
terized by an exaggerated apical displacement of the 
insertion of the septal and posterior leaflets of the tri-
cuspid valve compared to the septal insertion of the 
mitral valve (Fig. 9.2). The displacement is usually 
greater than 11 mm; some investigators normalize this 
displacement for body surface area (³8 mm/m2). This 
may involve the septal leaflet alone or affects all three 
leaflets. Additionally, the anterior leaflet is large, “sail- 
like,” and variably attached to the RV free wall, while 
the septal or posterior leaflet may be hypoplastic or 
even dysplastic. The basal part of the RV is functionally 
excluded from the pumping function of the RV, making 
the right atrium appear enlarged and thus “atrialized.” 

The hemodynamics are made worse by the accompa-
nying TR, which may be of variable degree. Depending 
on the extent of TV displacement, the remaining func-
tional RV may be of good size or rudimentary. Most 
patients have an accompanying atrial septal defect or 
patent foramen ovale. The valve itself may be func-
tionally stenotic but more commonly regurgitant. The 
RV may progressively dilate due to the volume over-
load from TR. 

Rheumatic Heart Disease and Carcinoid

In rheumatic valvular disease, the tricuspid regurgita-
tion is most often functional, resulting from longstand-
ing pulmonary hypertension from rheumatic mitral 
stenosis and regurgitation. Primary rheumatic involve-
ment of the TV leaflets occurs in 20–30% of cases, 
with commissural fusion. This is easily missed, if not 
specifically sought. Rheumatic tricuspid regurgitation 
is more common than stenosis, and usually does not 
occur without concomitant mitral and/or aortic valve 
involvement.

On the other hand, carcinoid involvement of the TV 
is seen with carcinoid syndrome that is metastatic to 
the liver. Although rare, it pathognomonically results 
in thick, short, stiff, and relatively immobile leaflets that 
no longer coapt. This results in significant TR and some 
degree of tricuspid stenosis. The pulmonic valve is also 
frequently involved. The morphologic characteristics 

Fig. 9.2 An apical view of a patient with Ebstein’s anomaly, 
showing the apical displacement of the insertion of the septal 
tricuspid leaflet (arrow) compared to the mitral leaflet. An atrial-

ized right ventricle and significant tricuspid regurgitation that 
starts closer to the apex of the RV is seen by Color Doppler. 
Courtesy of David B. Adams. RA right atrium
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of carcinoid valvular involvement can differentiate this 
entity readily from rheumatic involvement. Carcinoid-
like involvement of the TV is also seen in patients on 
certain drugs like methysergide or ergotamine.

Miscellaneous Etiologies

Iatrogenic TR may occur in cardiac transplant patients 
after trauma from cardiac biopsies or after the place-
ment of a Swan–Ganz catheter or a pacemaker. After 
myocardial biopsies, TR may result from damage to 
the valvular apparatus (papillary muscles, chordae, or 
leaflets). In this setting, the TR jet is often eccentric. 
External penetrating trauma can also directly injure 
the TV apparatus including puncture of the leaflets, 
rupture of the chordae or the papillary muscles. Rarely 
flail segments may be seen. On the other hand, blunt 
trauma may result in RV contusion which, if extensive, 
can lead to RV failure and functional TR.

TV prolapse, like that of the mitral valve, is the 
result of myxomatous changes with thickening of the 
spongiosa and weak support from the chordae. Varying 
degrees of redundancy result in posterior motion of the 
leaflets past the annular plane into the RA. This entity 
is seen almost exclusively in the presence of concomi-
tant involvement of the mitral valve. Loeffler’s endo-
carditis is usually a combined lesion with tricuspid 
stenosis (see later), but similar pathology can probably 
be seen with eosinophilia of other etiologies. Lastly, 
Congenital cleft of the anterior leaflet is usually part of 
the endocardial cushion defect syndrome. Attachment 
of the leaflets may also be displaced and tethered.

All entities of TV regurgitation discussed so far dealt 
with systolic regurgitation. Infrequently, diastolic TV 
regurgitation, similar to mitral regurgitation, occurs, 
usually in conditions of elevated right ventricular end 
diastolic pressure. These are trivial degrees and are 
detected by Doppler techniques. Diastolic TR without 
an elevated RV end-diastolic pressure may also be seen 
with arrhythmias, atrioventricular dissociation, and 
prolonged atrioventricular conduction delay.

Assessment of TR Severity

Echocardiography remains the preferred method for the 
assessment of TR. Recently, the American Society of 
Echocardiography, in collaboration with the American 
College of Cardiology, American Heart Association, 

and European Society of Cardiology, put forth recom-
mendations for the evaluation of native valvular  
regurgitation with 2D- Doppler techniques (see 
Bibliography). This assessment includes an appraisal 
of the adaptive remodeling of the cardiac chambers to 
the volume overload, and a color Doppler and spectral 
Doppler evaluation of the jet and its effects on hepatic 
venous flow. While this assessment is limited by the 
lack of defined quantitative criteria, a semiquantitative 
evaluation of severity usually suffices.

Two-Dimensional Criteria

Evaluation of the tricuspid valve apparatus with 2D 
echocardiography is important in determining the eti-
ology of TR. The presence of a flail TV invariably 
denotes significant TR. Findings like right atrial and 
RV enlargement often accompany significant chronic 
TR. Although enlargement of right-sided chambers is 
not specific for significant chronic regurgitation, its 
absence suggests milder degree of TR. Paradoxical 
ventricular septal motion may occur with RV volume 
overload due to severe TR – flattened septum in dias-
tole returning to normal curvature in systole (Fig. 9.3). 
However, this sign is not specific for TR since it occurs 
in severe pulmonic insufficiency, atrial septal defect or 
conditions of increased RV diastolic pressure. Lastly, 
dilated or plethoric hepatic veins and inferior vena 
cava that collapse poorly during inspiration suggest 
increased RA pressures and significant TR.

Color Doppler

TR is characterized by retrograde flow in systole from 
the RV into the RA. Most often this is a central jet aris-
ing from a defect in the central coaptation of the three 
leaflets. Less often, this may arise along one of the 
commissural planes. This flow is best recorded from 
an apical or low parasternal window, although short-
axis recording may also be helpful.

Color Doppler is used to qualitatively assess the 
severity of TR. It has been shown that evaluation of all 
the components of a jet is essential in the estimation of 
severity of the lesion: its flow convergence, vena contracta, 
and jet area in the receiving chamber (Fig. 9.4). While 
the size of the jet in the right atrium is helpful in 
estimating TR severity, it is limited by the fact that the 
jet size is not a volumetric parameter of regurgitation 
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Fig. 9.3 Short-axis view at end-diastole and end-systole in 
patient with significant tricuspid regurgitation showing typical 
findings of a paradoxical septal motion seen with RV volume 

overload (arrows): flattening of the septum with deformation of 
the ventricle (D shape) in diastole, changing to a circular shape 
in systole

Fig. 9.4 Example of a patient with severe tricuspid regurgita-
tion. The right ventricle and the atrium are severely enlarged  
and the tricuspid annulus is dilated with poor coaptation  
of the tricuspid valve. The color jet of TR is central, with a  
large vena contracta, a prominent flow convergence, and a large 
area in the right atrium. Continuous-wave Doppler recording 

shows a low-velocity jet with a triangular shape with early  
peaking of the velocity consistent with severe TR and near 
equalization of RV and RA pressures. The inferior vena  
cava and hepatic veins are plethoric; flow shows systolic  
reversal, also consistent with severe TR and elevated RA 
pressures
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and is dependent, among other factors, on its driving 
pressure. Furthermore, eccentric, wall impinging jets 
appear thin and small by color Doppler, underestimating 
their severity. On the other hand, for central jets, color 
flow estimation of jet area in at least two orthogonal 
planes has had good correlation with the assessment of 
the severity of TR clinically and angiographically. More 
recently, the flow convergence or proximal isovelocity 
surface area (PISA) method of estimating the effective 
regurgitant orifice area has been validated with TR, just 
as for mitral regurgitation. Lastly, the jet width at its 
narrowest portion or vena contracta is a good index of 
severity. A vena contracta ³ 0.7 cm is more often 
associated with severe TR. While the flow convergence 
and vena contracta methods appear superior to the 
estimation of TR severity by color jet area, they too are 
more accurately reflective of the true severity of TR in 
central jets as opposed to eccentric jets. Moreover, there 
can be considerable overlap in assessment of mild and 
moderate lesions. Thus a qualitative assessment of all 
the components of the TR jet needs to be incorporated, 
coupled with findings by spectral Doppler (Table 9.2), 
for a more confident evaluation of TR severity (Figs. 9.1 
and 9.4).

Continuous-Wave Doppler

Recording of TR jet velocity by continuous-wave (CW) 
Doppler provides a useful method for noninvasive  

measurement of RV or pulmonary artery systolic pressure 
using the modified Bernoulli equation as: 4 × (peak 
velocity)2 + mean RA pressure. It is important to note 
that the magnitude of the TR jet velocity, similar to 
other regurgitant lesions, is not related to the volume of 
regurgitant flow. In fact, massive TR is often associated 
with a low jet velocity (<2 m/s), as there is near equal-
ization of RV and RA pressures (Fig. 9.4). Conversely, 
in pulmonary hypertension, the TR jet velocity is very 
high and may be associated with just mild TR.

The features of the TR jet by CW Doppler that help 
in evaluating severity of regurgitation are the signal 
intensity and the contour of the velocity curve (Figs. 9.1 
and 9.4). With severe TR, a dense spectral recording is 
seen along with a triangular, early peaking of the velocity 
because of a prominent regurgitant pressure wave.

Pulsed Doppler

The severity of TR will affect the early diastolic tricuspid 
E velocity because of increased flow across the valve. 
Values above 1.0 m/s are often recorded in patients 
with severe TR, even without the presence of valve 
stenosis. Although in theory, tricuspid regurgitant vol-
ume can be calculated by subtracting the flow across a 
nonregurgitant valve from the antegrade flow across 
the tricuspid valve, this approach is rarely used in TR 
(in contrast to mitral or aortic regurgitation), partly 
because of errors in measuring the TV annulus.

Table 9.2 Echocardiographic and Doppler parameters used in grading tricuspid regurgitation severity

Parameter Mild Moderate Severe

Tricuspid valve Usually normal Normal or abnormal Abnormal/flail leaflet/poor coaptation
RV/RA/IVC size Normala Normal or dilated Usually dilatedb

Jet area – central jets (cm2)c <5 5–10 >10
VC width (cm)d Not defined Not defined, but <0.7 >0.7
PISA radius (cm)e <0.5 0.6–0.9 >0.9
Jet density and contour – CW Soft and parabolic Dense, variable contour Dense, triangular with early peaking
Hepatic vein flowf Systolic dominance Systolic blunting Systolic reversal

Reproduced with permission from the American Society of Echocardiography
CW Continuous-wave Doppler; IVC inferior vena cava; RA right atrium; RV right ventricle; VC vena contracta width
aUnless there are other reasons for RA or RV dilation. Normal 2D measurements from the apical four-chamber view: RV mediolat-
eral end-diastolic dimension £ 4.3 cm, RV end-diastolic area £ 35.5 cm2, maximal RA mediolateral and superoinferior dimensions 
£ 4.6 and 4.9 cm, respectively, maximal RA volume £ 33 ml/m2

bException: acute TR
cAt a Nyquist limit of 50–60 cm/s. Not valid in eccentric jets. Jet area is not recommended as the sole parameter of TR severity due 
to its dependence on hemodynamic and technical factors
dAt a Nyquist limit of 50–60 cm/s
eBaseline shift with Nyquist limit of 28 cm/s
fOther conditions may cause systolic blunting (e.g., atrial fibrillation, elevated RA pressure)
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Pulsed-wave Doppler examination of the hepatic 
veins helps corroborate the semiquantitative assess-
ment of TR severity. With increasing severity of TR, 
the normally dominant systolic wave is blunted, culmi-
nating in systolic flow reversal with severe TR (Fig. 
9.4). Hepatic vein flow pattern, however, is also 
affected by several conditions including abnormalities 
in RA and RV compliance, respiratory effort, preload, 
and atrial fibrillation. These factors need to be taken 
into consideration during interpretation.

Generally, transthoracic echocardiography permits 
adequate visualization of all the leaflets, allows appro-
priate interrogation of and alignment with the regurgi-
tant jet, and accurate assessment of the etiology and 
severity of the lesion. For the most part, transesopha-
geal echocardiography, though possible, is not indi-
cated for assessment of this lesion unless the image 
quality of the transthoracic study is suboptimal. An 
integration of the data from the different views and 
modalities enhances the accuracy of evaluating the eti-
ology and severity of TR.

Tricuspid Stenosis

Tricuspid stenosis is a relatively rare disorder. It is 
most often a result of rheumatic disease. The leaflets 
appear thickened and with restricted motion secondary 
to commissural fusion, leading to a relatively fixed ori-
fice. Diastolic doming of the leaflets is typical of rheu-
matic involvement. Due to the increased gradient 
across the valve, the right atrium is enlarged. In severe 
cases that are still in sinus rhythm, there may be prom-
inent reversal of flow in the inferior vena cava during 
atrial systole.

Etiology

Rheumatic

Involvement of the TV is almost always in association 
with rheumatic mitral and aortic involvement, and sel-
dom occurs as an isolated finding. Rheumatic tricuspid 
stenosis occurs in 10–15% of patients with rheumatic 
heart disease. Hemodynamically significant tricuspid 
stenosis is rare. Functionally significant tricuspid 
regurgitation is present in at least half the cases.

Carcinoid

Carcinoid is the second most common etiology of tri-
cuspid stenosis and is invariably associated with regur-
gitation, as discussed earlier. The carcinoid plaques are 
present on both the atrial and the ventricular surfaces 
of the valve. The thickened and rigid leaflets appear 
fixed in the open position. Similar findings are seen 
with drug-related tricuspid stenosis.

Eosinophilic

Eosinophilic myocarditis (both tropical and nontropi-
cal or Loeffler’s) usually presents as a combined lesion 
with tricuspid stenosis and regurgitation. There is 
involvement of the chordae in addition to the valve 
leaflets. Similar findings are seen with significant 
eosinophilia from other causes such as parasite infesta-
tion, leukemia, or conditions of hypersensitivity.

Metabolic and Others

Metabolic abnormalities such as Fabry’s disease, 
Whipple’s disease, and methysergide toxicity can 
cause endocardial fibrosis and are among the rarer eti-
ologies of tricuspid stenosis. A right atrial mass such 
as a large tumor, thrombus, TV vegetations, or throm-
bus in transit from the venous bed can cause RV inflow 
stenosis and may simulate tricuspid stenosis. Gradients 
with these conditions, however, are rarely very high.

Assessment of Severity

The sequelae of significant tricuspid stenosis are clini-
cally readily apparent (peripheral edema and limita-
tions in functional class). While clinical evaluation is 
essential in the management of tricuspid stenosis, 2D 
and Doppler examination help document the valvular 
hemodynamics. Indirect parameters of significant tri-
cuspid stenosis include enlarged right atrial size and 
plethoric vena cava and hepatic veins, with preserva-
tion of RV size and function. However, these signs are 
not specific for tricuspid stenosis. Imaging of the 
stenotic valve – essential in evaluating its morphology 
and etiology – is poorly predictive of its severity. Doming 
of the anterior leaflet and/or significant restriction of 
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valvular motion is a prerequisite to the presence of a 
hemodynamically significant lesion. Thickening and 
restriction of the posterior leaflet can be seen with 
milder lesions. Direct planimetry of the tricuspid valve 
area, unlike for the mitral valve, is more difficult to 
accomplish. This is due to suboptimal cross-sectional 
alignment of the imaging plane consequent to the posi-
tion and orientation of the TV. With the advent of real-
time 3D echocardiography, determination of valve area 
may be feasible in the near future.

Similar to other valves, Doppler echocardiography 
is currently the noninvasive technique of choice to 
evaluate the hemodynamic severity of tricuspid steno-
sis (Fig. 9.5). Spectral Doppler detects an increase in 
velocity across the valve that is proportional to the gra-
dient. As in other valves, the transvalvular gradient can 
be estimated from the velocities recorded by Doppler 
using the modified Bernoulli equation (Gradient = 4v2). 
With worsening severity of stenosis, the TV gradient is 
higher. However, mean gradient is also dependent 
on heart rate and cardiac output, physiologic vari-
ables that have to be taken into consideration when 

assessing severity of stenosis. Under conditions of  
normal heart rate and cardiac output, a mean gradient 
greater than 8–10 mmHg usually denotes severe 
stenosis.

There are no standards for estimation of tricuspid 
valve area with the Doppler technique. Using continu-
ous-wave Doppler, a progressive decrease in the decel-
eration rate of tricuspid inflow is seen with worsening 
severity of stenosis. Although the concept of pressure 
half-time method is theoretically valid to assess tricus-
pid stenosis severity, it is limited by the lack of a vali-
dated constant, unlike for the mitral valve. Furthermore, 
respiratory variation in this parameter is more promi-
nent through the tricuspid valve. Simple application of 
the mitral constant in the formula (220 ms) has led to 
varying results. In the rare patient with tricuspid stenosis 
without regurgitation, it is possible to estimate the 
stenotic valve area using the continuity equation as: 
systemic stroke volume divided by the time velocity 
integral of the stenotic jet. Systemic stroke volume can 
be determined at the left ventricular outflow or by 
another method.

Fig. 9.5 An example of a patient with moderately severe tricus-
pid stenosis and mild tricuspid regurgitation. The etiology is rheu-
matic; the patient already had a mitral valve repair. Note the 

increased diastolic velocities across the tricuspid valve. The mean 
gradient is 7 mmHg
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Pulmonic Valve

The pulmonic valve is a semilunar valve with three 
cusps (anterior, right posterior, and left posterior) simi-
lar to the aortic valve but positioned more superior, 
leftward, and anterior. Imaging of the pulmonic valve 
with echocardiography can often be challenging due to 
interposition of the overlying lungs and the relatively 
horizontal course of the right ventricular outflow tract. 
To help imaging, the patient is placed in the left lateral 
position and imaged during held expiration. Parasternal 
short-axis view at the aortic valve level and apical or 
subcostal views of the right ventricular outflow tract 
are utilized to visualize the valve.

Pulmonic Stenosis

Pulmonic stenosis and right ventricular outflow tract 
lesions occur in up to 30% of all patients with congeni-
tal heart disease. Pulmonic stenosis is invariably con-
genital in etiology. This is generally classified as 
supravalvular, subvalvular, or valvular. Supravalvular 
stenosis involves narrowing of the main pulmonary 
artery, its bifurcation or distal (peripheral) branches. 
This may occur in isolation but more commonly keeps 
the company of valvular pulmonic stenosis and other 
congenital lesions such as ventricular septal defect, 
atrial septal defect, patent ductus arteriosus, or tetral-
ogy of Fallot. Subvalvular stenosis may be infundibu-
lar or subinfundibular. Invariably it is associated with a 
ventricular septal defect and seldom occurs as an iso-
lated lesion.

Valvular pulmonic stenosis is congenital in the vast 
majority and accounts for 10–12% of congenital heart 
disease in the adult. When acquired, it is the conse-
quence of scarring from trauma, endocarditis, carci-
noid, or rheumatic heart disease. This may be 
accompanied, among other congenital lesions, by a 
ventricular septal defect or transposition of the great 
vessels. There is seldom calcification of the valve 
despite stenosis. There may be evidence of commis-
sural fusion or a bicuspid valve. The leaflets appear 
thickened and have a systolic bowing motion. The 
prognosis is benign, with the diagnosis occasionally 
being missed until adulthood. Patients are generally 
asymptomatic, but may complain of dyspnea on exertion 

or easy fatigability, occasionally atypical chest pain or 
syncope. In severe pulmonic stenosis, right heart fail-
ure eventually may occur. If the foramen ovale is pat-
ent, there may be intermittent or continuous right to 
left shunting across it, with attendant cyanosis and 
clubbing. Pulmonic stenosis may occur as part of 
genetic syndromes (Noonan, Williams, Trisomy 13, 15 
and 18); rarely, this can be the stigmata of congenital 
Rubella syndrome.

Assessment of Severity

Dilation of the mid and distal part of the main pulmo-
nary artery on a 2D echo examination may be the first 
hint that leads a sonographer to pursue the diagnosis of 
pulmonic valve stenosis (Fig. 9.6). In moderate to 
severe cases, there may be evidence of RV hypertro-
phy and RV dilation with paradoxical septal motion 
suggestive of RV pressure overload (septum remains 
flattened in systole and diastole). In these cases, the 
RA may also be enlarged. By color Doppler there is 
evidence of flow acceleration proximal to the valve, 
just distal to the valve the jet reaches its narrowest 
point and then appears to expand again. With increas-
ing severity of stenosis, the velocity and the turbulence 
increase, and the flow is directed more toward the left 
pulmonary artery. Pulsed-wave Doppler reveals 
increased systolic velocity that is confirmed by contin-
uous-wave Doppler. The latter permits evaluation of 
the peak and mean systolic gradients and hence esti-
mate the severity of the stenosis. While interrogation 
of the jet is quite feasible from the short-axis view, due 
to the relatively horizontal position of the RV outflow 
tract, a subcostal approach is also recommended. 
Longstanding pulmonic stenosis is likely to be associ-
ated with significant right ventricular hypertrophy that 
may manifest as dynamic infundibular obstruction. On 
Doppler examination, this has the classic dagger-
shaped contour with late peaking in systole. If present, 
differentiation from the fixed obstruction may be dif-
ficult and may lead to an overestimation of the true 
transvalvular gradient, unless two distinct jets, with 
different characteristics (early and late peaking), are 
recorded.

The transvalvular gradient, estimated with the  
modified Bernoulli equation, is an accurate measure  
of severity. Exception is in reduced flow through 
the pulmonic valve such as in cases of low output, 
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severe right heart failure, or concomitant severe TR. 
In these cases, valve area may be estimated using the 
continuity equation, although this is not well validated. 
Generally a peak transvalvular gradient under 25 
mmHg is considered to be a mild lesion with a less 
than 5% chance of need for valvulotomy. Moderate 
lesions have a peak gradient of 25–50 mmHg and a 
20% chance of requiring intervention (Fig. 9.6). A 
maximal gradient greater than 50 mm Hg usually 
denotes severe pulmonic stenosis. If there is concomi-
tant significant pulmonic regurgitation, maximal gra-
dient may overestimate the severity of stenosis.

Echocardiography has a significant role in timing 
and identifying candidates for balloon valvulotomy 
and in the follow-up of patients after the procedure. 
Indications for a balloon or surgical valvulotomy 
include symptoms attributable to the stenosis, peak 
gradient greater than 50 mmHg, intermittent cyanosis, 
RV systolic pressure greater than 100 mmHg, even 
without symptoms of RV failure. For gradients between 
35 and 50 mmHg, strategies have to be individualized. 

Patients with markedly thickened leaflets and a small 
pulmonic annulus are less likely to respond to valvulo-
tomy. After intervention, echocardiography can also 
assess whether a residual gradient is present and if it is 
due to infundibular hypertrophy alone. The latter will 
ultimately regress.

Pulmonic Regurgitation

Minor degrees of pulmonary regurgitation (PR) using 
Doppler techniques have been reported in close to 75% 
of individuals with normal pulmonic valves and no 
other evidence of structural heart disease. PR may also 
be congenital or acquired (Table 9.3). Congenital 
lesions are associated with thick and deformed leaflets. 
On the other hand, acquired PR may be organic or 
functional. In the adult, acquired PR is most often seen 
in patients with pulmonary hypertension. PR in this 
condition, however, is rarely severe. Organic significant 

Fig. 9.6 An example of a patient with moderately severe pulmonic 
stenosis. There is post stenotic dilatation of the main pulmonary 
artery. Continuous-wave Doppler recording reveals a maximal 

gradient of 45 mm Hg. Flow also shows premature opening of the 
pulmonic valve with early termination of pulmonic regurgitation 
flow (white arrow) after atrial contraction (P wave on the ECG)
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PR is infrequent and is usually seen following pul-
monic valvulotomy. Other rare etiologies include 
endocarditis, carcinoid, rheumatic, myxomatous 
degeneration, tertiary syphilis, or trauma. Because of 
the difficulties imaging the pulmonary valve and the 
low prevalence of severe, life-threatening PR, few 
validation studies have been conducted to quantita-
tively evaluate the severity of PR by any modality. 
Recommendations from the American Society of 
Echocardiography and other organizations have been 
recently published for the evaluation of PR and will be 
hereby reviewed.

Assessment of Severity

Two-dimensional echocardiography is important in the 
overall evaluation of the etiology and severity of PR. 
Identification of anatomic abnormalities associated 
with PR, motion of the valve (doming or prolapse) or 
structure (hypoplasia or absence of the pulmonary 
valve) may help define the mechanism of regurgitation 
and yield clues to its severity. Visualization of the 
entire pulmonary valve is difficult. However, evalua-
tion of the size and function of the RV in the absence 
of pulmonary hypertension provides an indirect indi-
cator to the significance of PR and adaptation of the 
RV to the volume overload.

Color Doppler

Color Doppler flow mapping is the most commonly 
used method to assess PR. A diastolic jet in the RV 
outflow tract emanating from the valve and directed 
toward the RV is diagnostic of PR (Fig. 9.7). Color 
Doppler can determine the jet size and its spatial 
orientation. Similar to other regurgitant lesions, several 

factors affect the size of the jet, including the regurgi-
tant volume and the driving pressure – here namely 
pulmonary pressure. The PR jet seen in normal 
pulmonic valves, considered a variation of normal, is 
usually very small and thin, and originates centrally at 
the site of leaflet coaptation (Fig. 9.7). Jet length, 
although one of indicator of severity, is not very reliable 
(jets < 10 mm in length are trivial, particularly if they 
are narrow at the origin). Planimetry of jet areas, 
indexed for body surface area, has been shown to relate 
to PR severity, but also has a significant degree of 
variability.

Similar to all regurgitant lesions, the width of the 
vena contracta is probably a more accurate method to 
evaluate the severity of PR. Vena contracta measure-
ments however have not been validated for the pul-
monic valve, although some investigators have used 
the method for the serial assessment of pulmonary 
homografts. In cases of severe PR, the color jet area 
may be brief and misleading. This is due to early dia-
stolic equalization of diastolic pulmonary artery and 
RV pressures and almost cessation of regurgitant flow 
across the pulmonic valve. The large width of the vena 
contracta and the characteristic findings by spectral 
Doppler (see later), however, alert the echocardiogra-
pher to the severe degree of PR (Fig. 9.7).

Continuous-Wave Doppler

Recording of PR jet velocity can allow the estimation 
of mean or diastolic pulmonary pressures. There is no 
clinically accepted method of quantitating PR severity 
with continuous-wave Doppler. The density of the sig-
nal, which relates to the number of regurgitant red cells, 
provides a qualitative measure of regurgitation. A rapid 
deceleration rate, while consistent with more severe 
PR, is influenced by several factors including RV dia-
stolic properties and pressures. In severe PR, a rapid 
equalization of RV and pulmonary artery pressures can 
occur before the end of diastole. An intense signal of 
“to and fro” flow simulating a sine wave can be seen 
(Fig. 9.7). This finding, however, is not specific for 
severe PR, as it can be observed in patients with low 
pulmonary pressure and/or elevated RV diastolic pres-
sure. For differentiating these entities, one has to evalu-
ate the intensity of the PR signal, the color Doppler 
characteristics of the jet, and pulmonic flow quantita-
tion in the RV outflow tract by pulsed-wave Doppler.

Table 9.3 Etiology of pulmonic regurgitation

Normal Individuals (Trivial or mild degree)
Pulmonary hypertension (primary or secondary)
Diseases of the Pulmonic valve
•	 After	infundibulectomy	or	valvulotomy	for	tetralogy	of	Fallot
•	 After	valvuloplasty	or	valvulotomy	for	pulmonic	stenosis
•	 Carcinoid	heart	disease
•	 Infective	endocarditis
•	 Trauma
•	 Idiopathic	pulmonary	artery	dilation
•	 Rheumatic	heart	disease
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Pulsed Doppler

Pulsed Doppler evaluation of flow velocity in the RV 
outflow, just below the pulmonic annulus, and in the 
pulmonary artery, is useful in evaluating PR severity. In 
the pulmonary artery, comparison of forward and reverse 
flows and respective time-velocity integrals by pulsed 
Doppler have been used to calculate regurgitant volume 
and regurgitant fraction with variable success. This 
method, however, is not valid in patients with pulmonic 
stenosis because of the turbulent flow in the pulmonary 
artery. On the other hand, stroke volume can be mea-
sured in the RV outflow, just below the pulmonic valve, 
and compared to measurements of stroke volume at 
other annular sites (aortic, mitral). Stroke volume is 
derived, as is routinely performed by pulsed Doppler, as 
cross-sectional area of flow multiplied by the time-ve-
locity integral of flow. Cross-sectional area of the pul-
monic annulus is derived from its diameter assuming a 
circular geometry as: pd 2/4. The pulmonic annulus may 

be difficult to measure because of poor visualization and 
the dynamic size of the RV outflow tract. It is recom-
mended to measure the pulmonic annulus during early 
ejection (two to three frames after the R wave on the 
ECG), just below the pulmonic valve. Although not 
validated for quantitation of PR, flows at the pulmonic 
annulus can be compared to other sites to derive quanti-
tative parameters of regurgitation (regurgitant volume 
and fraction). Clinically, this is feasible provided that 
particular attention is taken to image well the area of the 
pulmonic annulus and thus minimize errors.

A comprehensive approach to the evaluation of PR 
severity is suggested (Table 9.4), similar to other val-
vular regurgitation, as recently recommended by the 
American Society of Echocardiography and other 
organizations. Since there are insufficient data on 
quantitation of PR to recommend a clinically validated 
quantitative approach, the evaluation is generally quali-
tative and should include the various parameters dis-
cussed earlier. Since the main pulmonary artery is an 

Fig. 9.7 Examples of mild and severe pulmonic regurgitation. 
In mild PR, a very thin diastolic color jet is seen. The 
continuous-wave Doppler recording is soft, barely detected. 
In severe PR, the color jet width at its origin is large (large 

arrow). The spectral recording is intense and shows a steep 
deceleration in diastole with early termination of diastolic 
flow (arrow). RV right ventricle; LA left atrium; PA pulmonary 
artery
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anterior structure, it is often imaged as well or even 
better with transthoracic echocardiography compared 
to the transesophageal approach. Therefore, the role of 
transesophageal echocardiography is limited in assess-
ing severity of pulmonic regurgitation.

Conclusion

Currently, two-dimensional echocardiography with 
Doppler is an essential diagnostic tool for the evalua-
tion of patients with diseases of the tricuspid or pul-
monic valves. Structural evaluation of the valves, along 
with imaging of the cardiac chambers, provides the 
underlying etiology of the valvular disease and cardiac 
adaptation to the stenotic and /or regurgitant lesion. 
Transesophageal echocardiography is rarely needed in 
right-sided valvular heart disease. While quantitative 
parameters for the evaluation of tricuspid and pulmonic 
regurgitation are not as widely validated compared to 
mitral or aortic disease, an integrative approach of 2D 
imaging, color, and spectral Doppler findings usually 
suffices for the assessment of the etiology and severity 
of the valvular disease and for guiding management.
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Table 9.4 Echocardiographic and Doppler parameters useful in grading pulmonary regurgitation severity

Parameter Mild Moderate Severe

Pulmonic valve Normal Normal or abnormal Abnormal
RV size Normala Normal or dilated Dilatedb

Jet size by color Dopplerc Thin (usually <10 mm in length) 
with a narrow origin

Intermediate Usually large, with a wide origin; 
may be brief in duration

Jet density and deceleration  
rate – CWe

Soft; slow deceleration Dense; variable 
deceleration

Dense; steep deceleration, early 
termination of diastolic flow

Pulmonic systolic flow compared 
to systemic flow – PWd

Slightly increased Intermediate Greatly increased

Reproduced with permission from the American Society of Echocardiography
CW Continuous-wave Doppler; PR pulmonic regurgitation; PW pulsed-wave Doppler; RA right atrium; RF regurgitant fraction; RV 
right ventricle
aUnless there are other reasons for RV enlargement. Normal 2D measurements from the apical four-chamber view: RV mediolateral 
end-diastolic dimension £ 4.3 cm, RV end-diastolic area £ 35.5 cm2

bException: acute PR
cAt a Nyquist limit of 50–60 cm/s
dCut-off values for regurgitant volume and fraction are not well validated
eSteep deceleration is not specific for severe PR



Clinical Background

Pulmonary vascular disease is usually progressive and 
untreated has a poor prognosis. The natural history and 
course of the disease exhibits wide variation between 
individuals.

Patients with pulmonary hypertension present at 
any age with nonspecific symptoms including breath-
lessness (the most common symptom), syncope, tired-
ness, angina, and exercise-induced cough and nausea. 
The correct diagnosis is frequently delayed and bron-
chial asthma is the most frequent misdiagnosis. A 
chest radiograph (Fig. 10.1) and ECG (Fig. 10.2) will 
be abnormal in 80–90% of patients, and echocardiog-
raphy is the first line of investigation in reaching a 
diagnosis in a patient where pulmonary hypertension 
is suspected or who has “unexplained” breathlessness.

Once pulmonary hypertension is confirmed, 
echocardiography is used in conjunction with other 
imaging modalities, lung function tests, and cardiac 
catheterization to determine the etiology, severity, and 
prognosis. The advent of new therapies for selected 
patients with pulmonary hypertension has increased 
the need for accurate diagnosis and serial monitoring 
of hemodynamics and right ventricular function, which 
inform the management of these disease-targeted 
therapies.

The clinician requesting an echocardiogram for the 
first time will want to know whether pulmonary hyper-
tension is present. If pulmonary hypertension is pres-
ent they will need to be told the cause (if detectable by 

echocardiography) and severity of both pulmonary 
hypertension and right ventricular dysfunction. At 
follow-up the clinician will want to know whether 
there is evidence of hemodynamic improvement or 
deterioration and also about the development of com-
plications. Although other imaging modalities are 
used in the management of pulmonary hypertension, 
echocardiography is the most readily available for 
frequent serial monitoring and managing patients who 
present with acute hemodynamic decompensation.

Pathophysiology

Pulmonary hypertension may occur as a consequence 
of raised pulmonary vascular resistance or high car-
diac output. In the absence of pulmonary vascular dis-
ease, pulmonary hypertension will resolve when a high 
cardiac output returns to normal. Raised pulmonary 
vascular resistance may occur as a consequence of pre-
capillary pulmonary arterial disease, postcapillary dis-
ease (pulmonary venous disease or left heart disease), 
or a combination. The development and progression of 
pulmonary hypertension is related to pulmonary vaso-
constriction, thrombosis, and inappropriate smooth 
muscle cell proliferation.

The heart responds to the high resistance by increas-
ing pulmonary arterial pressure to maintain the cardiac 
output. Since right ventricular function is afterload 
dependant, this results in right ventricular hypertrophy 
and dilatation. The change in geometry of the right 
ventricle and its contractile properties eventually lead 
to right ventricular failure. There follows a fall in cardiac 
output and a rise in right atrial pressure. Significant 
tricuspid regurgitation may develop and this increases 
the ventricular volume overload thus accelerating the 
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progression of right ventricular failure. The rate of 
decline in right ventricular function depends on the 
age of onset of the disease, the rate of increase in pul-
monary vascular resistance, the cause of pulmonary 
hypertension (e.g., scleroderma is associated with 

worse right ventricular function compared to idio-
pathic for a given pulmonary arterial pressure), and 
comorbid factors.

Death occurs as a consequence of right ventricular 
disease, either suddenly as a consequence of mechani-
cal syncope or arrhythmia, or from progressive right 
ventricular failure.

Clinical Classification

There are numerous causes of pulmonary hypertension 
and these are shown in Table 10.1. This classification 
not only groups diseases which cause pulmonary 
hypertension by similar pathophysiological mecha-
nisms and clinical presentation but also provides a 
guide to therapy. The term “primary” pulmonary 
hypertension has been superseded by idiopathic and 
familial pulmonary arterial hypertension. Familial 
pulmonary hypertension includes those with a family 
history as well as patients known to carry a mutation of 
the bone morphogenetic protein receptor 2 gene.

The importance of reaching an accurate diagnosis is 
exemplified by patients with pulmonary arterial hyper-
tension who benefit from disease-targeted therapies 
including prostacyclin analogs, endothelin antagonists, 

Fig. 10.1 A typical chest radiograph of a patient presenting 
with idiopathic pulmonary arterial hypertension. There is 
enlargement of the pulmonary trunk and proximal pulmonary 
arteries. The heart is enlarged. The lung fields are clear

Fig. 10.2 An ECG taken in a patient with idiopathic pulmonary arterial hypertension. Note the signs of right ventricular hypertro-
phy with a rightward mean frontal QRS axis
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and phosphodiesterase inhibitors, whereas in patients 
with pulmonary venous hypertension these drugs may 
have a deleterious effect.

Patients with pulmonary arterial hypertension who 
sustain a fall in mean pulmonary artery pressure ³10 
mm Hg to reach an absolute value £40 mm Hg, with-
out a fall in cardiac output when challenged with short-
acting pulmonary vasodilators may benefit from 
calcium channel blockers. Cardiac catheterization is 
required to detect such patients, and this cannot be reli-
ably achieved using echocardiography.

Patients with proximal chronic thromboembolic 
pulmonary hypertension should be considered for pul-
monary endarterectomy since this operation may be 
curative for a group of patients with a particularly poor 
prognosis.

Prognosis

The prognosis of pulmonary hypertension is deter-
mined by the etiology, and clinical and hemodynamic 
severity. For patients with idiopathic pulmonary arte-
rial hypertension 1-year survival has been improved by 
intravenous epoprostenol (an analog of prostacyclin) 
from 77% (based on historic controls) to 85–88%, 
3-year survival from 41 to 63%, and 5-year survival 
from 27 to 54–55%. It is expected that this will improve 
in the near future with newer therapies. The best hemo-
dynamic predictors of prognosis are based on measures 
of cardiac output and right ventricular failure.

Role of Echocardiography in Pulmonary 
Hypertension

Screening for Pulmonary Hypertension

Definition of Pulmonary Hypertension

The gold standard definition of pulmonary hypertension 
is based on the measurement of mean pulmonary arte-
rial pressure at cardiac catheterization (Table 10.2). A 
diagnosis of pulmonary arterial hypertension requires in 
addition a pulmonary vascular resistance > 3 Wood units 
with a normal pulmonary capillary wedge pressure.

1. Pulmonary arterial hypertension (PAH)
•	 Idiopathic	(IPAH)
•	 Familial	(FPAH)
•	 Associated	with	(APAH)

– Collagen vascular disease
– Congenital systemic to pulmonary shunts
– Portal hypertension
– HIV infection
– Drugs and toxins (e.g., fenfluramine, 

dexfenfluramine)
– Other (Thyroid disorders, glycogen storage 

disease, Gaucher’s disease, hereditary hemorrhagic 
telangiectasia, hemoglobinopathies, myeloprolif-
erative disorders, splenectomy)

•	 Associated	with	significant	venous	or	capillary	
involvement
– Pulmonary veno-occlusive disease
– Pulmonary capillary hemangiomatosis

•		 Persistent	pulmonary	hypertension	of	the	newborn
2. Pulmonary hypertension with left heart disease

•	 Left-sided	atrial	(e.g.,	cor	triatriatum,	myxoma)	or	
ventricular disease

•	 Left-sided	valvular	heart	disease
3. Pulmonary hypertension associated with lung diseases 

and/or hypoxemia
•	 Chronic	obstructive	pulmonary	disease
•	 Interstitial	lung	disease
•	 Sleep	disordered	breathing
•	 Alveolar	hypoventilation	disorders
•	 Chronic	exposure	to	high	altitude
•	 Developmental	abnormalities

4. Pulmonary hypertension due to chronic thrombotic and/or 
embolic disease
•	 Thromboembolic	obstruction	of	proximal	pulmonary	

arteries
•	 Thromboembolic	obstruction	of	distal	pulmonary	

arteries
•	 Nonthrombotic	pulmonary	embolism	(tumor,	parasites,	

foreign material)
5. Miscellaneous

•	 Sarcoidosis,	histiocytosis	X,	lymphangiomatosis,	
compression of pulmonary vessels (adenopathy, tumor, 
fibrosing mediastinitis)

Table 10.1 Clinical classification of pulmonary hypertension

Cardiac catheterization
Pulmonary hypertension is present when the mean pulmonary 

artery pressure at rest is 25 or 30 mm Hg on exercise
Echocardiographic
Mild pulmonary hypertension is defined by the World Health 

Organization as a systolic pulmonary artery pressure of 
40–50 mmHg, which corresponds to a tricuspid  
regurgitant velocity on Doppler echocardiography of about 
3.0–3.5 m/s

Table 10.2 Definitions of Pulmonary hypertension
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The echocardiographic correlate of pulmonary 
hypertension is based on tricuspid regurgitation 
which is used to estimate systolic pulmonary arterial 
pressure. The limitations of using tricuspid regurgi-
tation are discussed later (Tricuspid regurgitation 
and estimated systolic pulmonary arterial pressure). 

For these reasons there is no absolute cut-off value 
for the diagnosis of pulmonary hypertension by echo-
cardiography.

In patients without tricuspid regurgitation, qualita-
tive measurements of pulmonary arterial pressure can 
be derived from time intervals measured from the 

a

b

Fig. 10.3 Measurement of pulmonary acceleration time from 
the pulsed-wave Doppler tracing of pulmonary arterial flow. The 
shortened acceleration time in pulmonary hypertension is com-
pared to a normal tracing. (a) Normal pulmonary Doppler velocity 

spectrum. (b) Pulmonary Doppler velocity spectrum in patient 
with pulmonary hypertension showing a very short acceleration 
time (ACT) and short total ejection time (ET) as compared to 
normal
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Doppler flow velocities obtained in the pulmonary 
trunk. The measurements that have been used include 
the pre-ejection period, which is the time interval from 
the onset of electrocardiographic QRS to the onset of 
pulmonary artery systolic flow; the acceleration time, 
which is the time between the onset of flow to the peak 
systolic flow; and ejection time, which is the time 
interval between the onset to the cessation of flow. 
Pulmonary flow acceleration time is the most reliable 
of these and is a marker of increased pulmonary vascu-
lar resistance when it is less than one-third of the ejec-
tion time (Fig. 10.3). In clinical practice, pulmonary 
acceleration time is commonly used to demonstrate the 
raised pulmonary vascular resistance rather than to 
estimate the pulmonary artery pressure.

While severe pulmonary hypertension is normally a 
straightforward echocardiographic diagnosis, it is pos-
sible to miss mild cases especially when right ventric-
ular function is preserved and the remainder of the 
echocardiographic examination at rest appears normal. 
In the presence of pulmonary hypertension right ven-
tricular function may appear normal if the onset of pul-
monary hypertension is slow enough to allow the right 
ventricle to compensate, and/or the pulmonary vascu-
lar resistance is less than 3.0 Wood units. For this rea-
son it is important in suspected cases to ensure that the 
peak tricuspid regurgitant velocity and the pulmonary 
acceleration time are measured.

Other Signs to Look for

Any diagnosis based on a single measurement by 
echocardiography may be inaccurate, and the operator 
should look for other evidence for pulmonary hyper-
tension. Table 10.3 lists the echocardiographic find-
ings which may be elicited in the presence of pulmonary 

hypertension, and these should be sought to confirm 
the diagnosis. The main pulmonary artery is enlarged 
when it is the same diameter as or larger than the aorta 
(Fig. 10.4). Midsystolic closure of the pulmonary valve 
is a consequence of a reflected compression wave from 
the pulmonary circulation and is not present in normal 
subjects (Fig. 10.5).

Look first at the right ventricle and determine 
whether it is dilated and/or hypertrophied (Figs. 10.6 
and 10.7). Note that dilatation and function of the right 
ventricle is dependant on the inotropic state and load-
ing conditions. There is a rough inverse relationship 
between pulmonary artery pressure and systolic right 
ventricular ejection fraction in pulmonary 
hypertension.

Right ventricular dysfunction in the absence of 
measurable pulmonary hypertension may occur at 
a low cardiac output despite pulmonary vascular 
disease.

The differential diagnosis of right ventricular 
hypertrophy and dilatation includes pulmonary 
stenosis, pulmonary regurgitation, atrial septal 
defect, severe tricuspid regurgitation, right ventricu-
lar myopathy, right ventricular infarction, and infil-
trative cardiomyopathy.

Estimation of Pulmonary Vascular Resistance

The measurement of pulmonary vascular resistance in 
pulmonary hypertension is used to differentiate between 
high cardiac output states where resistance is normal 

Right ventricular hypertrophy
Right ventricular dilatation
Right ventricular dysfunction
Abnormal interventricular septal motion (septum moves with 

the right ventricle rather than with the left ventricle)
Dilated main pulmonary artery (Fig. 10.4)
Mid or early systolic closure of the pulmonary valve (Fig. 10.5)
Tricuspid regurgitant velocity increased
Dilated inferior vena cava

Table 10.3 Common echocardiographic signs which may 
indicate the presence of pulmonary hypertension

Fig. 10.4 Dilated main pulmonary artery (red line delineates 
diameter) in the left parasternal short-axis view compared to the 
diameter of the aorta (blue line)
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and pulmonary vascular disease where resistance is 
elevated. Pulmonary vascular resistance is normally 
measured at cardiac catheterization by dividing the 
transpulmonary pressure gradient by transpulmonary 
flow. Pulmonary vascular resistance can be estimated 
by echocardiography by taking the ratio of peak 

tricuspid regurgitant velocity to the right ventricular 
outflow tract velocity-time integral (TRV/VTI

RVOT
). It 

is reported that a value less than 0.2 is likely to have a 
low pulmonary vascular resistance (<2 Wood units). 
This formula is valid for heart rates between 60 and 
100 bpm.

Fig. 10.5 Midsystolic closure of the pulmonary valve shown on M-mode echocardiogram. This is probably caused by a reflected 
pressure wave from the pulmonary circulation and may also be seen in the pulmonary arterial flow on Doppler

a b

Fig. 10.6 Apical four-chamber view showing right ventricular dilatation in idiopathic pulmonary arterial hypertension in systole (a) 
and diastole (b). Note how the left ventricle is compressed by the right side
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Management of Mild Pulmonary Hypertension 
Detected by Echocardiography

Where there is doubt about the diagnosis of pulmo-
nary hypertension or mild pulmonary hypertension 
is detected in asymptomatic individuals it is rec-
ommended that the patient be reviewed clinically 
in approximately 6 months and echocardiography 
repeated. In patients with symptoms cardiac cath-
eterization is needed to confirm or refute the diag-
nosis. Patients who are asymptomatic but at high 
risk of developing pulmonary hypertension (e.g., 
the presence of risk factors such as family history, 
scleroderma, appetite suppressant use, portal 
hypertension, HIV infection, intravenous drug use) 
should have echocardiography repeated in 6 
months. If the presence of mild pulmonary hyper-
tension is confirmed, they should undergo the same 
evaluation as patients with symptomatic pulmonary 
hypertension.

Etiology of Pulmonary Hypertension

In conjunction with the history and physical examina-
tion, echocardiography should be used to establish 
presence or absence of congenital heart disease and 
left heart disease.

Congenital Heart Disease

In congenital heart disease, pulmonary arterial hyper-
tension may be caused by a large left to right shunt, may 
occur in association with minor congenital heart lesions, 
and may occur postoperatively in a variety of circum-
stances. The common lesions which cause pulmonary 
hypertension are ventricular septal defect, atrioventricu-
lar septal defect, patent ductus arteriosus, aortopulmo-
nary window, total or partial anomalous pulmonary 
venous return, univentricular heart, and large atrial sep-
tal defect. Where shunt reversal occurs or the shunt is 
bidirectional Eisenmenger’s syndrome is present.

Some patients with small atrial septal defects (£2 cm) 
or small ventricular septal defects (£1 cm) are found to 
have pulmonary hypertension without ever having had a 
large shunt. In such patients another cause of pulmonary 
hypertension should be sought, and if none is found a diag-
nosis of idiopathic pulmonary arterial hypertension made.

Pulmonary venous hypertension may occur in con-
genital heart disease with obstructed left heart inflow.

Left Heart Disease

Left heart disease causes pulmonary hypertension by 
raising pulmonary venous pressure as a consequence 
of elevated left atrial pressure. Significant left atrial 
enlargement with pulmonary hypertension in the presence 

a b c

Fig. 10.7 Right ventricular hypertrophy caused by pulmonary hypertension in a patient with previous ostium primum repair. The 
hypertrophy is seen in a four-chamber view on magnetic resonance imaging in systole (a) and diastole (b), and echocardiography 
(c) in the same patient
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of an otherwise apparently normal echocardiogram 
should prompt a search for left ventricular restriction 
or atrial septal defect.

If no cause of pulmonary hypertension can be iden-
tified on echocardiography other investigations are 
required to search for a cause. Only after other causes 
are excluded can a diagnosis of idiopathic pulmonary 
arterial hypertension be reached.

Other Causes

Lung disease will be detected by lung function tests, 
arterial blood gases, and high-resolution CT scanning. 
In most patients with lung disease pulmonary hyper-
tension is of moderate severity, although in a small 
number it may be out of proportion to the severity of 
the underlying pulmonary disease.

Chronic thromboembolic pulmonary hyperten-
sion is rarely diagnosed by transthoracic echocar-
diography which cannot see far into the pulmonary 
circulation. Although proximal thromboembolic 
disease may be visible on transesophageal echocar-
diography this is not the optimal imaging modal-
ity. Helical CT angiography, nuclear ventilation 
perfusion scanning, selective pulmonary angiogra-
phy, and gadolinium magnetic resonance angiog-
raphy are used as appropriate to confirm the 
diagnosis and determine the operability of patients 
(Fig. 10.8). Pulmonary endarterectomy is the treat-
ment of choice in proximal thromboembolic dis-
ease and has excellent results in experienced 
centers. Unoperated this condition has a poor 
outcome.

Most miscellaneous causes of pulmonary hyperten-
sion cannot be diagnosed by echocardiography.

Fig. 10.8 Chronic thromboembolic pulmonary hypertension: 
high-resolution CT shows a mosaic perfusion pattern, but this 
is not specific for thromboembolism and may occur in small 
airways disease (upper left); multislice helical CT angiography 

shows pulmonary arterial webs proximally (upper right);  
CT reconstruction identifies the same web (down right); the 
same lesions are shown on selective pulmonary angiography 
(down left)
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Estimation of Severity of Pulmonary 
Hypertension

Two-Dimensional and M-Mode 
Echocardiography

Pericardial Effusion

In idiopathic pulmonary arterial hypertension the 
presence of pericardial effusion is a manifestation of 
right ventricular failure (Fig. 10.9). It is indicative of 
a very high right atrial pressure which probably results 
in impaired lymphatic and venous drainage to the 
right atrium. The size of the effusion has been shown 
to be correlated closely with right atrial pressure as 
well as right atrial size and the severity of tricuspid 
regurgitation. It is inversely related to cardiac index. 
Pericardial effusion has been shown in several studies 
to predict a poor outcome: patients with small or mod-
erate pericardial effusion have been found to have 
triple the 1-year mortality of patients with trace or no 
effusion.

The size of the effusion should be assessed in both 
parasternal long-axis and short-axis views (Table 
10.4). Pericardial effusion may also occur in patients 
with connective tissue disease independent of this 
mechanism.

Right Atrial Enlargement and Pressure

Right atrial enlargement is associated with elevated right 
atrial pressure, which itself has been shown to correlate 
with survival. Right atrial pressure can be estimated semi-
quantitatively (Table 10.5) by imaging the inferior vena 
cava (Fig. 10.10). A qualitative description of atrial size is 
suitable for diagnostic purposes, but for serial follow-up 

a

b

Fig. 10.9 Pericardial effusion in idiopathic pulmonary arterial hypertension shown on short-axis views with echocardiography (a) 
and magnetic resonance imaging (b)

Table 10.4 Pericardial effusion score

Echocardiographic findings Score
Pericardial effusion absent 0
Separation of pericardial layers in systole and diastole 1
Small effusion with separation of pericardial layers  

in diastole < 1 cm
2

Moderate effusion with separation of pericardial  
layers in diastole 1–2 cm

3

Large effusion with separation of pericardial  
layers > 2 cm

4

Mean right atrial 
pressure (mm Hg)

Inferior vena caval 
diameter (mm)

Inspiratory  
collapsea

0–5 12–23 >50%
5–10 12–23 <50%
10–15 >23 >50%
15–20 >23 <50%

Table 10.5 Semiquantitative estimation of right atrial 

a Best tested by asking the patient to breathe in quickly or sniff
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measurement of right atrial size based on area or volume 

is helpful (Table 10.6).

Right Ventricular Size and Function

Two-dimensional imaging evaluates the dimensions, 
shape, and thickness of the right ventricle using sev-
eral tomographic planes. Useful measurements include 
the right ventricular end-diastolic diameter, area, and 
volume.

The end-diastolic diameter of the ventricle is mea-
sured at the level of the tricuspid chordae from the 
parasternal short axis or the four-chamber projection.

The right ventricular end-diastolic (RV-EDA) and 
end-systolic cavity areas (RV-ESA) are conventionally 
determined by tracing the endocardial borders in the 
apical four-chamber view in the plane of the mitral and 
tricuspid valves.

Automatic endocardial border detection correlates 
well with the angiographic evaluation of the right ven-
tricle. The use of contrast agents improves accuracy.

The dilated, hypertrophied right ventricle in pulmo-
nary hypertension has distorted and complex geometry 
making the estimation of ventricular volumes and ejec-
tion fraction by two-dimensional echocardiography 
unreliable. Three-dimensional echocardiography is 
capable of more accurate estimation of right ventricu-
lar volumes although this technique has been shown to 
be feasible despite limited validation in pulmonary 
hypertension (Fig. 10.11). Right ventricular volumes 
are currently most accurately measured by magnetic 
resonance imaging.

Identification of the severity of right ventricular 
systolic dysfunction is descriptively important but is 
subjective.

Interventricular Septal Shift

During cardiac cycle the motion of the interventricular 
septum reflects the pressure difference between the 
two ventricles. In volume overload states (e.g., large 
atrial septal defect) flattening occurs typically only in 
diastole, since the rising left ventricular pressure 

a

b

Fig. 10.10 Echocardiographic images of the inferior vena cava which is dilated (a) and on M-mode does not alter in diameter with 
respiration (b)

Table 10.6 Useful echocardiographic formulae

Right atrial volume
Single plane area-length method Volume = 0.85 A2/L
Single plane diameter-length method Volume = (pD2L)/6
Method of discs Volume = p/4a

i
(L/n)

Pulmonary arterial pressure
Systolic 4 (V

TR
)2 + RAP

Diastolic 4 (V
PR-ED

)2 + RAP
Mean 4 (V

PR-PD
)2 + RAP

atrium; L longitudinal dimension of right atrium; D transverse 
dimension of right atrium; a

i
, area of disc; n number of equal 

height discs; RVSP right ventricular systolic pressure (mmHg); 
PASP pulmonary artery systolic pressure (mmHg); V

TR
 peak 

tricuspid regurgitation velocity (m/s); RAP mean right atrial 
pressure; PAEDP pulmonary artery end diastolic pressure 
(mmHg); V

PR-ED
 end-diastolic velocity of pulmonary regurgitation 

signal; MPAP mean pulmonary artery pressure (mmHg); V
PR-PD

 
peak pulmonary regurgitant velocity in early diastole
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during systole is higher than the right ventricle. In pres-
sure overload states (e.g., pulmonary hypertension) the 

right ventricular pressure is generally high enough 
during the whole of the cardiac cycle, and thus flattening 
of the septum is present in both systole and diastole. 
As pulmonary hypertension deteriorates the septal flat-
tening becomes frank deviation into the left ventricle 
giving it a banana-shaped appearance (Figs. 10.9 
and 10.12).

The eccentricity index can be used to measure this 
septal shift. This is measured in a parasternal short-
axis view of the left ventricle at the level of the chor-
dae tendinae. It is the ratio of the minor axis of the 
left ventricle parallel to the septum divided by the 
minor axis perpendicular to and bisecting the septum 
(Fig. 10.13). The index is measured at both end-sys-
tole and end-diastole. Over serial measurements these 
values may not move in parallel. In normal subjects 
the index is approximately unity, and in pulmonary 
hypertension becomes >1.0 at both end-systole and 
end-diastole.

Fig. 10.11 Three-dimensional echocardiogram of the pulmo-
nary hypertensive right ventricle

a b c

Fig. 10.12 Parasternal short axis of the left ventricle showing deviation of the interventricular septum toward the left ventricle (a).
Septal motion is also shown in the magnetic resonance images in systole (b) and diastole (c)

ba

Fig. 10.13 Measurement of the eccentricity index from the parasternal short axis of the left ventricle: in systole (a) and in 
diastole (b)
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Left Ventricular Size and Function

The consequence of interventricular septal deviation 
alters left ventricular shape and size. The change in 
shape is not simply a result of local acute compression 
but may become the result of long-term remodeling. 
With increasingly severe pulmonary hypertension the 
left ventricular cavity size is reduced, and this is fur-
ther exacerbated by impaired left ventricular filling. 
An estimate of left ventricular size from dimensions, 
areas, and volumes is helpful. Left ventricular end-
systolic and end-diastolic areas are measured akin to 
the right ventricle. Left ventricular volume can be 
measured using three-dimensional echocardiography 
or by magnetic resonance imaging.

Patent Foramen Ovale

The presence of a patent foramen ovale or a small atrial 
septal defect predicts a better prognosis. The reason 
for this may be the ability to decompress high right-
sided pressures to the left atrium and increase cardiac 
output. Selected patients with severe pulmonary hyper-
tension and an intact atrial septum are improved by 
atrial septostomy which increases cardiac output and 
reduces right ventricular end-diastolic pressure (Fig. 
10.14). In severe pulmonary hypertension a patent 
foramen ovale is not easily seen on transthoracic 
echocardiography because of equalization of pressures 
across it. The presence of a shunt at atrial level can be 
predicted by Qp and Qs if they are not unity.

Doppler Assessment

Tricuspid Regurgitation Velocity and Calculated 
Systolic Pulmonary Arterial Pressure

The principal technique for determining pulmonary 
artery pressure involves the use of the tricuspid regur-
gitant jet and the Bernoulli equation. Tricuspid regur-
gitation is readily identified by color-flow Doppler and 
quantitative measurements can be made (Fig. 10.15). 
The four-chamber view is used most commonly. The 
right ventricular systolic pressure is derived from the 

peak systolic driving pressure between the right ven-
tricle and right atrium. In the absence of pulmonary 
valve stenosis, it can be assumed that the systolic right 
ventricular and pulmonary arterial pressure is equal.

Systolic pulmonary arterial pressure is calculated 
from the peak velocity of tricuspid regurgitation using 
the modified Bernoulli equation and added to the right 
atrial pressure (Table 10.6). Proper alignment of the 
echocardiographic transducer is crucial since mala-
lignment will underestimate the peak velocity. 
Although right atrial pressure is often assumed to be 
5–10 mmHg it is better to estimate the right atrial pres-
sure with echocardiography as described earlier. In 
reporting the systolic pulmonary arterial pressure it 
must be stated how right atrial pressure was 
estimated.

This method tends to underestimate the true pulmo-
nary arterial pressure as pressure rises. This is a conse-
quence of ignoring the valve coefficient, a constant 
which is omitted from the modified Bernoulli 
equation.

Underestimation of pressure may also occur 
when the right ventricular – right atrial pressure gra-
dient is reduced by other mechanisms. This may 
happen, for example, with the development of 
restrictive function where right atrial pressure is 
high and the right ventricle is stiff. Conversely the 
peak tricuspid regurgitation velocity may remain 
unchanged when right ventricular pressure and right 
atrial pressure fall in parallel in association with 
clinical improvement.

Among 3,790 echocardiographically normal sub-
jects the mean pulmonary arterial systolic pressure 
was 28.3 mm Hg (95% CI: 18.7, 37.9 mm Hg) using 
an assumed right atrial pressure of 10 mm Hg. The 
systolic pressure exceeded 40 mm Hg in a small num-
ber of people over 50 years of age or with a body mass 
index >30 kg/m2. This means that if a right atrial pres-
sure of 5 mm Hg is assumed, the upper 95% confi-
dence interval equates to a peak tricuspid regurgitant 
velocity of 2.87 m/s with some older people exceeding 
2.98 m/s which is similar to the WHO definition of 
mild pulmonary hypertension. If higher right atrial 
pressures are assumed or measured then lower values 
of peak tricuspid regurgitant velocity will raise the 
possibility of mild pulmonary hypertension.
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Pulmonary Arterial Mean and Diastolic Pressure

The presence of pulmonary regurgitation usually per-
mits the measurement of the end-diastolic gradient 
between the pulmonary artery and right ventricle from 

which can be derived the pulmonary arterial diastolic 
pressure (Table 10.6 and Fig. 10.16).

Mean pulmonary arterial mean pressure can also be 
estimated and has the advantage that pulmonary hyper-
tension is defined by mean pulmonary arterial pressure 

Fig. 10.14 Atrial septostomy in idiopathic pulmonary arterial 
hypertension: note how flow is directed from right to left atrium 
(a). The patient presented with recurrent syncope and was 

improved by septostomy. The pressure recording from cardiac 
catheterization shows a higher pressure in the right than the left 
atrium (b)

a

b
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a b

Fig. 10.15 Four-chamber view showing color-flow map of tricuspid regurgitant jet in idiopathic pulmonary arterial hypertension 
(a). The tricuspid regurgitant jet which is used to calculate systolic pulmonary arterial pressure is shown in the same patient (b)

a

b

Fig. 10.16 Doppler tracing of pulmonary regurgitation (PR) 
showing measurement of mean and end-diastolic pulmonary 
arterial pressures (see also Table 10.6). (a) Estimation of the 
mean pulmonary artery pressure (MPAP) using the pulmonary 
regurgitant Doppler velocity signal. The early diastolic PR 
Doppler signal measured approximately 3 m/s. Using the sim-
plified Bernoulli equation, the MPAP is approximately 36 
mmHg. (b) Estimation of the pulmonary artery end-diastolic 

pressure (PAEDP) using the pulmonary regurgitant Doppler 
velocity signal. The end-diastolic PR Doppler signal, recorded 
from the Q wave of the ECG, measures approximately 1.9 m/s. 
Using the simplified Bernoulli equation, the end-diastolic pres-
sure difference between the pulmonary artery and the right ven-
tricle equals 14 mmHg. Assuming that the right ventricular 
end-diastolic pressure equals the right atrial pressure and that 
the RAP is 10 mmHg, the estimated PAEDP is 24 mmHg
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at cardiac catheterization. Although mean pressure can 
be calculated from the systolic and diastolic pressure it 
is better measured separately. This can be calculated 
from the peak pulmonary regurgitant velocity which 
occurs after pulmonary valve closure in early diastole 
(Table 10.6 and Fig. 10.16). The correlation with cath-
eter measurements is best when account is taken of 
right atrial pressure.

Other methods of estimating pulmonary arterial 
pressure have been reported, such as using right ven-
tricular isovolumic relaxation time. Difficulties are 
encountered with fast heart rates and, therefore, a short 
relaxation period. This estimation of pulmonary arte-
rial pressure from the relaxation time assumes a nor-
mal right atrial pressure and may not be reliable in 
pulmonary hypertension with right ventricular failure.

Assessment of Right Ventricular Function

Right Ventricular Doppler Index

The Doppler index of myocardial performance (Tei 
index or myocardial performance index) has been used 
for the evaluation of left ventricular function. The ratio 
of isovolumic contraction time to ejection time has 
been shown to correlate with +dp/dt, and the ratio of 
isovolumic relaxation time to ejection time has been 
shown to correlate with −dp/dt. Thus this Doppler 
index provides a global assessment of both systolic 
and diastolic function.

In pulmonary hypertension the right ventricular 
Doppler index (Fig. 10.17) correlates with symptom 
severity, improves with current therapies for pulmo-
nary arterial hypertension, correlates with symptom-
atic improvement, and is prognostic. The normal range 
is 0.26–0.28. In pulmonary hypertension the index is 
elevated, falling with clinical improvement.

The right ventricular Doppler index is relatively 
unaffected by heart rate, right ventricular pressures, or 
the severity of tricuspid regurgitation. It has good 
reproducibility and measurements can be made accu-
rately even in the presence of a difficult acoustic window. 
Its disadvantage is overlapping between the end of 
tricuspid regurgitation signal and the pulsed signal of 
the early diastolic filling (E) of the transtricuspid flow 
that challenges the accurate estimation of the isovolumic 
relaxation time. Nevertheless this is a robust measure-
ment which is particularly useful for the follow-up 
of patients.

Right ventricular ejection time, a component of the 
Doppler index, has been shown to improve on treat-
ment for pulmonary arterial hypertension, on its own.

Tricuspid Regurgitation Severity

Tricuspid regurgitation time is prolonged by increasing 
right ventricular pressure. Even in the absence of right 
ventricular free wall dysfunction, the raised transtricus-
pid pressure difference and slow pressure decline will 
limit right ventricular filling time (right ventricular 
diastolic reserve). A short filling time markedly 
reduces stroke volume and cardiac output especially 
with a fast heart rate and may lead to syncope. Reduced 
right ventricular functional reserve can be measured 
by the ratio of total filling time in relationship to the 
regurgitation time. Lengthening of tricuspid regurgi-
tation can also be the result of impaired right ventricu-
lar function when slow right ventricular relaxation 
delays tricuspid regurgitation pressure decline, or the 
consequence of conduction abnormalities.

Fig. 10.17 Measurement of the right ventricular Doppler index. 
The tricuspid inflow velocity pattern is obtained from the apical 
four-chamber view with the pulsed-wave Doppler sample vol-
ume positioned between the tips of the tricuspid leaflets during 
diastole. The RV outflow velocity curve was recorded from the 
parasternal short-axis view with the pulsed-wave Doppler sam-
ple volume positioned at the pulmonary valve level. Doppler 
time intervals were measured from inflow and outflow 
recordings
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Although severe tricuspid regurgitation predicts an 
adverse prognosis its estimation is open to substantial 
error.

Tissue Doppler Imaging of Right Ventricle

The role of pulsed tissue Doppler imaging is not estab-
lished. Myocardial velocities recorded from the basal 
right ventricular wall in pulmonary hypertension show 
prolongation of isovolumic relaxation which is virtu-
ally absent in the normal right ventricle. The early 
diastolic velocity is reduced by right ventricular hyper-
trophy. In the presence of severe tricuspid regurgita-
tion in addition to pulmonary hypertension the early 
diastolic velocity increases and the isovolumic period 
is reduced by high right atrial pressure (Fig. 10.18). 
Systolic velocity < 11.5 cm/s can identify the presence 
of RV dysfunction with a sensitivity and specificity of 
90 and 85%, respectively.

Assessment of Left Ventricular Function

Left Ventricular Filling

Left ventricular diastolic dysfunction almost always 
coexists with significant pulmonary hypertension. The 
early diastolic distortion of left ventricular geometry 
associated with prolongation of right ventricular sys-
tole into left ventricular diastole results in prolonga-
tion of isovolumic relaxation of the left ventricle and 
reduction in early diastolic filling. This is further 
exacerbated by severe tricuspid regurgitation which 
could further diminish early left ventricular filling. 
This can be assessed using pulsed-wave Doppler sig-
nals at the mitral valve with measurement of peak E 
velocity, E/A ratio, and the time-velocity integral of 
flow. The severity of left ventricular diastolic dysfunc-
tion is related to the severity of pulmonary hyperten-
sion in a nonlinear logarithmic association. A fall in E 
wave velocity, E/A ratio, and time-velocity integral is 
associated with worsening pulmonary hypertension.

Cardiac Index

The progression of pulmonary hypertension is associ-
ated with a falling cardiac output, and this is related to 

an adverse prognosis. Improvement in cardiac output 
is expected with successful treatment. The measure-
ment of cardiac output is described in another chapter 
of this book but without doubt lacks good reproduc-
ibility. The accuracy and reproducibility may be 
improved by three-dimensional echocardiography. The 
most accurate measurements of cardiac index can be 
made by magnetic resonance imaging either from 
stroke volume measurements multiplied by heart rate, 
or from flow measurements.

Serial Echocardiographic Monitoring

Most patients with pulmonary hypertension require 
lifelong follow-up. Although drug therapy for pulmo-
nary arterial hypertension or pulmonary thromboen-
darterectomy for chronic thromboembolic disease may 
dramatically improve hemodynamics, most patients on 
drug therapy experience clinical improvement in 
symptoms and exercise capacity despite little or no 
qualitative change in the echocardiogram or magnetic 
resonance scan. While treatments are likely to become 
more effective with the current interest in this area of 
medicine, the patients themselves require vigilant fol-
low-up. Patients with pulmonary arterial hypertension 
on disease-targeted therapies not infrequently require 
dose changes or substitution and addition of drug ther-
apy in response to clinical deterioration which may 
occur rapidly.

Along with clinical evaluation and exercise testing, 
echocardiography plays a key role in the follow-up of 
patients. Not only can echocardiography be undertaken 
at routine follow-up appointments but also it is conve-
nient and can provide comprehensive information in 
the event of acute decompensation. Other cardiac 
investigations such as cardiac catheterization and mag-
netic resonance imaging cannot normally be performed 
frequently.

Bearing in mind the limitations of qualitative 
descriptions for the serial follow-up of patients, Table 
10.7 lists measurements which may be expected to 
change with treatment. This type of echocardio-
graphic study which is intended to be repeated is 
quite different in its aim from the initial diagnostic 
study. In the event of acute deterioration care should 
be undertaken to perform a comprehensive echocar-
diographic examination.
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Much clinical attention tends to focus on the estima-
tion of systolic pulmonary arterial pressure. Although 
clinicians and patients will want to know this, it may 
not change significantly or may even deviate in an 
unexpected direction for the reasons given earlier.

Detecting Complications

The development of syncope is a sinister symptom 
and portends a poor prognosis. In the presence of 
severe pulmonary hypertension echocardiography 

a

b

Fig. 10.18 Tissue Doppler imaging of right ventricle in 
pulmonary hypertension and a normal right ventricle. (a) 
Tissue Doppler recording of right ventricular myocardial 
velocity in a normal subject. The sample volume positioned 
at the base of right ventricular free wall. Recording shows 

systolic positive wave (Sm), early diastolic wave (Em), and 
atrial wave (Am). (b) Tissue Doppler recording of right ven-
tricular myocardial velocity from a patient with pulmonary 
hypertension. Note significantly reduced early diastolic 
velocity (Em)
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may be able to suggest the mechanism. Shortening 
of right ventricular filling time as a consequence 
of prolongation of tricuspid regurgitation or tachy-
cardia may reduce cardiac output and cause syn-
cope (Fig. 10.19). Left ventricular outflow tract 
obstruction may develop as a consequence of com-
pression by the right ventricle and an enlarged 
pulmonary artery as illustrated in Fig. 10.20. Note 
that pulmonary arterial enlargement (usually > 4 
cm) may also cause compression of the left main 
stem coronary artery. The differential diagnosis of 
syncope includes arrhythmias and pulmonary 
thrombosis.

The commonest causes of deterioration are 
intercurrent infection usually of the respiratory 
tract or intravenous lines for prostacyclin analog 
infusions, progressive deterioration of hemody-
namics, and arrhythmias. Occasionally pulmonary 
regurgitation becomes severe usually as a conse-

Pericardial effusion
Right atrium
 Area or volume
 Assessment of right atrial pressure from IVC diameter and 

inspiratory collapse
Right ventricular function
 Area or volume in systole and diastole
 Right ventricular Doppler index
 Ejection time
 Systolic pulmonary arterial pressure from peak tricuspid 

regurgitation velocity
 Pulmonary regurgitation
Left ventricular function
 Area or volume in systole and diastole
 Decreased RV:LV diastolic area ratio
 Eccentricity index in systole and diastole
 Mitral inflow E wave velocity, E/A ratio, and time velocity 

integral
 Stroke volume
 Cardiac index

Table 10.7 Suggested echocardiographic measurements for 
serial follow-up examination of patients with pulmonary 
hypertension

Fig. 10.19 Pulsed-wave (PW) Doppler recording of tricuspid inflow in patient with pulmonary hypertension. Note the inflow 
mainly occurs during late diastole and the filling time is limited by prolonged early diastolic and also presystolic tricuspid 
regurgitation
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quence of progressive dilatation of the main pul-
monary artery with stretching of the pulmonary 
valve (Fig. 10.21).

Pulmonary arterial dissection may be fatal and 
associated with pulmonary arterial rupture, but occa-
sionally it is chronic (Fig. 10.22). Echocardiography is 
not sensitive for detecting pathology in the main pul-
monary artery since it is seen end on in the parasternal 
short-axis view, and other imaging investigations 
should be used where this is suspected.

Role of Other Imaging Modalities

The investigation and management of patients with 
pulmonary hypertension requires the integration of 
different imaging modalities to image the heart, 
lungs, and pulmonary circulation. The strengths and 

Fig. 10.20 Left ventricular outflow tract compression by the 
right ventricle and an enlarged pulmonary artery

a b

c

Fig. 10.21 Severe pulmonary arterial dilatation in pulmonary 
hypertension resulting in severe pulmonary regurgitation (a). Chest 
X-ray	(b) and CT scan (c) show massive pulmonary arterial enlarge-

ment which is confirmed on echocardiography. There was malco-
aptation of the pulmonary valve as a consequence of stretching of 
the ring with severe regurgitation illustrated on color-flow mapping



248 J.S.R. Gibbs et al.

BookID 128962_ChapID 10_Proof# 1 - 20/3/2009 BookID 128962_ChapID 10_Proof# 1 - 20/3/2009

a b

Fig. 10.22 CT (a) and magnetic resonance images (b) of chronic pulmonary arterial dissection: this could not be seen on the 
echocardiogram

Investigation Most suitable for Unsuitable for

Echocardiography Congenital heart disease Right ventricular mass
Left heart disease Right ventricular volume
Pulmonary arterial pressure Vasodilator studies
Right atrial pressure
Right ventricular function
Pericardial effusion

Cardiac catheterization Congenital heart disease Right ventricular mass
Left heart disease Right ventricular volume
Pulmonary arterial pressure Pericardial effusion
Right atrial pressure
Cardiac index
Qp and Qs
Vasodilator studies to assess suitability for calcium 

antagonist therapy
Magnetic resonance (with gadolinium 

contrast)
Congenital heart disease Pulmonary arterial pressure
Left heart disease Right atrial pressure
Thromboembolic disease Vasodilator studies
Right ventricular mass
Right ventricular volume
Cardiac index
Qp and Qs
Pericardial effusion

Computerized tomography (high 
resolution and contrast)

Lung parenchymal disease Hemodynamics
Thromboembolic disease
Mediastinal disease

Ventilation perfusion scanning Thromboembolic disease Hemodynamics
Right to left shunt

Selective pulmonary angiography Thromboembolic disease Everything else
Positron emission tomography Detection of inflammation in pulmonary arteries 

(vasculitis, tumor)
Hemodynamics

Table 10.8 Comparison of different imaging modalities and cardiac catheterization in pulmonary hypertension for the assessment 
of etiology and severity



10 Pulmonary Hypertension Clinical Echocardiography 249

BookID 128962_ChapID 10_Proof# 1 - 20/3/2009

weaknesses of some of these are shown in Table 
10.8. These will no doubt change with advancing 
technology.

Conclusions

Echocardiography plays a central role in screening and 
detection of pulmonary hypertension. It can evaluate 
some causes and is best used in association with other 
imaging investigations and cardiac catheterization. It 
remains the imaging investigation of choice for inves-
tigating sick patients. It has a useful role in guiding 
therapy during the serial monitoring of patients during 
follow-up.
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Using echocardiography and Doppler echocardiogra-
phy for deciding on the timing of operative interven-
tion for chronic valvular heart disease entails integrating 
the anatomy and physiology of the valve lesion  
with the symptoms and living status of the patient  
and the expected natural history of the valve lesion 
(Table 11.1).

This chapter will summarize the clinical practice 
decisions for each type of chronic valve dysfunction. 
The current practice is in transition, reflecting 
multiple trends: improved surgical results, declining 
perioperative mortality, improved understanding of 
the natural history of the disorders, and of enhanced 
imaging capabilities for defining cardiac structure 
and function.

In this chapter, the issues will be simplified  
artificially, considering each lesion in isolation and 
pretending that no other valve lesions are present. In 
addition, the mechanistic and etiologic factors will be 
presented as though perfectly clear and isolated, which 
in many real patients is often not true. Sometimes a 
patient has valvular disease from two sources, for 
example, myxomatous mitral valve disease with super-
imposed ischemic heart disease. In many circum-
stances, such a separation is artificial. In addition, 
these discussions will purposefully neglect the settings 
of acute valvular dysfunction, management of which is 
different than in chronic valvular lesions, the subject of 
this chapter. For example, patients with acute valvular 
regurgitation might have surgical indications based on 

the process causing their valve dysfunction, such as 
endocarditis, unstable angina, aortic enlargement, or 
aortic dissection.

Aortic Stenosis

The most important indication for surgery in aortic 
stenosis (AS) is the onset of any symptoms that result 
from the hemodynamic consequences of aortic steno-
sis. Because of the importance of symptoms, the 
echocardiographic patterns in AS superficially seem 
less important. Most patients present with anginal 
chest pain or dyspnea, which are more common than 
the symptoms of syncope or presyncope. The survival 
curve of patients with aortic stenosis managed without 
surgery, published in 1968 by Ross and Braunwald 
(Fig. 11.1), shows the dramatic drop in survival soon 
after the onset of symptoms.

The phrase that result from in the earlier statement 
is key to the dilemma of deciding on the timing of sur-
gery in AS. The connotation of causality makes a con-
jectural connection between the patient’s symptoms 
and hemodynamics. To conclude that the symptoms 
result from the stenotic valve, we must see in the 
echocardiogram a valve gradient and/or valve area that 
are sufficient in terms of severity. Obviously this 
depends on many individual factors, especially the 
patient’s activity level, the patient’s threshold for 
symptoms, and their ability to report them.

Most criteria for severe aortic stenosis include a 
valve gradient above a certain level, usually a mean 
systolic gradient above 40–50 mm Hg, or a valve area 
below 0.7–1.0 cm2 (Table 11.2). Some believe that 
valve resistance is a less flow-dependent means of 
assessing AS.
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Gradients in Aortic Stenosis

Determination of valve gradient is one of the strengths 
of Doppler echocardiography. Attention must be paid 
to obtaining a clean velocity envelope with the highest 
possible velocity from the continuous-wave Doppler 
recordings, using multiple transducer positions. It 
should be noted that there are multiple types of gradi-
ents available, which vary substantially depending on 
their mode of acquisition.

Doppler echocardiography uses measurements of 
maximum velocity, to derive peak instantaneous gradi-
ent, which correlates well with invasively measured 
gradients. This utilizes the simplified Bernoulli equa-
tion (4 V 2), but assumes that the subaortic velocity is 
relatively small in comparison with the valvular veloc-
ity, and that effects of flow acceleration and viscous 
friction are negligible. When Doppler-derived gradi-
ents are averaged over the systolic interval, this  
provides a very comparable measurement to catheter-
derived gradients, measured with two simultaneous 
pressure recordings above and below the aortic valve. 
However, many invasively derived gradients are 
derived from one catheter that is pulled back from the 
left ventricle into the aorta, comparing the peak aortic 
pressure with peak left ventricular pressure. 
Unfortunately, aortic stenosis often causes an aortic 
pressure profile with a “tardus and parvus” contour, a 
delayed timing of the peak aortic pressure. Thus the 
“peak-to-peak” gradient derived invasively is a very 
different parameter that substantially underestimates 
peak instantaneous gradient and misses the mean gra-
dient by a variable amount.

Attention must also be paid to situations where gradi-
ents calculated with the simplified Bernoulli equation 
will over- or under-represent the severity of the valve 
lesion (Table 11.3). Although native aortic stenosis is less 
commonly the cause of pressure recovery, it occurs under 
some circumstances of aortic root size and shape.

Valve Area in Aortic Stenosis

The components of the formula for calculation of AS 
valve area [p(D/2)2 × V

1
/V

2
] include the subaortic veloc-

ity (V
1
, recorded by pulsed-wave Doppler from an apical 

transducer position), the valvular velocity by continuous-
wave Doppler (V

2
 using the highest velocity obtained of 

Table 11.1 Components of decisions about valve surgery

Hemodynamics
 Echocardiographic imaging
 Valve morphology
 Ventricular function
 Abnormalities of other valves
 Doppler echocardiography
 Degree of stenosis
 Degree of regurgitation
 Upstream or downstream effects
 Pulmonary artery pressures
 Flow reversal in veins, arteries
 Cardiac catheterization
 Angiography
Invasive measurements of pressure and cardiac output
 Magnetic resonance imaging
 Computerized tomography
Impact of the valve abnormalities on the patient
 History (Symptoms)
 Functional studies including stress testing
Understanding the natural history of the patient

Fig. 11.1 This classical graph tracks the prototypical natural 
history of aortic stenosis. Despite gradual fibrosis and progres-
sive stenosis, patients remain asymptomatic in a long latency 
period, until their fifth to seventh decade of life. After the onset 
of symptoms, there is a sudden and marked reduction in sur-
vival, with 50% mortality within 2–3 years. From the inset, 
survival after the onset of heart failure is less than if they present 
with syncope, which is less than if they present with angina. 
From Ross J Jr, Braunwald E. Aortic Stenosis. Circulation. 
1968;38(suppl 5):V-61

Table 11.2 Criteria for characterizing severe aortic stenosis

Mean systolic gradient > 40–50 mm Hg
Valve area < 0.7–1.0 cm2

Dimensionless index < 0.20–0.25
Valve resistance > 300 dynes s/cm5
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any of the 3–5 positions available), and the subaortic 
diameter (D). In calculation of valve area, using the con-
tinuity equation, several key factors affect the result. In 
some patients, the subaortic diameter makes the calcu-
lated value unrealistic, either because of being extremely 
small or large. In others the images from which such a 
diameter is measured are poor in quality, which makes 
the valve area less meaningful.

Some feel that other parameters are more applicable 
to deciding the severity of AS, in certain circumstances. 
The “dimensionless index” is the ratio of the subaortic 
velocity (peak, mean, or integral) with the corres-
ponding measurement from the valvular velocity 
(V

1
/V

2
). Valve resistance, a more complex calculation 

derived from the ratio of pressure difference and flow, 
is a less popular parameter derivable from Doppler 
echocardiography.

Criteria for Operation for Aortic Stenosis 
in Asymptomatic Patients

Development of symptoms currently drive most deci-
sions for surgery for aortic stenosis. As the risks of 
aortic valve replacement become smaller with 
improvements in surgical technique, it may be appro-
priate to operate on some asymptomatic patients with 
severe AS. When aortic stenosis has caused left ven-
tricular dysfunction, atrial or ventricular arrhythmias, 
mitral regurgitation, or severe left ventricular hyper-
trophy (Table 11.4), most valve disease experts would 
recommend valve replacement despite the lack of 
symptoms. Patients with extremely severe AS, severe 
valvulor calcification, and those with significant con-
comitant aortic regurgitation, may also be candidates 
for surgery when asymptomatic.

Pre-emptive surgery may also be reasonable when 
aortic stenosis has been demonstrated to be rapidly 

progressive by serial studies. The average rate of 
change is a decrease in valve area of about 0.1 cm2 
per year or an increase in gradient of 7 to 10 mm Hg 
per year. This indication for surgery aligns with the 
recent under-standing that aortic stenosis involves a 
process similar to atherosclerosis, involving the aortic 
valve, that progresses more rapidly in patients with 
diabetes, hypertension, smoking, dyslipidemia, 
family history of atherosclerosis, and in the presences 
of markers of vascular inflammation like ultrasensitive 
C-reactive protein.

In addition, pre-emptive surgery before symptoms 
is indicated if the patient has significant coronary 
artery narrowing. In some asymptomatic patients 
with severe aortic stenosis, coronary angiography 
may be reasonable because pre-emptive aortic valve 
replacement and bypass grafting should be consid-
ered if significant silent disease is found. As a corol-
lary, patients with aortic stenosis (and aortic sclerosis) 
should have aggressive risk factor management, simi-
lar to patients with known coronary disease. As per-
cutaneous valve replacement becomes clinically 
available in the future the threshold for intervention 
is likely to go down further.

Aortic Regurgitation

In aortic regurgitation (AR), the central portion of the 
decision on when to operate is also the patient’s symptoms, 
NYHA class II or more, resulting from the valvular 
dysfunction. But the decision in many patients stems 
from observation of left ventricular size and function. 
In some circumstances, it is useful to have the patient 
undergo a formal exercise study to evaluate their symp-
toms. This provides a way of following their exercise 
capacity objectively, and a way to see if symptoms are 
a significant limitation of their performance.

Table 11.3 Situations where valve gradient misrepresents 
severity of aortic stenosis

Under-representation
 Severe left ventricular dysfunction
  Poor recording or poor acoustic access, missing the highest 

velocity
Over-representation
 Pressure recovery
 Concomitant subaortic stenosis
 High cardiac output
 Concomitant aortic regurgitation
 Anemia

Table 11.4 Indications for surgery in aortic stenosis

•  Symptomatic severe aortic stenosis
•  Moderate or severe AS in pt otherwise needing heart surgery
•  Asymptomatic pt with severe AS and

 – LV dysfunction
 – Significant MR
 – Ventricular arrhythmias
 – Concomitant coronary disease
 –  Critical AVA < 0.5 cm2, peak instantaneous 

AVG > 100 mm Hg
 – Suspicion that the AS will progress rapidly, based on

  * Atherosclerotic risk factors
  * Previous Doppler data
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LV Size and Function in Aortic 
Regurgitation

With chronic AR, severe regurgitation is often toler-
ated for many years without symptoms. Because of the 
left ventricular volume overload that results from AR, 
combined with the augmented peripheral vasoconstric-
tion, the outcome of this disorder depends, in part, on 
the degree of chronic LV enlargement (Fig. 11.2). 
When contractile dysfunction begins to develop, sur-
gery should be recommended, even in the absence of 
symptoms. In addition systolic dilation above a certain 

level should be considered a sign of the advent of 
potentially irreversible myocardial dysfunction, even 
when ejection fraction is normal.

In any patient with a resting ejection fraction below 
55%, or a shortening fraction by M-mode echo of less 
than 27%, surgery should be considered (Table 11.5). 
When the combination of eccentric hypertrophy and 
LV dysfunction has developed so that the left ventricle 
has an end-systolic diameter of 55 mm, or larger, post-
operative survival is significantly decreased. To avoid 
this, most consider the “fifty-five” rule a sign of having 
waited too long, so surgical plans are often made when 
the end-systolic diameter is 50 mm or greater. Looking 

Fig. 11.2 Hemodynamics in various stages of aortic regurgitation. 
(a) Normal hemodynamics with no aortic regurgitation. (b) Acute 
severe decompensated aortic regurgitation produces a large 
regurgitant volume, requiring a large total stroke volume, but a 
reduced forward stroke volume. This causes an acute increase in 
left ventricular filling pressures and severe acute heart failure. (c) 
Chronic compensated severe aortic regurgitation: the left ventricle 
has dilated markedly, to increase total forward stroke volume back 
to normal (100 cc), although regurgitant fraction is still 50% and 
pulse pressure is high, leading to normal left ventricular filling 
pressures, normal LV end systolic volume (ESV), and a high 

ejection fraction. (d) Chronic decompensated aortic regurgitation. 
Impaired LV emptying produces an increase in ESV, a reduction 
in forward stroke volume, and elevation in LV filling pressures, 
with continued progressive left ventricular dilation, a continued 
wide pulse pressure, and moderately elevated LVEDP. (e) Same 
patient as “D” immediately after aortic valve replacement. 
Elimination of aortic regurgitation has left LV dysfunction with a 
high EDV, though less severe than preop, and milder elevations of 
LV filling pressures. ESV is also decreased, but to a lesser extent, 
resulting in an initial decrease in EF to 43%. The forward stroke 
volume and the blood pressure have returned to normal
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at diastolic diameter, respectively, postoperative sur-
vival is significantly decreased with an end-diastolic 
diameter above 75 mm, so surgical plans are often 
made when the end-diastolic diameter goes above 70 
mm, particularly if they also have an abnormal LV 
response to exercise (Fig. 11.3). In smaller individuals, 
particularly women, these criteria should be adjusted 
for the patient’s body surface area.

Additional attention should be paid to the rate of 
change of LV chamber enlargement and depression of 
LV function. In patients where systolic dysfunction 
has just developed, the likelihood of postoperative 
improvement in ejection fraction is higher. Among 
patients with severe aortic regurgitation and normal 
LV systolic function at baseline, about 6% will prog-
ress to symptoms and 3% will progress to asymptom-
atic LV dysfunction each year.

In asymptomatic patients with normal systolic func-
tion, it appears that chronic vasodilator therapy with nife-
dipine, hydralazine, or angiotensin-converting enzyme 
inhibitors is associated with more favorable long-term 
outcome, with less transition to surgery or heart failure, 
though some recent data does not support this practice.

Mitral Stenosis

In mitral stenosis (MS), the threshold for decisions to 
do surgery is affected by the availability of an excel-
lent nonsurgical alternative, percutaneous balloon val-
votomy. Also, the relative lack of effects of MS on the 
left ventricle makes the size and function of the left 
ventricle a relatively unimportant factor in the opera-
tive decision in this valve lesion (Fig. 11.4).

The threshold that warrants intervention for MS is 
based on symptoms, but at a some what higher threshold 
than is the case with aortic stenosis or mitral regurgitation. 

In addition, what symptom level is the criterion for 
intervention depends on the degree of rheumatic fibro-
sis of the mitral valve. Class II symptoms warrant con-
sideration for mitral balloon valvotomy (Fig. 11.5), 
whereas class III symptoms are the major criterion 
for intervention when mitral valve surgery is likely 
(Fig. 11.6).

The criteria for intervention in mitral stenosis, 
therefore, depends on what intervention will likely be 
feasible, which can be predicted by the degree of val-
vular thickening, calcification, restricted leaflet motion, 
and subvalvular thickening on echocardiography. The 
“echo score” or “splittability index” is derived from 
the sum of qualitative assessments on a scale of 1–4 of 
the echo appearance of these four factors. When the 
sum is 8 or less, indicating milder rheumatic fibrosis, 
but the stenosis is severe enough to cause class II 
symptoms, the patient is eligible to have balloon mitral 
valvotomy. When patients become unsuitable for bal-
loon treatment, due to persistent left atrial thrombus 
despite anticoagulation, or if balloon valvotomy is per-
formed but stenosis recurs, then valve repair or valve 
replacement is a reasonable alternative.

In patients with more valvular fibrosis, calcifica-
tion, and subvalvular fusion, where the echo score is 9 
or greater, we expect that mitral valve surgery will be 
the outcome if surgery is required. On these patients, 
we would usually wait longer before intervention, until 
the patient’s symptoms have reached NYHA func-
tional class III. Given the greater risk of mitral pros-
thetic replacement and the potential long-term 
complications of a prosthetic mitral valve, there are 
stricter indications for mitral valve operation than for 
balloon valvotomy. Repair for such patients entails 
commissurotomy and debridement of the valve and 
chordae. Valve replacement, as opposed to repair, is 
almost always the surgical outcome in patients with a 
splittability index above 11 who undergo surgery.

Another factor in the decision for intervention for 
mitral stenosis is the degree of mitral regurgitation 
(MR), which obviously cannot be improved by balloon 
valvotomy and may even be worsened. In patients with 
moderate or more concomitant MR, but a low mitral 
splittability index, surgical mitral repair with an annulo-
plasty is preferred by some authors. At surgery, there 
exists a trade-off between the prospects of repairing the 
mitral valve, which leaves the patient subject to progres-
sive rheumatic fibrosis in the native valve, versus the life 
span of the available prosthetic valves, and the  associated 

Table 11.5 Indications for surgery in severe (4+ or 3–4+) 
aortic regurgitation

•  Symptomatic – NYHA class II or greater
•  Asymptomatic, with

 – LV dysfunction
  * EF < 50%
  * Declining EF on exercise testing

 – LV dilation
  * LVESD > 5.0 cm (? 5.5 cm)
  * LVEDD > 7.0 cm (? 7.5 cm)
  * Progressive increase in size
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Chronic Severe Aortic Regurgitation

Clinical eval + Echo

Symptoms?

Equivocal yesno

Exercise test

No symptoms Symptoms

LV function?

EF borderline or uncertain

RVG

LV dimensions?

Stable?Initial exam?

yes yesno

Clinical eval
every 6-12 mo
Exho every 12 mo

Reevaluate
3 mo

Clinical eval
every 6 mo
Echo every 12 mo

Reevaluate
3 mo

Subnormal EFNormal EF

Reevaluation

AVR

Abnormal

Normal

Clinical eval
every 6 mo
Echo every 6 mo

SD >55
or

DD >75

SD <45 mm
or

DD <60 mm

SD 50-55 mm
or

DD 70-75 mm

SD 45-50 mm
or

DD 60-70 mm

Consider hemodynamic
response to exercise

no, or
initial study

Fig. 11.3 Strategy in chronic severe aortic regurgitation. 
Management of patients is based on symptoms, exercise testing, 
left ventricular assessment by echocardiography, and exercise test-
ing. AVR aortic valve replacement; LV left ventricle; EF ejection 
fraction; RVG radionuclide ventriculogram; SD systolic diameter; 

DD diastolic diameter; mo months; mm millimeters. Adapted from 
Bonow RO, et al. ACC/AHA 2006 guidelines for the management 
of patients with valvular heart disease: a report of the American 
College of Cardiology/American Heart Association Task Force on 
Practice Guidelines. J Am Coll Cardiol. 2006;48(3):e1-e148
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Mitral Stenosis

History
Physical Exam

CXR, ECG
2D Echo/Doppler

Symptoms?

Exercise

Yes

YesNo

No

Yes Consider PMBV
(exclude LA clot,

3'' – 4''  MR)

PAP >50 mm Hg''

Poor exercise
tolerance or

PAP >60 mm Hg or
PAWP ≥25 mm Hg

Asymptomatic

Other Diagnosis

Symptomatic
(see Figures 4 and 5)

Moderate or severe stenosis'
MVA ≤ 1.5 cm2

Mild stenosis
MVA > 1.5 cm2

Yearly follow-up
Hx, Px, CXR, ECG

Yearly follow-up
Hx, Px, CXR, ECG

Valve morphology
favorable for PMBV

No'

Fig. 11.4 Strategy in of mitral stenosis: Management is based 
on clinical data, symptoms, and mitral valve area (MVA). Valve 
morphology is assessed to determine suitability for percutane-
ous mitral balloon valvotomy (PMBV). LA left atrium; MR 
mitral regurgitation; PAP pulmonary artery pressure; PAWP  

pulmonary artery wedge pressure; CXR chest X-ray; PX physi-
cal exam; HX history; ECG electrocardiography. Reproduced 
from Bonow et al 2006. This figure indicates the decision pro-
cess in deciding on percutaneous balloon valvotomy for mitral 
stenosis 
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Symptomatic Mitral Stenosis
NYHA functional Class II

History, Physical Exam,
CXR, ECG, 2D Echo/

Doppler

Mild stenosis
MVA > 1.5 cm2

Moderate or severe stenosis*
MVA ≤1.5 cm2

Valve morphology
favorable for PMBVYes

No

Yearly follow-up

Yes

No'

6-month follow-up
Consider PMBV

(exclude LA clot, 3* – 4* MR)

Exercise

PAP >60 mm Hg
PAWP ≥25 mm Hg

Gradient >15 mm Hg

Fig. 11.5 Strategy for patients with class 2 symptoms of mitral 
stenosis – Management is based on the severity of MS as assessed 
by echocardiography and Doppler at rest and during exercise test-
ing. When exercise-induced pulmonary artery systolic pressure is 

greater than 60 mmHg or the mean mitral gradient is greater than 15 
mmHg, and the patient has a low splittability index and no left atrial 
clot, and moderate or less mitral regurgitation, balloon valvotomy is 
a reasonable choice. Adapted from Figure 4 of Bonow RO et al.



11 Criteria for Operative Intervention in Valvular Heart Disease Based on Echocardiography 259

BookID 128962_ChapID 11_Proof# 1 - 14/3/2009

Symptomatic Mitral Stenosis
NYHA functional Class III-IV

History, Physical exam,
CXR, ECG, 2D Echo/Doppler

Moderate or severe stenosis*
MVA ≤1.5 cm2

Valve morphology
favorable for PMBV

Yes

Yes

Yes

High-risk
surgical candidate

MV repair
or

MVR

Consider PMBV
(exclude LA clot,

3* – 4* MR)

No

Look for other
etiologies

No'

No'

Exercise

Mild stenosis
MVA >1.5 cm2

PAP >60 mm Hg
PAWP ≥25 mm Hg

Gradient >15 mm Hg

Fig. 11.6 Strategy for patients with mitral stenosis who  
have more severe NYHA functional class 3–4 symptoms. 
Management is based on the severity of mitral stenosis by valve 
area at rest, and mean mitral gradient greater than 15 mmHg at 
peak exercise, or right ventricular systolic pressure (PAP) 

greater than 60 mmHg at peak exercise, measured by exercise 
echocardiography. Patients who are not high risk for surgery, 
and who do not have valve morphology favorable for balloon 
valvotomy, are the best surgical candidates. Adapted from 
Figure 5 of Bonow RO et al.
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problems of anticoagulation, prosthetic valve endo-
carditis, tissue degeneration, and thrombosis.

The onset of atrial fibrillation often heralds the onset 
of sufficient mitral stenosis to warrant intervention. 
Although the guidelines for therapy for MS do not include 
this issue, some would advocate balloon valvotomy or 
operation on patients who are asymptomatic, if they have 
recurrent atrial fibrillation, systemic thromboembolism, 
or moderately severe pulmonary hypertension.

Mitral Regurgitation

In mitral regurgitation (MR), the threshold for mitral 
operation has moved earlier in recent years, largely 
due to the increased feasibility and declining operative 
risk of mitral valvuloplasty and its favorable outcome 
compared to mitral valve replacement (Fig. 11.7). The 
threshold is likely to move even earlier with future 
improvements in surgical methods and with the advent 
of percutaneous valve repair for mitral regurgitation.

Certainly a patient with ANY symptoms of heart fail-
ure resulting from the severe MR is a candidate for surgery 
(Fig. 11.8). Again, the key phrase resulting from is clini-
cally difficult to ascertain. The other components of the 
decision include the presence of atrial fibrillation, whether 
the valve is easily repairable, and the assessment by imag-
ing of LV function, systolic size of the left ventricle, and 
pulmonary artery pressure. The resting echocardiogram is 

used for all these determinations, even the rhythm, if it is 
not obvious from the EKG. Echo can additionally be used 
to determine MR severity and mechanism and, using 
exercise echo, latent myocardial dysfunction.

The echocardiographic determination of the mech-
anism of mitral regurgitation is used to predict the fea-
sibility of mitral repair. This is done using detail of 
leaflet motion from echo imaging and information 
about MR jet direction from the color Doppler study. 
When there is excessive leaflet motion, the MR jet 
direction is away from the leaflet with the most pathol-
ogy, the etiology is usually prolapse or flail, and the 
feasibility of repair is 90–95%, depending on the 
complexity of the problem. When there is restricted 
leaflet motion, the MR jet direction is toward the leaf-
let with the most pathology, the etiology is usually 
rheumatic, and the feasibility of repair is 35–63%. 
When MR exists in the presence of normal leaflets,  
the jet direction is usually central or slightly posterior, 
and the mechanism is usually “apical tethering of nor-
mal leaflets.” The etiology of this “functional” MR is 
often LV dysfunction from ischemic heart disease or 
cardiomyopathy, and the feasibility of repair is 
80–92%. Less commonly, MR with normal leaflet 
motion results from a leaflet perforation or congenital 
cleft. Mitral regurgitation due to myxomatous degen-
eration, causing leaflet prolapse or flail of the middle 
scallop of the posterior leaflet, is the most common 
type of MR, and also the most likely to have success-
ful mitral repair, over 95% in experienced hands.

Fig. 11.7 Overall survival after valve surgery for mitral  
regurgitation, showing a substantial improvement in survival  
for mitral valve repair compared to replacement. Postoperative 

survival for patients undergoing valve repair matches the  
age and sex-matched expected population. Adapted from  
Sarano M et al.
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When repair is highly likely in the hands of the sur-
geon who will perform the procedure, the threshold for 
operation is substantially lower than when repair is 
uncertain or unlikely. In patients where valve repair is 
uncertain, surgery is more appropriate at a somewhat 
later phase in the natural history of the disorder.

In deciding on the timing of surgery in patients with 
MR, it is also important to look for occult LV dysfunc-
tion. The myocardial abnormalities are sometimes hid-
den because the ejection fraction may be normal, due to 
the increased preload inherent in MR, and the ejection 
of part of the LV output into the left atrium, which has 
inherently lower pressure than the aorta. In the pres-
ence of severe MR, the truly normal LV should have an 
elevated, hyperdynamic ejection fraction (Fig. 11.9). 
Therefore, resting LV ejection fraction is not sensitive 

to the onset of myocardial dysfunction, especially in 
presence of altered loading conditions of MR.

An exercise echo may be useful to identify occult 
LV dysfunction. It also may help determine the 
patient’s symptoms at a significant workload, the pres-
ence of inducible atrial fibrillation, the peak exercise 
blood pressure, the presence of inducible ischemia, 
and the presence of inducible pulmonary hypertension 
at rest or with exercise. New findings occurring on a 
stress echo study that are associated with some con-
sideration for operative intervention in severe MR 
include: an increase in LV end-systolic volume with 
exercise, a decrease in LV ejection fraction, an increase 
in RV volume, inducible ischemia, pulmonary HTN, 
rest or inducible arrhythmias, or decreased exercise 
tolerance.

Fig. 11.8 Strategy for chronic severe mitral regurgitation. 
Management is based on symptoms, resting ejection fraction, 
echocardiographic left ventricular end systolic diameter (ESD), 
atrial fibrillation (AF), and pulmonary hypertension (PHT). 

Note that patients with an ejection fraction of less than 30% in 
whom symptoms are class 3 or above and repair is unlikely 
would be managed medically by this set of paradigms, though 
some exceptions may be made. Adapted from Bonow RO et al.
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Some have advocated operation on patients who are 
asymptomatic, if they have truly severe mitral regurgi-
tation (by quantitative Doppler echocardiography), if 
the patient and the surgical plans make valve repair 
likely, and if the repair can be monitored with intraop-
erative echo.

One group of investigators has followed patients 
with mitral flail and noted an increase in mortality 
with medical compared to surgical management (Fig. 
11.10). This has led to the recommendation that 
patients with flail should undergo surgery even if 
other surgical indicators are absent, a policy which 

Fig. 11.9 Survival after surgery for mitral regurgitation based 
on preoperative resting ejection fraction. Ten-year survival for 
those with a preoperative ejection fraction of 50–60 is lower 

than those with normal resting preoperative ejection fraction 
(above 60%) and higher than those with preoperative ejection 
fraction less than 50%. Adapted from Sarano M et al.

Fig. 11.10 Differential survival based on the presence of flail mitral leaflet, comparing medical therapy (curved line) compared to 
surgical management. Patients with flail who are managed surgically have a higher 10-year survival. Adapted from Ling et al.
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awaits further validation. The finding of mitral flail 
may be a morphologic marker for very severe mitral 
regurgitation, for example a patient with a regurgitant 
orifice area much higher than the threshold of 0.40 
cm2, which is the criterion for severe 4+ MR. This 
may the reason for the observed increase in mortality 
with medical management in asymptomatic mitral 
flail managed medically.

If the risk of waiting exceeds the risk of operating 
on such patients, pre-emptive surgery in asymptom-
atic patients is appropriate. My own synthesis of the 
timing of surgery in patients with mitral regurgitation 

(Table 11.6) incorporates all these features.

Summary

The ultimate decision of “should we operate now?” 
must be addressed with each patient carefully, look-
ing at the individual characteristics of the patient’s 
signs and symptoms, and comparing those to the 
expected milestones of the disease in question. 

Echocardiography give us much invaluable information 
that is useful in the process. We envision a “golden 
moment” at which it would be best to intervene surgi-
cally on a given patient’s valve, that would optimize 
their survival and quality of life. Unfortunately, these 
determinations involve the impossible task of trying 
to predict the future, in diseases that have many and 
varied outcomes.
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Table 11.6 Indications for surgery for mitral reguwrgitation

•  Any heart failure symptoms from MR
•  Asymptomatic with a repairable valve, severe 4+ MR and

 – Concomitant CAD
 – LV enlargement – LVIDs > 4.5 cm
 – Systolic dysfunction – EF < 55%
 – Pulmonary HTN – RVSP > 55
 – Recurrent atrial fibrillation
 – Exercise echo with “Latent LV dysfunction” (declining 

EF or increasing ESV from rest to exercise)
 – Flail mitral leaflet ??
 – ROA > 0.6 cm2 ??

Reprinted from Stewart WJ. Myocardial factor for timing of surgery 
in asymptomatic patients with mitral regurgitation. Am Heart J. 
146(1):5-8. Copyright (2003) with permission from Elsevier
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Introduction

The history of heart valve surgery begins in the early 
twentieth century (Table 12.1) although the first clini-
cal valve implantation was of a Starr–Edwards valve 
(Fig. 12.1) in 1960. Early assessment of replacement 
heart valves was by cardiac catheterization and fluo-
roscopy. Echocardiography is now the gold standard 
although fluoroscopy remains useful for detecting 
reduced mechanical leaflet motion in suspected 
thrombosis.

Classification of Valves

Replacement valves are frequently named both after 
the surgeon involved with the design and also the manu-
facturing company (e.g., Bjork–Shiley, Starr–Edwards, 
Ionescu–Shiley (Table 12.2)). They are usually classified 
according to type, size, and position. The main types 
are divided broadly into mechanical and biological.

Mechanical Valves

The proportion of mechanical valves implanted in the 
West is falling partly as a result of mitral repair becom-
ing more popular. In addition, calcific degenerative 
aortic valve disease is increasingly common as the 
population ages and, at surgery, most of these patients 
will receive a biological valve. The proportion of 

mechanical valves varies from country to country, but 
is usually just below 50%. Most of these valves are 
bileaflet mechanical valves which are the least obstruc-
tive design (Fig. 12.2). The various designs differ in 
the composition and purity of the pyrolytic carbon, in 
the shape and opening angle of the leaflets, the design 
of the pivots, size and shape of the housing, and the 
design of the sewing ring. For example the St Jude 
Medical valve has a deep housing with pivots con-
tained on flanges which can be imaged echocardiogra-
phy. The Carbomedics has a shorter housing allowing 
the leaflet tips to be imaged clearly. The MCRI On-X 
has a long, flared housing, and this is also obvious at 
echocardiography.

Biological Valves

Most biological replacement valves are stented xeno-
grafts (Fig. 12.3). The stent is a plastic or wire struc-
ture covered in fabric with the cusps of the valve placed 
inside and a sewing ring attached outside. The valve 
cusps usually consist of pericardium or a porcine aor-
tic valve. The porcine aortic valve may be used in its 
entirety as in the Carpentier–Edwards valve. However 
there is a muscle bar at the base of the right coronary 
cusp which makes it relatively rigid. This cusp may 
therefore be excised and replaced by a single cusp 
from another pig or, more frequently, each cusp is 
taken from up to three different pigs as in the Medtronic 
Mosaic, or the St Jude Epic, or Carbomedics Synergy. 
Pericardium is cut using a template and sewn inside 
the stent posts or occasionally, as in the Carbomedics 
Mitroflow, to the outside. Usually the pericardium is 
bovine, but occasionally porcine and, experimentally, 
from kangaroos.
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A stentless heterograft valve usually consists of a 
preparation of porcine aorta. The aorta may be rela-
tively long (Medtronic Freestyle) or may be sculpted 
to fit under the coronary arteries (Edwards Toronto, 
Cryolife-O’Brien). Some are tricomposite and one is 
made out of bovine pericardium (Sorin Freedom). The 
hope is that these valves will be better than stented 
valves in terms of:

Hemodynamics because there is no stent to occupy •	
the orifice
Durability because stresses between the cusp and the •	
stent are thought to be a major cause of valve failure
Complication rate since the stent may contribute to •	
thrombus formation and possibly endocarditis

Insufficient data exist to determine whether any of 
these possible advantages is true.

Table 12.1 Sketch history of replacement heart valves

1902 Brunton: cadaver mitral valvotomy
1908 Cushing and Branch: first mitral valvotomy (in a dog)
1914 Tuffier: first digital dilatation of aortic stenosis
1923 Cutler and Levine: first digital dilatation of mitral stenosis
1948 Harken/Bailey/Brock: closed mitral valvotomy
1949 Templeton and Gibbon: mitral reconstruction
1952 Hufnagel: caged ball valve
1953 Gibbon: introduction of bypass machine
1956 Murray: homograft valve for aortic and mitral use
1960 Harken: first caged-ball valve. Starr: first clinical Starr–Edwards valve implanted
1965 Binet: first aortic heterograft
1968 Hancock, Carpentier: first glutaraldehyde and formaldehyde stented heterografts
1969 Bjork: first tilting disk valve
1970 Ionescu: stented bovine pericardial valve
1977 St Jude Medical: first bileaflet mechanical valve
1980 St Jude Medical Toronto stentless valve

a

b

Fig. 12.1 Starr–Edwards valve. An image of an explanted valve is shown with an echocardiogram of a valve in the mitral position. 
The ball is arrowed. Abbreviations: c cage, sr sewing ring
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Homograft valves consist of human aortic or occa-
sionally pulmonary valves which are usually cryopre-
served and usually left unstented. They have good 
durability if harvested early after death and do not need 
anticoagulation. For this reason they may be used as an 
alternative to a mechanical valve in the young. They 
may also be used for choice in the presence of endo-
carditis since they allow wide clearance of infection 
with replacement of the aortic root and valve and the 
possibility of using the attached flap of donor mitral 
leaflet to repair perforations in the base of the recipi-
ent’s anterior mitral leaflet.

The Ross Procedure consists of substituting the 
patient’s own pulmonary valve for the diseased aortic 
valve. Usually a homograft is then implanted in the 
pulmonary position. The rationale for such a complex 
procedure is that a living valve with good durability is 
placed in the important aortic side while the replacement 

valve is placed in the low pressure right side. The  
procedure has a relatively high early complication rate 
but good long-term results. There is evidence that the 
autograft grows which is particularly important for 
avoiding repeated surgery in children. It may also be 
relatively resistant of infection.

Position and Sizing

The stent or housing of the replacement valve and  
its sewing cuff occupy space that could otherwise be 
used for flow. To increase the area available for flow, 
some manufacturers reduced the bulk of the sewing 
ring (e.g., St Jude Medical Regent, Carbomedics 
reduced cuff, Baxter “Magna”). Another solution was 
to lift the whole valve into a supra-annular position 

Fig. 12.3 Stented biological valve. A parsternal short-axis tran-
sthoracic view. The tips of the three stents can be seen with the 
edges of the three cusps within

Fig. 12.2 Bileaflet mechanical valve

Table 12.2 Designs of replacement heart valve

Biological
Autograft (Ross Operation)
Homograft: Usually aortic, occasionally pulmonary
Stented heterograft, e.g., Hancock (porcine), Mosaic (porcine), Baxter Perimount (pericardial), Carpentier–Edwards (standard and 

supra-annular porcine), Intact (porcine), Labcor (porcine tricomposite), Biocor (porcine tri-composite), Mitroflow (bovine 
pericardial)

Stentless heterograft, e.g., Toronto (St Jude Medical), Cryolife-O’Brien, Freestyle (Medtronic), Baxter Prima, Biocor PSB 
tricomposite, Sorin Pericarbon (pericardial)

Mechanical
Ball-cage, e.g., Starr–Edwards
Single tilting disk, e.g., Bjork–Shiley, Medtronic-Hall, Monostrut, Omniscience, Ultracor
Bileaflet, e.g., St Jude Medical, Carbomedics, MCRI On-X, ATS, Sorin Bicarbon, Edwards Tekna, Edwards Mira
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(e.g., Carpentier–Edwards supra-annular, Sorin Bileaflet 
mechanical, Carbomedics “Top Hat”). The orifice of a 
supra-annular valve could theoretically be as large as 
the patient orifice. However some supra-annular valves 
are relatively bulky and their size is limited by the 
diameter of the aortic root or by the position of the 
right coronary artery. Some valves are intermediate in 
position since the sewing ring is placed supra-annularly 
with part of the housing resting within the annulus. 
The MCRI On-X has a large part of its housing in  
the annulus, the St Jude EHP a much smaller rim  
(Fig. 12.4).

Almost every valve is labeled with a size which cor-
responds approximately to the patient tissue annulus 
for which it is intended. However sizing conventions 
vary so that there may be a wide difference between 
actual and nominal labeled size. The labeled size may 
vary between about 3 mm smaller and 3 mm larger 
than the patient tissue annulus diameter. Further vari-
ability may be introduced by the suturing technique 
and the exact positioning of the valve. Some valves are 
capable of being implanted either intra-annularly or 
supra-annularly. This is important because hemody-
namic function cannot necessarily be compared in 
valves of the same labeled size. Secondly it is not valid 
to substitute the labeled size of the valve in place of 
measurement of the left ventricular outflow tract when 
applying the continuity equation. Finally the echocar-
diographic measurement of the left ventricular outflow 
tract diameter will correspond closely with the tissue 
annulus diameter measured at surgery, but not neces-

sarily with labeled size so that care must be exercised 
when using echocardiography to guide sizing of the 
prosthesis.

Complications

There is no ideal replacement valve and all can have 
complications:

Primary failure•	
Thrombosis•	
Mechanical obstruction by pannus•	
Thromboembolism•	
Endocarditis•	
Dehiscence•	
Hemolysis•	
Hemorrhage•	

Primary failure means deterioration of the valve with-
out secondary infection or other cause. It is almost 
exclusively a problem of the biological valves and 
occurs more quickly for the mitral than the aortic posi-
tion. The survival to 10 years is about 70% in the aortic 
and 60% in the mitral position. Durability is worse in 
the younger patient (aged under 60 years for the aortic 
and under 65 years for the mitral position). It may also 
be affected by blood pressure and cholesterol levels. 
Leaflet escape has occurred for a small number of 
types of mechanical valve notably the Bjork–Shiley 
Convexo-Concave.

Thrombosis is relatively uncommon in biological 
valves and in mechanical valves in the aortic position. 
It occurs at a rate of about 0.1–0.2% p.a. in mechanical 
valve in the mitral position and more frequently in the 
tricuspid position.

Pannus is overgrowth of endothelium which covers 
the valve and interferes with the opening of the 
occluder. It is mainly a problem of mechanical valves. 
Usually it leads to obstruction, but may occasionally 
hold a valve open and cause regurgitation. It may also 
induce secondary thrombosis or thromboembolism.

Thromboembolism is probably related more to 
patient factors such as age, cardiac rhythm, left ven-
tricular function, and atrial size than to the replace-
ment valve. It occurs at a rate of 1–4% p.a. in 
mechanical and 1–2% p.a. in biological valves and is 
more common for valves in the mitral than the aortic 
position.

Fig. 12.4 Diagram of the three valve positions relative to the 
annulus
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Endocarditis occurs in approximately 3% of patients 
in the first year, then about 0.5–1% per year thereafter. 
It is similar in frequency in mechanical and biological 
valves although possibly less common in mechanical 
valves in the mitral position. The stentless valves 
(autograft, homograft, and stentless heterografts) are 
perceived to be relatively resistant to infection although 
this remains unproved.

Dehiscence is the opening of a gap outside the sew-
ing ring leading to paraprosthetic regurgitation. This 
may occur at the time of surgery as a result of poor 
technique or poor tissues as a result of heavy calcifica-
tion, endocarditis or abnormalities of collagen, e.g., in 
Marfan Syndrome. It is more likely in valves with rela-
tively thin sewing rings and less likely in valves with 
bulky sewing rings (e.g., Starr–Edwards). It may occur 
late as a result of endocarditis, but also on occasions 
with disintegration of the sewing ring and degenera-
tion of the patient annulus.

Mild hemolysis occurs in almost all mechanical 
valves, but is usually compensated. The blood lactate 
dehydrogenase and bilirubin levels are high and the 
haptoglobin level low, but the hemoglobin level nor-
mal. Anemia occasionally occurs in the presence of an 
aggravating cause such as iron deficiency, but other-
wise suggests the presence of a paraprosthetic leak. 
This is often small and clinically occult. It may only be 
detected by transesophageal echocardiography.

Bleeding is included as a valve-related complica-
tion because warfarin is essential for mechanical valves 
and so cannot be dissociated from the valve itself. It 
occurs at a rate of about 2% p.a. in mechanical valves, 
1% p.a. for biological mitral valves, and 0.5% p.a. for 
biological aortic valves.

Criteria for Use

More than 10,000 valves are implanted each year in 
the UK, and over 100,000 in the USA. Biological 
valves have the advantage of not needing treatment 
with warfarin, but the disadvantage of primary failure 
beginning after about 8 years in the aortic position and 
5 years in the mitral position. By contrast mechanical 
valves effectively have no primary failure, but have 
the disadvantages of needing treatment with warfarin 
and therefore being open to the possibility of anticoag-
ulant-related hemorrhage.

In general, patients needing aortic valve replace-
ment are usually given a biological valve if they are 
aged more than 65 years and a mechanical valve if 
they are aged below 60 years. In between 60 and 65 
years, the choice depends on individual patient fac-
tors including their own preference. Exceptions are 
the younger person unwilling or unable to have 
warfarin in whom a Ross procedure or homograft 
are alternatives. In patients not suitable for mitral 
valve repair, a mechanical valve is usually implanted 
below the age of 65 years, and a biological valve 
above the age of 70 years. Individual factors must 
again be applied in the range 65–70 years. 
Improvements in life-expectancy mean that many 
patients with biological valves are beginning to live 
long enough to require consideration of redo 
surgery.

Some specific situations are outside these general 
rules. Some surgeons preferentially use a biological 
valve in a woman considering childbirth to avoid the 
need for warfarin. However this necessitates further 
surgery after a short duration long enough to complete 
the family. The relative merits of mechanical and bio-
logical valves remain unresolved. Recent attempts to 
combine all events including anticoagulant-related 
hemorrhage suggest that survival free of redo surgery 
or adverse events may be similar for both types of 
valve. The choice of valve is made particularly diffi-
cult because durability data on the newer designs 
including the stentless valves are lacking. It is impor-
tant to individualize the choice of valve and to involve 
those patients in that choice if they want to be.

Echocardiography

The echocardiography of replacement heart valves is 
more demanding than of native valves for the follow-
ing reasons:

•	 Obstruction. Almost all replacement valves are 
obstructive compared to normal native valves. The 
differentiation between normal and pathological 
obstruction may be difficult.

•	 Regurgitation. Transprosthetic regurgitation is nor-
mal for almost all mechanical valves and for many 
biological valves. This can be mistaken for patho-
logical regurgitation.
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•	 Normal variability. The appearance, forward flow, 
and patterns of regurgitation differ between valve 
designs. Experience gained from one valve type 
may lead to confusion if extrapolated to another.

•	 Technical difficulties. Shielding from the ultrasound 
beam by mechanical parts can obscure vegetations 
or a regurgitant jet. Blooming or reverberation arti-
facts can cause overdiagnosis of abnormal masses 
or of calcification.

Appearance

A replacement valve usually consists of an occluder 
(tilting disk or cusp) inside a valve housing and 
attached to a sewing ring (Figs. 12.1 and 12.2). These 
structures are usually visible on echocardiography and 
are more obvious in the mitral position. For a valve in 
the aortic position it may be difficult to image a cage 
which is usually seen best in an apical long-axis view. 
There should be no abnormal extrinsic masses attached 
to the valve although stitches may be seen and thin 
fibrinous strands are normal. It is normal to see echoes 
resembling bubbles in the left ventricle in the presence 
of a replacement mitral valve. These occur with all 
designs but are most frequent with bileaflet mechani-
cal valves. Their origin is not known. They are proba-
bly benign although occasional reports link them to 
abnormalities of higher cognitive function.

Stentless valves may be surrounded by edema and 
hematoma. This ultimately resolves over 3–6 months 
and is associated with a rise in effective orifice area and 
a fall in transaortic pressure difference. On transesopha-
geal echocardiography, the appearance may be impos-
sible to differentiate from an abscess (Fig. 12.5).

A retained posterior leaflet in the presence of a 
replacement mitral valve can also look like an abscess 
since the surgeon may roll the leaflet into a “cigar” 
before putting a stitch through it and into the sewing 
ring (Fig. 12.6).

Does the Valve Rock?

This suggests dehiscence and is proved by overlaying 
color Doppler and demonstrating a paraprosthetic 
regurgitant jet. Usually rocking in the aortic position 
implies a large dehiscence, about 30% of the sewing ring. 

Fig. 12.5 Stentless valve early after implantation. There is 
edema and hematoma around the valve which is normal, but 
could be mistaken for an abscess

Fig. 12.6 Retained posterior leaflet. There is a rolled appear-
ance to the tissue attached to the lateral part of the sewing ring 
(top) which can be normal. However in this example there is also 
a dehiscence (bottom left and right) as a result of endocarditis
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In the mitral position if the surgeon has retained the 
posterior leaflet there may be rocking without 
dehiscence

Check the Occluder

If the valve is biological the cusps should be thin (around 
1 mm) and fully mobile with no extraneous masses. 
There should be no movement of any part of the cusp 
behind the plane of the annulus. If the valve is mechani-
cal, the occluder should open quickly and fully. The 
color map should fill the whole orifice in all views.

Forward Flow

Measurements should be taken over 1–3 cycles in 
sinus rhythm but usually five in atrial fibrillation. 
Measurements needed are:

Aortic position: Peak velocity, derived peak & mean 
pressure difference and effective online area by the 
continuity equation.
Mitral position: Peak velocity, mean pressure differ-
ence and pressure half-time.
Tricupid position: Peak velocity, mean pressure differ-
ence and pressure half-time.

High flow can cause unrepresentatively high peak 
velocities in replacement aortic valves. It is important 
to derive the mean pressure difference because it is cal-
culated using the whole waveform and better reflects 
function than using the peak velocity alone. In a nor-
mal valve, the subaortic velocity may not be negligible 
compared with the transaortic velocity, so the long 
form of the modified Bernoulli equation should be 
used. Peak pressure drop across the aortic valve is cal-
culated from the formula:

Peak ∆P = 4(v 2
2
 – v 2

1
), where v

1
 and v

2
 are peak veloc-

ities in the subaortic and transaortic signal, respectively. 
Mean pressure difference cannot be derived from the 
respective mean velocities. It should ideally be derived 
from multiple calculations of pressure difference using 
instantaneous velocities on the pulsed and continuous 
waveforms. This can be calculated from the online soft-
ware as aortic mean ∆P – subaortic mean ∆P.

Because of the flow dependency of velocity and 
pressure difference, effective area by the continuity 

equation (EOA) should be calculated routinely from 
the formula:

EOA = CSA × VTI
1
/VTI

2
, where CSA is left ven-

tricular outflow cross-sectional area in cm2 calculated 
from the diameter assuming circular cross-section; VTI

1
 

is subaortic velocity integral in cm; and VTI
2
 is aortic 

velocity integral in cm. Errors arise if the peak velocity 
is used in place if the velocity integral. It is not usually 
appropriate to substitute the labeled size of the replace-
ment valve for the left ventricular outflow tract diameter 
because, as discussed earlier, this may differ widely 
from its true size. For serial studies it is reasonable to 
use the ratio of the velocity integrals since this avoids 
measuring the left ventricular outflow tract diameter.

For the mitral valve, the subvalve velocity is negligi-
ble and in any case cannot be measured. The formula 
Peak ∆P = 4(v 2

2
) can therefore be used and the mean 

pressure difference taken from the continuous-wave sig-
nal. It is not appropriate to use the Hatle formula to esti-
mate orifice area. This is only valid for moderate or severe 
stenosis with orifice area <1.5 cm2. For valve areas above 
this, the pressure half-time reflects atrial and left ventricu-
lar compliance characteristics and loading conditions.

Few tricuspid replacement valves are implanted, but 
the same methods are applied as for the mitral position. 
The pressure half-time is even more variable on the 
right than on the left side of the heart. For a valve in any 
position, forward flow velocities and derived pressure 
differences (gradient) cannot be interpreted without 
knowing the valve type and size. Normal ranges are 
given in the appendix and criteria for obstruction below 
in section “Detection of Obstruction.”

Regurgitation

Minor regurgitation is normal in virtually all mechani-
cal valves. Early valves had a closing volume as the 
leaflet closed followed by true regurgitation around the 
occluder. For the Starr–Edwards, there is a small clos-
ing volume and usually little or no true regurgitation. 
The single tilting disk valves have both types of regur-
gitation, but the pattern may vary. The Bjork–Shiley 
valve has a minor and major jet from the two orifices, 
while the Medtronic-Hall valve has a single large jet 
through a central hole in the disk (Fig. 12.7).

The bileaflet valves have continuous leakage through 
the pivotal points where the lugs of the leaflets are held 
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in the housing (Fig. 12.8). These are thought to prevent 
the formation of thrombus at sites of stasis and are 
called “washing jets.” The associated regurgitant frac-
tion is directly related to the size of the valve and is also 
larger at low cardiac outputs. Although the regurgitant 
fraction is usually no larger than 10–15%, the associ-
ated color jets can look large, up to 5 cm long and 1 cm 
wide. They are usually found in formation, two from 

each pivotal point giving a characteristic appearance on 
imaging in a plane just below the valve. Sometimes 
these single pivotal washing jets divide into two or 
three separate “plumes,” and in some valve designs 
such as the St Jude Medical there may be a jet around 
the edge of one or other leaflet. The jets are invariably 
low in momentum so that they are homogenous in color 
with aliasing confined to the base of the jet.

a b

Fig. 12.7 Tilting disk valve in the mitral position. The transesophageal study shows the strut of the Medtronic Hall valve (left). 
There is a hole through the leaflet and a relatively large jet through this is normal (right)

Fig. 12.8 Pivotal washing jets. Parasternal long-axis (left) and short-axis (right) views showing four jets, two from the upper and 
two from the lower pivotal point
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Regurgitation through the valve is also increasingly 
reported in normal biological valves. This is mainly 
because echocardiography machines are becoming 
increasingly sensitive. Stentless valves including 
homografts and autografts are more likely than the 
stented valves to have minor regurgitant jets, usually at 
the point of apposition of all three cusps or at one or 
more commissure. In stented valves, the regurgitation 
is usually at the point of apposition of the cusps. 
However the Labcor is a tricomposite valve formed 
from sewing together three separate porcine noncoro-
nary cusps, and it commonly has trivial regurgitation at 
the commissures, sometimes at all three.

Detection of Early Failure

The failure mode of biological valves varies with the 
design, materials, and treatment. Some calcify and become 
stenotic. However, more tear without calcification as a 

result of stretching of the tissue, or abrading against 
the valve housing. The most reliable signs of early fail-
ure are:

Cusp thickness•	
New transprosthetic regurgitation•	

The mean thickness of a cusp on M-mode is 1 mm 
and a thickness of > 3 mm is taken arbitrarily as a 
sign of thickening (Fig. 12.9). This is usually a sign, 
not of overt thickening of the cusp, but of a small 
tear. This makes a small segment of the cusp turn at 
an angle to the ultrasound beam and look thicker. It 
may be associated with prolapse of the cusp and often 
a jet of regurgitation. About 60% of thickened cusps 
progress to overt failure requiring redo surgery within 
two years compared with about 1% of unthickened 
cusps. Finding a small tear is a warning to follow the  
patient more carefully and to plan elective surgery. 
A proportion of biological valves develop sudden  
catastrophic failure as a result of an early tear or  
abrasion extending.

Fig. 12.9 Early failure. The earliest sign in a biological valve is thickening of the cusp usually caused by a small tear
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Although apparently precise, the quantitative mea-
sures including peak velocity, pressure difference, and 
effective orifice area have wide normal ranges and also 
inaccuracies in their application. These are not useful 
in the detection of early valve failure although they are 
usually abnormal in overt obstruction.

Detection of Obstruction

Mitral Position

Heavily calcified cusps and reduced occluder motion are 
the most reliable signs of obstruction particularly for 
valves in the mitral position since the cusps, disk, or leaf-
lets are usually imaged easily. In a bileaflet mechanical 
valve, partial obstruction may be obvious when one leaflet 
clearly moves less than the other. Even if image quality is 
suboptimal, color mapping can identify obstruction by 

showing a narrowed, high-velocity inflow jet with 
“wrap-around” aliasing although transesophageal imag-
ing may sometimes be necessary to confirm this (Fig. 
12.10). In a stenotic stented biological valve, the jet can 
be narrow at the level of the immobile cusps, but can 
expand rapidly to fill the orifice toward the tips of the 
stents. It is therefore easy to miss the abnormality. Severe 
impairment of left ventricular function may also cause 
reduced valve opening, but this will be associated with a 
thin, low-velocity inflow signal on color mapping.

The color signal can be unreliable in the presence of 
severely disturbed flow especially when associated 
with mobile thrombus or vegetations. These can cause 
artifacts making the color signal spuriously broad and 
identified by dark areas mixed with the color.

Quantitative Doppler confirms the diagnosis if the 
pressure half-time is markedly prolonged usually to 
>200 ms with an elevated peak velocity usually >2.5 
m/s and mean pressure difference >10 mmHg. Indirect 
signs, including a rising pulmonary artery pressure or 
a slow-filling left ventricle, may occasionally help.

Fig. 12.10 Prosthetic obstruction in a Bileaflet mechanical valve. A 
TOE showing an apparently normal systolic frame (top left) but immo-

bility of the lateral leaflet during diastole (top right). On color mapping, 
flow can only be shown through the medial half of the orifice (bottom)
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Aortic Position

Apparently high velocities are common in normally 
functioning size 19 or 21 prostheses in the aortic posi-
tion, and effective orifice areas considered severely 
stenotic for a native valve are often normal. Starr–
Edwards valves have a particularly high initial velocity 
caused by the acceleration of flow around the ball as it 
leaves its housing to enter the cage.

Nowhere is it more important to interpret the 
echocardiogram in the clinical context. Obstruction is 
relatively uncommon with mechanical valves in the 
aortic position and, if the patient is well, it is most 
likely that the valve is normal. Obstruction is most reli-
ably detected by comparing effective orifice area with 
the baseline study. Allowing for experimental error, a 
fall of > 30% is likely to be significant.

Tricuspid Position

These valves are not commonly implanted. Reduced 
cusp or occluder motion or a narrowed color signal 
may be helpful. Often the indirect signs are useful 
since the right atrium and the inferior vena cava can be 

imaged in most patients even if parasternal and apical 
views are poor. An engorged, unreactive inferior vena 
cava with a dilated right atrium and small right ventri-
cle all suggest tricuspid obstruction. A transtricuspid 
peak velocity >1.5 m/s on mean gradient > 5 mm Hg in 
the absence of significant tricuspid regurgitation is also 
suggestive. The pressure half-time is variable and not 
helpful unless markedly prolonged, >250 ms.

Cause of Obstruction

Although obstruction may often be detected transtho-
racically, a TOE is necessary to elucidate the underly-
ing cause:

Thrombus•	
Pannus•	
Vegetation•	
Mechanical•	
Primary failure•	

Thrombus and also vegetations are associated with  
low density echoes, while pannus is typically highly 
echogenic. A thrombus is usually larger than pannus 
and more likely to extend into the left atrium and the 
appendage (Fig. 12.11). However minor pannus may 

a b

Fig. 12.11 Causes of obstruction. Thrombus is relatively large and of low echo density (right). Pannus is more echodense (left) 
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be overlain by thrombus, so conclusive differentiation 
may not be possible. The clinical history may also be 
useful. A shorter duration of symptoms and inadequate 
anticoagulation suggests thrombus rather than pannus. 
Onset of symptoms less than a month from surgery 
predicts thrombus as a period of 6 months or more is 
usually necessary for pannus formation. Guidelines for 
the management of left-sided valve thrombosis recom-
mend transesophageal echocardiography to visualize 
abnormal leaflet motion and to image the size and 
mobility of thrombus in relation to the valve and the 
left atrium. Patients are then classified into four groups 
according to the clinical presentation, functional class, 
and the findings on echocardiography (Table 12.3). 
Surgery is recommended (a) in groups 3 and 4 if the 
patients are in NYHA III or IV or (b) in groups 1  
and 2 if the thrombus is large and mobile (and the  
risk of embolization is then high). Thrombolysis is  
recommended for (a) tricuspid thrombosis, (b) for  
left-sided thrombosis if surgery is contraindicated, or 
(c) failure of intravenous heparin in patients in any 
group with a small clot and/or who are in functional 

classes I and II.

Regurgitation

Is It Pathological?

The first step is to localize the base of the regurgita-
tion in relation to the sewing ring. This requires a 
careful and sometimes prolonged study because it 
may be possible to image only parts of the sewing ring 
with each cut and the echocardiographer has to build 
up a 3D image in his or her head. 3D imaging improves 
localization of regurgitant jets provided that frame 
rates are adequate.

Many valves have transprosthetic regurgitation as a 
normal finding or even a design feature (Figs. 12.7 and 
12.8). However, in a biological valve, a broad jet, par-
ticularly if it is bigger than on previous studies, is a 
sign of primary failure or endocarditis. Large trans-
prosthetic jets are uncommon in mechanical valves, 
but can occur if the leaflet is held open by thrombus or 
a vegetation.

Paraprosthetic leaks have their origin outside the 
sewing ring (Fig. 12.12) and can usually be detected 
transthoracically even in the mitral position. Although 
the mechanical parts of the valve shield the interatrial 
part of the jet from ultrasound, a significant jet has a 
neck and an intraventricular portion of flow accelera-
tion (Fig. 12.13). Even these are occasionally invisible 
for posterior paraprosthetic regurgitation mitral 
(Fig. 12.14). However, the majority of paraprosthetic 
leaks occur at the mitral-aortic fibrosa. It may some-
times be difficult to differentiate a paraprosthetic jet 
from an asymmetric jet through the valve especially 
those beginning at the base of cusps or at a commis-
sure and TOE is then indicated.

Paraprosthetic leaks are pathological by definition 
but may not be of clinical significance. Small para-
prosthetic leaks are more common in valves with thin 
sewing rings or patients with poor tissue for example 
as a result of endocarditis or Marfan syndrome.

Quantification

Broadly, the same methods can be used as for native 
regurgitation.

However, assessing the height of an aortic jet rela-
tive to the left ventricular outflow tract diameter may 
be difficult if it is eccentric and care must be taken to 
measure the diameter of the jet perpendicular to its 
axis. Multiple small normal transprosthetic jets cannot 
be quantified accurately, but this is not necessary in 

Table 12.3 Classification of prosthetic valve thrombosis

Group 1: Clinically silent (usually found on routine echocardiography)
Group 2: Thromboembolic presentationa (CVA, TIA, peripheral embolism)
Group 3: Hemodynamic symptoms and valve obstruction (most common)
Group 4: Hemodynamic obstruction and systemic embolization
aRequires imaging of thrombus on valve to differentiate from thromboembolism
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Fig. 12.12 Paraprosthetic aortic regurgitation. Transthoracic parasternal long-axis (left) and short-axis (right) views are shown

Fig. 12.13 Paraprosthetic mitral regurgitation. Although the 
interatrial portion of the jet is incompletely seen on transthoracic 
imaging (left) because of shielding, the neck and interventricular 

flow acceleration are usually visible. The interatrial jet is more 
easily imaged on TOE (right)
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clinical practice. For paraprosthetic jets, the proportion 
of the circumference of the sewing ring occupied by 
the jet gives an approximate guide to severity: mild 
(<10%), moderate (10–25%), severe (>25%).

Because of shielding, it may be difficult to quantify 
a jet in the mitral position. Although TOE is usually 
necessary, the likelihood of severe regurgitation can be 
judged by indirect signs predominantly overactivity of 
the left ventricle or occasionally a rise in pulmonary 
artery pressure compared with an earlier study. A dense 
continuous-wave regurgitant signal is another useful 
transthoracic sign particularly if it depressurizes rapidly. 
When associated with a low systolic LV and systemic 
pressure, this signal resembles that obtained from aortic 
stenosis, an error all the easier to make if the neck of 
the paraprosthetic jet is at the mitral-aortic fibrosa and 
the interatrial portion runs parallel with the aorta.

Endocarditis

Vegetations and local complications (dehiscence, 
abscess, perforation, fistula) may be obvious even on 
transthoracic echocardiography especially if the valve 

is biological. However if the valve is mechanical, veg-
etations are often difficult to detect transthoracically 
and TOE is then necessary (Fig. 12.15).

However the echocardiogram must never be inter-
preted outside the clinical context. It is never possible 
to differentiate vegetations from a segment of disrupted 
cusp. Nor is it possible to differentiate generalized 

a

b

Fig. 12.14 Paraprosthetic mitral regurgitation on transesophageal 
imaging. The transgastric view (left) shows a large inferior dehis-
cence that was invisible transthoracically because of shielding and 

reverberation in the posterior part of the sewing ring. Furthermore, 
the jet was directed toward the center of the valve (right) and did not 
move from the region of flow shielding on transthoracic imaging

Fig. 12.15 Vegetations on a bileaflet mechanical valve
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valve thickening as a result of infection from primary 
failure even on TOE. Similarly, normal swelling and 
hematoma around a recently implanted stentless valve 
cannot be differentiated from an abscess (Fig. 12.5).

Timing of Echocardiography

Preoperative

Apart from the obvious task of assessing the index 
valve disease and left ventricular function, echocar-
diography has the following roles:

Planning a Ross procedure

It is necessary to check that the pulmonary valve is 
normal and that the pulmonary and aortic annulis are 
similar in diameter. Sometimes a Ross procedure is not 
advisable if the aortic annulus is large, above 27 mm, 
since this may be associated with progressive dilata-
tion of the autograft. If the aortic root is dilated, the 
Ross should only be performed as a miniroot rather 
than by implantation within the aorta.

Planning a Stentless Valve

These valves vary in design but many need to be sized 
using the sinotubular junction rather than the annulus 
alone as would be usual with stented valves. If the 
sinotubular junction is more than 10% larger than the 
annulus, either a stentless valve cannot be used or an 
associated aortoplasty must be performed. Sizing by 
transthoracic echocardiography, usually confirmed 
by intraoperative TOE, also allows the valve to be 
washed in advance thus reducing bypass times.

Endocarditis

TOE is often considered essential in native aortic endo-
carditis since the incidence of complications is high, 
and these are more accurately detected by the 
transesophageal route. However this view is controver-
sial and if transthoracic images have been good and the 

patient is responding adequately to antibiotics, TOE 
need not be performed. However if the decision for 
surgery is made, it becomes reasonable to perform a 
TOE if the finding of an abscess will modify the opera-
tion and also to check for involvement of the mitral 
valve. Some surgeons would choose to perform a Ross 
procedure or find a homograft under these circum-
stances, while others would not. This is a matter for 
individual discussion.

Planning a Homograft

Most valves can be sized at the time of surgery, but a 
homograft almost always needs to be requested and it 
is helpful to measure the left ventricular outflow tract 
diameter to determine whether a large-, medium-, or 
small-sized homograft should be requested.

Other Valves

The decision whether to operate on other valves is not 
always easy. Common problems are to decide in the 
presence of aortic valve disease, whether mitral regur-
gitation is functional or organic. The decision is usu-
ally easy if the valve is morphologically abnormal. 
Surgery is also likely to be necessary if the regurgita-
tion is severe or the jet is eccentric.

Another frequent problem is the presence of tricus-
pid regurgitation in the presence of rheumatic mitral 
valve disease. If the tricuspid regurgitation is moderate 
or severe especially if the pulmonary artery pressures 
are normal or only moderately elevated, it is likely  
that there is organic tricuspid involvement requiring 
surgery.

If mitral surgery or CABG is to be performed, 
coexistent aortic valve surgery should be performed 
if there is moderate or severe stenosis. Usually an 
EOA <1.0 cm2 or V

max
 >3.0 m/s are taken as criteria 

for surgery. In borderline cases, the morphology of 
the valve is used as a guide. If there is commissural 
fusion, if the valve is bicuspid or if all three cusps 
are thickened with reduced mobility the valve is 
probably more likely to deteriorate quickly. The 
presence of severe or moderate-to-severe regurgi-
tation, but not usually moderate regurgitation, also 
suggests the need for coexistent aortic valve 
replacement.
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Right Ventricular Function

Sometimes pulmonary hypertension and right ventric-
ular dysfunction are missed particularly in severe aor-
tic valve disease. This is important because the risk of 
surgery is higher and the outcome less good.

Perioperative

Intraoperative echocardiography is now routine and is 
particularly useful:

To assess a associated mitral valve repair•	
In endocarditis to check for an aortic root abscess or •	
involvement of other valves
To confirm annulus and sinotubular junction diam-•	
eters when implanting a stentless valve
To assess competency of a Ross or stentless valve •	
after surgery

In the immediate postoperative period, echocardiogra-
phy may be needed for assessing left ventricular func-
tion, detecting pericardial effusions, and assessing 
loading conditions. Severe left ventricular hypertrophy 
usually with outflow obstruction after valve replace-
ment for severe aortic stenosis may cause left ventricu-
lar failure and hypotension. These may be treated 
according to protocol with inotropic agents and diuret-
ics which exacerbate the situation. The diagnosis is 
made on echocardiography and the treatment is with-
drawal of inotropes, the use of drugs to slow the heart 
and improve LV filling, and the gradual withdrawal of 
diuretics.

Baseline Study

A study should be performed in the early postoperative 
period to act as a baseline. Every valve is different and 
this study acts as a “fingerprint” against which to com-
pare future studies. For example there may be mild 
paraprosthetic regurgitation. If the patient presents 
later with fever, the finding of a paraprosthetic jet 
might be a sign of endocarditis if it is new, but not if it 
has already been documented. The timing of the base-
line study depends on circumstances. Ideally it should 
be at the first postoperative visit usually after 4–6 

weeks when the chest wound has healed, chest wall 
edema has resolved, and left ventricular function has 
recovered. However if the patient is being transferred 
and may not return, it may be best to perform the study 
before hospital discharge.

Late After Surgery

Routine echocardiography is not necessary if the 
patient is well and the examination normal. A study is 
needed if malfunction is suspected based on:

Symptoms•	
Murmur•	
Hemolysis•	
Fever•	
Emboli despite normal INR•	

For biological valves it may be reasonable to study 
annually beyond about 5 years after surgery for mitral 
valves and 8 years for aortic valves because of the 
known failure rate. The rationale is to detect failure 
early to allow careful follow-up and planning of elec-
tive surgery with acceptable surgical risk. Failing cusps 
may tear suddenly causing sudden death, shock, or 
pulmonary edema.

When Is TOE Necessary?

TOE is necessary more frequently than with native 
valves especially for replacement valves in the mitral 
position because of the problem of shielding:

When endocarditis is suspected particularly for •	
mechanical valves. However vegetations and com-
plications may be obvious transthoracically and 
anterior aortic root abscesses are better seen transt-
horacically than transesophageally. If the transtho-
racic study is diagnostic, it is only necessary to have 
a transesophageal study if surgery is being dis-
cussed in order to check the other valves and to 
look for an abscess. This can be performed 
perioperatively.
Despite a normal transthoracic study, if valve dys-•	
function is suspected from the presence of an abnor-
mal murmur, breathlessness, or hemolysis.
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The grade of mitral regurgitation is uncertain on •	
transthoracic examination.
Thromboembolism recurs despite adequate antico-•	
agulation since this suggests the presence of vegeta-
tion or alternatively of pannus acting as a nidus for 
thrombus formation.
Obstruction of a mechanical valve to differentiate •	
thrombosis from the other causes and to decide whether 
surgery or thrombolysis should be considered.

Conclusions

Echocardiography of replacement heart valves is more 
demanding than for native valves. There are some key 
points:

Quantitative Doppler should always be interpreted •	
in the clinical context; normal ranges vary with 
design, position, and size.
Velocities are flow dependent; always calculate •	
effective orifice area for valves in the aortic 
position.
Do not use valve size in place of left ventricular •	
outflow tract diameter in calculating the effective 
orifice area.
The pressure half-time method for calculating effec-•	
tive orifice area is not valid in normal replacement 
mitral valves.
Transvalvar regurgitation is normal in almost all •	
mechanical valves and many biological valves.
Transthoracic and transesophageal echocardiogra-•	
phy are complementary and should not be consid-
ered in isolation.

Glossary

Annulus The patient tissue annulus is the orifice 
left after the surgeon has excised the pathological 
valve.
Occluder The mechanism closing the orifice to 
prevent backwash of blood
Paraprosthetic regurgitation A regurgitant jet 
between the sewing ring of the valve and the patient 
annulus

Pivotal washing jet Bileaflet mechanical valves have 
two leaflets with “lugs” that pivot in recesses in the 
valve housing. Minor regurgitation called pivotal 
washing jets occurs through these.

Appendix: Normal Ranges for 
Replacement Heart Valves: Mean 
(Standard Deviation)

Aortic  position

V
max

 (m/s) Mean DP (mmHg) EOA (cm2)

Biological
Homograft
22 mm 1.7 (0.3) 5.8 (3.2) 2.0 (0.6)
26 mm 1.4 (0.6) 6.8 (2.9) 2.4 (0.7)
Porcine
Carpentier–Edwards
21 mm 2.8 (0.5) 1.2 (0.2)
23 mm 2.8 (0.7) 1.1 (0.2)
25 mm 2.6 (0.6) 1.2 (0.3)
27 mm 2.5 (0.5) 1.3 (0.3)
29 mm 2.4 (0.4) 1.4 (0.1)
Intact
21 mm 1.0 (0.1) 19.3 (7.4) 1.5 (0.3)
23 mm 1.3 (0.1) 18.8 (6.1) 1.6 (0.3)
25 mm 1.4 (0.2) 18.8 (8.0) 1.9 (0.3)
27 mm 15.0 (3.7)
Hancock
23 mm 12.0 (2.0)
25 mm 2.4 (0.4) 11.0 (2.0)
27 mm 2.4 (0.4) 10.0 (3.0.)
Bovine pericardial
Labcor-Santiago
19 mm 10.1(3.1) 1.3 (0.1)
21 mm 8.2 (4.5) 1.3 (0.1)
23 mm 7.8 (2.9) 1.8 (0.2)
25 mm 6.8(2.0) 2.1(0.3)
Single tilting disk
Bjork–Shiley
21 mm 3.0 (0.9) 1.1 (0.3)
23 mm 2.4 (0.5) 14 (7.0) 1.3 (0.3)
25 mm 2.1 (0.5) 13.0 (5.0) 1.4 (0.4)
27 mm 2.0 (0.3) 10.0 (2.0) 1.6 (0.3)
Medtronic Hall
21 mm 13.0 (4.0) 1.4 (0.1)
23 mm 2.3 (0.9)
25 mm 2.1 (0.3)
Omnicarbon
21 mm 3.0 (0.3) 20.0 (5.0)
23 mm 2.7 (0.3) 18.0 (5.0)
25 mm 2.5 (0.3) 15.0 (4.0)
27 mm 2.1 (0.2) 12.0 (2.0)
Bileaflet mechanical
St Jude

(continued)
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V
max

 (m/s) Mean DP (mmHg) EOA (cm2)

19 mm 3.0 (0.6) 19.4 (7.2) 1.0 (0.3)
21 mm 2.6 (0.3) 14.8 (4.3) 1.3 (0.2)
23 mm 2.5 (0.5) 13.5 (5.9) 1.3 (0.3)
25 mm 2.4 (0.5) 12.2 (5.9) 1.8 (0.4)
27 mm 2.2 (0.5) 11.0 (5.0) 2.4 (0.6)
29 mm 2.0 (0.1) 7.0 (1.0) 2.7 (0.3)
Carbomedics
19 mm 3.2 (0.4) 19.3 (8.5) 0.9 (0.3)
21 mm 2.5 (0.5) 13.7 (5.5) 1.3 (0.4)
23 mm 2.4 (0.4) 11.0 (4.6) 1.6 (0.4)
25 mm 2.3 (0.3) 9.1 (3.5) 1.8 (0.4)
27 mm 2.1 (0.4) 7.9 (3.4) 2.2 (0.6)
29 mm 1.8 (0.4) 5.6 (3.0) 3.2 (1.6)
Ball and cage
Caged-ball
Starr–Edwards
23 mm 3.4 (0.6) 1.1 (0.2)
24 mm 3.6 (0.5) 1.1 (0.3)
26 mm 3.0 (0.2)

Mitral position

V
max

 (m/s) Mean DP (mmHg) PHT (ms)

Porcine
Carpentier–Edwards
27 mm 6.0 (2.0) 95 (12)
29 mm 1.5 (0.3) 4.7 (2.0) 110 (30)
31 mm 1.5 (0.3) 4.5 (2.0) 102 (34)
33 mm 1.4 (0.2) 5.4 (4.0) 94 (26)
Intact
25 mm 7.8 (2.4)
27 mm 5.4 (1.5)
Hancock
29 mm 2.0 (0.7)
31 mm 4.9 (1.7)
33 mm 5.0 (2.0)
Bovine pericardial
Labcor-Santiago
27 mm 2.8 (1.5) 85 (18)
29 mm 3.0 (1.3) 80 (34)
Single tilting disk
Bjork–Shiley
25 mm 1.6 (0.3)
27 mm 1.5 (0.2) 2.7 (0.8) 94 (31)
29mm 1.4 (0.4) 2.0 (0.1) 85 (22)
31 mm 1.5 (0.3) 3.4 (2.2) 81 (20)
33 mm 1.3 (0.6) 75 (25)
Medtronic Hall
29 mm 1.6 (0.1) 69 (15)
31 mm 1.5 (0.1) 77 (17)
Omnicarbon
25 mm 6.0 (2.0)

Appendix (continued) Appendix (continued)

27 mm 6.0 (2.0)
29 mm 5.0 (2.0)
31 mm 6.0 (2.0)
Bileaflet mechanical
St Jude
27 mm 1.6 (0.3) 5.0 (2.0)

V
max

 (m/s) Mean DP (mmHg) PHT (ms)

29 mm 1.6 (0.3) 4.5 (2.4) 81 (9)
31 mm 1.7 (0.4) 5.2 (3.0) 84 (12)
Carbomedics
25 mm 1.6 (0.2) 4.3 (0.7) 92 (20)
27 mm 1.6 (0.3) 3.7 (1.5) 91 (24)
29 mm 1.8 (0.3) 3.7 (1.3) 79 (11)
31 mm 1.6 (0.4) 3.3 (1.1) 92 (20)
33 mm 1.4 (0.3) 3.4 (1.5) 79 (18)
Edwards-Duromedics
27 mm 1.9 (0.3) 105 (14)
29 mm 1.8 (0.2) 89 (18)
31 mm 1.7 (0.3) 99 (18)
Caged ball
Starr–Edwards
28 mm 1.8 (0.2) 130 (25)
30 mm 1.8 (0.2) 100 (40)
32 mm 1.9 (0.4) 125 (60)

(continued)



Introduction

Since the advent of two-dimensional transthoracic 
echocardiography (TTE) in the 1970s and high-fre-
quency transesophageal echocardiography (TEE) 
imaging in the 1980s, echocardiography has become a 
standard diagnostic tool in patients with suspected 
infective endocarditis (IE). The first report of the use 
of echocardiography to detect endocarditis was made 
by Dillon and colleagues in the 1970s. In the late 
1980s, as the technology of TEE imaging became 
more widely available, Mugge and colleagues described 
the first experience of the improved diagnostic yield 
for endocarditis over standard chest wall imaging. 
Based on these studies, it is now well established that 
echocardiography is the imaging technology of choice 
for the diagnosis of IE and that echocardiography can 
detect cardiac involvement in a significant proportion 
of patients with clinically occult IE. Because IE is a 
lethal infection that can be difficult to clinically diag-
nose, clinicians who care for patients at risk for IE 
often have a low threshold for employing echocardiog-
raphy. In fact, because of the role that echocardiogra-
phy plays in both the diagnosis and in understanding 
the prognosis of patients with IE, it has been suggested 
that echocardiography is mandatory in all patients 
when there is suspicion for IE.

In this chapter we will discuss the imaging consid-
erations in patients with suspected and documented IE, 
implications on the use of echocardiography, the role 
of echocardiography in understanding prognosis, how 
echocardiography can be used to assist in therapeutic 

decision making, and musings on the future of imaging 
for diseases such as endocarditis.

Diagnosis of Endocarditis: The Duke 
Criteria and the Importance of Imaging

Historically, infective endocarditis has been defined as 
an infection of the endothelial surfaces within the car-
diac chambers. In recent years this definition has been 
expanded to include an infection on any structure within 
the heart including normal endothelial surfaces (e.g., 
myocardium and valvular structures), prosthetic heart 
valves (e.g., mechanical, bioprosthetic, homografts, 
and autografts), and implanted devices (e.g., pacemakers, 
implantable cardioverter defibrillators, and ventricular 
assist devices). As the age of the population in industri-
alized countries continues to increase, it is likely that 
the latter categories of prosthetic valves and devices 
will continue to grow substantially.

To understand the disease process of IE and how 
echocardiography has become central to making this 
diagnosis, it is useful to revisit the way in which the 
diagnosis has been made historically. In 1885 Sir 
William Osler, as one of the newest members of the 
Royal College of Physicians, was asked to give the 
Gulstonian Lectures. In these three lectures Osler pro-
vided on overview of infective endocarditis that sum-
marized the current knowledge on the disease at the 
time. In this era, even before the advent of microbio-
logic techniques that allowed for routine use of blood 
cultures, it is not surprising that the actual diagnosis of 
endocarditis was all too often made at the time of post 
mortem examination. In fact, Osler is quoted as saying 
“Few diseases present greater difficulties in the way of 
diagnosis than malignant endocarditis, difficulties which 
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in many cases are practically insurmountable. It is no 
disparagement to the many skilled physicians who have 
put their cases upon record to say that, in fully one-half 
the diagnosis was made post mortem.” Despite this dif-
ficulty, Osler advocated that the diagnosis of IE could be 
made based on clinical presentation in certain cases of 
endocarditis. For instance, he stated that “the existence 
of fever of an irregular type, and the occurrence of 
embolism, generally suffice to make the diagnosis 
clear,” a situation that is still true to today.

The diagnosis of IE has always hinged upon clinical 
suspicion derived from association with appropriate 
signs and symptoms and, most importantly, the dem-
onstration of continuous bacteremia. Surprisingly, it 
was not until the late 1970s that a strict case definition 
was developed. Pelletier and Petersdorf developed this 
definition based on a 30-year experience of caring for 
patients with IE in Seattle (need to verify). Although 
this case definition was highly specific for the diagno-
sis of IE, it lacked sufficient sensitivity.

The next major diagnostic advance came in 1981 
when von Reyn and colleagues published an analysis 
that provided four diagnostic categories in cases of 
suspected IE (rejected, possible, probable, and defi-
nite). These criteria, based upon broader clinical find-
ings than the Pelletier and Petersdorf case definition, 
improved both the sensitivity and the specificity of the 
previous case definition, but unfortunately did not 
incorporate imaging information from the burgeoning 
field of echocardiography.

In 1994, IE diagnostic criteria were refined further 
by Durack and colleagues2 from Duke University 
Medical Center. These criteria, which have come to be 
known as the Duke criteria, incorporated echocardio-
graphic evidence of IE for the first time. These criteria 
had improved test performance characteristics when 
compared to previous criteria (Table 13.1) and have 
been validated subsequently by many other studies. 
Recently, proposed modifications have been published 

(Table 13.2), but the test performance characteristics 
of the modified criteria have yet to be fully evaluated 
by other investigators.

Echocardiographic Evidence of Infective 
Endocarditis

Based upon the defined role of imaging in the diagno-
sis of IE, echocardiography has become the central 
tenant in evaluating patients that have a clinical pre-
sentation that raises the concern for infective endo-
carditis. On echocardiography there are several findings 
that provide evidence of infective endocarditis that 
include: vegetations; evidence of periannular tissue 

Table 13.1 Comparison of diagnostic criteria in 69 cases of pathologically proven infective 
endocarditis (Adapted from Durack et al2)

Beth Isreal criteria

Probable Possible Rejected Total (%)

Duke criteria Definite 32 19  4 55 (80%)
Possible  3  3  8 14 (20%)
Reject  0  0  0  0 (0%)
Total (%) 35 (51%) 22 (32%) 12 (17%) 69 (100%)

Table 13.2 The modified Duke criteria (Adapted from Li et al3)

1. Major criteria
a. Microbiologic

 Typical microorganisms isolated from two separate blood 
cultures, or microorganism isolated from persistently 
positive blood cultures, or single positive blood culture 
for Coxiella burnetii (or phase I IgG antibody titer to C. 
burnetii >1:800

b. Evidence of endocardial involvement

 New valvular regurgitation or positive echocardiogram 
(intracardiac mass, or periannular abscess, or new 
dehiscence of prosthetic valve)

2. Minor criteria
a. Predisposition to infective endocarditis

 i. Previous infective endocarditis
 ii. Injection drug use
iii. Prosthetic heart valve
  iv. Mitral valve prolapse
 v. Cyanotic congenital heart disease
vi.  Other cardiac lesions creating turbulent flow within 

the intracardiac chambers
b. Fever
c. Vascular phenomena (e.g., embolic event)
d.  Immunologic phenomena (e.g., presence of serologic 

markers, glomerulonephritis, Osler’s nodes, or Roth spots)
e. Microbiologic findings not meeting major criteria
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destruction (abscess); aneurysm; fistula; leaflet perfo-
ration; and valvular dehiscence (Table 13.3).

Vegetation

Pathologically, a vegetation is a collection of microor-
ganisms embedded in a meshwork of fibrin and other 
inflammatory cellular material adherent to an endothe-
lial surface within the heart. White blood cells are 
uncommon, the absence of which has not fully been 
explained by experimental work. In part, this may be 
due to the dense nature of the vegetation tissue which 
may restrict the migration of white blood cells to the 
infected area. In addition, the bacteria are frequently 
embedded in a nongrowing state deep in the vegeta-
tion, which may limit the typical host infection 
response.

With two-dimensional echocardiographic imaging 
in which the cardiac structures are viewed throughout 
the cardiac cycle, vegetations are defined as an irregu-
larly shaped, discrete echogenic mass. This mass must 
be adherent to, yet distinct from the endothelial cardiac 
surface. Mass oscillation, high-frequency movement 

independent from that of intrinsic structures, is sup-
portive but not mandatory for the echocardiographic 
diagnosis of a vegetation.

Vegetations have the consistency of midmyocardium 
(Fig. 13.1), but may also have areas of both echolucency 
and echodensity. Vegetations typically occur on the low 
pressure side of a high-velocity turbulent jet; therefore, 
with underlying regurgitant valvular disease, vegeta-
tions are most often visualized on the atrial aspect of the 
mitral and tricuspid valves, or on the ventricular aspect 
of the aortic and pulmonic valves (Fig. 13.2).

Although cardiac valves are the most common site 
of infection, vegetations may occur in other intracar-
diac locations. These include nonvalvular surfaces such 
as atrial or ventricular surfaces, as well as on intracar-
diac devices such as pacemakers or defibrillators. When 
a vegetation occurs on a nonvalvular structure it gener-
ally appears at a site of endothelial disruption. If this 
occurs on a myocardial wall, it is common for this to be 
at a site where a high-velocity jet of blood flow has 
damaged the endothelial integrity such an uncorrected 
restrictive VSD or eccentric mitral valve regurgitation 
jet (Fig. 13.3). In addition to a myocardial wall attach-
ment for a vegetation, other nonvalvular structures 
include intracardiac devices such as pacemakers or 
implantable defibrillators (Fig. 13.4). These devices 
often have nonuniform endotheliazation that allows for 

Table 13.3 Echocardiographic characteristics of infective 
endocarditis (Adapted from Sachdev et al4)

Lesion Description

Vegetation Irregularly shaped, discrete echogenic 
mass

Adherent to, yet distinct from cardiac 
surface

Oscillation of mass supportive, not 
mandatory

Abscess Thickened area or mass within the 
myocardium or annular region

Appearance is nonhomogeneous with 
both echogenic and echolucent 
characteristics

Evidence of flow within area is 
supportive, not mandatory

Aneurysm Echolucent space bounded by thin 
tissue

Fistulae Connection between two distinct 
cardiac blood spaces through 
nonanatomical channel

Leaflet perforation Defect in body of myocardial valve 
leaflet with evidence of flow through 
defect

Valvular 
dehiscence

Rocking motion of prosthetic valve with 
excursion >15° in at least one 
direction

Fig. 13.1 Typical vegetation by transthoracic echocardiography
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the attachment once bacteria are circulating in the 
bloodstream.

Not all intracardiac mass lesions represent vegetations 
from infective endocarditis. For instance, inflamma-
tory disorders such as systemic lupus erythematosus 
can have associated valvular mass lesions that can be 
difficult to distinguish from vegetations due to infective 

endocarditis (Fig. 13.5). Termed Libman-Sacks 
endocarditis, these inflammatory mass lesions are usually 
<1 cm in diameter, vary in shape, have irregular 
borders, and have heterogeneous echodensities. These 
inflammatory mass lesions are typically broad based 
and usually do not have independent motion or oscillation 
characteristics, unlike vegetations due to IE. In addi-
tion, Libman-Sacks lesions are typically located on the 
basilar portion of the aortic and mitral valve leaflets. 
Again, in contrast to vegetations associated with IE, 
Libman-Sacks inflammatory lesions are often located 
on the aortic side of the aortic valve.

a b

Fig. 13.2 Typical locations of mitral valve and aortic valve vegetations. (a) mitral valve vegetation (TEE); (b) aortic valve vegetation (TEE)

Fig. 13.3 Vegetation located on the myocardial wall

Fig. 13.4 Intracardiac device vegetation
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In addition to Libman-Sacks inflammatory masses, 
other mass lesions can occur on the valvular structures. 
For instance, sterile vegetations (termed murantic 
endocarditis) may also occur in patients with advanced 
malignancies (e.g., renal cell carcinoma or melanoma). 
In addition, myxomatous valves, ruptured chordae 
unrelated to infection, cardiac tumors, and degenera-
tive valvular changes may all involve echocardio-
graphic findings that can be misleading. Moreover, 
normal variants such as prominent Lambl’s excres-
cences may mimic IE findings (Fig. 13.6).

Lambl’s excrescences were first described by Lambl 
in the 1850s as small filiform processes on the aortic 
valve. In the 1940s, Margerey studied 250 mitral valves 
and postulated that the mechanism of formation is inti-
mal damage due to mechanical trauma at the leaflet 
coaptation. In general, these lesions appear to be wear-
and-tear lesions that originate in the endothelium of 
the contact margins of a valve, commonly the aortic 
valve. Excision may be necessary in cases of crypto-
genic stroke. Although most Lambl’s excrescences can 
be distinguished from vegetations by their small size 
and filamentous appearance, larger lesions may be 
more difficult to discern from vegetations due to IE.

Importantly, there are no echocardiographic features 
of noninfective lesions that can absolutely differentiate 
them from vegetations due to IE. Therefore, it is always 

paramount to correlate the echocardiographic findings 
to the clinical presentation and findings to develop a 
diagnostic and care plan that is optimized for the 
individual patient.

Periannular Extension of Infection 
(Myocardial Abscess Formation)

Periannular extension of infection, or abscess formation, 
is one of the most serious complications of infective 
endocarditis. When this occurs, it marks an indication 
for surgical therapy. On echocardiogram, a myocardial 
abscess can be defined as a thickened area or mass in the 
myocardium or annular region with an appearance that is 
generally nonhomogeneous. If there is evidence of flow 
within the area then this is considered to be supportive of 
the diagnosis of abscess formation, but flow within the 
area is not mandatory for the diagnosis. An echo-free 
space suggests that complete liquefaction of the myocar-
dium has occurred (Fig. 13.7).

The most important feature of abscess formation is 
the substantial morbidity and mortality associated with 
this complication. For instance, the abscess can extend 
and rupture creating a fistulous tract between two sepa-
rate blood pools. In addition, if the abscess extends into 
the septum the conduction system can be affected lead-
ing to heart block. In the literature, abscess formation 

Fig. 13.5 Libman-Sacks endocarditis on the mitral valve

Fig. 13.6 Lambl’s excrescence
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tends to be more commonly associated with aortic valve 
IE, particularly those with aortic prosthetic valve IE. 
Moreover, the mortality rate associated with abscess 
formation is 1.5–2.0 times higher than similar patients 
without abscess formation. Although TTE imaging can 
establish the diagnosis of abscess formation, overall the 
resolution associated with typical TTE imaging in 
adults is insufficient for the full characterization of 
most intracardiac abscess cavities.

Fistula Formation

Spread of infection from valvular structures to the sur-
rounding perivalvular tissue results in periannular 
complications that may place the patient at increased 
risk of adverse outcomes including heart failure (HF) 
and death. This is particularly true with aortic valve IE 
where aortic abscesses and mycotic pseudoaneurysms 
involving the sinuses of Valsalva may rupture inter-
nally. This leads to the development of aortocavitary or 
aortopericardial fistulas. Aortocavitary communica-
tions create intracardiac shunts, which may result in 
further clinical deterioration and hemodynamic insta-
bility (Fig. 13.8).

Fistula formation due to IE is uncommon; there-
fore, there are few published series that allow for a 
broad understanding of this disease process. Recently, 
a multicenter study from Spain has provided new 
information related to this complication. In this case 
series the incidence of fistula formation in patients 
with IE was 1.6% or 76 fistulas identified in 4,681 epi-
sodes of IE. The incidence was higher in selected pop-
ulations; for instance in patients with prosthetic valve 
IE the incidence of fistula formation was 3.5%. Not 
surprisingly, in this series Staphylococcus aureus was 
the most commonly associated microorganism (46%). 

Fig. 13.8 Fistula tract formation due to IE

Fig. 13.7 Myocardial abscess with evidence of an echo-free 
space
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In addition, despite a high rate of surgery in this popu-
lation (87%) short-term mortality remained high 
(41%).

There are few basic tenants that are critical for the 
diagnosis and management of IE associated fistula 
tract formation. The first is that suspicion is paramount 
and if clinical suspicion warrants that TEE imaging is 
justified early in the clinical course. Second, evidence 
of fistula tract formation represents an indication for 
urgent surgery before the infection can cause further 
tissue destruction and possible hemodynamic compro-
mise. Finally, it is critical for the echocardiographer to 
provide as much information to the surgical team as 
possible to help in planning the appropriate surgical 
approach, particularly to the origin and destination of 
the fistula tract.

Perforation

Perforation of a valvular leaflet is another lesion that 
may develop if the infective process is allowed to con-
tinue unabated (Fig. 13.9). There is little information 
available about the timing of perforation formation, 

but it is generally accepted that this is either associated 
with a virulent microorganism, such as S. aureus, or 
occurs when the infection process continues for a sub-
stantial amount of time without detection. Once a per-
foration forms, a significant amount of valvular 
regurgitation may develop. This mechanical complica-
tion may then need surgical repair depending on the 
hemodynamic status of the patient and the amount of 
regurgitation present.

New Valvular Regurgitation

The endocarditis process can also involve the mechan-
ical function of the valve to cause significant valvular 
regurgitation. This can occur with or without the pres-
ence of a perforated valve leaflet. This mechanical dis-
ruption can occur at the valve leaflets secondary to a 
physical impairment of proper leaflet coaptation or to 
the vegetative process. In addition, the mechanical dis-
ruption can involve the rupture of the chordae tendineae 
and possibly a flail leaflet. In this instance, significant 
valvular regurgitation can develop leading to a need 
for surgical repair.

Fig. 13.9 Perforation
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Dehiscence of Prosthetic Valve

Dehiscence of a prosthetic valve due to IE is a serious 
complication in patients with prosthetic valves. 
Dehiscence is generally defined as a rocking motion of 
the prosthetic valve >15 ° in any one plane (Fig. 13.10). 
This complication may lead to a gross separation of 
the prosthetic annulus from the native tissue in the 
most serious cases. Invariably, prosthetic valve dehis-
cence is associated with significant perivalvular regur-
gitation and may be associated with hemodynamic 
compromise. Dehiscence represents a relative urgent 
indication for surgical therapy.

The Use and OverUse of 
Echocardiography to Make the 
Diagnosis of IE

Use of Echocardiography in Patients 
Suspected of IE

It is now well established that echocardiography is the 
imaging technology of choice for the diagnosis of IE 
and that echocardiography can detect cardiac involve-
ment in a significant proportion of patients with clini-
cally occult IE. Because IE is a lethal infection that can 
be difficult to diagnose clinically, clinicians who care 
for patients at risk for IE often have a low threshold for 

employing echocardiography. In addition, published 
diagnosis and treatment guidelines advocate the early 
use of echocardiography to establish the diagnosis of 
IE. This clinical practice has several implications. 
While echocardiography can often provide a rapid 
diagnosis, its optimal use is predicated on the appro-
priate pretest probability of disease. By contrast, 
echocardiography is increasingly overused in clinical 
scenarios with a low (<2–3%) pretest probability of 
disease, where its diagnostic utility diminishes.

In order to use a diagnostic tool, such as echocar-
diography, in an effective manner it is important to 
simultaneously include several clinical features includ-
ing: an appropriate pretest probability of disease (e.g., 
>2–3%); an understanding of the diagnostic technol-
ogy; and a clinical situation in which the diagnostic test 
results will likely change the management of the patient. 
Although there are few empiric data to quantitate the 
pretest probability of disease, there is a general accep-
tance that certain clinical characteristics increase the 
pretest probability of disease significantly (Table 13.4). 
When focusing on the diagnostic technology, the basic 
characteristics of echocardiography must be kept in 
mind. For instance, in ~15% of patients the sound trans-
mission from the chest wall may be attenuated by a 
variety of factors (e.g., obesity, lung hyperinflation) 
such that there is insufficient resolution to make a firm 
diagnosis. In these situations, TEE may be indicated as 
a primary imaging modality.

Overuse of Echocardiography

Recent literature has provided evidence that imaging 
technologies such as echocardiography can be over-
used in certain clinical scenarios such as the evaluation 
of suspected endocarditis. For instance, Kurupuu and 

Fig. 13.10 Dehiscence

Table 13.4 Characteristics suggestive of endocarditis (Modified 
from Greaves et al5)

•  Fever
•  Organisms grown on blood culture
 – Particularly without a known source of infection
•  Recent history of injection drug use
•  Congenital cardiac structural abnormality
 – (e.g., mitral valve prolapse)
•  Known rheumatic heart disease
•  Presence of prosthetic valve or intracardiac device
•  Vasculitic/embolic phenomena
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colleagues have shown that 53% of echocardiograms 
could be avoided without loss of diagnostic accuracy 
by using a simple algorithm in patients with a low pre-
test probability of disease. In addition, Greaves and 
colleagues5 have shown that the collective absence of 
five simple clinical criteria indicated a zero probability 
of a TTE showing evidence of endocarditis. These 
clinical criteria included: vasculitic/embolic phenom-
ena; presence of central venous access; recent history 
of injection drug use; presence of prosthetic valve; and 
positive blood cultures. Collectively, these studies have 
shown that in patients with very low pretest probability 
of disease, echocardiography may be avoided without 
the loss of diagnostic accuracy.

TTE vs. TEE

Both TTE and TEE have an important role in the diag-
nosis and management of patients with suspected IE. 
In general, TTE is widely available and can provide 
rapid important diagnostic information. As discussed 
earlier, there are clinical situations in which TTE imag-
ing alone does not provide adequate resolution to make 
a firm diagnosis. TEE imaging is typically performed 
at a higher frequency (6–7 MHz) compared to TTE 
(2–4 MHz). This higher frequency allows for greater 
spatial resolution of nearby structures including the 
cardiac valves. Under ideal conditions, TTE can reli-
ably identify structures as small as 5 mm in diameter, 
while TEE can depict structures as small as 1 mm. It is 
generally accepted that the sensitivity/specificity is 
superior for TEE compared with TTE (93%/96% vs. 
46%/95%).

Cost Effectiveness of Diagnostic Imaging 
Strategies

While certain clinical scenarios may dictate the type 
and order of diagnostic strategies, there are recent 
data that help guide this decision making. For example, 
there is now evidence for both the evaluation of the 
general patient suspected of having IE, as well as 
for the patient with catheter associated S. aureus 
bacteremia.

In the general patient in which there is a suspicion 
of IE, current guidelines highlight the use of TTE and/
or TEE imaging depending on the clinical scenario. 
Recently, studies have shown that an initial strategy of 
TEE imaging is most cost effective in the majority of 
clinical situations. For instance, Heidenreich and col-
leagues have shown that in suspected endocarditis a 
diagnostic strategy that focuses on TEE as the initial 
imaging modality is more cost effective than a staged 
procedure with TTE and is a dominant strategy over 
empiric antibiotic therapy alone. In this study, 
transesophageal imaging was optimal for patients who 
had a prior probability of endocarditis that is observed 
commonly in clinical practice (4–60%) with a reduced 
cost of $18 per person compared with the use of tran-
sthoracic echocardiography. In contrast, strategies that 
reserved the use of TEE for patients who had an inad-
equate transthoracic study provided similar quality-
adjusted life years but cost modestly more per patient.

In a similar study, Rosen and colleagues set out to 
determine the cost-effectiveness of TEE in establish-
ing the duration of therapy for catheter-associated bac-
teremia. In this study, three management strategies 
were compared: (1) empirical treatment with 4 weeks 
of antibiotics (long course); (2) empirical treatment 
with 2 weeks of antibiotic therapy (short course); and 
(3) TEE-guided therapy. In the case of the TEE strat-
egy, a positive TEE dictated long course therapy and a 
negative TEE dictated short course therapy. The effec-
tiveness of an empiric long course strategy and a TEE-
guided strategy were both superior to empiric short 
course therapy. When costs were taken into account, 
the TEE-guided strategy was superior to the empiric 
long course strategy which cost over $1,500,000 per 
quality-adjusted life year saved.

Echocardiography to Predict 
Complications and Guide Therapeutic 
Decision Making

Once the diagnosis of infective endocarditis has been 
established, the information from the echocardio-
graphic examination can be used to establish the prog-
nosis and guide future decision making. For instance, 
echocardiographic findings that establish evidence 
of infection extension into the perivalvular tissue 
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(e.g., abscess, pseudoaneurysm, and fistula) may indi-
cate a need for urgent surgical consideration. In addi-
tion, Doppler data that allow for the assessment of 
valvular regurgitation and cardiac function can greatly 
assist the clinician in understanding the current and 
future hemodynamic status. Finally, there is substantial 
evidence to support decision making related to the 
association between vegetation size and risk for throm-
boembolic complications.

Since the early 1990s multiple studies have shown a 
strong association between vegetation size and subse-
quent thromboembolic risk. For instance, Sanfilippo 
and colleagues1 found that the risk of embolization was 
directly related to vegetation size. In fact, for vegeta-
tions greater than six mm in size the risk of subsequent 
embolization was linearly related to an increase in veg-
etation size (Fig. 13.11). These findings have been veri-
fied by several investigators. Tischler and Viatkus 
conducted a meta-analysis that incorporated 10 studies 
involving 738 patients with IE. They found that the 
pooled odds ratio (OR) for risk of embolization was 3 
times higher n patients with large vegetations (>10 mm) 
compared to patients with no detectable or small 
vegetations (OR: 2.90, 95% CI: 1.95, 4.02).

Importantly, Di Salvo and colleagues have extended 
these findings by studying both clinically apparent 
thromboembolic events, as well as clinically silent 
embolic events diagnosed by standard imaging in all 
patients. The investigators found that both vegetation 
size and mobility were predictive of embolic events. 
Specifically, 70% of the embolic events were in patients 
with large (>15 mm) vegetations. In addition, vegetation 
mobility was also related to embolic risk; in the 73 
patients with moderate-severe mobility in the vegetation, 
45 (62%) had a subsequent embolic event.

One issue in the interpretation of such findings is the 
high degree of interobserver variability in recording the 

specific characteristics of vegetations. For instance, 
Heinle and colleagues observed that there was a high 
degree of variability in the interpretation of specific 
vegetation findings. Specifically, they found only 57% 
agreement in regards to mobility, 36% in shape, and 
40% in the site of attachment. Therefore, in the absence 
of interobserver consistency, these findings must be 
used with caution to support decision making.

Special Considerations in Patients with IE

Prosthetic Valve IE

Prosthetic valve endocarditis (PVE) is a special case 
when it comes to choosing an imaging modality. 
Although we have previously mentioned several 
aspects in which TEE imaging may be superior to 
standard TTE imaging, these discussions have pre-
sented data on large groups of patients with IE. In spe-
cific patient populations, such as those with PVE, 
characteristics and limitations of the imaging tech-
nique are critical. For instance, in aortic valve PVE it 
is difficult to assess the entire annular circumference 
with either TTE or TEE alone. In addition, in mitral 
valve PVE it is likewise difficult to evaluate both the 
atrial and the ventricular aspects of the annulus with a 
single technique. Importantly, when there is a prosthe-
sis in both the aortic and the mitral positions there is no 
single echocardiographic technique that allows for 
adequate evaluation.

Overall, in patients with PVE it may be beneficial 
to perform both TTE and TEE studies. In this way, a 
full evaluation of the infected area can be performed 
including: the annulus of the valve infected; the func-
tion of the valve; abscess formation; presence of a 
fistula tract; assessment for dehiscence; assessment 
for perivalvular regurgitation; and full assessment of 
overall regurgitation.

Right-Sided IE

Patients with right-sided IE may also represent a special 
population when it comes to the selection of imaging 
modalities. For instance, although the tricuspid valve is 

Fig. 13.11 Risk of systemic embolization by size of vegetation. 
Adapted from Sanfilippo et al1
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usually well seen in the standard TTE views, patients 
with tricuspid valve IE are more likely to be infected 
with organisms such as S. aureus. It is well documented 
that in patients with S. aureus IE, TEE has superior test 
characteristics. In addition, the pulmonic valve may not 
be adequately seen from the standard TTE views. These 
issues must be taken into context with clinical outcomes 
data which show that injection drug uses with isolated 
right-sided IE may be adequately treated with 2 weeks 
of appropriate antibiotic therapy. Therefore, in this spe-
cific clinical scenario, the small risk of TEE may be 
outweighed by the small likelihood of diagnostic infor-
mation that will change therapeutic management. In 
these patients collaboration between the care team and 
the echocardiography laboratory is a necessity to 
develop the appropriate imaging strategy.

Intracardiac-Device-Related Infections

Intracardiac devices (e.g., pacemaker and implantable 
cardioverter defibrillators) have become an integral 
part of modern cardiovascular medicine. Recently, a 
steady stream of randomized trials has provided defini-
tive evidence that these devices improve symptoms, 
rehospitalization, or outcomes in selected patient pop-
ulations. The growing number of evidence-based indi-
cations for cardiac devices coupled with an aging 
population in the western world ensures a continued 
increase in the implantation of cardiac devices in the 
foreseeable future. Recent evidence from a study of 
the US Medicare population has shown that the device 
implantation rate had a relative increase of 42% in the 
1990s but that there was a 124% relative increase in 
patients with documented device infections during the 
same time period.

There are several important imaging considerations 
in patients with suspected intracardiac device infec-
tions. For instance, it is imperative to image the device 
throughout its course in the cardiac chambers. Special 
attention should be made at the point where the device 
crosses a valve, such as the tricuspid valve, in that 
there is likely high-velocity regurgitation at this point 
establishing the appropriate milieu for infection. In 
addition, devices that tract from the superior vena cava 
(SVC) should be imaged as far as possible into the 
SVC due to the fact that device-related infections in 
this area have been well documented.

Consideration for Multiple 
Echocardiographic Evaluations

Several studies have shown that multiple echocardio-
graphic evaluations may be useful in determining the 
prognosis of patients with IE. For instance, Rohmann 
and colleagues performed serial TEE studies in 83 
patients. They found that if a vegetation stayed static 
or enlarged then prognosis was much worse than if the 
vegetation shrank with therapy.

Serial examinations can be taken to extreme. For 
instance, Vieira and colleagues recently published data 
evaluating serial echocardiographic examinations. Over 
a 3-year period they evaluated 262 patients with sus-
pected IE referred for echocardiography. They found 
that repeat echocardiography was frequent; TTEs were 
repeated at least once in 192 (72.2%) patients while 
TEEs were repeated in 49 (18.4%) of patients. The 
average number of TTE examinations was 2.4, but six 
patients had at least six TTEs. In a similar fashion, the 
mean number of TEE examinations was 1.7, although 
four patients had at least four TEEs and one patient had 
five TEEs. The authors found that while repeated 
echocardiograms were occasionally helpful, no addi-
tional diagnostic information was provided after the 
second or third echocardiogram (TTE or TEE).

Other Imaging Modalities in IE

Other types of imaging may be used to support the 
diagnosis of IE and/or evaluate for potential complica-
tions. For instance, chest radiography can be used to 
provide supporting evidence of IE such as nodular pul-
monary infiltrates in a febrile injection drug user likely 
signifying right-sided IE with septic pulmonary 
emboli. In addition, cardiomegaly may indicate cham-
ber enlargement due to significant valvular regurgita-
tion, while enlarged pulmonary vessels provide 
evidence for congestive heart failure.

Computed tomography (CT) and magnetic reso-
nance imaging (MRI) have long been used to assess 
for evidence of thromboembolic complications, such 
as stroke or visceral embolic events, in patients with IE 
but their role in imaging cardiac pathology is less 
established. For instance, there have only been isolated 
case reports of the use of CT imaging to diagnosis 
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complications of IE such as aortic root abscess. In a 
similar fashion, there have been multiple case reports 
of the use of MRI in patients with IE, but no large stud-
ies have been performed.

For both CT and MRI, the enhanced spatial resolu-
tion provided by the current imaging modalities and 
the likely improvements in this resolution over time, 
provide for the possibility of evaluating cardiac mani-
festations of the infective process in a more refined 
way. Enthusiasm for either of these modalities must be 
tempered by current limitations due to temporal reso-
lution. For instance, the length of time currently 
required to acquire images, the difficulty in evaluating 
motion, and the presence of motion artifacts are impor-
tant limitations in a disease such as IE.

Conclusions

Prior to the availability of echocardiography, the diag-
nosis and management of patients with IE was based 
almost entirely on clinical findings. In the 1970s and 
1980s echocardiography revolutionized our ability to 
not only make the appropriate diagnosis in patients 
suspected of having IE but also allowed for an under-
standing of complications and risk of complications. 

Based on this knowledge, echocardiography is not 
only essential in the diagnostic strategy in patients 
with suspected IE, but has become indispensable as a 
tool to detect serious complications and guide thera-
peutic decision making.
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Pericardial Disease
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Anatomy, Function, and Physiology  
of the Pericardium

The pericardium has two membranous layers, an outer 
parietal fibrous layer and an inner visceral serous layer 
(Fig. 14.1). The serous pericardium covers the heart 
and proximal great vessels. It is reflected to form the 
parietal pericardium. Normally, the intrapericardial 
space between the two pericardial layers contains 
25–50mL serous fluid secreted by the visceral pericar-
dium and the intrapericardial pressure is equal to the 
intrapleural pressure. The pericardium provides 
mechanical protection for the heart and lubrication to 
reduce friction between the heart and contiguous struc-
tures. Because of the relative lack of distensibility, the 
pericardium also exerts hemodynamic impact on car-
diac function. It limits acute distention of the heart and 
contributes to diastolic interaction between the two 
ventricles (the distention of one ventricle affects the 
filling dynamics of the other). This ventricular interde-
pendence is important to the pathophysiology leading 
to pericardial tamponade and constriction.

Diseases of the Pericardium

In this chapter, we will focus on pericardial effusion, 
tamponade, and constriction. Less common entities, 
such as congenital absence (partial or complete) of the 
pericardium, pericardial cyst, and pericardial tumors, 
can be encountered.

Congenital Absence of the Pericardium

Congenital absence of the pericardium can be com-
plete or partial (Fig. 14.2). It can be asymptomatic, or 
associated with atypical chest pain. Sudden cardiac 
death can occur with herniation of cardiac chambers 
through a partial defect. Echocardiographic windows 
in these patients appear different. Because the cardiac 
structures are shifted leftward, the right ventricle 
appears prominent, simulating right ventricular vol-
ume overload. There is both exaggerated cardiac 
motion and abnormal ventricular septal motion. 
Associations of congenital absence of pericardium 
include bicuspid aortic valve, atrial septal defect, and 
bronchogenic cysts. Surgical treatment may be neces-
sary if symptomatic.

Pericardial Cyst

Pericardial cyst is usually discovered incidentally and is 
a benign condition. It is most commonly, but not invari-
ably, found at the right costophrenic angle (Fig. 14.3). 
It needs to be differentiated from other masses, such as 
malignant tumors, diaphragmatic hernia, and cardiac 
chamber enlargement.

Pericardial Tumors

The leading cause of pericardial tumor is metastatic in 
nature, most commonly from lung or breast cancer, 
melanoma, lymphoma, and acute leukemia. Many 
cases are asymptomatic and are found only incidentally, 
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but others cause symptoms and may progress to 
cardiac tamponade. Primary cardiac tumors may also 
invade the pericardium directly.

Primary mesothelioma of the pericardium is rare 
but highly lethal. Other primary tumors of the pericar-
dium, such as teratomas, are quite rare.

Pericardial Effusion and Tamponade

When the amount of fluid or blood in the pericardial 
space exceeds 25mL, an echo-free space persists 
throughout the cardiac cycle. Most commonly, pericar-
dial fluid is circumferential. However, it can be locu-
lated in the anterior, or more likely, posterior location. 
Posteriorly loculated pericardial effusion occurs not 
uncommonly following cardiac surgery.

Etiologies

The most common causes of pericardial effusion are 
malignancy, postpericardiotomy syndrome following 
cardiothoracic surgery, and secondary to perforation of 
the heart from invasive procedures. Other causes of 
pericardial effusions are listed in Table 14.1. Many 
remain “idiopathic” after careful investigations.

Clinical Features

Acute pericarditis is often associated fever and chest 
pain. Most commonly, it is attributed to viral illness, 
but can occur in the context of other conditions, includ-
ing myocardial infarction. The constitutional symp-
toms are usually mild to moderate. A pericardial 
friction rub may be present. The disease ordinarily 
runs its course in 1–4 weeks, but recurrences may 
occur and relapsing cases can be debilitating. 
Accumulation of pericardial fluid is common, although 

Fig. 14.1 Parietal and visceral pericardium. The outer layer is 
the parietal pericardium, and the inner layer, the visceral pericar-
dium. There is normally a small amount of fluid in the pericar-
dial space between these two layers

Fig. 14.2 Congenital absence of pericardium. With leftward 
shift of the heart, the right ventricle (RV) is at the center of the 
apical image rather than the left ventricular apex with an appear-
ance of RV overload (From Oh JK, Seward JB, Tajik AJ. The 
Echo Manual. 2nd ed. PA: Lippincott-Raven, 1999, p 188. With 
permission of Mayo Foundation.)

Fig. 14.3 Pericardial cyst. Subcostal view showing large peri-
cardial cyst (C) adjacent to the right atrium. RV right ventricle, 
LV left ventricle, RA right atrium, LA left atrium
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tamponade is unusual. Residual sequelae can include 
constrictive pericarditis. The ST-segment alterations in 
the ECG usually disappear over weeks, but abnormal T 
waves may persist for years. Pleuritis and pneumonitis 
frequently accompany pericarditis.

Echocardiographic Features

Two-dimensional echocardiography allows evaluation •	
of the fluid amount, location, and distribution. 
Qualitatively, the size of the pericardial effusion can 
be described as small, moderate, or large. To facilitate 
comparison between studies, it is best to provide quan-
titative description. Simplistically, the size of the peri-
cardial effusion would be considered as:

Small if maximal dimension of the effusion  –
measures 1.0 cm or less
Small to moderate if 1.0–1.5 cm –

Moderate sized if 1.5–2.5 cm –
Large if exceeding 2.5 cm –

When the amount of pericardial effusion is massive, 
the heart may have a “swinging” motion in the pericar-
dial cavity (Fig. 14.4), which is responsible for the 
electrocardiographic finding of “electrical alternans.” 
Cardiac tamponade can occur with a small amount of 
effusion, if the fluid accumulation is rapid, such as in 
the case of myocardial rupture following acute infarc-
tion or cardiac perforation from electrophysiology 
study or pacemaker implantation. In these situations, 
the small amount of rapid fluid accumulation in the 
relatively nondistensible pericardial sac leads to 
hemodynamic collapse, which can be life threatening 
if not promptly treated.

M-mode and 2D echocardiographic features are •	
usually characteristic in this life-threatening condi-
tion: early diastolic collapse of the right ventricle 
(Fig. 14.5), late diastolic right atrial inversion (Fig. 
14.6), abnormal ventricular septal motion, respira-
tory variation in ventricle chamber size, and dilated 
inferior vena cava with blunted respiratory changes. 
However, these features may not be all present. For 
example, in the case of pulmonary hypertension, 
the pressures within the right-sided chambers are 
high, and collapse of the right ventricle and atrium 
may not occur even though significantly elevated 
intrapericardial pressure and cardiac tamponade 
may be present.

Blood clots, which may appear congealed or partially 
liquefied, can be found in the pericardial space (hemo-
pericardium) in the case of acute myocardial rupture 
from infarction or trauma, and in proximal aortic dissec-
tion. The blood clots can cause compression of the car-
diac chambers leading to tamponade (Fig. 14.7).

Table 14.1 Etiologies of pericardial effusion

Malignancy
Postoperative (postpericardiotomy)
Cardiac puncture from invasive procedures (electrophysiology 

studies, cardiac catheterization, pacemaker/ICD 
implantation)

Ischemic heart disease related (postinfarct as in Dressler’s 
Syndrome; myocardial rupture)

Infectious
Immune/connective tissue diseases (lupus; rheumatoid arthritis; 

vasculitides)
Idiopathic
Renal failure
Drug-related and anticoagulants
Postradiation
Chest trauma
Hypothyroidism
Amyloidosis

Fig. 14.4 “Swinging heart” in 
cardiac tamponade. With large 
amount of fluid, the position of 
the heart changes over the 
cardiac cycle (left, during 
diastole with right atrial 
inversion (arrows); right, 
during systole); RV right 
ventricle, LV left ventricle, PE 
pericardial effusion



300 T.S.M. Tsang et al.

BookID 128962_ChapID 14_Proof# 1 - <Date> BookID 128962_ChapID 14_Proof# 1 - <Date>

Doppler echocardiographic findings are more sen-•	
sitive for hemodynamic compromise due to pericar-
dial effusion than the M-mode/2-D echocardiographic 

features. In normal circumstances, intrapericardial 
pressure and intrathoracic pressure fall by the same 
magnitude on inspiration. In cardiac tamponade, 
intrapericardial and intracardiac pressures fall less 
than intrathoracic pressure during inspiration. 
Therefore, the left ventricular filling pressure gradi-
ent (difference between pulmonary wedge pressure 
and left ventricular diastolic pressure) decreases. 
As a consequence, mitral valve opening is delayed, 
isovolumic relaxation time lengthens, and mitral 
E velocity decreases. As well, the filling hemody-
namics in one ventricle are affected by those in the 
other ventricle (ventricular interdependence).

Thus, during inspiration, increased venous return 
to the right heart chambers is associated with decrease 

Fig. 14.5 Diastolic collapse of right ventricle in cardiac tam-
ponade. Parasternal long-axis view of a patient with tamponade 
during systole (left) and diastole (right). The right ventricle (RV) 
collapses during diastole. RV right ventricle, LV left ventricle, 

LA left atrium, VS ventricular septum, PE pericardial effusion 
(From Oh JK, Seward JB, Tajik AJ. The Echo Manual. 2nd ed. 
PA: Lippincott-Raven, 1999, p 183. With permission of Mayo 
Foundation.)

Fig. 14.6 Late diastolic right atrial inversion in cardiac tampon-
ade. Apical four-chamber view showing late diastolic collapse 
of the right atrium (arrow). LV left ventricle, RV right ventricle, 
LA left atrium, RA right atrium, PE pericardial effusion (From 
Oh JK, Seward JB, Tajik AJ. The Echo Manual. 2nd ed. PA: 
Lippincott-Raven, 1999, p 183. With permission of Mayo 
Foundation.)

Fig. 14.7 Hemopericardium causing cardiac tamponade. Left 
ventricular rupture causing hemopericardium and tamponade
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in left ventricular filling, which is markedly exagger-
ated in cardiac tamponade. Clinically, this is mani-
fested as pulsus paradoxus (drop of systolic blood 
pressure by more than 10mm Hg on inspiration), a 
classic sign of tamponade. Echocardiographically, on 
the left side, mitral E velocity drops (typically greater 
than 25% when compared to the expiratory E velocity, 
but this does not have to be evident in all cases of tam-
ponade). Reciprocal changes occur in the right heart 
chambers (Fig. 14.8).

The respiratory flow velocity changes across the 
mitral and tricuspid valves are also reflected in the pul-
monary and hepatic venous flow profile:

Inspiratory decrease and expiratory increase in 
pulmonary vein diastolic forward flow and expiratory 
decrease in hepatic vein forward flow with increase in 
expiratory reversal flow (Fig. 14.9).

Not all classic 2D and Doppler features have to be •	
present for the diagnosis of cardiac tamponade to 

be made. More importantly, it is the constellation 
of clinical and echocardiographic findings in the 
appropriate clinical context that clinches the diag-
nosis. It is important to recognize that certain fea-
tures can be “masked” as a result of the concurrent 
presence of other pathologies (for instance, the 
lack of right-sided chamber collapse in cardiac 
tamponade in the presence of severe pulmonary 
hypertension).

Echo-Guided Pericardiocentesis

The most effective, and potentially life-saving, treat-
ment for cardiac tamponade is removal of the pericar-
dial fluid. A blind percutaneous pericardiocentesis is 
associated with a high rate of complications, including 
death. Two-dimensional echocardiography can guide 
pericardiocentesis by locating the optimal site for needle 

Fig. 14.8 Mitral and tricuspid inflow velocity profile of a 
patient with cardiac tamponade: mitral E decreases significantly 
with inspiration (arrowhead) and increases with expiration 
(double arrowhead), while tricuspid E increases with inspiration 
(double arrowhead) and decreases with expiration (arrowhead) 
(From Oh JK, Seward JB, Tajik AJ. The Echo Manual. 2nd ed. 
PA: Lippincott-Raven, 1999, p 185. With permission of Mayo 
Foundation.)

Fig. 14.9 Pulmonary and hepatic venous flow velocities in a 
patient with cardiac tamponade. On expiration, there is signifi-
cant increase in diastolic forward flow (double arrowhead) in the 
pulmonary veins, and blunting of diastolic forward flow with 
increased diastolic reversals (DR) in the hepatic veins. S systolic 
forward flow, D diastolic forward flow, DR diastolic reversals 
(From Oh JK, Seward JB, Tajik AJ. The Echo Manual. 2nd ed. 
PA: Lippincott-Raven; 1999, p 185. With permission of Mayo 
Foundation.)
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entry (Fig. 14.10). The position of the Teflon-sheathed 
needle can be evaluated by administration of agitated 
saline contrast while imaging (Fig. 14.11). Under most 
circumstances, a pig-tail (6 or 7 French) catheter is 
introduced and left in the pericardial sac for several 
days with intermittent drainage (every 4–6h). This 
practice has reduced the rate of recurrent effusion, and 
sclerosing agents are no longer used. The need for sur-
gical management has also decreased considerably over 
the years.

At the Mayo Clinic, most pericardiocentesis proce-
dures are performed by an echocardiographer with the 
guidance of 2D echocardiography. Based on our con-
secutive series consisting of 1,127 echo-guided pericar-
diocentesis procedures performed during a 21-year 
period, the most commonly selected location for needle 
entry is the para-apical area. Malignant effusion was 
most common (34%), followed by postoperative effu-
sions (25%), and effusions occurring as complications 
of catheter-bases procedures (10%). In the recent years, 

Fig. 14.10 Ideal site for needle entry by echocardiographic guidance. (From Oh JK, Seward JB, Tajik AJ. The Echo Manual. 2nd 
ed. PA: Lippincott-Raven, 1999, p 185. With permission of Mayo Foundation.)
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postoperative effusion has surpassed malignancy as the 
leading cause of pericardial fluid accumulation requir-
ing intervention. Echo-guided pericardiocentesis was 
successful in 97% of the cases.

There were a total of 14 major complications (1.2%). 
These included the death of a 50-year-old woman with 
severe primary pulmonary hypertension, who did not 
survive an attempted surgical rescue following a right 
ventricular puncture that led to hemorrhagic tamponade. 
Nonfatal complications included chamber lacerations 
requiring surgery (5), injury to an intercostal vessel 
necessitating surgery (1), pneumothoraces requiring 
chest tube placement (5), ventricular tachycardia (1), 
and bacteremia possible related to pericardial catheter 
placement (1).

There were 40 minor complications (3.5%), that did 
not require specific interventions, except for monitor-
ing and appropriate follow up. These included transient 
chamber entries (11), small pneumothorax noted on 
radiographs (8), vasovagal response with transient fall 
in blood pressure (2), nonsustained supraventricular 
tachycardia (2), pericardial catheter occlusion (8), and 
probable pleuropericardial fistulas (9).

Differentiating Pericardial Effusion from Pleural 
Effusion

Occasionally, pericardial effusion can be confused 
with pleural effusion. Several features may help to dif-
ferentiate pericardial from pleural effusion. Pericardial 

effusion is most often circumferential (although it can 
be loculated anteriorly or posteriorly). If there is an 
echo-free space anteriorly only, it may be difficult to 
distinguish an epicardial fat pad from pericardial effu-
sion. Posteriorly, pericardial effusion is located ante-
rior to the descending thoracic aorta, whereas pleural 
effusion is present posterior to the aorta (Fig. 14.12).

Pericardial Constriction

Pathophysiology and Etiologies

Constrictive pericarditis is characterized by restrictive 
ventricular filling due to a stiffened or noncompliant 
pericardium. The pericardium may be thickened and 
calcified, although there have been documented cases 
of constriction where stiffened pericardium accompa-
nied by constrictive physiology occurs in the absence 
of persistent pericardial thickening. In the classic sce-
nario of advanced constriction, the pericardium usu-
ally contains calcified fibrous scar tissue from an 
inflammatory process, and the scarring may involve 
the epicardium. There are multiple causes of constric-
tion. These include acute pericarditis, collagen vascu-
lar disease, coronary artery bypass surgery, and 
tuberculosis (Table 14.2). However, it may be idio-
pathic. In modern era, cardiac surgery has become the 
most common etiology (about 30%) for constrictive 
pericarditis.

Fig. 14.11 Agitated saline 
contrast injection for assess-
ment of position of Teflon-
sheathed needle during 
pericardiocentesis with 
opacification of the pericardial 
space (*) after saline contrast 
injection. RV right ventricle, 
LV left ventricle, RA right 
atrium, LA left atrium, VS 
ventricular septum
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Clinical Features

Clinical features at presentation may include dyspnea, 
systemic venous congestion with hepatomegaly, 
ascites, and leg edema. The most prominent findings 
on physical examination are related to systemic venous 
congestion, such as distention of the jugular vein. 
Venous pressure often increases with inspiration 
(Kussmaul’s sign) because of the inability of the right 
side of the heart to accommodate the increased cardiac 
input with inspiration. Unlike the patients with cardiac 
tamponade in whom a prominent “x” descent is observed, 
patients with constrictive pericarditis characteristi-

cally have rapid “y” descent, which reflects the early 
diastolic decrease in right ventricular pressure.

With high atrial pressure, rapid filling of the ven-
tricle is accelerated with generation of a third heart 
sound, described as “pericardial knock,” which usually 
occurs 80–120ms after aortic valve closure.

Most of the symptoms associated with constriction 
may resolve with pericardiectomy. However, the symp-
toms and clinical findings mimic those of restrictive 
cardiomyopathy, which is a progressive disease with 
no long-term effective treatment.

Echocardiographic Findings

Echocardiography is most helpful and may be the 
initial test in diagnosing constrictive pericarditis.

•	 The characteristic M-mode/two-dimensional echocar-
diographic findings include:

Abnormal ventricular septal motion (“septal  –
bounce”) (Fig. 14.13)
Increased pericardial thickness or calcification –
Dilated inferior vena cava with no significant  –
changes with inspiration, and – flattening of the 
left ventricular posterior wall during diastole

•	 However, these findings are neither sensitive 
nor specific. Although the underlying pathologic 

Table 14.2 Causes of constrictive pericarditis

Postoperative
Idiopathic
Postacute pericarditis of any cause
Radiation induced
Uremia
Connective tissue disease (systemic lupus erythematosus, 

scleroderma, rheumatoid arthritis)
Post-trauma
Drugs (procainamide, hydralazine, methysergide)
Neoplastic pericardial disease (melanoma, mesothelioma)
Tuberculosis, fungal infections (histoplasmosis, coccid-

ioidomycosis), parasitic infections
Postmyocardial infarct
Post-Dressler syndrome
Postpurulent pericarditis
Pulmonary asbestosis

Fig. 14.12 Differentiating between posterior pericardial 
effusion and left pleural effusion from the parasternal long-
axis view. Pericardial effusion can be seen between the pos-
terior left ventricular (LV) wall and descending thoracic 
aorta (AO), while pleural effusion (PL) is seen behind the 

aorta. LV left ventricle, LA left atrium, RV right ventricle; 
PL, pleural effusion; AO, descending thoracic aorta (From 
Oh JK, Seward JB, Tajik AJ. The Echo Manual. 2nd ed. PA: 
Lippincott-Raven; 1999, p 186. With permission of Mayo 
Foundation.)
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mechanism of constriction is different from that of 
cardiac tamponade, the hemodynamic events of respi-
ratory variation during left and right ventricular 
filling are similar in the two conditions.

•	 The thickened pericardial layer prevents full trans-
mission of intrapleural pressure changes with respi-
ration to the pericardial and intracardiac cavity, 
creating respiratory variation in the left-side filling 

pressure gradient (pressure difference between the 
pulmonary vein and the left atrium).

•	 Therefore, the mitral inflow and the pulmonary 
venous diastolic flow velocities decrease immedi-
ately after the onset of inspiration and increase with 
expiration (Fig. 14.14).

•	 Reciprocal changes occur in tricuspid inflow and 
hepatic venous flow profile because of the relatively 

Fig. 14.13 M-mode echocar-
diogram with respirometry 
showing abnormal ventricular 
septal motion (“septal bounce”) 
in a patient with constrictive 
pericarditis. There was septal 
shift of the ventricular septum 
(VS) toward the left ventricle 
(LV) during inspiration and 
toward the right ventricle (RV) 
on expiration, and flattening of 
the posterior wall (PW) due to 
limited diastolic filling (From Oh 
JK, Seward JB, Tajik AJ. The 
Echo Manual. 2nd ed. PA: 
Lippincott-Raven, 1999, p 186. 
With permission of Mayo 
Foundation.)

Fig. 14.14 Composite of 
mitral valve, tricuspid valve, 
pulmonary vein, and hepatic 
venous flow velocities typically 
seen in constrictive pericarditis. 
D diastolic flow, DR diastolic 
flow reversal, Exp expiration, 
Insp inspiration, S systolic flow, 
SR systolic flow reversal. (From 
Oh JK, Seward JB, Tajik AJ. 
The Echo Manual. 2nd ed. PA: 
Lippincott-Raven; 1999, p 188. 
With permission of Mayo 
Foundation.)
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fixed cardiac volume. With decreased filling of the 
right cardiac chambers on expiration, there are 
exaggerated diastolic flow reversals and decreased 
diastolic forward flow in the hepatic vein with the 
onset of expiration (Fig. 14.14). In contrast, hepatic 
vein flow reversals are more prominent with inspi-
ration in restrictive cardiomyopathy. It is not 
unusual to see significant diastolic flow reversals in 
the hepatic veins during both inspiration and expi-
ration in patients with advanced constriction or 
combined constriction and restriction.

•	 Exceptions: A subgroup of patients with constric-
tive pericarditis may not have the characteristic 
respiratory variation of Doppler velocities. Mitral 
inflow velocities may not show respiratory varia-
tion in up to 50% patients with constrictive peri-
carditis, but expiratory diastolic flow reversal in 
hepatic vein is present in almost all patients with 
constrictive pericarditis. Therefore, the absence of 
respiratory variation of mitral inflow in patients 

with clinical evidence of significant systemic 
venous congestion does not exclude the diagnosis 
of constrictive pericarditis, and additional studies 
should be performed.

•	 The typical respiratory variation and Doppler 
velocities also can occur in other conditions such 
as chronic obstructive lung disease, right ventricular 
infarct, sleep apnea, asthma, and pulmonary embo-
lism. This is due to increased respiratory efforts so 
that intrapleural pressure drop with inspiration is 
pronounced and not all of which can be transmitted 
to the heart.

•	 Tissue Doppler: Mitral annulus velocity by tissue 
Doppler imaging has become an important component 
of the echocardiographic examination for assessment 
of constriction and differentiation from restric-  
tion. The presence of preserved or even high mitral 
septal annulus velocity of ³8 cm/s (Fig. 14.15a), 
especially in the context of restrictive left ventricular 
filling or high filling pressures (E/A ratio of >1.5 and 

a

b

Fig. 14.15 Mitral annulus velocity 
profile in constriction (a) and restriction 
(b). E¢ is well preserved in constriction 
but blunted in restriction
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deceleration time of <160ms), is suggestive of con-
striction. In restriction, the mitral annulus velocity is 
typically decreased (<8 cm/s) (Fig. 14.15b). In con-
strictive pericarditis, myocardial relaxation is rela-
tively well preserved unless the myocardium is also 
involved as seen in radiation heart injury. The longi-
tudinal motion, assessed by mitral septal annulus 
velocity, becomes exaggerated as the constriction 
gets worse with higher filling pressure, paradoxical to 
its change in myocardial disease. The phenomenon 
has been termed “Annulus Paradoxus”. E/E¢ is, there-
fore, inversely proportional to pulmonary capillary 
wedge pressure in constriction, whereas it is posi-
tively related to pulmonary capillary wedge pressure 
in myocardial disease. More recently, Sohn and his 
colleagues reported that E¢ also varies with respira-
tion, but usually in the opposite direction compared to 
mitral inflow.

Differentiating Constriction from Restriction

The clinical and hemodynamic profiles of restriction 
and constriction are similar, despite these conditions 
having distinctly different pathophysiologic mecha-
nisms. Both are caused primarily by diastolic filling 
abnormalities, and systolic function is generally pre-
served. The diastolic dysfunction in restrictive cardio-
myopathy results from noncompliant ventricular 
myocardium; whereas in constrictive pericarditis, from 
noncompliant pericardium.

•	 Electrocardiographically, voltage may be decreased 
in restrictive cardiomyopathy in cases of infiltrative 
disease, such as amyloid heart disease.

•	 Echocardiographically, restriction and constriction 
may have similar morphology.

The ventricles are usually normal size with enlarged  –
atria (in restriction atrial size is usually greater)
The pericardium is often thickened in constric- –
tion (although this may not be obvious, and is 
not present in transient constriction)
Left ventricular wall thickness is increased in  –
infiltrative disease associated with restriction. 
Left ventricular systolic function is generally 
normal and inferior vena cava is dilated

In constrictive pericarditis, the most striking finding is 
ventricular septal motion abnormalities, which can be 

explained on the basis of respiratory variation in 
ventricular filling. There are typical respiratory varia-
tions in ventricular filling (decreased filling of the left 
ventricle with inspiration and increased filling with 
expiration and significant hepatic venous flow reversal 
with expiration because of decreased filling on the 
right side).

Restrictive cardiomyopathy is characterized by the 
restrictive Doppler physiology, with increased E veloc-
ity, decreased A velocity, E/A ratio greater than 2, and 
shortened deceleration time of E velocity. Hepatic vein 
diastolic flow reversals occur with inspiration instead 
of expiration. A subgroup of patients with constrictive 
pericarditis may have similar Doppler findings without 
respiratory variation. In such cases, the Doppler exam-
ination should be repeated after an attempt has been 
made to reduce preload (head-up tilt position or diuretic 
therapy).

•	 Tissue Doppler recording of mitral annulus has 
become an important means to differentiate myo-
cardial restrictive from pericardial constrictive heart 
disease. Typically, mitral annular E¢ velocity is well 
preserved in constriction (often greater than 8cm/s) 
but significantly diminished in restriction. Mitral 
inflow propagation velocity (PFV) measured by 
color M-mode is also helpful in distinguishing 
restriction (PFV < 45cm/s) from constriction (PFV 
>45cm/s). However, it is more difficult to perform 
than TDI.

•	 If the diagnosis remains uncertain after a careful 
clinical examination, review of laboratory data, and 
2D and Doppler echocardiographic evaluation, 
additional studies including CT or MRI can be help-
ful. Cardiac catheterization for assessment of char-
acteristic discordant respiratory changes in the left 
and right ventricular pressure tracings can also be 
considered.

Differentiating Constriction from Chronic 
Obstructive Lung Disease

The most important Doppler finding that reliably dis-
tinguishes between these two entities is superior vena 
cava flow velocities. In chronic obstructive lung dis-
ease, superior vena cava flow is markedly increased 
with inspiration (Fig. 14.16). The underlying mecha-
nism for respiratory variation in chronic obstructive 
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lung disease is a greater decrease in intrathoracic 
pressure with inspiration, which generates greater 
negative pressure changes in the thorax. This enhances 
flow to the right atrium from the superior vena cava 
with inspiration producing marked systolic forward 
flow accentuation on inspiration. In constrictive peri-
carditis, superior vena cava systolic flow velocities 
do not change significantly with respiration (Fig. 
14.17). Generally, the difference in systolic forward 
flow velocity between inspiration and expiration is 
less than 20cm/s in constrictive pericarditis. Together 
with prominent diastolic reversals in the hepatic 
veins on expiration, and well preserved mitral annu-
lar E¢ velocity, the diagnosis of constriction can 
readily be made.

Diagnosing Constriction in Atrial Fibrillation

It is more challenging to diagnose constriction by 
echocardiography in patients with atrial fibrillation. 
Patients with constrictive pericarditis and atrial fibril-
lation should still have typical 2D features. Longer 
observation of Doppler velocities to detect velocity 
variation with respiration is necessary. Hepatic vein 
diastolic flow reversal with expiration is an important 
Doppler finding to suggest constrictive pericarditis, 
even when mitral inflow velocity pattern is not diag-
nostic. Respirometer recording may have a phase delay 
up to 1,000 ms, which makes the timing of velocity 
variation difficult. It is useful to remember that the 

lowest mitral inflow velocity usually occurs during 
inspiration. It is important that the patient tries to 
breathe smoothly during Doppler recording for timing 
of the Doppler profile. Ultimately, further studies with 
CT, MRI and/or cardiac catheterization are often nec-
essary to confirm the diagnosis.

Effusive-Constrictive Disease

Effusive-constrictive pericarditis occurs when pericar-
dial fluid accumulates between the thickened, fibrotic 
parietal pericardium and visceral pericardium. 
Radiation, malignancy, infection, connective tissue 
diseases, and idiopathic relapsing pericarditis are 
 common anteceding conditions. Transient effusive-
constrictive pericarditis has occurred with chemother-
apy. The hemodynamic features of this condition 
include those of tamponade and constriction, and are 
often evident when constrictive physiology is present 
even after removal of pericardial fluid.

Role of CT and MR Imaging in Pericardial 
Disease

Echocardiography is generally the first test of choice in 
the evaluation of pericardial disease, but is occasionally 
limited or indeterminate. CT or MR imaging is often 

Fig. 14.16 Characteristic superior vena cava Doppler profile in 
chronic obstructive lung disease. The systolic forward flow is 
markedly accentuated on inspiration. S systolic forward flow, 

D diastolic forward flow, DR diastolic reversals. (From Oh JK, 
Seward JB, Tajik AJ: The Echo Manual. Second edition. Lippincott-
Raven; 1999, p 190. With permission of Mayo Foundation.)
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helpful in these cases, offering superior soft tissue con-
trast and the ability to image the entire pericardium and 
its relationship to cardiac structure and function. 
Echocardiography is useful in evaluating the thickness 
of the pericardium, but is generally less sensitive than 
CT or MR imaging. CT and MR are often helpful in 
confirming, or diagnosing constriction when echocar-
diographic findings are indeterminate. Even in the case 
of pericardial effusion when the amount and location of 
the fluid is easily determined by echocardiography, and 
CT and MR imaging are generally unnecessary, the 
attenuation coefficients for blood, exudate, serous, and 
chylous fluid from CT are generally characteristic. MR 
imaging can identify inflamed pericardium and adhe-
sions which have a high-signal intensity relative to peri-
cardial fluid and myocardium, providing useful 
information regarding the nature of the effusion. MR 

imaging allows tissue characterization and is particu-
larly helpful in the evaluation of pericardial mass.

Conclusion and Practical Tips

Echocardiography is the primary diagnostic modality 
of choice for pericardial disease. It is noninvasive, por-
table, and can easily identify the amount, location, and 
distribution of pericardial fluid. It provides accurate 
assessment of the hemodynamic impact of the effu-
sion. With few exceptions, echo-guided pericardiocen-
tesis is the primary treatment of choice for large 
symptomatic, or hemodynamically significant pericar-
dial effusion. Echocardiography is generally also the 
first modality for assessing constrictive pericarditis. 

Fig. 14.17 Pulsed-wave Doppler recording from hepatic vein 
and superior vena cava (SVC) in constriction. The diastolic 
reversal (DR) in hepatic vein during expiration (double arrow-

head) is significantly increased when compared to that during 
inspiration. There was little augmentation of SVC systolic for-
ward flow on inspiration
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CT or MR imaging may be necessary for confirmation 
or for diagnosis if echocardiographic findings are inde-
terminate. For other pericardial pathologies, such as 
partial or complete absence of pericardium, pericardial 
cyst, or tumors involving the pericardium, echocar-
diography is useful in making the diagnosis in most 
situations. However, CT or MR imaging can be highly 
complementary, especially since these imaging modal-
ities are capable of tissue characterization, providing 
important information regarding the nature of some of 
these pathologies.

Bibliography

Ha JW, Oh JK, Ling LH, Nishimura RA, Seward JB, Tajik AJ. 
Annulus paradoxus: transmitral flow velocity to mitral annu-
lar velocity ratio is inversely proportional to pulmonary cap-
illary wedge pressure in patients with constrictive pericarditis. 
Circulation. 2001;104:976–978.

Ha JW, Oh JK, Ommen SR, Ling LH, Tajik AJ. Diagnostic value 
of mitral annular velocity for constrictive pericarditis in the 
absence of respiratory variation in mitral inflow velocity. 
J Am Soc Echocardiogr. 2002;15:1468–1471.

Haley JH, Tajik AJ, Danielson GK, Schaff HV, Mulvagh SL, Oh 
JK. Transient constrictive pericarditis: Causes and natural 
history. J Am Coll Cardiol. 2004;43:271–275.

Hoit BD, Dalton N, Bhargava V, Shabetai R. Pericardial influ-
ences on right and left ventricular filling dynamics. Circ Res. 
1991;68:197–208.

Ling LH, Oh JK, Breen JF, et al. Calcific constrictive pericardi-
tis: is it still with us?. Ann Intern Med. 2000;132:444–450.

Ling LH, Oh JK, Schaff HV, et al. Constrictive pericarditis in the 
modern era: evolving clinical spectrum and impact on outcome 
after pericardiectomy. Circulation. 1999;100:1380–1386.

Oh JK, Hatle LK, Seward JB, et al. Diagnostic role of Doppler 
echocardiography in constrictive pericarditis. J Am Coll 
Cardiol. 1994;23:154–162.

Spodick DH. Acute cardiac tamponade. N Engl J Med. 
2003;349:684–690.

Spodick DH. Acute pericarditis: current concepts and practice. 
JAMA. 2003;289:1150–1153.

Talreja DR, Edwards WD, Danielson GK, Schaff HV, Tajik AJ, 
Tazelaar HD, Breen JF, Oh JK. Constrictive pericarditis in 26 
patients with histologically normal pericardial thickness. 
Circulation. 2003;108:1852–1857.

Tsang TSM, Enriquez-Sarano M, Freeman WK, et al. Consecutive 
1127 therapeutic echocardiographically guided pericardio-
centeses: Clinical profile, practice patterns, and outcomes 
spanning 21 years. Mayo Clin Proc. 2002;77:429–436.

Tsang TS, Oh JK, Seward JB. Diagnosis and management of 
cardiac tamponade in the era of echocardiography. Clin 
Cardiol. 1999;22:446–452.



BookID 128962_ChapID 15_Proof# 1 - <Date>

Section 4
Ventricular Disorders and Ischemic Disease



BookID 128962_ChapID 15_Proof# 1 - <Date>

Introduction

The assessment of left ventricular systolic function 
and particularly regional wall motion has become 
increasingly important in determining the severity and 
prognosis of coronary artery disease (CAD). 
Echocardiography, with its high spatial and temporal 
resolution, is an ideally suited noninvasive method of 
assessing such changes in wall motion. In the acute 
situation, the ability to detect these changes can be 
very useful in the early detection of myocardial isch-
emia, even preceding changes on ECG and symptoms. 
Equally in patients presenting acutely with chest pain, 
with inconclusive ECGs, normal regional wall motion 
may help exclude underlying ischemia.

In patients presenting with a prior history of CAD, 
the presence of regional wall motion abnormalities 
(RWMA) and extent of left ventricular wall thinning 
can give valuable information regarding the site and 
severity of damage together with the extent of remod-
eling. Re-evaluation of these patients can allow any 
change in left ventricular function and architecture due 
to therapy (revascularization or drug treatment) to be 
fully assessed.

The improved image quality on modern machines, 
particularly with harmonic imaging, has allowed 
regional wall motion assessment to be much more reli-
able. Newer techniques to improve endocardial defini-
tion, such as the use of contrast agents to improve left 
ventricular opacification (LVO), and automated endo-
cardial border tracking software are also now making 
an impact into the reproducibility of this assessment.

Regional Wall Motion Abnormality:  
How Does It Occur? The Mechanism  
for RWMA

There is a well-established relationship between 
regional coronary blood flow and contractile function 
in the corresponding territory. In patients with normal 
coronary arteries, coronary perfusion is maintained 
even when the oxygen demands of the tissue are 
increased. For example, during exercise there is an 
increase in myocardial blood flow, appropriate tissue 
oxygenation, and hence regional wall motion remains 
normal.

In patients with CAD, resting regional blood flow 
remains normal with adequate coronary perfusion, 
despite sometimes quite severe stenosis of the supply-
ing artery. This is achieved by compensatory vasodila-
tion of the arterioles which maintains resting myocardial 
blood flow (MBF) until the stenosis severity exceeds 
90% (though collaterals may maintain normal MBF 
even in this situation). As a result resting wall motion 
may be entirely normal in patients with significant 
coronary disease. However, if the oxygen demand of 
the tissue is increased (e.g., during exercise), since the 
vasodilator response is nearly exhausted, there is an 
inability to increase coronary perfusion to that area. 
This leads to a reduction in the contractile function of 
that segment leading to a regional wall motion abnor-
mality. When the oxygen demands of that tissue are 
reduced and return to normal, there is resolution of the 
ischemia and wall motion returns to normal.

Acute coronary artery occlusion as seen in acute 
myocardial infarction (AMI) leads to a rapid reduction 
in resting myocardial blood flow and hence cessation 
of muscular contraction in the area supplied, leading to a 
reduction in ventricular function. Relief of the occlusion, 
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either spontaneously or by treatment (such as throm-
bolysis), can lead to recovery of regional wall motion, 
but this is dependant on the duration of the occlusion 
and the extent of myocardial necrosis that has occurred 
as a result. The duration and severity of myocardial 
ischemia determines the degree of wall motion abnor-
mality, and indeed wall motion may not return to 
normal for several hours after the acute episode 
(“stunned myocardium”).

In chronic CAD, progressive reduction in myocar-
dial blood flow due to the progression of CAD may 
result in down regulation of myocardial contractile 
function with preserved metabolic activity (“hibernat-
ing myocardium”). When the myocardial blood flow is 
restored through revascularization of the stenotic 
artery, contractile function is restored gradually. 
Diminished contractile function in chronic CAD may 
also occur due to myocardial stunning due to repeated 
ischemic episodes. These ischemic episodes may either 
occur at rest (vasospasm) or during increased myocar-
dial oxygen demand such as exercise.

The detection of such wall motion abnormalities is 
important as they occur early in the “ischemic cascade” 
preceding ECG changes and symptoms (Fig. 15.1).

Wall Motion vs. Systolic Wall Thickening 
for the Assessment of CAD

There are some limitations to using wall motion as the 
sole criterion for ischemic muscle. The movement of 
any given segment of the ventricle is influenced by the 
adjacent muscle to which it is attached. For example, 
in a chamber with a dyskinetic ischemic segment, 

some of the adjacent normal tissue may appear hypoki-
netic because its motion is influenced by the attached 
dyskinetic muscle. The reverse phenomenon can also 
occur. If vigorously contracting normal muscle is next 
to an ischemic area, the hyperdynamic segment may 
pull the ischemic muscle toward the cavity, which may 
mask the abnormally perfused area. In general, wall 
motion abnormalities alone overestimate the degree of 
ischemia seen in the myocardium.

A more specific finding for ischemic muscle is a 
deterioration of systolic wall thickening. Normal myo-
cardial muscle increases in thickness during systole 
(Fig. 15.2). During ischemia there is a reduction or 
absence of systolic wall thickening. Indeed, there may 
also be systolic thinning during acute ischemia, i.e., 
wall thickening is greater in diastole compared to sys-
tole (Fig. 15.3). It has been shown that the extent and 
severity of wall thickening abnormality is superior to 
that of wall motion abnormality evaluation for predict-
ing outcome after (AMI).1

Situations in which wall motion may be abnormal 
with preserved wall thickening include left bundle 
branch block (LBBB), Wolf–Parkinson–White syn-
drome, and when the patient has a paced rhythm. The 
presence of preserved systolic wall thickening in these 
conditions confirms that the wall motion abnormalities 
are not due to underlying CAD.

Basic Anatomy and Echocardiographic 
Findings

Three major epicardial arteries and their branches pro-
vide blood to different regions of the heart. Though 
there are small variations in between individuals, the 
pattern of this supply remains broadly the same. The 
left main coronary artery (or left main stem (LMS)) 
arises from the Aortic root (the left sinus of Valsalva) 
and divides into two branches: the left anterior descend-
ing artery (LAD) and the left circumflex artery (LCx). 
The LAD runs down the interventricular groove and 
supplies the anterior wall (via its diagonal branches), 
anterior septum, and apex of the heart. The left circum-
flex artery runs laterally down the atrioventricular 
groove where, together with its obtuse marginal 
branches, it supplies the lateral wall. The right coronary 
artery (RCA) originates from the right sinus of Valsalva, 
runs inferomedially down the atrioventricular groove. 

Fig. 15.1 Schematic representation of the sequence of changes in 
blood flow, EKG, and symptoms with increasing demand ischemia
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Its branch, the posterior descending artery, supplies the 
inferior wall and the inferior septum. Eighty percent of 
patients have a dominant right coronary artery; the 
remaining 20% are left dominant with the posterior 
descending artery being a branch of the left circumflex 
artery (Figs. 15.4 and 15.5). The posterior wall can be 
supplied either by branches from the RCA or from 
obtuse marginal branches of the LCx. Equally, there is 
significant variation of the supply to the apex where 
both the LAD and the PDA may contribute to the oth-
ers’ territory.

The changes seen in regional wall motion correlate 
closely with the blood supply to that area of myocar-

dium. Several methods have been described to describe 
left ventricle (LV) in order that regional wall motion 
can be accurately described, though the basic princi-
ples remain the same. The ventricle is divided into 
three sections: base, midventricular cavity, and the 
apex. Each section is then divided into segments that 
correspond to areas in the LV wall. The most recent 
recommendation from the American College of 
Cardiology (ACC) and the American Heart Association 
(AHA)2 is to use a 17-segement model (Fig. 15.6). 
This divides the base and midventricular cavity into 
six segments each, with the apex section having four 
segments. A final segment is a very distal apical “cap” 

a b

Fig. 15.2 Parasternal short axis views of the left ventricle during (a) diastole and (b) systole demonstrating normal systolic wall 
thickening

a b

Fig. 15.3 Parasternal short axis views of (a) diastole and (b) systole of wall thickening of septum in a patient with AMI
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Fig. 15.4 Coronary angiogram demonstrating the left coronary 
system and its major branches

Fig. 15.5 Coronary angiogram demonstrating the right coro-
nary system and its major branches

Fig. 15.6 Diagram representing the parasternal 
short axis, apical 4-chamber and apical 
2-chamber views of the recommended 
17-segment left ventricular model2
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which is best assessed in the apical 2- and 4-chamber 
views. Commonly a “bulls-eye” plot (Fig. 15.7) of all 
of these segments is used to note the individual seg-
ment scores, with the basal segments on the outside, 
followed by the midcavity, and then the apex. This 
allows clear localization of any defect on a single form 
with an indication of vascular supply (Fig. 15.8).

The regional wall motion abnormalities seen cor-
respond to coronary arteries as follows:

LAD: Usually affects the anterior septum, anterior 
wall, and the anterior apex. Depending on the individual, 
the diagonal branches may also supply parts of the lateral 
wall. If the vessel is large, more of the apex (inferior and 
posterior aspects) may be supplied by the LAD.

Occlusion of the distal LAD commonly only affects 
apical segments; midvessel lesions affect both apex 
and midcavity segments, and proximal occlusion leads 
to reduction in wall motion along the whole of the 
anterior wall and septum. Occlusion of the first diago-
nal branch of the LAD commonly causes a specific 
anterolateral wall motion defect.

LCx: Disease in this artery tends to affect the lateral 
and posterior walls of the left ventricle. Individual 
variations in coronary anatomy do make precise local-
ization of lesions in this territory difficult because of 
the overlap with the other arteries. Nevertheless, as 
posterior wall ischemia is difficult to identify by ECG, 
wall motion abnormality in this area does help in the 
identification of patients at risk of LCx disease.

RCA: The posterior descending branch of the right 
coronary artery supplies the inferior septum and inferior 
wall of the left ventricle. Wall motion abnormalities in 

these areas strongly suggest RCA involvement. 
Depending on the dominance of the vessel, inferior 
regions of the apex may also be affected.

Clearly individual differences in coronary anatomy 
affect the areas of wall motion abnormality caused by 
the occlusion of specific arteries. This is particularly 
true of the territories supplied by the right coronary 
artery and the left circumflex artery where there can be 
a considerable overlap in the areas of myocardium 
supplied. It can be helpful, therefore, to divide the 
regions of abnormality into the anterior circulation 
(comprising those affected by the left anterior descend-
ing artery and its branches) and posterior circulation 
(right coronary and circumflex lesions).

Collateral vessel formation in cases of chronic 
artery occlusion and ischemia as well as previous coro-
nary artery bypass surgery also affects the localization 
of CAD by segmental analysis of the LV. However 
despite this, the areas of wall motion abnormality do 
correlate well to the location of disease in the coronary 
tree and can act as a guide for further management.

Assessment of Regional Wall Motion

The usual method of assessing left ventricular wall 
motion by echocardiography is the use of standard api-
cal 4-, 2-, 3-chamber apical and parasternal long and 
short axis views. This allows complete visualization of 
all the left ventricular walls, and hence all three vascu-
lar territories, though care must be taken to ensure 

Fig. 15.7 Diagram of the “bulls-eye” plot representing the 17 
left ventricular segments in the recommended model2

Fig. 15.8 Assignment of the 17 myocardial segments to the  
territories of the left anterior descending (LAD), right coronary 
artery (RCA), and left circumflex artery (LCx)2
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clear endocardial border definition. Clear visualization 
of the endocardial border is crucial for the full assess-
ment of wall motion. It is also important to remember 
that changes in the left ventricle are not uniform, and it 
is important to obtain different views of the same 
region to make an accurate assessment of segmental 
wall function. This is usually done by combining the 
use of the standard apical views with the parasternal 
views, particularly in the short axis, where different 
levels of function from base, through papillary muscle 
down to apex can be visualized.

The best way to assess wall motion in each of these 
views is to consider the endocardial border and the epi-
cardium as a number of point targets. As normal con-
traction occurs, the endocardium moves inward 
(endocardial excursion) with left ventricular cavity 
shrinkage (area shrinkage). There is a reduction in the 
cavity perimeter (perimeter shrinkage), and the dis-
tance between the endocardium and epicardium 
increases (wall thickness). In patients with ischemia, 
there is a reduction in the degree of endocardial excur-
sion together and a decrease in the amplitude of wall 
thickening. This can be seen clearly when compared to 
adjacent, normally contracting areas of myocardium. 
Of the two parameters, the degree of endocardial thick-
ening is the most reproducible and reliable method of 
wall motion assessment. It is also important to empha-
size at this point that one must be careful to take into 
account translatory and rotatory motion of the left ven-
tricle which may give one a false impression of pre-
served wall motion. However, absence of endocardial 
excursion effectively rules out any significant wall 
thickening.

Once these changes have been established, wall 
motion can be scored according to a 4-point semiquan-
titative scale:

1. Normal
2. Hypokinetic – normally directed motion, but 

reduced endocardial excursion and wall thickening
3. Akinetic – absent wall motion/thickening
4. Dyskinetic – systolic bulging of the wall with no 

thickening

The sum of the individual segment scores gives a 
Wall Motion Score (WMS), which can be used give an 
indication of the severity of ischemia found; a wall 
motion score index (WMSI) can also be used (WMS 
divided by the number of segments assessed) and has 

been shown to be an important prognostic indicator in 
patients with CAD (Fig. 15.9).3,4

Acute Myocardial Infarction

Acute myocardial infarction (AMI) occurs when there 
is acute occlusion of an epicardial coronary artery, 
leading to myocardial necrosis. The usual cause for 
this is rupture of an atherosclerotic plaque leading to 
thrombus formation. There is subsequent occlusion of 
the artery by the thrombus leading to a rapid decrease 
in perfusion to the region of myocardium supplied by 
that artery. Continued ischemia to that area leads to 
myocardial necrosis and permanent loss of contractile 
function.

Current treatments for AMI are designed to disperse 
the thrombus causing the obstruction (thrombolytic 
agents such as Streptokinase) or to mechanically open 
the vessel after occlusion (acute percutaneous coro-
nary angioplasty). The purpose of both these treat-
ments is to reduce the time of coronary occlusion, 
thereby reducing the degree of myocardial necrosis 
that occurs. It is well known that the degree of myocar-
dial damage seen after infarction is directly related to 
the duration of artery occlusion supplying that area, 

Fig. 15.9 Graph demonstrating relationship between mortality 
and varying Wall Motion Score Index (WMSI) over time3
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the extent of the myocardium at risk, and the degree of 
collateral circulation. It is also well recognized that the 
area of the myocardial segment that is affected first is 
the subendocardium, and that this has a strong influ-
ence on contractile function. Pathological studies have 
demonstrated that if 20% undergoes infarction, there is 
a reduction in wall thickening during systole of >50%5 
(Fig. 15.10). This area of necrosis can extend from the 
subendocardium and can traverse the full thickness of 
the affected left ventricular wall leading to severe 
abnormalities in wall structure and function.

Echocardiographic Assessment in AMI

Since both myocardial ischemia and infarction pro-
duce regional wall motion abnormalities, it is not pos-
sible to differentiate between them in patients 
presenting acutely with chest pain. However as 
90–100% of patients presenting with acute myocardial 
infarction have been shown to have regional wall 
motion abnormalities, echocardiography may be help-
ful in excluding ischemia in patients presenting with 
chest pain with equivocal ECGs.

After myocardial infarction, early assessment of 
patients can give useful information on the site and 
extent of wall motion abnormality, together with a 
response to any therapy given.

Assessment of regional wall motion allows local-
ization of the infarct-related artery.

An occlusion of the LAD commonly leads to ante-
rior septal, anterior ventricular wall, and apical akinesia. 
The anterior septum can be visualized in the parasternal 
long and short axis views, as well as the apical 3-cham-
ber views. Anterior wall ischemia is best shown in the 
parasternal short axis and apical 2-chamber view, with 
the septum seen in 4-chamber view (Fig. 15.11).

Left circumflex stenosis often involves the lateral and 
posterior left ventricular walls. Identification of a poste-
rior wall motion abnormality (using the apical 3-cham-
ber and parasternal long axis view) may be helpful in the 
acute setting, as 12-lead ECG diagnosis of a posterior 
myocardial infarct is often missed.

Fig. 15.10 Graph demonstrating the relationship between the 
transmural extent of infarction and regional wall thickening5

a b

Fig. 15.11 Apical 4-chamber view of patient with septal myocardial infarction. There is lack of wall thickening in the septum in 
systole (a) comnpared to diastole (b)
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Right coronary artery occlusion involves the infe-
rior wall and inferior septum involvement. This is 
clearly seen in the apical 2-chamber view (Fig. 15.12). 
The right coronary artery also commonly supplies the 
right ventricle, the function of which may become 
impaired. This may be important in the acute manage-
ment of patients, so assessment in the apical 4-cham-
ber view may be important to assess the degree of right 
ventricular hypokinesia.

The presence of a wall motion abnormality following 
acute ischemia may be due to myocardial necrosis, 
stunned or hibernating myocardium, or more commonly 
combinations of these factors. Following an acute  
MI, the extent and severity of wall motion abnormality 

portends to unfavorable prognosis. Around 4–6 weeks 
after AMI, akinetic segments which have undergone 
significant damage become thinned and may even 
become dyskinetic. They also become more echogenic 
and brighter when visualized with ultrasound (Fig. 
15.13). Due to the shear and pressure changes that occur 
in the LV, these areas can change the shape and size of 
the ventricle (remodeling), and can become anuerysmal, 
representing the final stages in the infarct process.

Areas that remain severely hypokinetic or akinetic, 
but do not demonstrate any other changes may be 
stunned or hibernating. Myocardial hibernation occurs 
when there is prolonged wall motion abnormality due to 
repetitive stunning. To distinguish necrotic from viable 

Fig. 15.12 Apical 2-chamber view of patient with  an inferior myocardial infarction. There is normal anterior wall thickening with 
reduction in left ventricular cavity size. There is little thickening of the inferior wall from diastole (a) comnpared to diastole (b)

a b

Fig. 15.13 Parasternal long axis (a) and apical 4-chamber (b) views of patient with an LAD infarction with and akinetic, thin, 
scarred septum

a b
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myocardium (i.e., stunned or hibernating), techniques 
assessing contractile reserve (dobutamine stress echocar-
diography), the microcirculation (myocardial contrast 
echocardiography), or metabolism (radionucleotide 
techniques) are useful. If these studies demonstrate lack 
of significant myocardial necrosis, these areas are con-
sidered viable and contractile function in these segments 
may improve if revascularization is undertaken.

Acute Coronary Syndromes

Acute Coronary Syndromes (ACS) encompass a spec-
trum of conditions ranging from unstable/crescendo 
angina to non-Q wave infarctions. The pathological 
process remains the same however. In a similar way to 
acute myocardial infarction, an atherosclerotic plaque 
in an epicardial artery undergoes rupture. Thrombus 
formation occurs and causes acute coronary occlusion. 
This occlusion is however only transient, and sponta-
neous dispersal of the thrombus follows. Small parti-
cles of thrombus may cause tiny areas of myocardial 
damage downstream, which can now be detected using 
highly sensitive serum assays (Troponin T and I).

The duration of ischemia and degree of myocardial 
damage is much less than in acute infarction. This leads 
to a reduction in the degree of segmental wall motion 
abnormality seen in patients with acute coronary syn-
dromes. This is not to say the condition is any less seri-
ous; in many ways the patient must be assessed more 
urgently as significant myocardial damage has not 
occurred and the potential to prevent this still exists.

Echocardiography in Acute Coronary 
Syndromes

Similar to myocardial infarction, wall motion abnor-
malities are seen in patients with acute coronary syn-
dromes. Unlike AMI, however, these abnormalities 
tend to be less marked and also may be transient in 
nature. As the duration of ischemia tends to be short, 
the wall motion may have time to recover between epi-
sodes of pain. This is why the assessment of wall 
motion abnormality in patients with ACS should be 
performed early after the onset of symptoms; normal 
wall motion in a patient who is pain free and a normal 

ECG does not exclude ACS. If the patient does com-
plain of ischemic sounding symptoms, however, the 
ECG is equivocal, and there is no regional wall motion 
abnormality when assessed immediately after the acute 
episode, then the presence of acute ischemia is 
unlikely.

Once the diagnosis of an acute coronary syndrome 
has been made, echocardiographic assessment of wall 
motion becomes important in the assessment of site 
and severity. The site of the myocardial insult can be 
readily identified and the extent of the subendocardial 
damage determines the degree of wall thickening that 
takes place in the affected segments. Mild hypokinesia 
suggests only a small amount of myocardial damage 
which affects only a small part of the endocardium.

More severe hypokinesia is unusual in patients with 
small nontransmural infarctions though it may occur 
either reflecting significant myocardial damage, or a 
degree of myocardial stunning overlying a small 
infarction. Indeed it is not uncommon for adjacent seg-
ments to the ones affected to become hypokinetic due 
to variety of local factors (e.g., tissue tethering).

Improving Endocardial Definition

As already stated, clear visualization of the ventricular 
walls and in particular the endocardial border is vital to 
the assessment of regional wall motion. Around 15% 
of patients have poor endocardial definition on  
conventional echo. This may be due to a variety of  
reasons including large body habitus, lung disease, 
poor echo windows, or distorted architecture of the  
left ventricle.

A number of new methods have been developed  
to help overcome these limitations and improve left 
ventricular delineation.

Harmonic Imaging

Conventional (or fundamental) echocardiography uses 
a transducer to emit and receive ultrasound waves at 
one frequency. However, not all signals reflected back 
from myocardial tissue are of the original frequency; 
some may be twice or even three times the original. 
These are known as harmonic frequencies.
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Harmonic imaging uses broad band transducers that 
are capable of receiving reflected signals of twice or three 
times the original frequency and thus improve image 
quality. The technique was originally developed for better 
visualization of microbubbles in contrast studies, but as 
myocardial tissue was also found to emit harmonic fre-
quencies, its use is becoming more and more widespread. 
It reduces the number of spurious echoes detected within 
the LV cavity and allows clearer definition of the endocar-
dial border (Fig. 15.14 a, b). It is, however, depth depen-
dant, with fewer harmonics being produced in the near 
field, and attenuation being seen in the far field. There is 
also poorer lateral resolution than fundamental imaging. 
Despite this, harmonic imaging now well validated6 and 
is being used routinely resulting in improved image qual-
ity and endocardial border definition.

Left Ventricular Opacification Using 
Contrast Agents

Despite harmonic imaging, there are still patients on 
whom endocardial definition remains a problem. This 
may be overcome by the use of intravenous contrast 
agents.

Contrast agents consist of gas-filled microbubbles 
in a protein shell, which reflect ultrasound, generate 
harmonic backscatter, and enhance ultrasound infor-
mation. The development of microbubbles, that can be 
injected intravenously and remain stable through the 

pulmonary circulation into the LV cavity, has been a 
major advance in contrast technology.

Opacification of the left ventricle (Fig. 15.15) has 
been shown to significantly improve endocardial border 
delineation in a number of studies, and is now being 
used in patients with poor images in both resting and 
stress modalities. The use of intravenous contrast for 
LV opacification (LVO) has also improved the rate of 
inter- and intraobserver variability in the assessment of 
regional wall motion abnormalities.

Newer techniques such as power modulation and 
power pulse inversion are now being used to better 
detect microbubbles at lower powers and in real time, 
allowing clear visualization of the endocardial border.

Automated Endocardial Border Tracking

Analysis of two-dimensional gray scale images 
obtained during two-dimensional imaging tends to be 
subjective, qualitative, and dependant on the experi-
ence of the observer. Alternative methods of providing 
more objective methods of assessing wall motion have 
therefore been sought.

One of these methods is the automated detection of 
endocardial borders.7 This was originally tried by 
manually tracing the borders, but was found to be time 
consuming, complicated, and could only be performed 
offline. Newer developments have been used to auto-
mate this procedure using the difference between the 

Fig. 15.14 Parasternal short axis views using (a) fundamental and (b) harmonic imaging demonstrating the improvement in  
endocardial definition

a b
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ultrasound backscatter emitted from the endocardium 
and blood in the LV cavity.

When an image is acquired, there the backscatter 
information along the scan line is analyzed and each 
pixel classified as either blood or tissue. There is suf-
ficient difference between the energy returned from the 
blood in the LV (low) and the endocardium (high) for 
this distinction to be made. Once this interface has 
been established along the whole of the endocardium, 
it can be tracked. Each pixel is color coded and is 
superimposed onto the two-dimensional image. The 
construction is then integrated with the original scan 
image and all can be performed online. This leads to 
real-time tracking of the endocardial border which is 
continually updated frame by frame (Fig. 15.16).

Color-coded endocardial tracking (Colour Kinesis 
and A-SMA) is an extension of this automated process. 

Once the endocardial border has been defined on  
the basis of the backscatter from the blood and tissue, 
the inward (systolic) and outward (diastolic) movement 
is color coded. Each pixel is given a specific color 
dependant on its movement which is compared to the 
previous frame so that an accurate measurement of 
systolic function and regional motion is possible.

The color overlays are superimposed onto the gray 
scale images which are updated on a frame-by-frame 
basis. This allows real-time assessment of systolic 
function and regional wall motion using a visual color 
scale (Fig. 15.17).

The problem with automated endocardial tracking is 
that its success depends on good image quality. The 
acquisition of poor images leads to poor tracking of the 
endocardial border which in turn leads to poor color-
encoded tracking images. The use of contrast agents to 

Fig. 15.15 Apical 4-chamber view in a technically difficult patient with poor endocardial definition which improved with intravenous 
contrast

Fig. 15.16 Apical 4-chamber view with and without automated border tracking
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improve the endocardial definition for automated 
tracking systems was previously not possible due to the 
imaging modalities available. Newer techniques such as 
Power modulation have improved this situation with 
improved contrast specific imaging modalities. The 
principle of detecting the energy difference between the 
blood-tissue interface remains, but the energy given out 
by the microbubbles causing LV opacification is far 
greater than that given out by the endocardium. The 
interface is therefore still well defined, and color-coded 
endocardial tracking can be achieved.

The benefits of such a technique are not only the 
clearer visualization of the endocardium, but also the 
potential for quantifying the degree of movement.
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Pathophysiology

The underlying principle of stress echocardiography is 
that ischemic tissue (and in nonischemic disease, other 
types of pathologic tissue) is unable to augment func-
tion during stress. Moreover, the extent of coronary 
disease determines the extent and severity of ischemia, 
which in turn determines the time course and spatial 
distribution of abnormal wall motion. Therefore, 
inducible wall motion abnormalities may be subtle (or 
even absent) if the stenosis is moderate, or distal, or if 
the level of stress is inadequate.

The implications of these pathophysiological con-
siderations are that

(a) The nature of stress is selected to maximize the 
development of ischemia

(b) Acquisition needs to be optimized to pick up 
potentially transient wall motion abnormalities

(c) Diagnostic criteria should incorporate markers of 
subtle ischemic changes

Stress Testing

Preparations for stress testing are well known and should 
be little influenced by the addition of echocardiography, 
with the exception of leaving imaging windows clear of 
electrodes. Anti-ischemic therapy is usually stopped 
before diagnostic studies.

Selection of Stress Method

Stress echocardiography may be performed with exer-
cise and nonexercise stressors, although the use of 
echo contrast agents makes insertion of an intravenous 
line important for both techniques. The selection of 
either stress protocol should be tailored to each patient, 
and in the opinion of this author, an effective stress 
echo laboratory should offer both exercise and phar-
macologic modalities.

Patients who are unable to exercise maximally (who 
account for up to 40% of patients requiring functional 
testing) require a nonexercise stress, of which there are 
four categories – exercise simulating agents (e.g., dob-
utamine), vasodilators (dipyridamole, adenosine), pac-
ing stress and agents with specific indications such as 
ergonovine, cold pressor and mental stress. The latter 
two categories will not be discussed further.

In patients who are able to exercise maximally, 
either treadmill or bicycle exercise (upright or supine) 
may be used. The latter may not offer as potent a stress 
as does maximal exercise on the treadmill, but com-
pensates for this by permitting peak imaging, which is 
sometimes of interest in identifying the time of onset 
of ischemia and avoiding the problem of rapid resolu-
tion of ischemia. The overall accuracies of treadmill 
and bicycle stress are similar, the bicycle being more 
sensitive and less specific.

The selection is driven by local preference and exper-
tise. Finally, while exercise echo tests are equipment 
intensive (treadmill or ergometer, stress ECG computer, 
and echocardiography machine), they usually require 
only two persons (supervising physician or exercise 
physiologist and sonographer). In contrast, most sites 
involve three staff for pharmacologic stress – the  
additional person being a nurse to supervise the infusion. 

Chapter 16
Stress Echocardiography

Thomas Marwick

T. Marwick 
University of Queensland School of Medcine,  
Princess Alexandra Hospital, Brisbane, QLD, Australia
e-mail: t.marwick@uq.edu.au

P. Nihoyannopoulos and J. Kisslo (eds.), Echocardiography, 325 
DOI: 10.1007/978-1-84882-293-1_16, © Springer-Verlag London Limited 2009



326 T. Marwick

BookID 128962_ChapID 16_Proof# 1 - 11/3/2009 BookID 128962_ChapID 16_Proof# 1 - 11/3/2009

For both these reasons, and because of the duration of 
these protocols, pharmacologic stress is not performed in 
some laboratories.

Which Stressor?

1. Exercise stress: Exercise testing is preferable to 
pharmacologic stress if the patient is able to exercise, 
to allow symptoms to be better correlated with work-
load, obtain prognostically important hemodynamic 
and exercise capacity data, and stress the heart more 
vigorously, which optimizes test sensitivity.

  Imaging can be performed before and immedi-
ately after treadmill exercise, upright or supine 
bicycle ergometry. Careful consideration should be 
given to logistic details, especially regarding rapid 
acquisition of postexercise images, which should 
start within 10–20 s of the end of exercise and be 
finished within 60–90 s. The advantage of supine 
bicycle ergometry is that imaging can be performed 
throughout the stress test.

2. Pharmacological stress: The issue of which pharma-
cological stressor is most feasible and accurate has 
been hotly debated! Early animal work using quanti-
tative two-dimensional echocardiography and micro-
spheres showed that dobutamine was more effective 
in inducing myocardial dysfunction but produced 
smaller blood flow heterogeneity for similar coro-
nary lesions. In contrast, dipyridamole induced large 
differences in regional subendocardial perfusion, but 
regional myocardial dysfunction was only observed 
when an absolute decrease in subendocardial blood 
flow was present. Subsequent clinical studies sug-
gested that vasodilator stress echo was less sensitive, 
probably because the agents are not very potent stres-
sors from the standpoint of inducing ischemia by 
increasing oxygen demand. As a consequence, 
“third-generation” protocols have been developed 
that incorporate an agent to increase cardiac work-
load (e.g., atropine and dobutamine), and these new 
protocols have analogous results to those obtained 
with dobutamine and atropine. Indeed, the development 
of myocardial contrast echocardiography is leading 
to new interest and application of vasodilator stress 
echocardiography because its intense coronary hype-
remia allows detection of perfusion heterogeneity.1 

Specific indications for pharmacologic stress are 
listed in Table 16.1.

Dobutamine is by far the most widely used pharmaco-
logic stress and is suitable for most patients, although 
it is contraindicated in patients with severe hyperten-
sion and serious arrhythmias. Dobutamine is usually 
administered incrementally in 3-min stages, starting at 
5 mg/kg/min, and increasing to 40 mg/kg/min stages, 
with atropine being added (if not contraindicated) if 
the test is negative at peak dose.
The endpoints of the test are

Completion of the protocol
Development of severe ischemia –
Intolerable symptoms –

Development of side effects (Table 16.2), including 
arrhythmias, hypotension (symptomatic or to <100 
mmHg), or hypertension (>220/120)

Over two-third of patients attain peak dose or 
achieve an ischemic endpoint. Usually, stopping the 
drug is sufficient for the treatment of side-effects, but 
sometimes beta blockers are required. Serious events 
(defined as those necessitating hospital admission) 
occur in 1 to 3:1,000 patients. Nonetheless, while side 
effects may concern the physician performing the test 
and compromising its sensitivity (see later), major 
complications are exceedingly rare.

One advantage of online echocardiographic imaging 
is that the extent and severity of ischemia may be better 
appreciated than they might with the electrocardiogram 
alone, or with pre- and poststress imaging alone. This 
may permit termination of the stress before severe left 
ventricular dysfunction develops or prevent a premature 
termination without any objective evidence of ischemia.

Table 16.1 Indications for pharmacologic rather than exercise 
stress

Clinical situation

Inability to exercise 
maximally

Vascular disease
Chronic lung disease
Neurologic/orthopedic problems
Poor functional capacity (advanced age)

Specific indications Myocardial viability (dobutamine or 
dipyridamole)

Detection of coronary spasm 
(ergonovine)

Interpretation Resting wall motion abnormalities
Application of new 

technologies
Myocardial contrast echocardiography
Myocardial tissue Doppler/strain
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Coronary vasodilator stress is used as the stressor 
of choice in some parts of Europe.

The two vasodilator stressors used are dipyridamole 
and adenosine.

(a)   Dipyridamole is the most widely used of the two. It 
exerts its effects indirectly, by increasing endoge-
nous adenosine levels by reducing cellular reuptake 
and metabolism. Dipyridamole induces ischemia 
by causing coronary “steal” that effectively shunts 
blood from the territory of a stenosis by allowing it 
to run off into nonstenosed territories. The prepara-
tion of the test is similar to the other stressors, 
although an important difference is that coffee, tea, 
and cola drinks should be avoided for a day before 
the examination, because the xanthines contained 
in these agents antagonize the effects of dipyrida-
mole on adenosine metabolism as well as competi-
tively inhibiting adenosine activity. Dipyridamole 
is administered intravenously at a rate of 0.56 mg/
kg/min over 4 min, followed 2 min later by an addi-
tional 0.28 mg/kg/min over 2-min infusion if the 
initial response is negative, and there have been no 
major side effects. Aminophylline 240 mg iv should 
be available for immediate use in case of an adverse 
dipyridamole-related event.

(b)   Adenosine acts directly and rapidly on vascular 
smooth muscle, and is usually used with an incre-
mental dose schedule; the most widely used dose 
for echocardiography is 140 mg/kg/min injected 
over a period of 6 min. Imaging is performed con-
tinuously throughout the infusion.

Side effects: Dipyridamole and adenosine have a simi-
lar side effect profile (Table 16.2). The high-dose 
dipyridamole protocol induces minor side effects in 
about two-third of patients, but these rarely prevent 
completion of the study. Aminophylline usually pro-
vides rapid relief. The side effects of adenosine are 
brief, but more intense and frequent than those of 
dipyridamole; side effects prevent about a third of 
patients from completion of high-dose protocols. The 
symptoms are similar to those with dipyridamole 
stress, although chest discomfort and dyspnea are more 
frequent. Cessation of the infusion is usually the only 
treatment required for side effects because of the very 
short duration of action. Serious side effects are very 
rare but include severe myocardial ischemia and infarc-
tion, bronchospasm, and complete heart block.

Dipyridamole and adenosine stress are contraindi-
cated in patients with untreated atrioventricular block 
and bronchospastic disorders (asthma).

Table 16.2 Dose-limiting and serious side effects of pharmacologic stressors (reproduced with 
permission from ref. 13)

Dobutamine Dipyridamole Dipyridamole Adenosine

Secknus Ranhosky Picano et al4 Cerquiera

Dose 40 mg/kg/min 0.54 mg/kg 0.81 mg/kg Various
n 3,011 3,911 10,451 9,256
Total S/E 8% (dose-limit) 47% – 81%
Major S/E 0.33% 0.26% 0.07% 0.10%
Fatal MI 0.00% 0.05% 0.01% 0.00%
Nonfatal MI 0.03% 0.05% 0.02% 0.01%
Bronchospasm 0.00% 0.15% 0.15% 0.07%
Anxiety/tremor 1.6% – – –
Chest pain 3.5% 20% – 35%
Dizziness – 12% – 9%
Dyspnea – 3% – 35%
Flushing – 3% – 37%
Headache 1.6% 12% – 14%
Hypotension 3.8% 5% 1% –
Hypertension 0.8% – – –
Nausea 1.6% 5% – 15%
Palpitations 1.6% (arrhythmias) 3% – 7%
Paresthesia – 1% – –
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Acquisition

Equipment

Harmonic Imaging

The development of tissue harmonic imaging has had a 
major influence on image quality; its benefits on reproduc-
ibility and feasibility have made the technique indispensi-
ble for stress echocardiography. Lateral gain correction 
may also improve visualization of the lateral wall. Despite 
these developments, 2D image quality remains a problem 
in some patients, with failure to image >1 segment in 30% 
of patients (especially in the anterior and lateral walls), 
and some significant impairment in visualization in 
10–15%. Unless severe, incomplete visualization may not 
jeopardize accuracy in experienced laboratories, but it 
does compromise the acquisition of clinically important 
information about the nature and extent of ischemia.

Contrast Imaging

The use of left heart contrast agents has become a 
practical solution for this problem, improving image 
quality, increasing the confidence level of readers, 
reducing downstream costs and improving accuracy 
for stress echocardiography (Fig. 16.1). However, we 
favor judicious and selective use of contrast in combi-
nation with stress echocardiography – potential prob-
lems include shadowing, emphasis of the endocardial 
border rather than thickening, and cost.

Image Acquisition

Digital Image Acquisition

Multiple views have to be recorded to ensure visualiza-
tion of LV segments supplied by each of the three 

Fig. 16.1 Use of a left heart 
contrast agent to improve LV 
opacification. Upper right and 
left images show rest and stress 
images, respectively, illustrating 
poor visualization of the lateral 
wall. Lower images have been 
obtained after injection of 
Definity, including a flash for 
bubble destruction to facilitate 
assessment of myocardial 
perfusion. Printed images are 
end-systolic freeze frames
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major coronary distributions. Typically, four views are 
sufficient: the parasternal long- and short-axis as well 
as apical four- and two-chamber views. Subcostal or 
additional short-axis views can be substituted when 
necessary or when more appropriate visualization of 
specific anatomy.

Video recording has significant disadvantages, 
including degradation of image quality, inability to 
freeze-frame images, and inability to postprocess 
images (including obtaining tissue Doppler data). 
Nonetheless, while stress echo studies should be 
reviewed in side-by-side digital format, back-up 
onto videotape remains essential, DVD or the prin-
cipal benefits of tape review are the ability to exam-
ine off-axis images, the ability to see different walls 
in different parts of the respiratory cycle, and avoid-
ance of sampling artifacts. A study from the Mayo 
Clinic showed an alteration of interpretation by 
review of videotape in 40% of segments from digital 
clips, and this altered the final diagnosis in 14% of 
patients.

Attention to detail: The successful performance of 
stress echocardiography is based upon meticulous 
attention to practical issues.

1. Avoid excessive gain settings (Fig. 16.2), as this 
may obscure endocardial detail. The depth and 
zoom window must be altered to optimize image 
size and definition.

2. Same myocardial regions: The acquired views must 
be of the same regions of myocardium throughout 
the test, so that the window and view must be the 
same (Fig. 16.3).

3. True two-chamber view: Particular attention should 
be paid to acquisition of a true apical two-chamber 
view (anterior and inferior walls) rather than an api-
cal long-axis view (anteroseptal and posterior 
walls), as this may be the only view of the right 
coronary artery territory. Errors with ECG trigger-
ing may make the digital cine-loops useless, so care 
must be taken to optimize the ECG signal and avoid 
sampling extrasystolic cycles.

The “Roadmap” for Good Acquisition

1. The initial imaging step in a stress echo exam 
should be a truncated standard echo-Doppler exam-
ination, including a brief M-mode, transmitral 

pulsed-wave Doppler, and color examination. A 
complete echocardiogram is often not possible for 
logistic reasons, so if an unexpected finding is iden-
tified, we reschedule the patient to return for a more 
complete study.

2. Images should comprise apical, parasternal, and/or 
subcostal views before, during, and after stress. The 
sequence for poststress images is best varied with 
the clinical setting. Because early poststress imag-
ing time is particularly valuable, and the apex is the 
most common site of a wall motion abnormality, we 
perform apical views first. If resting dysfunction is 
already identified in one view, it is usually prefera-
ble to start with another view.

3. Optimizing endocardial definition and avoidance of 
foreshortening the left ventricular cavity are criti-
cal, but in other respects, the principles of 2D imag-
ing for stress echocardiography are a little different 

Fig. 16.2 Use of excessive gain settings. The response to sub-
optimal images is often to increase gain settings (lower panel). 
This is often counterproductive, increasing artifact and reducing 
endocardial resolution
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from normal. Images may be enhanced by asking 
the patient to exhale, although sometimes the win-
dow is improved by partial inspiration, especially in 
the apical two-chamber view. Contact between the 
heart and chest wall may be improved by lying as 
far as possible onto the left side (for supine imag-
ing) or by leaning forward on the bicycle (for 
upright imaging). Views are modified to attend 
more to the myocardium than to the valves (e.g., 
long-axis parasternal images are often obtained 
through a lower window).

4. During exercise echo, image quality and speed of 
acquisition need to be balanced, because of the 
potentially rapid resolution of ischemia.

 Remember that a complete set of imperfect but 

“readable” images in the first minute may prove 
more useful than perfect views obtained over sev-
eral minutes.

5. Use of Doppler: Although stress echocardiography 
is typically performed with 2D echocardiography, 
stress Doppler studies have been reported for the 
evaluation of both systolic and diastolic function. 
Their application to assessment of systolic function 
is constrained by measurement error in volumetric 
calculations. More favorable results have been 
obtained for evaluation of diastolic parameters, 
although these may be influenced by pathologies 
other than ischemia. Nonetheless, the evaluation of 
filling pressure with stress (calculated by transmi-
tral flow and tissue velocity) may become an inter-
esting application of stress echocardiography.

6. Color-flow Doppler may be used to identify stress-
induced mitral regurgitation.

In Table 16.3 we summarize what to do and what to 
avoid during a stress echo study.

Interpretation

Semiquantitative Interpretation

The qualitative comparison of regional function at rest 
and stress is the basis of the clinical interpretation of 
stress echocardiography. The left ventricle is typically 
divided into 16 segments (septal, lateral, anterior, and 
inferior at the apex, with these segments as well as 
anteroseptal, and posterior segments at the base and 
midpapillary muscle level), and each segment is scored 
as normal, hypokinetic, or dyskinetic (Fig. 16.4). By 

Fig. 16.3 Importance of maintaining the same imaging plane 
for comparison of pre- and poststress images. Failure to provide 
a true apical two-chamber view may preclude visualization of 
the right coronary territory

Table 16.3 “Do and don’t” of stress echo

Do Don’t

Look at the left ventricle (not left 
atrium)

Overgain (especially in 
near-field)

Ensure pre- and postviews are 
same

Foreshorten the LV 
cavity

Acquire in inspiration or 
exhalation

Sacrifice speed for 
perfection

Optimize positioning
Sample plenty of cycles
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averaging the scores of individual segments, a “score 
index” may be obtained, which gives a semiquantita-
tive index of global systolic function.2

Structured Review

Use the digital side-by-side images as the primary 
data, supported by video images to examine nonstan-
dard views, and to check M-mode and Doppler.

Technical review – check that images are triggered 
correctly and the pre-, peak, and poststress views are 
comparable.

Brief review of the whole study – checking if wall 
motion is normal at rest, then to see if there are obvi-
ous changes in cavity size (suggesting multivessel dis-
ease) or cavity shape.

Segmental analysis comparing regional function in 
each of the 16 segments at rest and stress. Function is 
compared both by examining the continuous cine-loop 

and then frame by frame, paying particular attention to 
contraction during the first part of systole (especially 
if there is excessive rotational or translational 
movement).

Regional scoring: For regional wall motion scoring, 
the distinction of severe hypokinesia from akinesia 
may be helped by assessment of endocardial excursion 
<5 and <2 mm, respectively. However, the timing of 
movement and thickening rather than excursion are 
important parameters; regions which fail to thicken or 
which move only in late systole (after movement of the 
adjacent myocardium) may be moving passively and 
should be considered as akinetic irrespective of endo-
cardial excursion.

Resting Function

The schema for interpretation of rest and stress regional 
wall motion abnormalities is summarized in Table 16.4.

Fig. 16.4 Wall motion scoring 
and attribution to coronary 
vascular territories

Table 16.4 Interpretation of exercise and pharmacologic stress echocardiography

Nature of tissue Resting function Low dose Peak/poststress function

Normal Normal Normal Hyperkinetic
Ischemic Normal Normal (except with 

severe CAD)
Reduction versus rest
Reduction versus adjacent
Delayed contraction

Viable, nonischemic Rest WMA Improvement Sustained improvement
Viable, ischemic Rest WMA Improvement Reduction (compared with low dose)
Infarction Rest WMA No change No change
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1. Resting wall motion abnormalities are usually charac-
terized as infarcted, but mild hypokinesis should be 
interpreted with caution, as it can be a normal variant.

2. Some segments considered to be infarcted using 
these criteria (maybe as much as 50%) are viable. 

The evaluation of wall thickness (Fig. 16.5) is a 
good resting marker of nonviable tissue (<6 mm), 
although myocardium of normal thickness does not 
exclude recent or nontransmural infarction.

3. Other resting markers of viability include preser-
vation of cyclic variation of integrated backscat-
ter, strain, and preservation of perfusion.

4. Augmentation of segmental function with low-
dose dobutamine stress may also identify viable 
tissue (Fig. 16.6).

Defining an Ischemic Response

Myocardial ischemia is characterized by the develop-
ment of

1. New or worsening regional dysfunction (Fig. 16.7). 
The normal response to either exercise or dobu-
tamine stress is to increase myocardial thickening 
(the most reliable parameter). The speed of contrac-
tion (arguably the most sensitive parameter) and the 
endocardial excursion (probably the most widely 
used parameter).

Fig. 16.5 Significance of wall thinning. The posterior wall is 
thinned, and would be very unlikely to show contractile reserve 
with dobutamine, or recover after revascularization

Fig. 16.6 Detection of 
myocardial viability with 
dobutamine stress echocar-
diography. The resting 
image shows an apical 
septal wall motion 
abnormality, which 
improves at 5 and 10 mg/kg/
min of dobutamine and 
deteriorates at peak (a 
biphasic response). Printed 
images are end-systolic 
freeze frames and arrows 
identify new wall motion 
abnormalities
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Fig. 16.7 (a and b). Detection of left anterior descending ischemia at 
exercise echo. This is a good case to emphasize the importance of put-
ting the involved segments into a pattern – here involving anterosep-

tum, apex, and anterior wall. Resting images are shown on the left and 
postexercise images on the right. Printed images are end-systolic 
freeze frames and arrows identify new wall motion abnormalities
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2. Failure to augment function has been reported in 
normal segments, so the previous characterization 
of this tissue as ischemic appears to be wrong. One 
exception to the use of worsening function as a 
marker of ischemia is the response of akinetic seg-
ments during bicycle or dobutamine echocardiography 
– we do not classify a further deterioration of func-
tion as ischemia, as increased loading may be 
responsible for such a response.

3. The changes in end-systolic ventricular shape are 
an often-neglected but quite accurate guide to the 
development of ischemia.

The Magnitude of Ischemia

The extent of coronary disease may be inferred from 
the site of abnormal wall motion, the number of 
abnormal segments, severity (segmental wall motion 
score), time of onset and offset of ischemia, and the 
effect of ischemia on global left ventricular function. 
Note that the most abnormal area always catches the 
eye, but be very careful to interpret function in all 16 
segments, as this is vital for recognition of multivessel 
disease (Fig. 16.8).

The contents of a stress echo report are summarized 
in Table 16.5.

Rules for Qualitative Interpretation

The following rules for qualitative interpretation were 
devised by a group of expert centers.3

– Rule 1: Minor degrees of hypokinesia are not iden-
tified as ischemia (especially if only apparent at 
peak, and not postexercise)

– Rule 2: Abnormalities are corroborated whenever 
possible with another view

– Rule 3: Segments are not identified as abnormal if 
they do not make sense in terms of coronary ter-
ritories (e.g., isolated midseptal abnormalities)

– Rule 4: Isolated basal inferior or basal septal seg-
ments are not identified as abnormal in the absence 
of an abnormal neighboring segment (Fig. 16.9)

– Rule 5: Read with multiple observers whenever 
possible, and to blind the interpretation to all  
other data

Pitfalls in the Standard Performance  
of Stress Echocardiography

Failure to recognize abnormal wall motion when 
angiographically significant coronary disease is present 
may be caused by

· Angiographic features,
· Patient characteristics,
· Inadequate stress, or
· Imaging and interpretation issues.

False-positive results: (i.e., an apparent wall motion 
abnormality without significant coronary stenosis) are 
most frequently due to interpretation errors.

· False-positive results may occur due to overinter-
pretation – especially of basal wall motion 
abnormalities.

· Sometimes, inducible dysfunction is apparent rather 
than real – for example, peri-infarct zones may be 
tethered by the akinetic infarcted segment and conse-
quently fail to improve function with stress, or even 
appear dyskinetic if the infarct bulges during stress.

· False-positive scans may be induced by an abnor-
mal activation sequence (pacing, left bundle branch 
block), abnormal septal motion (prior cardiac sur-
gery or RV volume overload), and heterogeneity 
related to cardiomyopathy and aortic regurgitation.

While many of these false positives are avoidable with 
adequate training, some situations (e.g., patients with 
prior coronary bypass surgery, left bundle branch block, 
extensive wall motion abnormalities or in the presence 
of suboptimal images) are difficult even for experts.

· One important category that can be relied on to 
annoy angiographers is the “false-positive” angio-
gram, whereby coronary disease is identified on the 
basis of a moderate (e.g., 50 or 60%) stenosis that is 
actually not flow limiting, even during hyperemia. 
The arbitrary selection of >50% diameter stenosis 
to identify “significant” disease is because this 
approximates a level below which lesions do not 
limit flow under conditions of peak vasodilation, 
but it should be recognized that the 50–70% range 
includes many stenoses which are physiologically 
nonsignificant.

· Even allowing for discrepancies between anatomical 
stenosis severity and physiological sequelae, there 
are other fundamental problems in defining the 
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Fig. 16.8 (a and b). Detection of multivessel ischemia at exer-
cise echo. In addition to left anterior descending wall motion 
abnormalities in the septum and anteroseptum, there is LV cav-
ity enlargement, and posterolateral wall motion abnormalities 
are also detected. This is a good case to emphasize that every 

segment must be systematically compared – even when the test 
is clearly abnormal, and especially if there is LV cavity enlarge-
ment. Resting images are shown on the left and postexercise 
images on the right. Printed images are end-systolic freeze 
frames and arrows identify new wall motion abnormalities
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accuracy of noninvasive tests from the coronary 
arteriogram, including observer variability and 
problems posed by assessment of eccentric stenoses, 
and poor correlation between the anatomic severity 
of stenoses and their effects on flow.

· Newer invasive measures of coronary stenosis sever-
ity such as coronary flow reserve and myocardial 
fractional flow reserve offer both a physiologic index 
that addresses the anatomy versus physiology dichot-
omy and the problems of subjectivity. Patients with 
an FFR < 0.75 can be expected to have unequivocal 
evidence of reversible myocardial ischemia on non-
invasive testing, and this approach is the best solution 
if there is concern about a negative stress echo in the 
setting of an apparently abnormal angiogram.

· Erroneous results may be due to inadequate equip-
ment or insufficient training. Technically difficult 
studies due to poor image quality remain a problem, 
even in the era of harmonic imaging and echo con-
trast. The greatest potential pitfalls relate to the 
interpretation of studies.

False-negative results may occur due to failure to 
appreciate the subtle manifestations of ischemia 
(hypokinesis, tardokinesis).

· Patient factors may limit the ability to induce 
ischemia.

· Antianginal therapy may prevent the identification of 
ischemia, and therefore, diagnostic testing should be 

performed after interruption of therapy – especially beta 
blockers. The implications of ongoing therapy for prog-
nostic testing are less clear – sometimes the assumption 
is made that events are less likely if the heart is protected 
from ischemia, but an important role of prognostic test-
ing of patients with suspected disease is simply to 
allocate low risk to those without disease, and this 
process is compromised by testing on therapy.

· The use of an inappropriate stressor may contribute to 
false-negative results. A negative test due to inability 
to exercise maximally or tolerate maximal pharmaco-
logic stress should be identified as nondiagnostic. 
Even if maximal, pharmacologic stress is less potent 
than exercise, and inadequate stress may fail to induce 
ischemia. A useful aphorism is that if the patient is 
able to exercise maximally, exercise stress is the bet-
ter choice – because of the greater workload, the 
information derived from exercise capacity and the 
more reliable ST segment response.

· Extreme hemodynamic changes may influence wall 
motion. Severe stress-induced hypertension may mag-
nify the development of regional wall motion abnor-
malities and actually cause wall motion abnormalities 
in the absence of coronary disease, and in contrast, 
reduction of LV volumes (e.g., “cavity obliteration” 
with peak doses of dobutamine) may hide wall motion 
abnormalities due to milder coronary disease.

Quantitative Interpretation

The problem: Subjectivity is the bane of stress echocar-
diography. Without special training, competent readers 
of transthoracic echo have an accuracy of approximately 
60–70%. Picano et al4 reported that 100 supervised stud-
ies were required to bring the accuracy of “novices” 
experienced in echocardiography to the level of 
“experts.” As importantly, pattern recognition skills 
attenuate when they are not used, and limited data sug-
gest that accuracy is related to reading volume.

· Subjective analysis leads groups of readers to have 
different reading styles, which leads to variations 
between expert centers. The first study of this topic5 
showed the major causes of discordant interpretation 
were milder degrees of coronary disease, and espe-
cially suboptimal image quality. A re-examination of 
the same topic over 7 years later showed improvement 
in concordance related to improved image quality 

Table 16.5 Contents of a stress echo report

Heading Detail

Resting images LV size and global function
Resting wall motion abnormalities 

(including score)
Other problems that may account for 

symptoms (e.g., valvular)
Stress response Limiting symptoms, side effects

Angina and ST segment responses
Hemodynamic response (including adequacy 

of heart rate)
Exercise capacity

Stress images LV size and global function
Segmental function – presence, site, extent 

and severity of abnormal function, time 
of onset, and duration after stress

Wall motion score
Conclusion Presence and extent of infarction and 

viability (if resting function is abnormal)
Exercise/dobutamine stress response 

(nonecho aspects)
Response based on subjective analysis, wall 

motion score, and/or ejection fraction
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Fig. 16.9 (a and b). Difficulties posed by interpretation of the infe-
rior wall. Apical two-chamber views show a shape change in the 
inferior wall. This is a good case to emphasize that the basal inferior 
should only be identified as abnormal in the presence of an adjacent 

abnormal segment – here both the basal septum and the mid-inferior 
are implicated. Resting images are shown on the left and postexer-
cise images on the right. Printed images are end-systolic freeze 
frames and arrows identify new wall motion abnormalities



338 T. Marwick

BookID 128962_ChapID 16_Proof# 1 - 11/3/2009 BookID 128962_ChapID 16_Proof# 1 - 11/3/2009

due to harmonic imaging, side-by-side review, and 
standard reading criteria.6

The solution to subjective interpretation may be the 
adoption of quantitative approaches to the evaluation 
of left ventricular wall motion – if not as a substitute, 
then as a guide to standard wall motion analysis.

1. Global systolic function may be quantified by trac-
ing endocardial contours in systole and diastole in 
order to obtain ventricular volumes and ejection 
fraction. However, global indices are relatively 
insensitive to mild ischemia (because of compen-
sation by nonischemic walls), and are nonspecific 
for coronary disease. Nonetheless, this approach is 
useful in some situations (e.g., assessment of con-
tractile reserve in valvular disease and viability) 
and may be strengthened by the application of 
three-dimensional echocardiography.

2. The simplest approach to quantifying regional func-
tion is the application of a semiquantitative wall 
motion score, although these do not truly measure 
function independent of the observer.

3. True quantitation of regional function may be per-
formed from M-mode, two-dimensional or Doppler 
methods, some of which are in the realm of “new 
technologies.” Generally, these can be categorized 
into approaches that

 (a) Track endocardial radial motion and
 (b) Those that measure longitudinal shortening

 (a)  The approach which is most analogous with 
standard visual assessment is the measurement of 
radial thickening or endocardial excursion. 
Although assessment of thickening is indepen-
dent of tethering, translation, or rotation, its fea-
sibility is limited by problems of not only tracking 
the endocardium but also the epicardial border.

 The most widely used approach was therefore the 
measurement of endocardial excursion using the 
centerline method, which involves tracing and 
superimposition of systolic and diastolic images, 
drawing of a centerline midway between these 
profiles, arrangements of chord perpendicular to the 
centerline, and measurement of chord lengths, 
normalized for body size and the diastolic perimeter 
length. Recent image processing advances have 
enabled automated contour detection and correc-
tion of translational movement by use of the apex 
and mitral valve plane as a frame of reference.

 An alternative approach tracks the myocardial border 
using the difference in backscatter between the 
myocardium and blood pool, with each frame being 
superimposed and the location of the endocardium 
in each frame being color coded. Normal ranges 
have been defined for this approach, and the tech-
nique is accurate for the diagnosis of coronary 
artery disease and may be especially valuable as a 
guide to less experienced readers. However, poten-
tial problems common to all endocardial tracking 
approaches include concerns about image quality 
(which limits the ability to trace the endocardial 
border), compensation for rotational or translational 
movement of the heart (both fixed and floating 
frames of reference have potential problems – 
failure to correct for such movement may cause 
false positives, but their correction may hinder the 
detection of milder abnormalities), and selection of 
appropriate systolic and diastolic frames.

b. Tissue Doppler imaging measures the velocity of myo-
cardial movement within a sample volume relative to 
the transducer, using the same principles as the use of 
Doppler for measurement of bloodflow, but with 
manipulation of the controls to include high-amplitude, 
low-velocity signals. This technique is especially valu-
able for quantification of longitudinal (base-apex) 
function. Supply-side ischemia has clearly been shown 
to alter myocardial velocity, strain and strain rate, and 
similar findings have been reported during exercise and 
dobutamine stress echocardiography. Indeed, recent 
designation of normal ranges (in isolation or using 
regression equations to correct for age and gender) has 
enabled tissue Doppler to provide a fully quantitative 
means of interpreting stress echocardiography, compa-
rable to expert wall motion analysis. Tissue Doppler-
based techniques are less dependent on image quality 
than the edge-detection methods, but these methods 
have important limitations – in particular, the apex 
cannot be assessed adequately as it is fixed and veloci-
ties are low. Problems posed by tethering and transla-
tion have been addressed by the development of strain 
rate and strain imaging, which examine a velocity gra-
dient between adjacent sample volumes. Preliminary 
clinical studies with these techniques have also pro-
duced favorable results both for the assessment of via-
bility (Fig. 16.10) and ischemia (Fig. 16.11), although 
the newer techniques have greater problems with 
signal quality than tissue velocity alone and are very 
susceptible to angulation issues.
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Fig. 16.10 Application of strain imaging to the identification of 
viability in a patient with resting apical wall motion abnormalities. 
The apical septal waveforms are shown in yellow and the apical 
lateral in blue. Strain is reduced in the septum at rest and the lateral 

is actually lengthening (positive wave). Low-dose dobutamine 
causes reversal of the lateral wall, which now shortens, compared 
to little change in the septum. At peak, the lateral deteriorates and 
again lengthens – signifying a biphasic response
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Fig. 16.11 Application of strain and strain-rate imaging to the identi-
fication of ischemia in the inferior wall. The basal inferior waveforms 
are shown in yellow and the apical in blue. Waveforms are normal in 

both at rest. At peak dobutamine, strain decreased and SR fails to 
increase in the basal inferior, and milder ischemia in the apex is evi-
denced by the development of postsystolic thickening (blue arrows)
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The need for a reliable quantitative approach remains 
one of the greatest challenges of stress echocardiogra-
phy. The reality is that quantitative stress echo is a 
research rather than a clinical tool at most centers 
(Table 16.6).

Accuracy

The calculation of sensitivity, specificity, and diagnos-
tic accuracy is based on comparison of a noninvasive 
technique with a gold standard – generally coronary 
angiography. However, the measurement of sensitivity 
and specificity does not address the efficacy of stress 
echocardiography for addressing several important 
questions, including the ability to identify ischemia 
and viability in the postinfarction patient, the recogni-
tion of multivessel disease as such, and the ability to 
identify ischemia within a particular territory.

The reported accuracy of stress echocardiography 
is influenced by several technical and clinical aspects. 
The contributions of impaired image quality, submaxi-
mal stress, and the limitations of coronary angiogra-
phy have been alluded to earlier.

Clinical Factors Influencing Accuracy

Referral bias may influence accuracy if a particular 
subgroup is over-represented and especially if a subgroup 
is referred preferentially to angiography (post-test 
referral bias). Studies showing the latter produce a 

characteristic pattern of high sensitivity (patients with 
a positive test proceed to angiography) and low speci-
ficity (the only patients with a normal angiogram are 
those with a false-positive result). Even when care is 
taken to avoid influencing the performance of angiog-
raphy, study designs comparing the findings of stress 
echocardiography with coronary anatomy are neces-
sarily biased toward a group with severe enough 
coronary disease to warrant angiography.

For similar reasons, over-representation of patients 
with more extensive CAD or prior infarction tends to 
inflate sensitivity. Patients with multivessel disease or 
tight stenoses are likely to have a more extensive area of 
abnormal wall motion and conversely, small risk areas in 
patients with mild or single-vessel disease may not be 
identified, leading to lower sensitivity in this situation. 
Indeed, single-vessel and mild coronary disease are the 
main angiographic predictors of false-negative results. 
Fortunately, the outcome of patients is more governed by 
functional evidence of ischemia than coronary anatomy, 
and patients with “false-negative” stress echocardio-
grams have a benign prognosis. In the postinfarct patient, 
the diagnosis of coronary disease is already established.

Accuracy of Stress Echocardiography

The accuracy of different stress echocardiography 
techniques is summarized in Fig. 16.12. Generally, 
sensitivities are in the 80–85% range, with specificities 
in the 85% range. Exercise echo is the more sensitive 
and dipyridamole echo the most specific – reflecting 
the more potent stress with exercise but the possibility 
of artifact due to image quality issues.

The ability to recognize multivessel disease, iden-
tify extent of disease, differentiate performance in each 
location, and discriminate ischemia from scar is an 
important parameter that is not expressed by sensitivity 
and specificity. The presence of multivessel disease 
makes it easier to identify that disease is present, but 
this high sensitivity for detection of disease hides quite 
limited ability to recognize that more than one vessel is 
involved, apart from in patients with previous myocar-
dial infarction – where multivessel disease is implied 
by a new wall motion abnormality, separate from the 
infarct zone. Thus, the ability to recognize multivessel 
disease with prior infarction is >80%, while it is only 
50% in those without prior infarction. Clues to the 

Table 16.6 Application of new technology to stress echo 
interpretation

Category Specific tests Status

Radial motion Color kinesis Improves accuracy of novice 
readers

Image quality dependent, 
best with contrast

Centerline Image quality dependent
Strain, etc. May be possible with 

speckle tracking
Longitudinal 

motion
Tissue Doppler Improves accuracy of novice 

readers
Limited by translational 

motion
Strain rate and 

strain
Promising but still 

underdeveloped
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presence of multivessel disease are left ventricular cav-
ity enlargement and reduction of ejection fraction (but 
this is rare with dobutamine stress), the combination of 
a positive stress echo with ST segment changes of >0.2 
mV, earlier onset of ischemia (i.e., at lower levels of 
exercise or lower dose of pharmacologic stress, or low 
heart rate and rate-pressure product).

Exercise Versus Pharmacologic Stress

There is no choice but to use pharmacologic stress in 
patients who can only exercise submaximally, but its 
use is more controversial in patients who could other-
wise exercise. While this approach makes the acquisi-
tion easier, it makes the interpretation more difficult 
because the workload on the heart is less and therefore 
extent of ischemia is less. Comparative studies between 
dipyridamole and exercise stress (in patients able to 
exercise) have shown higher feasibility for the drug, 
with varying sensitivity and specificity, although the 
general consensus is that exercise is more sensitive and 
less specific. The same conclusions have been made 
with comparison of dobutamine and exercise stress.

Selection of the Optimal Pharmacologic 
Stress

The choice of stressor is simple in some subgroups of patients 
who cannot exercise, who have specific contraindications 

to one or other stressor. Patients with hypertension or 
arrhythmias should undergo a vasodilator rather than an 
inotropic stress, and patients with bronchospasm or con-
duction disorders should be submitted for dobutamine 
testing. In the majority of patients, who lack these con-
traindications, comparisons between dobutamine and 
dipyridamole have shown similar accuracy, although 
dobutamine is more sensitive for single-vessel disease 
and dipyridamole is more specific.

Comparison with Other Approaches

Comparison with the Exercise ECG

Although the exercise ECG is the simplest and most 
widely used test for noninvasive detection of coronary 
disease, its dependence upon adequate stress and an 
interpretable ECG limit its feasibility to <50% of patients 
warranting functional testing for CAD. The reported sen-
sitivity and specificity of the exercise ECG varies widely, 
with mean values of 68 ± 16% and 77 ± 17%, respectively. 
Of course, the exercise test offers much more than just the 
ST segment response, and various scores that include not 
only the ST data, but also correction for heart rate, or a 
combination with exercise capacity and hemodynamics 
have improved the accuracy of the test.

In direct comparisons between exercise echo and 
conventional exercise ECG, the imaging test gave 
better sensitivity and specificity, as well obtaining 
otherwise inaccessible data such as the site of dis-

Fig. 16.12 Accuracy of different approaches for diagnosis of CAD with stress echocardiography (reproduced with permission from ref. 8. )
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ease. Limited data with exercise scores show these to 
be better than the ST analysis alone, but still inferior 
to stress echo.

Difficult Subgroups for Standard Exercise 
Testing (LBBB, LVH, Women)

Circumflex artery: Imaging techniques certainly offer 
diagnostic information in the right coronary and left 
circumflex territories, and are therefore superior to the 
ECG, which may be nondiagnostic.

Left bundle branch block: The problems arise in 
the LAD territory, where left bundle branch block is 
a difficult situation for all noninvasive techniques, 
because this conduction disturbance may influence 
both perfusion and function in the absence of CAD. 
The sensitivity of stress echocardiography in the 
anterior circulation depends on the ability to interpret 
thickening rather than wall motion and to visualize 
the distal anterior wall in the two-chamber view. The 
specificity of stress echocardiography appears higher 
than SPECT.

LV hypertrophy is an important cause of false-pos-
itive ST segment responses at stress testing, even if the 
ST segment appears to be interpretable. While left 
ventricular hypertrophy has been associated with false-
positive SPECT imaging, it has not been shown to 
influence the accuracy of stress echocardiography. The 
only exceptions are patients with concentric remodel-
ing, in whom transmural wall stress is low and there-
fore ischemia may not be provoked, even in the 
presence of CAD.

Women: Although this is generally not acknowl-
edged in stress testing guidelines, most clinicians 
accept that the accuracy of exercise ECG is less in 
women than in men. Myocardial perfusion imaging 
may be used to circumvent this problem, although it 
is not without problems, related to the smaller 
female heart and breast attenuation problems. The 
accuracy of stress echocardiography is not compro-
mised in women, and the results are superior to 
those of the exercise ECG, even after correction for 
referral bias. Indeed, the use of exercise echo as an 
initial test incurred more initial expense but was 
ultimately less expensive, because of the avoidance 
of false-positive ECG provoking unnecessary 
angiograms.

Clinical Implications of Superiority  
of Exercise Echo Versus Exercise ECG

Stress echocardiography is the functional test of choice 
in patients who are unable to exercise and those with an 
uninterpretable ECG, or when management questions 
are poorly answered by the exercise ECG alone – for 
example, when the site of ischemia or the presence of 
multivessel disease requires definition. To this could be 
added subgroups of patients where the stress ECG has 
been shown to be inferior to stress echo – e.g., women, 
patients with LVH and hypertension. The unresolved 
question is whether stress ECG testing should be super-
ceded by stress echo in patients with a moderate risk of 
coronary disease with an interpretable ECG, who are 
able to exercise. Although there are cost-effectiveness 
data that support this approach, at present there are insuf-
ficient data to justify it across the board, especially as 
patients undergo exercise testing for a variety of reasons 
– and in some, the ST segment data are of secondary 
importance to information pertaining to exercise capac-
ity and hemodynamic responses to exercise.

Comparison with Other Stress-Imaging 
Approaches

The examination of myocardial function and perfusion 
at rest and after stress is now possible with both nuclear 
cardiology and magnetic resonance imaging, but still 
in its infancy with contrast stress echocardiography. 
Perfusion imaging identifies the presence of coronary 
disease on the basis of stress-induced perfusion hetero-
geneity – which may not necessarily parallel the pres-
ence of myocardial ischemia. This occurs earlier in the 
ischemic cascade, and therefore inherently more sensi-
tive than awaiting the development of inducible wall 
motion abnormalities, as well as being less likely to be 
influenced by antianginal drug therapy, which prevents 
the development of ischemia.

The indications for perfusion scintigraphy, stress 
MRI, and stress echocardiography are similar

1. Diagnosis of coronary artery disease in patients 
unsuitable for routine exercise testing or in patients 
with an intermediate risk of disease

2. Assessment of the physiologic significance of 
known coronary stenosis
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3. Assessment of prognosis, as determined from the 
quantity of infarcted tissue, and the amount of isch-
emic tissue

4. Follow-up after intervention

Despite the favorable record of the nuclear techniques and 
the benefit of more automated interpretation, they have 
disadvantages with respect to cost (of imaging equipment, 
isotopes, and disposables), patient convenience (particu-
larly with thallium imaging), and availability. Stress 
echocardiography does not share these technical problems 
and can offer real-time imaging of the heart (possibly 
enhancing safety and enabling visualization of the time-
course of ischemia), but is technically more difficult. The 
use of magnetic resonance imaging for the assessment of 
coronary disease is still under evaluation.

Accuracy of Stress Echocardiography 
Versus Perfusion Scintigraphy

The sensitivity and the specificity of SPECT are 
quoted as about 90 and 70%, respectively, comparing 
with 80 and 85% by stress echocardiography. The 
use of receiver operator characteristic curves to cor-
rect for the inevitable variations between studies 
showed similar levels of accuracy – with SPECT 
being more sensitive, but less specific than echocar-
diography.7 These findings have been supported by 
head-to-head comparisons between the techniques 
using exercise or dobutamine stress. The results 
with vasodilator stress show less sensitivity for 
echocardiography.

As mentioned earlier, there are many clinical settings 
where the parameters of sensitivity and specificity are 
insufficient for comparison of the tests. Patients after 
myocardial infarction are one such example, as sensitiv-
ity and specificity do not discriminate between the diag-
noses of scar and ischemia. However, differences 
between the tests certainly occur in this respect – the 
concordance between echocardiography and perfusion 
scintigraphy with respect to the identification of normal, 
ischemic, or infarcted myocardium is between 70 and 
80%. In the situation that exercise echo identifies scar 
by within segments identified as ischemic by SPECT, 
the segments are often found to be viable. Generally, 
this may be avoided by the use of dobutamine (which 
permits recognition of a biphasic response).

When to Choose Stress Echocardiography 
Versus Scintigraphy (and Vice Versa)

Much has been written about the comparison between 
stress echocardiography and scintigraphy. However 
for both techniques, local expertise remains the most 
important issue. However, once this condition is fulfilled, 
we believe that the selection of one or other test should 
be tailored to the clinical circumstances as follows:8

Perfusion imaging may be more useful in

1. Postinfarction patients. Scintigraphy is more able to 
identify combinations of ischemia and infarction, is 
accurate for the detection of viable myocardium 
(although dobutamine echocardiography is useful in 
this respect), and lacks the problem of peri-infarct 
tethering seen with echocardiography.

2. Patients requiring vasodilator stress (those unable to 
exercise and also unable to undergo dobutamine  
testing). Perfusion imaging is recommended for diag-
nostic purposes, as vasodilator echocardiography is 
insensitive, particularly for single-vessel disease.

3. Patients with poor echocardiographic windows 
(though these individuals are difficult to predict 
without performing resting imaging, and the win-
dow may paradoxically improve with postexercise 
hyperventilation).

Echocardiography is more useful in

1. Those with left ventricular hypertrophy and left bun-
dle branch block. Stress echocardiography appears to 
be more specific than perfusion scintigraphy in these 
situations (though these data await confirmation).

2. Patients in whom safety is a major concern (poten-
tially unstable or severely ischemic). Using echocar-
diography, ischemia may be observed “online” and 
the appropriate action taken.

3. Studies being performed to assess the adequacy of 
therapy (as echocardiography visualizes ischemia) 
rather than perfusion heterogeneity.

4. Patients with a suspicion of significant valvular or 
pericardial components to their presentation.

5. Women. The use of nuclear perfusion imaging in 
women has some important limitations, including 
breast attenuation artifacts and ability to resolve 
ischemia in the small female heart. There have been 
no direct comparisons, but in a meta-analysis, both 
sensitivity and specificity were less with nuclear 
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than echo imaging.
6. Left ventricular hypertrophy. In contrast to the favor-

able results with echocardiography in LVH, perfusion 
scintigraphy in patients with LV hypertrophy often 
shows both false negatives (reduction of hyperemia in 
normal segments, suboptimal stress) and false posi-
tives (nonuniform reduction of perfusion reserve due 
to LVH). Direct comparison of stress echo with myo-
cardial perfusion scintigraphy in hypertensive patients 
showed that the specificity of echocardiography was 
significantly greater than that of scintigraphy.

Stress Echocardiography Versus Magnetic 
Resonance Imaging

Magnetic resonance imaging may be used to assess wall 
motion at rest and stress, perfusion and viability. As the 
image quality is uniformly high, this technique may 
offer a quantitative solution to regional LV function 
assessment, and the first reports of such an approach are 
now 10 years old. Strain imaging is also feasible. To 
date, however, neither are part of the standard array of 
stress-imaging techniques that are routinely performed.

Most of the comparative studies between dobu-
tamine MRI and dobutamine echocardiography have 
focused on the assessment of myocardial viability. In 
an original study of >200 patients, both tests were 
unable to evaluate 18 patients (9%) – due to poor image 
quality at echocardiography and due to claustrophobia 
and obesity with MRI. The sensitivity of dobutamine 
echocardiography and MRI were 74 and 86%, respec-
tively, with specificities of 70 and 86%, but these dif-
ferences were not significant when poor-quality echo 
studies were excluded.

Echocardiographic Determination  
of Myocardial Viability

Use of Echocardiographic Techniques  
to Predict Functional Recovery

The echocardiographic assessment of viability is often 
considered to relate to contractile reserve. However, a 
spectrum of information may be obtained from resting 

echocardiography (wall motion, wall thinning, and LV 
volumes), dobutamine or dipyridamole stress (ischemia 
and contractile reserve), contrast echocardiography (per-
fusion), and new technologies (myocardial backscatter, 
tissue Doppler, and strain imaging). These features are 
discussed in more detail by Vanoverschelde in Chap. 17.

Augmentation of regional function with low-dose 
dobutamine (5–10 mg/kg/min) or dipyridamole identi-
fies the possibility of viability, but as discussed earlier, 
the reliability of this signal depends on what happens 
next. Continued augmentation up until peak dose may 
indicate a patent infarct-related artery or well collater-
alized tissue, but may also be seen in a nontransmural 
infarction. The development of ischemia at high heart 
rates (i.e., a “biphasic response”) denotes a stenosed 
infarct-related artery and is a reliable predictor of func-
tional recovery after revascularization. The determi-
nants of the viability responses to stress include the 
amount of viable tissue, the degree of residual steno-
sis, the extent and magnitude of collaterals, the size of 
the risk area, tethering, and the presence of drug ther-
apy. Impairment of coronary flow reserve is important 
in the development of ischemia, and therefore the 
biphasic response discussed earlier, but some preser-
vation of flow reserve is critical to permit augmenta-
tion of function in response to low-dose dobutamine. 
These issues, as well as differences in populations and 
techniques, lead to some variation in the recorded 
accuracy of stress echocardiography for prediction of 
viability, but most studies are in the range from 76 to 
87% for sensitivity and 82 to 92% for specificity.

The use of stress echo to predict functional recovery 
may be associated with some false-negative and false-
positive results in addition to the usual causes mentioned 
in relation to predicting angiographic CAD. Viable tissue 
that has extensive ultrastructural damage may take time 
to recover both metabolism and function, so “false-
positive” findings may relate to early performance of 
the postrevascularization scan. Similarly, revasculariza-
tion that does not lead to functional recovery at rest may 
improve contractile reserve or function at peak stress.

Comparison with Other Approaches for 
the Detection of Myocardial Viability

There are four alternative techniques to contractile 
reserve for the assessment of myocardial viability; 
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metabolic approaches (SPECT or PET), cell membrane 
integrity (thallium) perfusion assessment (SPECT or 
contrast echo), and assessment of the extent of scar 
(contrast-enhanced MRI). The different modalities that 
assess these parameters have been compared in a meta-
analysis, summarized in Fig. 16.13.

The number of possible tests for the identification 
of viability is bewildering. In general terms, the most 
appropriate test for patients after myocardial infarction 
is one that is able to detect heterozonal ischemia, peri-
infarct ischemia, and viable myocardium. The following 
guidelines have previously been proposed8

1. The “local” best test should be chosen; both nuclear 
and echocardiographic techniques effectively iden-
tify regional and global functional recovery, as well 
as identifying patients at risk of major events

2. There may be some benefit in using resting thallium 
or sestamibi imaging to define viability in the unsta-
ble patient

3. Perfusion-based studies (SPECT or contrast echo) are 
sensitive and best used when the clinician has a high 
level of preparedness to proceed to revascularization

Perhaps the most important message, however, is to 
keep the presence and extent of viability in the context 
of a number of other clinical and angiographic param-
eters that determine the results of revascularization – 
including angina, ventricular size, infarct size, comorbid 
diseases of the LV, adequacy of adequate target vessels 
for bypass and collateral vessels.

Prognostic Value of Stress 
Echocardiography

The main determinants of risk in patients with coro-
nary artery disease are the severity of LV dysfunc-
tion and the extent of myocardial ischemia. The 
standard approach to gathering these data for clini-
cal decision making is based upon the extent of cor-
onary disease and severity of LV dysfunction at 
coronary angiography and left ventriculography – 
the detection of three-vessel or left main coronary 
disease identifies subgroups with 5-year mortalities 
of 15 or 43%. Nonetheless, the reason why the num-
ber of stenosed coronary vessels carry prognostic 
significance is because of the extent of myocardial 
ischemia, which may be identified by stress echo or 
other noninvasive techniques. Especially in those 
who have limited symptoms or who are controlled 
on medical therapy, a valuable use of stress echo is 
therefore in the risk stratification of patients: inter-
vention cannot be justified on prognostic grounds if 
the expected mortality is <1% per year.9 For exam-
ple, in chronic stable angina, the overall risk of a 
major event is 4%. Clinical data (pertaining to age, 
the severity of angina, a history of diabetes, hyper-
tension or prior infarction, and resting ST segment 
depression) may be used to identify subgroups at 
higher and lower risk, and stress testing may be used 
to further substratify the groups.

Fig. 16.13 Accuracy of different approaches for diagnosis of viability (modified from ref. 11)
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Significance of a Negative Stress 
Echocardiogram

Patients with normal exercise or pharmacologic stress 
echocardiograms have a benign prognosis over several 
years of follow-up Table 16.7. The yearly mortality of 
these patients is <1%, confirming that their prognosis 
could not be improved by intervention. As always, no 
finding in isolation is reliable, and some patients with a 
negative stress echo have a higher risk of cardiac events. 
There are three major groups: first, those at higher risk 
on clinical grounds (older patients and those with dia-
betes mellitus or left ventricular hypertrophy), those in 
whom the negative test result is obtained at submaxi-
mal exercise (<85% age-predicted maximum heart-rate 
or <6 METS – reflecting that the heart was insuffi-
ciently stressed to become ischemic), and those in 
whom a wall motion abnormality may have been missed 
(e.g., patients having angina in the absence of identifi-
able wall motion abnormalities). A points score has 
been created to identify the likelihood of a stress echo 
result producing a misleading prognosis.

Significance of a Positive Stress 
Echocardiogram

Both death and cardiac events are predicted by the 
presence of ischemia, scar, or both at either exercise or 
dobutamine echocardiography. These echo data are 
both independent predictors of outcome and also incre-
mental to other data. Nonetheless, the overall event 
rate in the presence of a positive test is <20%, and 
therefore positive results need to be substratified on the 
basis of clinical risk, extent and severity of ischemia 
and the extent of infarction, ischemic threshold, and 
the remainder of the stress testing data. Most important 
in this respect is the Duke treadmill score; the prognostic 
value of echo data is limited in patients with low-risk 
and high-risk scores, but intermediate-risk patients, 

who account for 40–50% of patients in most series, 
may be substratified by stress-imaging studies. In these 
patients, those with a negative or weakly positive test 
can be managed medically, while those with wall 
motion abnormalities in multiple vascular territories 
have an event rate similar to the high-risk patients and 
justify further investigation and intervention.

Prognostic Assessment After Myocardial 
Infarction

Although the interventional treatment of infarction has 
become progressively more aggressive in the acute 
stage or in patients with unstable coronary syndromes, 
there is currently no consensus regarding the superior-
ity of an angiographic or a noninvasive approach in the 
stable post-Q wave infarction patient. Despite a fre-
quent desire to define the coronary anatomy, this is not 
a powerful predictor of outcome (apart from in the 
highest-risk patients such as 3-vessel or left main dis-
ease) and provides only inferential information about 
the extent of ischemic burden or residual viable myo-
cardium. The alternative is a stepwise approach, 
whereby the two goals of noninvasive testing are the 
identification of patients at low risk for recurrent events 
(a group in whom further testing is unnecessary), and 
the recognition of patients who are at high risk for 
recurrent cardiac events (in whom intervention should 
be focused with the goal of avoiding these events).8

This predictive process is based upon not just non-
invasive but also demographic, clinical, and anatomic 
features:

1. Baseline demographic and clinical variables such as 
advanced age, female sex, prior medical history, includ-
ing previous MI, and the presence of cardiovascular 
risk factors, particularly diabetes and hypertension

2. Clinical variables early in the course of the MI, such 
as tachycardia, hypotension, Killip class, site (anterior 

Table 16.7 Meta-analysis of studies examining the prognostic implications of a negative stress echocardiogram14

Stress n F/U (m) Death (%/year) Hard events (%/year) Total events (%/year)

Dipyridamole 1,109 33 0.2 0.9 2.5
Dobutamine 2,265 26 0.7 1.4 3.0
Exercise 3,425 26 0.2 0.5 1.3
Total 6,799 27 0.3 0.9 2.1
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vs. other), type (Q wave vs. non-Q wave) and size 
of infarction, and ventricular arrhythmias

3. Functional indices including resting left ventricular 
function, exercise capacity, and the presence of 
spontaneous or inducible ischemia

4. Severity of coronary disease determined at contrast 
cineangiography

Both the extent of left ventricular damage (on the resting 
images) and the extent of jeopardized myocardium (on 
stress images) may be obtained by stress echocardiogra-
phy. The selection of exercise echocardiography allows 
the detection of echocardiographic evidence of ischemia 
to complement prognostic information obtained from 
resting functional indices (e.g., ejection fraction), together 
with exercise capacity and ST segment analyses, and 
exercise testing is useful in reassuring patients about 
their ability to resume usual activities after myocardial 
infarction. However, pharmacologic stress techniques 
have been more extensively studied in the postinfarction 
population, because tests can be performed earlier and 
offer viability data. In the landmark Echo Persantine 
Italian Co-operative (EPIC) multicenter study of 925 
patients, the mortality of patients with a negative study 
was only 2%, compared with only 7% of subjects with a 
positive test result at low dose. Likewise, the Echo 
Dobutamine International Co-operative (EDIC) study 
showed that cardiac death and major events were inde-
pendently predicted by peak wall motion score index.

The relative roles of the stress echocardiogram and 
exercise ECG in the post-infarct patient are disputed. 
Some authors argue that because the negative predictive 

value of ExECG for mortality is comparable to that of 
a negative dipyridamole echo (2% vs. 1.6%), the stan-
dard stress test should be the initial step, with stress 
echocardiography used for risk stratification of posi-
tive stress tests. Others (including this author) favor 
replacing the exercise test because of its lower feasibility, 
limited prognostic power, and inability to identify the 
culprit vessel as well as viability.

Prediction of Perioperative Cardiac Risk  
in Patients Undergoing Major  
Noncardiac Surgery

The increasing prevalence of cardiac problems and the 
aging of the population have led cardiac complications 
of surgery to become a major cause of perioperative 
mortality and morbidity. As in other situations of risk 
evaluation, the first step should be a clinical evaluation 
of risk level – based on the nature of surgery and the 
cardiac history. Patients undergoing minor surgery or 
without clinical markers of risk (angina, past infarction, 
heart failure, diabetes, renal impairment, advanced age) 
are unlikely to have a cardiac complication and do not 
require stress echocardiography. In those that require 
stress echo, the predictive value of a negative test is 
>95%, implying that an at-risk patient with a negative 
test does not require further investigation. As in other 
situations, the degree of risk associated with a positive 
test should be substratified on the basis of clinical risk 
status and ischemic threshold (Fig. 16.14).

Fig. 16.14 Stepwise approach to risk stratification of patients 
undergoing vascular surgery (adapted from ref. 12). Patients 
with low clinical risk (i.e., no Eagle factors) have a low preva-
lence of ischemia, and none in this study had events. Those at 

intermediate and high risk with a negative scan have a low risk 
of events. Those with positive tests may be substratified based 
on the number of risk factors and ischemic threshold into groups 
having risks of from 14 to 71%
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Use of Stress Echocardiography  
in Noncoronary Heart Disease

The findings of resting echocardiography may not 
explain the occurrence of exertional symptoms in 
patients with not only coronary but also noncoronary 
heart disease. In these situations, exercise echocar-
diography testing is the most physiologic means of 
gathering these data.

Stress Echo in Valvular Heart Disease

Assessment during stress may elucidate the cause of 
symptoms in patients with marked symptoms but only 
apparently moderate stenosis, or those with intermit-
tent symptoms (e.g., ischemic mitral regurgitation or 
intermittent valve prolapse.

The principal indications for stress echo in aortic 
stenosis are asymptomatic individuals with severe 
stenosis and those with low gradients. The former may 
simply reflect inactivity, and a simple stress test (with 
careful monitoring) may be sufficient to quantify the 
real exercise capacity and symptom status. The second 
situation is perhaps more difficult – such patients have 
thickened aortic valves with severe left ventricular dys-
function, and it is unclear whether reduced valve excur-
sion reflects reduced LV ejection or reduced function is 
due to severe aortic stenosis. The resting aortic valve 
area is of value; a valve area of <0.6 cm2, typically 
associated with a mean gradient of >30 mmHg, usually 
signifies significant aortic stenosis.10 However, if the 
distinction is unclear, the response to low doses of dob-
utamine may elucidate the mechanism. First, failure to 
improve LV function with dobutamine portends an 
adverse outcome. If the LV improves, an increment of 
gradient and fixed valve area suggests the underlying 
cause to be aortic stenosis. Improvement of valve area 
suggests that the valve is opening more because the 
ventricle is now pushing harder – although whether 
such individuals should forego surgery is debated, it is 
less likely to have a favorable effect than in the patients 
with a gradient response.

Exercise echocardiography may be of benefit in 
patients with apparently mild mitral stenosis at rest, 
who exhibit significant exertional symptoms. When 
this is performed, the most important parameter is 

tricuspid regurgitant severity and velocity, with some 
additional information from the increase in mitral 
gradient during exercise testing.

In healthy patients with mitral regurgitation and an 
obviously repairable mitral valve, early operation is 
probably the most reliable means of avoiding the 
development of LV dysfunction. Likewise, asymp-
tomatic patients who are suitable for surgery should 
clearly proceed if the preoperative ejection fraction is 
<55%, as a delay will risk a further deterioration of 
postoperative function. However, in patients where 
the valve is nonrepairable or may not be repairable, 
or when there is concurrent disease that would 
increase the risk of surgery, further evaluation of risk 
and benefit may be of value. The rationale behind the 
use of stress echocardiography for assessment of 
regurgitant valve lesions is to examine LV contractile 
reserve. This may facilitate the early detection of LV 
decompensation and justify intervention before either 
symptoms or overt LV dysfunction are apparent. 
Indeed, the most accurate variables for prediction of 
postoperative LV dysfunction are exercise end-
systolic volume index > 27 ml/m2, ejection fraction 
<68%, or change of ejection fraction with exercise 
<5%. The identification of preserved contractile 
reserve has been associated with favorable outcome 
in both aortic and mitral regurgitation.

Conclusions

Stress echocardiography now has an established role 
as an accurate and cost-effective approach to the diag-
nosis and risk assessment of CAD, viability and non-
coronary heart disease. Its biggest problem relates to 
lack of automation and the need for training, for which 
there may be a technical solution.
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Introduction

Each year, 400,000 new cases of congestive heart 
failure are diagnosed in the United States. Despite 
cardiac transplantation being the most efficacious 
treatment for end-stage heart failure, <1% of all heart 
failure patients eventually benefit from this proce-
dure, mostly because of the limited donor heart avail-
ability. Cardiac transplantation is therefore not a 
realistic solution for the majority of patients with 
congestive heart failure, especially for the elderly. 
Coronary revascularization procedures, however, are 
commonly performed and not subject to similar limi-
tations. As a result of improved anesthetic, surgical, 
and myocardial protection techniques, the surgical 
risks of performing coronary artery bypass graft 
(CABG) in these patients with heart failure have 
decreased significantly from 11 to16%, to <6%. 
Myocardial revascularization has subsequently 
become a valid treatment option in selected patients 
with observed survival benefits compared to medical 
therapy, and in some cases, improvement in symp-
toms and functional status.

Revascularization of chronically but reversibly dys-
functional myocardium, often referred to as “hibernat-
ing” or “viable,” has emerged as an important alternative 
in the treatment of heart failure secondary to coronary 
artery disease. Obsevational studies have indeed sug-
gested that, compared to patients with large areas of 
non viable myocardium, patients with ischemic left 
ventricular dysfunction and a significant amount of 

viable myocardium identified by various non-invasive 
imaging modalities have:

Lower rates of perioperative mortality, –
Greater improvements in regional and global left  –
ventricular function,
Fewer heart failure symptoms, and –
Improved long-term survival after revascularization –

It is the purpose of this chapter to review the more 
recent advances to the understanding of the pathophysiol-
ogy of chronically dysfunctional but viable myocardium 
and its implications for detection of myocardial viability 
using echocardiography.

Historical Perspective

The spectrum of left ventricular (LV) dysfunction •	
caused by atherosclerotic coronary artery disease has 
expanded over the last quarter of the twentieth cen-
tury. Traditionally, it was assumed that heart failure 
arose from either reversible ischemia (anginal equiv-
alent) or irreversible myocardial infarction. Insights 
gained from more recent functional, metabolic, and 
morphological studies have led to the concept of dys-
functional but viable myocardium (stunned and 
hibernating) and to that of ventricular remodeling.
The possible discordance between wall motion •	
abnormalities and histopathological findings has 
been recognized clinically since the early 1970s.

Chatterjee et al were the first to report on improved  –
regional myocardial wall motion abnormalities in 
the absence of myocardial scarring.
In 1974, Horn et al demonstrated improved  –
regional wall motion with epinephrine infusion 
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in patients with coronary artery disease and 
chronic asynergy.
In 1978, Diamond et al suggested that ischemic  –
noninfarcted myocardium could exist in a state 
of functional hibernation.
In the mid-1980s, Rahimtoola used the term  –
“myocardial hibernation” to describe a state of 
diminished resting ventricular function in the set-
ting of coronary artery disease, which occurs in 
at least a third of coronary patients. He proposed 
that myocardial hibernation develops as a protec-
tive mechanism wherein persistent myocardial 
hypoperfusion in the absence of myocardial 
necrosis leads to downregulation of myocardial 
contractility.
The term “perfusion-contraction matching” was  –
subsequently coined by John Ross to characterize 
the adaptive response of the hibernating myocar-
dium to diminished perfusion.

The concept of evaluating perfusion and contrac-•	
tion simultaneously to characterize the mechanisms 
underlying contractile dysfunction has fostered 
considerable research interests and stimulated the 
use of perfusion imaging, not only to address basic 
pathophysiological mechanisms but also to detect 
viable myocardium clinically in coronary patients.

Pathophysiology

Observations in Humans with Chronic 
Reversible Ischemic Dysfunction

•	 Perfusion-contraction matching. Assessment of 
perfusion-contraction matching in patients with 
chronic LV ischemic dysfunction requires the abil-
ity to measure regional myocardial blood flow in 
absolute terms and to correlate these findings with 
data on regional myocardial function, acquired 
simultaneously. In routine clinical practice, this has 
become possible with the advent of positron emis-
sion tomography (PET) and the use of either 13N-
ammonia or 15O-water as flow tracers. PET is a truly 
quantitative method. It has a good spatial resolu-
tion; it allows for accurate correction of photon 
attenuation and, to some extent, of partial volume 

effects; and finally, when mathematically and phys-
iologically appropriate models are used to describe 
the biological behavior of the radiotracers in blood 
and myocardium, it allows for computation of quan-
titative estimates of regional myocardial perfusion.

Resting PET flow measurements obtained in chroni-
cally dysfunctional but viable myocardium are sum-
marized in Fig. 17.1. Transmural blood flow to 
dysfunctional but viable segments is remarkably vari-
able; one half of the segments shows reduced perfu-
sion, as predicted by Rahimtoola, whereas the other 
half displays only minor and often no reduction in 
transmural myocardial blood flow.

•	 Myocardial flow reserve. Irrespective of resting 
flow, perfusion reserve is always reduced in dys-
functional but viable myocardium, albeit more 
severely in segments with low rest perfusion than in 
those with normal rest perfusion. The severity of 
flow reserve reduction directly impacts on the abil-
ity of dysfunctional but viable myocardium to 
improve in contraction upon inotropic stimulation, 
as this requires increases myocardial blood flow 
and oxygen consumption (vide infra).

Fig. 17.1 Bar graph of rest myocardial blood flow (MBF) mea-
sured with 13N-ammonia or 15O-water in remote, noninfarcted 
collateral-dependent (Coll-dep.), reversibly dysfunctional 
(Rev. Dysf.), irreversibly dysfunctional (Irrev. Dysf.), PET flow-
metabolism mismatch and PET flow-metabolism match seg-
ments of patients with chronic left ventricular ischemic 
dysfunction. *p < 0.05, ***p < 0.001 vs. remote segments. 
Reproduced with permission from Vanoverschelde J-L and 
Melin JA. The pathophysiology of myocardial hibernation. 
Current controversies and future directions. Prog Cardiovasc 
Dis. 2001;43:387-398
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•	 Inotropic reserve. Dysfunctional but viable myo-
cardium often has the capacity to improve function 
when challenged by an inotropic stimulus, such as 
postextrasystolic potentiation or the infusion of cat-
echolamines. However, the response of viable seg-
ments to these stimuli greatly varies from segment 
to segment as well as with the intensity and the 
duration of stimulation.

Most viable segments exhibit a biphasic response when 
challenged by increasing levels of inotropic stimulation. 
At low levels and provided that sufficient residual flow 
reserve is present (vide infra), systolic wall thickening 
usually increases and starts earlier in systole. At higher 
levels, when the increased in demand cannot be matched 
anymore by a further increase in myocardial blood flow 
because of the underlying coronary disease, systolic 
function deteriorates back and can even become worse 
than at baseline. The observation of this peculiar 
biphasic pattern is extremely important to rule out other 
causes of regional dysfunction such as the presence of a 
subendocardial scar or the overall process of remodeling 
that accompanies left ventricular dilatation. In contrast to 
truly viable segments, segments affected by one of 
these two entities indeed usually display a sustained 
contractile response at both low and high levels of ino-
tropic stimulation.

It is important to remember that not every viable 
segment improves during inotropic stimulation, and 
that about 25% of “metabolically” viable segments, 
i.e., those with preserved energy metabolism, exhibit 
no response to an inotropic challenge. Compared to 
viable segments with recruitable inotropic reserve, 
those lacking contractile reserve usually have a lower 
resting myocardial blood flow and take up more glu-
cose under fasting conditions than normal segments or 
viable segments with recruitable inotropic reserve, a 
finding which is consistent with either ongoing or 
impending myocardial ischemia, and thus with a 
severely blunted myocardial flow reserve. This hypoth-
esis is further supported by the results of several ani-
mal and human studies that have shown that 
improvements in mechanical function during inotropic 
stimulation are always attended by similar directional 
changes in myocardial blood flow and oxygen con-
sumption. This implies that sufficient residual flow 
reserve must be present for the expression of a positive 
contractile response during inotropic stimulation

There certainly are other factors that contribute to the 
lack of inotropic reserve in otherwise viable myocardium. 

Preliminary data suggest that the severity of the struc-
tural changes affecting cardiomyocytes may also impact 
on the ability of viable myocardium to respond to an 
inotropic stimulus. In a recent study, the likelihood of a 
positive inotropic response to dobutamine was found to 
be inversely proportional to the mass of residual myo-
cytes showing severe myofibrillar loss. There is also 
evidence that downregulation of b-adrenoreceptors in 
viable segments contributes to decrease to likelihood to 
unmask residual inotropic reserve.

•	 Structural modifications. Besides the changes in 
resting myocardial blood flow and flow reserve, 
several structural alterations that affect the micro-
circulation, the cardiomyocytes, and the extracellu-
lar matrix have described in dysfunctional but viable 
segments. Most of the available information on 
these structural changes has been gathered from 
studies in which human myocardial biopsy speci-
mens were harvested at the time of bypass surgery.

1.  Microcirculation. In general, histological analysis of 
human dysfunctional myocardium has demonstrated 
that the microvasculature was better preserved in the 
segments that will ultimately improve function after 
revascularization than in those that will not (Fig. 17.2). 
This is particularly true for the capillaries whose den-
sity and cross sectional area are usually within the nor-
mal range in reversibly dysfunctional segments. By 
contrast, there is a much greater heterogeneity among 
the segments that do not recover after revasculariza-
tion; approximately half of them showing significant 
capillary rarefaction whereas the other half show no or 
minimal changes. As expected, the major determinant 
of capillary density appears to be the severity of inter-
stitial fibrosis.

2.   Myocyte alterations. The primary alterations include 
depletion of contractile elements. In some cells, this 
is limited to the vicinity of the nucleus, whereas in 
others it is very extended, leaving only few or no 
sarcomeres at the cell periphery. Myofibrillar loss is 
not accompanied by major cell volume changes, 
which is clearly different from atrophic degeneration. 
The space previously occupied by the myofilaments 
is filled with an amorphous, strongly PAS-positive 
material, typical of glycogen (Fig. 17.3). At the ultra-
structural level, adaptive rather than degenerative 
ischemic changes are observed:

The number of mitochondria is increased and  –
display alterations in size and shape. They are 



354 J.-L.J. Vanoverschelde et al.

BookID 128962_ChapID 17_Proof# 1 - 9/10/2008 BookID 128962_ChapID 17_Proof# 1 - 9/10/2008

unevenly distributed within the cytoplasm. Most 
appear doughnut shaped and show loss of contact 
sites between inner and outer mitochondrial 
membranes or decreased numbers of cristae.
Nuclear alterations range from irregular tortuous  –
nuclear outlines, with even distribution of het-
erochromatin over the nucleoplasm, to chroma-
tin clumping near the nuclear membrane and 
throughout the whole nucleoplasm.
Loss of sarcoplasmic reticulum, T-tubules, and  –
sarcomeres but increased endoplasmic reticu-
lum provides additional support for an adaptive 
phenomenon.
The contractile protein myosin, the thin filament  –
complex, titin, and a-actinin are reduced and the 
distribution of titin within the cardiomyocyte is 
altered.
Cytoskeletal proteins such as desmin, tubulin,  –
and vinculin are disorganized.
The expression of connexin-43, a major gap  –
junction protein, and that of nuclear A-type 
lamins is also reduced.
From a biochemical point of view, tissue content of  –
ATP, total adenine nucleotides, and phosphocreatine 

usual remain nearly normal, and mitochondrial 
function, as reflected by the ADP/ATP and PCr/
ATP ratios, also remains nearly intact.

3.  Extracellular matrix. The interstitial alterations con-
sist in increased amounts of collagen deposition. 
Within the widened interstitium are variable num-
bers of fibroblasts and macrophages, and scant 
increased amounts of elastic fibers. Importantly, 
acute ischemic changes such as endothelial swelling 
of the microvasculature are absent. Given their 
severity, the structural changes that affect dysfunc-
tional but viable myocardium impact on its ability to 
respond to an inotropic stimulus and on the speed at 
which it may or may not recover after revasculariza-
tion. Segments with less fibrosis or with less severe 
cardiomyocyte alteration and remodeling are more 
likely to improve function following the administra-
tion of dobutamine or after revascularization.

It has been suggested that the structural changes 
occurring in hibernating myocardium are the conse-
quence of a dedifferentiation process. The hibernating 
cardiomyocytes show many features of neonatal cardi-
omyocytes, including:

Fig. 17.2 Biopsy specimens from three different segments 
with CD31 staining. (a) In a segment with normal resting 
function, the microcirculation is preserved. (b) In a dysfunc-
tional segment that improved after revascularization, the 
microvascular density is normal. (c) Low capillary density and 
significant fibrosis are seen in a dysfunctional segment that 

did not recover function. Reproduced with permission from 
Shimoni et al. Microvascular structural correlates of myocar-
dial contrast echocardiography in patients with coronary artery 
disease and left ventricular dysfunction. Implications for the 
assessment of myocardial hibernation. Circulation. 2002; 
106:950-956



17 Principles of Myocardial Viability Implications for Echocardiography 355

BookID 128962_ChapID 17_Proof# 1 - 9/10/2008

Fig. 17.3 (a) Light micrograph of myocardium showing normal 
cardiomyocytes with virtually no glycogen (PAS staining in red). 
(b) Transmission electron micrograph of a normal cardiac myo-
cyte. (c) Representative light micrograph of a biopsy sample of 
human hibernating myocardium. Cardiac myocytes are depleted of 
their contractile material and filled with glycogen (PAS positive 

staining). (d) Representative transmission electron micrograph of a 
hibernating cardiomyocyte. The myolytic cytoplasm is devoid of 
sarcomeres and filled with glycogen. Magnification: (a, c) ×320; 
(b) ×7, 100; (d) ×7,500. Reproduced with permission from 
Vanoverschelde J-L et al. Chronic myocardial hibernation in 
humans. From bedside to bench. Circulation. 1997;95:1961-1971

1. Depletion of contractile filaments,
2. Presence of rough sarcoplasmic reticulum,
3. Accumulation of glycogen,
4. Occurrence of irregularly shaped nuclei with peculiar 

distribution of chromatin,
5. Loss of organized sarcoplasmic reticulum,
6. Lack of T-tubules, and
7. Vesiculization of the sarcolemma.
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Not all the characteristics of the altered cardiomyocytes 
resemble those of embryonic cells, however. For instance, 
the remaining sarcomeres in the altered cells often 
retain their orderly arrangement at the cell periphery, 
while they are randomly distributed in embryonic cells. 
Also, the amount of glycogen seen in altered cardio-
myocytes far exceeds that reported in the embryo.

The hypothesis of dedifferentiation is further sub-
stantiated by immunohistological studies showing that 
hibernating cardiomyocytes re-express contractile pro-
teins that are specific to the fetal heart, such as the 
a-smooth muscle actin, while at the same time, they 
exhibit the same organization of structural proteins like 
titin as developing cardiomyocytes. In addition, cardio-
tin, a recently described high molecular weight protein 
absent in fetal cells, is also absent from the altered cells. 
These findings reinforce the thesis that hibernating car-
diomyocytes undergo partial dedifferentiation.

Insights Gained from Animal Models of 
Chronic Reversible Ischemic Dysfunction

Chronic coronary stenosis and progressive ameroid 
occlusion models have shed a new light on both the 
mechanisms and the temporal progression of revers-
ible ischemic dysfunction. During the first few weeks 
after the onset of dysfunction, endocardial blood flow 
has consistently been found to be either normal or only 
marginally decreased. At that time, chronic myocar-
dial stunning is thus the most likely mechanism for the 
observed dysfunction, a hypothesis which is further 
supported by the strong relation between the reduction 
in subendocardial flow reserve and the severity of dys-
function. With time and probably also increases in the 
physiological significance of the underlying coronary 
narrowings, some of the dysfunctional segments, 
which appeared “chronically stunned” on early exami-
nation, eventually become underperfused. The transi-
tion from chronic stunning to chronic hibernation 
occurs for threshold reductions in myocardial flow 
reserve. The critical nature of coronary flow reserve 
reduction required to produce hibernating myocardium 
likely explains why not all studies have demonstrated 
a progression to hibernating myocardium distal to a 
chronic stenosis. For example, circumflex ameroid 
models (rapidly progressing stenoses) in dogs usually 

display normal resting perfusion, with a well-developed 
collateral circulation; yet hibernating myocardium can 
develop when source collateral flow is limited. The 
experimental data thus suggest that chronic reversible 
myocardial ischemic dysfunction is a complex, pro-
gressive, and dynamic phenomenon, that is initiated by 
repeated episodes of ischemia, and in which resting 
perfusion, although initially preserved, may subse-
quently become reduced, probably in response to the 
decrease in myocyte energy demand. Indeed, the per-
sistence of some degree of flow reserve, even when 
resting myocardial blood flow is reduced, suggests that 
the reduction in rest flow is somehow secondary to that 
in resting contractile function and could serve as a way 
to increase residual myocardial perfusion reserve.

Animal models have also improved our understand-
ing of the morphological alterations seen in reversible 
ischemic dysfunction. Myofibrillar disassembly, myo-
fibrillar loss, and increased glycogen content develop 
rapidly after a critical limitation in flow reserve. These 
changes seem to take place similarly in dysfunctional 
and in normally perfused remote regions of the dys-
functional hearts. Thus, the pathological changes 
described in humans with chronic but reversible dys-
function do not appear to reflect the chronicity of LV 
dysfunction nor do they appear to arise as a direct con-
sequence of ischemia. The fact that myolysis occurs 
globally in ischemic cardiomyopathy raises the possi-
bility that these morphological changes reflect  
a response to chronic elevations in preload or stretch.

The Physiological Spectrum of Myocardial 
Viability

There is a spectrum of myocardial dysfunction exist-
ing in patients with coronary disease (Table 17.1). The 
initial stages of dysfunction may correspond to chronic 
stunning and are characterized by normal resting per-
fusion but reduced flow reserve, mild myocyte altera-
tions, maintained membrane integrity (allowing the 
transport of cations and metabolic fuels), preserved 
capacity to respond to an inotropic stimulus, and no or 
little tissue fibrosis (Fig. 17.4). Following revasculari 
zation, functional recovery is likely to be rapid and 
complete.
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Table 17.1 The patterns of chronic ischemic dysfunction

Rest flow Flow reserve Inotropic reserve Metabolism Structural changes Reversibility

Chronic stunning ↔ ↓ Yes ↔ No Yes
Transition phase ↔ ↓ Yes ↔ Mild dedifferentiation Yes
Chronic hibernation ↓ ↓↓ May be absent ↔ More severe dediffer-

entiation/fibrosis
Delayed/

incomplete
Infarction ↓ ↓↓ No ↓ Fibrosis No
Remodeling ↔ ↔ May be absent ↔ Fibrosis No

Fig. 17.4 Inotropic response to dobutamine in dysfunctional 
segments (white arrows) with normal rest flow (13NH

3
) and 

FDG uptake (18FDG). The upper row shows images obtained 
from the apical four-chamber view in end-diastole at baseline 
and during the infusion of 5, 10, and 20 µg kg−1 min−1 of dobu-
tamine. The lower row shows the corresponding end-systolic 

images. The yellow arrows indicate segments improving func-
tion, whereas red arrows indicate deteriorating segments. The 
sequence illustrates a typical biphasic response in the distal 
septum and the apex. Since blood flow and FDG uptake are 
normal in these segments, this is an example of chronically 
stunned myocardium

More advanced stages of dysfunction are probably 
associated with reduced rest perfusion, increased tissue 
fibrosis, perhaps more severe myocyte remodeling, and a 
decreased ability to respond to inotropic stimuli. 

Nonetheless, membrane function and energy metabolism 
long remain preserved (Figs. 17.5 and 17.6). Following 
revascularization, functional recovery, if any, is usually 
quite delayed and in the end mostly incomplete.
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Implications for the Clinical 
Identification of Viable Myocardium

Basic Principles for the Identification  
of Viable Myocardium (Table 17.2)

1. The most important determinant of the return of 
resting contractile function following revascular-
ization is the severity of the underlying tissue 
fibrosis, whether interstitial or infarct related. 
Accordingly, methods that specifically assess the 
presence of tissue fibrosis, such as delayed 
enhancement Gadolinium magnetic resonance 
imaging, or its inverse, i.e., the mass of residual 
viable cardiomyocytes, such as thallium and meta-
bolic imaging, should allow for a highly sensitive 
detection of myocardial viability.

2. The second most important determinant of func-
tional recovery is the severity of the structural abnor-
malities affecting cardiomyocytes. When present, 
these structural alterations usually indicate a severe 
and long-lasting process. Reversibility, if any, will 
probably be incomplete and quite delayed. From an 
imaging point of view, the segments presenting with 
these alteration are quite easy to identify. Indeed, as 
any viable segment, they usually retain the ability to 
accumulate thallium or FDG. However, in contrast 
to viable segments lacking these alterations, they 
most often fail to respond to an inotropic stimulus.

3. Viable segments display a variety of perfusion pat-
terns. During the early stages of the disease, rest flow 
is usually normal and perfusion reserve is reduced. 
The observation of a normal rest perfusion, by SPECT, 
PET, or myocardial contrast echocardiography, thus 
constitutes a strong argument in favor of myocardial 

Fig. 17.5 Inotropic response to dobutamine in dysfunctional seg-
ments (white arrows) with mildly reduced rest flow (13NH

3
) and a 

normal FDG uptake (18FDG). The upper row shows images obtained 
from the apical two-chamber view in end-diastole at baseline and 
during the infusion of 5, 10, and 20 µg kg−1 min−1 of dobutamine. 
The lower row shows the corresponding end-systolic images. The 

yellow arrows indicate segments improving function, whereas red 
arrows indicate deteriorating segments. The sequence illustrates a 
very transient biphasic response in the midanterior segment, fol-
lowed by immediate deterioration at low heart rate. Since blood 
flow was slightly reduced and FDG uptake was normal in that 
segment, this is an example of mildly hibernating myocardium
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viability. However, in the absence of flow reserve 
measurements, it may be quite difficult to make the 
distinction between viable and remodeled myocar-
dium. The mere presence of a normal rest flow is 
thus not sufficient to positively establish the diagno-
sis of myocardial viability. Similarly, a mildly 

reduced rest perfusion does not exclude the presence 
of residual viable myocardium. At the later stages of 
the disease, rest flow may indeed become slightly 
reduced. However, severe reductions in rest flow are 
not compatible with the presence of viable myocar-
dium (Fig. 17.7). As viable segments with reduced 
rest flow rarely exhibit residual inotropic reserve, 
their identification probably requires some form of 
metabolic imaging.

The Working Hypothesis

When flow, metabolic, and inotropic reserve imaging  –
concur on the presence of residual viable myocar-
dium, the likelihood of tissue fibrosis and myocyte 

Fig. 17.6 Inotropic response to dobutamine in dysfunctional 
segments (white arrows) with moderately reduced rest flow 
(13NH

3
) and a normal FDG uptake (18FDG). The upper row shows 

images obtained from the parasternal long-axis view in end-dias-
tole at baseline and during the infusion of 5 and 10 µg kg−1 min−1 

of dobutamine. The lower row shows the corresponding end-
systolic images. The sequence illustrates the absence of inotropic 
reserve in the anteroseptal segment. Since blood flow was defini-
tively reduced and FDG uptake was normal in that segment, this 
is an example of severely hibernating myocardium

Table 17.2 Main characteristics of viable myocardium

Mainly noninfarcted
Sufficient resting perfusion to

provide metabolic fuels
allow washout of metabolic byproducts

Maintained membrane integrity to
generate transmembrane ionic gradients
transport energy providing substrates

Preserved metabolic machinery for glucose, fatty acid, and O
2
 

consumption
Recruitable inotropic reserve
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structural alterations is small and the likelihood of 
functional recovery after successful revasculariza-
tion is high;
When flow, metabolic, and inotropic reserve imag- –
ing concur on the lack of residual viable myocar-
dium, severe tissue fibrosis is probably present and 
revascularization is not likely to bring in any signifi-
cant functional benefit or prognostic advantage;
When metabolic imaging suggests the presence of  –
viable myocardium but flow and/or inotropic reserve 
imaging does not, significant myocyte alterations, 
exhausted flow reserve or a combination of these 
factors are likely present. The recovery of resting 
contractile function following revascularization is 
uncertain, and, unfortunately, largely unpredict-
able. Based on previous studies, this particular 
viability pattern probably occurs in about 20–45% 
of “metabolically” viable segments and contribute 
to both the low specificity of the metabolic imaging 
approaches and the low sensitivity of the methods 
based on inotropic reserve.

Role of Echocardiography

How Echo Is Useful

Echocardiography is probably the most versatile 
cardiac imaging modality in our diagnostic arma-
mentarium and is essential to the identification of 
myocardial viability:

First, it readily identifies the core of the problem,  –
i.e., the presence of regional wall motion abnormal-
ities. It also allows to assess their extent and sever-
ity, both qualitatively and quantitatively.
Second, it allows for the initial characterization of  –
the dysfunctional segments, both in terms of resid-
ual wall thickness and tissue reflectivity. Segments 
thinner than 5 mm in diastole are frequently non-
viable and those containing bright linear echoes, 
particularly in the subendocardium, are likely to be 
highly fibrotic.

Fig. 17.7 Inotropic response to dobutamine in dysfunctional 
segments (white arrows) with severely reduced rest flow 
(13NH

3
) and FDG uptake (18FDG). The upper row shows images 

obtained from the apical four-chamber view in end-diastole at 
baseline and during the infusion of 5, 10, and 40 µg kg−1 min−1 

of dobutamine. The lower row shows the corresponding end-
systolic images. The absence of inotropic reserve in the distal 
septum. Since both blood flow and FDG uptake were reduced 
in that segment, this is an example of irreversibly infarcted 
myocardium
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Third, when combined with the use of ultrasonic  –
contrast agents, echocardiography permits the 
assessment and the quantification of myocardial 
blood flow, both at rest and during hyperhemia.
Fourth, when performed during an inotropic chal- –
lenge, such as the infusion of increasing doses of 
dobutamine, it allows for the evaluation of the pres-
ence of recruitable inotropic reserve.
And last, it is the most frequently used technique to  –
assess functional recovery after revascularization.

Echocardiography at Rest

•	 Diastolic wall thickness measured during resting 
echocardiography provides some information on 
the relative amounts of myocardial tissue versus 
fibrotic scar tissue within a particular myocardial 
segment. A diastolic wall thickness > 5 mm has a 
sensitivity of 100% but a specificity of only 28% for 
predicting recovery of contractility at 1 year follow-
ing surgical revascularization. Reduced wall thick-
ness, however, had a very high negative predictive 
value (97–100%), suggesting that if the diastolic 
wall thickness is <5 mm, additional testing and 
revascularization may not be indicated. The appeal 
of this method is obvious, as rest echocardiography 
is readily available and relatively inexpensive when 
compared with alternative techniques of assessing 
myocardial viability. However, it is limited by its 
poor specificity and the variability in the image 
quality which affects the accuracy and reproduc-
ibility of wall thickness measurements, as well as 
by the relatively small number of segments exhibit-
ing reduced thickness (<15–20%). Yet, the high 
negative predictive value of a thinned segment con-
firms the long-standing clinical impression regarding 
the poor likelihood of recovery of contractility in 
scarred and thinned walls.

•	 Ultrasonic tissue characterization is another 
approach that can define the physical state of the 
myocardium and can therefore complement the 
assessment of LV function and chamber dimensions 
by rest 2-dimensional echocardiography. The base-
line assumption underlying the use of ultrasonic tis-
sue characterization is that pathological changes 
affecting the myocardium, including ischemia, result 
in alterations of its fundamental physical properties 
that can be detected using ultrasonic-integrated 

backscatter imaging. Experimental studies have indi-
cated that physiologic myocardial contraction and 
relaxation were paralleled by a cardiac cycle-depen-
dent variation of integrated backscatter that reflects 
regional, intramural contractile performance. Cyclic 
variations of the backscatter signal are blunted dur-
ing experimental myocardial ischemia and recover 
more quickly than does systolic wall thickening with 
reperfusion. Studies in humans with reperfused myo-
cardial infarction have shown that assessment of car-
diac cycle-dependent variations of integrated 
backscatter allowed accurate delineation of revers-
ible (stunning) from irreversible (infarction) tissue 
injury, thus providing a potentially useful adjunct for 
the noninvasive evaluation of regional contractile 
function and for the detection of potentially viable 
myocardium. Similar findings were recently made in 
patients with chronic left ventricular dysfunction 
(Fig. 17.8). In one study, the persistence of cardiac 
cycle-dependent variation of integrated backscatter 
was found to correlate with the presence of recruitable 
inotropic reserve. Assessment of ultrasonic tissue 
characterization may thus provide a simple measure 

Fig. 17.8 Individual values of cardiac cycle-dependent varia-
tions of integrated backscatter among the control segments, the 
remote normally contracting segments, the dysfunctional seg-
ments showing improvement with inotropic stimulation (DbE+), 
and those with persistent dysfunction (DbE−). Reproduced with 
permission from Pasquet et al. Relation of ultrasonic tissue char-
acterization with integrated backscatter to recruitable inotropic 
reserve in chronic left ventricular ischemic dysfunction. Am J 
Cardiol. 1998;81:68-74
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of intramural contractile function which is relatively 
independent of resting wall motion or thickening and 
which parallels contractile reserve. The main disad-
vantage of this approach, however, is its dependence 
on fiber orientation and the need to acquire the data 
in segments that oriented perpendicular to the ultra-
sound beam.

Myocardial Contrast Echocardiography

Myocardial contrast echocardiography (MCE) allows 
for the evaluation of regional myocardial perfusion 
and segmental wall motion. The technique involves 
intracoronary or intravenous injection of an ultrasound 
contrast agent, which consists of microbubbles approx-
imately the size of a red blood cell. These microbub-
bles are flow tracers and are able to pass into the 
microcirculation and be detected by echocardiography 
as opacification of myocardial tissue (Fig. 17.9).

The basic pathophysiological premise behind MCE 
is that viable myocardium has an intact microcirculation, 
whereas infarcted, nonviable tissue loses this micro-

vasculature. Therefore, MCE provides a direct evalua-
tion of microvascular integrity and an indirect estimate 
of cellular integrity. Earlier investigators used the 
intracoronary route for contrast administration. In both 
the immediate postinfraction setting or in patients with 
chronic dysfunction, MCE predicted recovery of LV 
function after revascularization with a high sensitivity 
(85–94%) and a lower specificity (43–65%). From 
these initial studies, MCE appeared to have similar test 
properties as other methods that assess myocardial 
perfusion, such as thallium scintigraphy. However, it 
has the added advantage of providing additional infor-
mation regarding wall contractility and motion.

Thanks to the development of new ultrasonic con-
trast agents that can cross capillaries, and the intro-
duction of newer contrast imaging modalities, such 
as power pulse inversion and power modulation, that 
greatly reduce the destruction of the microbubbles by 
ultrasound, interest in MCE to assess myocardial via-
bility has grown even further. By allowing essential 
parameters of the microcirculatory function, such as 
myocardial blood flow and blood volume to be mea-
sured, MCE offers the unique opportunity to directly 

Fig. 17.9 Left panel. Four-chamber view showing an akinetic 
septum and apex (a) with absent contrast opacification in this 
region at short triggering intervals (b) but homogeneous opaci-
fication with delayed triggering (c), and normal resting function 
6 months later (d). Right panel. Chamber view showing an aki-
netic septum and apex (a,

) with no contrast opacification in this 

area with early (b,
) or delayed (c,

) triggered imaging and failure 
of recovery of systolic function at follow-up (d,

). Reproduced 
with permission from Swinburn et al. Intravenous myocardial 
contrast echocardiography predicts recovery of dysynergic 
myocardium early after acute myocardial infarction. J Am Coll 
Cardiol. 2001;38:19-25
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assess the microcirculation of the dysfunctional segments 
and hence the likelihood of their recovery. As 
expected, measures of myocardial blood volume with 
MCE have been found to correlate with microvascu-
lar density and capillary area and inversely with col-
lagen content. They can therefore be used to 
differentiate viable from nonviable segments. 
Measures of myocardial blood velocity and flow have 
also been shown to bear an inverse correlation with 
collagen content. Yet, their relationship with micro-
vascular density appears to be somewhat more com-
plex. When microvascular density is reduced, 
myocardial blood flow and velocity are also propor-
tionally reduced. By contrast, when the microvascu-
lar density is preserved, myocardial blood flow and 
velocity can either be normal or reduced. Thus, in the 
presence of normal values for myocardial blood vol-
ume, MCE parameters of myocardial blood flow and 
velocity may help differentiate chronically stunned 
from truly hibernating myocardium. Accordingly, 
assessment of microcirculatory function with MCE 
allows to predict functional recovery with both a sen-
sitivity and a high negative predictive value (>90%). 
Specificity is somewhat lower (±65%), but better than 
with thallium imaging.

Stress Echocardiography

The demonstration of contractile reserve using various 
provocative stimuli such as nitroglycerin, dipyrida-
mole, postextrasystolic potentiation, catecholamine 
(e.g., isoprenaline, adrenaline, dopamine or dobu-
tamine) infusion and exercise can be studied with 
echocardiography. Dobutamine stress echocardiogra-
phy (DSE) is the most accepted and widely available 
of these techniques. Its diagnostic and prognostic value 
has been well documented in the detection of myocar-
dial viability.

Dobutamine is a synthetic catecholamine that 
stimulates primarily b1-adrenergic receptors with 
minimal b2 and a1 effects. At low doses (<10 µg. 
kg−1. min−1), it demonstrates a relatively more potent 
inotropic effect than chronotropic effect, allowing 
stimulation of myocardial contractility before signifi-
cant increases in heart rate, and presumably ischemia, 
occur. At higher doses, both inotropic and chronotro-
pic stimulation occur, resulting in increased cardiac 
output, myocardial oxygen consumption, and ischemia 

in myocardial regions subtended by significantly 
stenosed coronary arteries.

•	 The protocol in most stress echocardiography labo-
ratories uses dobutamine infusion at two low-dose 
stages (5 and 10 µg. kg−1. min−1), with each stage 
lasting 3 min. Some advocate utilizing an even 
lower starting dose of 2.5 µg. kg−1. min−1 because in 
patients with critical coronary stenosis, myocardial 
ischemia may be precipitated even with doses as 
low as 5 µg. kg−1. min−1. Thereafter, the dose is 
increased in 10 µg. kg−1. min−1 increments to a max-
imum dose of 50 µg. kg−1. min−1. Atropine may be 
given if the target heart rate is not achieved with 
standard dobutamine doses. The test is terminated 
when the patient achieves 85% of the age-predicted 
maximum heart rate or clinical or echocardio-
graphic evidence of ischemia occurs.

Most viable segments will demonstrate improvement 
of contractility at doses of 10 µg. kg−1. min−1 or less. The 
benefit of proceeding to higher doses of dobutamine, 
even if contractile reserve is demonstrated at lower 
doses, is to observe a “biphasic response.” In the pres-
ence of significant coronary stenosis, an initial 
improvement in systolic wall thickening may occur at 
low doses of dobutamine, representing the region’s 
contractile reserve as previously stated. However, as 
oxygen consumption increases as contractility and 
heart rate rise, the flow-limiting stenotic vessel is 
unable to keep up with the oxygen demand, and the 
ensuing ischemia leads to hypokinesis of the affected 
wall segment. This biphasic response demonstrates 
two critical components to the definition of myocardial 
viability, namely viability itself and flow limitation. 
It is therefore not surprising that the biphasic response 
has the best predictive value of all the possible 
responses to dobutamine in determining improvement 
in LV function following revascularization. In a recent 
study, <15% of myocardial segments demonstrating 
either no change or sustained improvement with low 
and high dose dobutamine had functional recovery 
with revascularization, while 72% of segments with a 
biphasic response recovered function. Accordingly, 
the combined low- and high-dose approach in all 
patients who do not have contraindications should be 
recommended.

•	 Diagnostic accuracy: The cumulative sensitivity, 
specificity, and predictive values of DSE based on a 
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recent meta-analysis were 81, 86, and 83%, respec-
tively. Although generally good, these sensitivities 
and specificities imply that there were a significant 
number of false-positive findings (i.e., demonstra-
tion of contractile reserve without significant func-
tional recovery on revascularization) as well as 
false-negative ones (i.e., functional recovery with-
out evidence of contractile reserve). The former 
may be partially explained by tethering of nonvia-
ble segments to adjacent viable ones, leading to the 
illusion of improved function. Additionally, the 
presence of non-transmural infarction, where a seg-
ment of myocardium consists of an admixture of 
viable tissue and necrotic scar, can lead to this 
result. If the proportion of scar is relatively large, or 
the viable portion already has normal blood flow, 
then revascularization would not be expected to 
lead to functional improvement. Of course, if revas-
cularization is incomplete, an otherwise viable seg-
ment may remain dysfunctional. Finally, functional 
recovery may occur more slowly than allowed for 
by the follow-up periods in these studies

The observation of improved LV function despite a 
“negative” DSE may be explained by the fact that the 
myocardial flow reserve in these regions may be so 
low that any increase in oxygen demand, even in viable 
segments, leads to ischemia. Additionally, the ultra-
structural changes occurring in viable myocardium 
discussed earlier may be so profound that contraction 
is not possible until sustained restoration of blood flow 
has taken place.

•	 Prediction of outcomes: DSE also emerges as a tool 
to predict prognosis in patients with chronic left 
ventricular dysfunction. Several studies have now 
demonstrated that long-term survival is significantly 
better among patients with echocardiographic evi-
dence of myocardial viability who had been revas-
cularized than in those with either viable 
myocardium treated medically, nonviable myocar-
dium undergoing revascularization, or nonviable 
myocardium treated medically. These data lend fur-
ther support to the use of dobutamine echocardiog-
raphy for assessment of myocardial viability, as this 
technique not only allows for accurate identifica-
tion of which patient will improve regional and 
global left ventricular function after coronary revas-
cularization, but also may indicate those most likely 
to benefit with respect to prognosis.

•	 Limitations: As with most imaging techniques, 
patient factors can limit image quality in DSE, which 
can adversely affect accuracy. Obesity and lung dis-
ease, for example, may lead to poor acoustic win-
dows in approximately 10% of patients. Harmonic 
imaging and ultrasound contrast agents have been 
used to enhance endocardial border detection, as well 
as transesophageal imaging. Given that the interpre-
tation of contractile function is subjective, improved 
image quality can reduce inter-reader variability.

Newer inotropic agents may also have advantages over 
dobutamine. Echocardiography during the infusion of 
enoximone, a selective inhibitor of cyclic AMP-
specific phosphodiesterase, has been compared with 
DSE, and has shown a slightly higher sensitivity (88 
vs. 79%) and a similar specificity (89 vs. 90%). These 
preliminary findings merit additional investigation into 
the use of this inotropic agent for viability testing.

•	 Comparison with other modalities: Finally, DSE has 
been compared with other methods for evaluating 
myocardial viability, such as single photon emission 
computed tomography (SPECT) and positron emis-
sion tomography (PET) in many studies and reviews. 
Bax et al pooled data from all published studies 
reporting the sensitivity or specificity of nuclear 
techniques and/or DSE in predicting functional 
recovery after revascularization. DSE had a slightly 
lower sensitivity (84%) compared with SPECT and 
PET (83–90%), but a significantly greater specificity 
(81% for DSE vs. 47–73% for SPECT and PET).

Conclusions

Over the past two decades, much has been learned 
about the mechanisms underlying myocardial viability 
in patients with coronary artery disease. Simultaneously, 
revascularization of chronically but reversibly dys-
functional myocardium has progressively emerged as 
a potential alternative in the treatment of heart failure 
secondary to coronary artery disease, as it seems to 
be able to improve regional and global left ventricu-
lar function, to decrease heart failure symptoms, and 
to improve long-term survival. Among the several 
techniques that are available for identifying viable 
myocardium, echocardiography appears to be particularly 
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well suited, as it allows to investigate two main fea-
tures of myocardial viability, i.e., maintained resting 
perfusion and residual inotropic reserve.
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Introduction

According to the sequence of the ischemic cascade, 
regional contractile dysfunction precedes both elec-
trocardiographic changes and symptoms during 
myocardial ischemia (Fig. 18.1). Thus, due to the 
suboptimal performance of the electrocardiogram to 
reliably detect or exclude acute coronary syndromes, 
including myocardial infarction (MI), evaluation of 
regional contractile function using two-dimensional 
echocardiography in patients with acute chest pain is 
clinically relevant. Echocardiography is portable, 
noninvasive, easily repeatable, efficacious, low cost, 
and widely available, rendering it uniquely suited for 
emergency medicine use. The visual analysis of seg-
mental wall motion is the hallmark for the diagnosis. 
Furthermore, transthoracic two-dimensional and 
Doppler echocardiography can be useful for assessing 
the location and extent of MI, in diagnosing left ven-
tricular thrombus, left ventricular (pseudo) aneurysm, 
and also mechanical complications after MI. It also 
provides prognostic information that is important for 
risk stratification. Stress echocardiography can be 
applied in the emergency room for diagnosis of acute 
coronary syndromes and also for risk stratification 
after MI. Finally, three-dimensional echocardiogra-
phy is now here and may be more sensitive than two-
dimensional echocardiography for the evaluation of 
wall motion.

Acute Chest Pain

The problem: Acute nontraumatic chest pain is one of 
the most common symptoms for which patients seek 
emergency medical consultation, comprising up to 15% 
of total patient volume in emergency departments. In 
the USA, an estimated 8 million annual visits for chest 
pain to the emergency department typically result in 
hospital admissions for further evaluation in approxi-
mately 70% of such patients at a cost of over $10 bil-
lion. It is among the more challenging and complex 
symptoms, as the diagnoses for patients with chest pain 
range from minor disease processes, such as costochon-
dritis or esophageal spasm, to life-threatening condi-
tions as acute MI, pulmonary embolism, or aortic 
dissection (Table 18.1). Furthermore, up to three-fourth 
of the admissions for presumed acute coronary syn-
dromes prove to be incorrect, while anywhere between 
2 and 8% of patients with acute cardiac ischemia or MI 
are erroneously discharged from the emergency depart-
ment, with an increased associated short-term mortality 
rate ranging from 10 to 26%. Although relatively small, 
the incidence of failure to admit this patient category 
with a life-threatening condition is important as it may 
result in potentially serious and preventable morbidity 
and mortality in tens of thousands of patients.

Medicolegal implications: There are also medicole-
gal implications, as the failure to diagnose acute coro-
nary syndromes or MI accounts for the single greatest 
cause of dollars lost in malpractice lawsuits in emer-
gency medicine in the USA. Although currently mainly 
an issue in the United States, juridification of medicine 
is increasing rapidly elsewhere, and implications on 
the practice of emergency medicine may be equally 
profound. Consequently, focusing on patient welfare 
and medicolegal implications of failure to detect acute 
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coronary syndromes alike results in the liberal admis-
sion policy as is traditionally applied in patients with 
chest pain syndromes. However, as the current era of 
managed care and health care reform requires cost 
containment, and as a result of the increasing aware-
ness that an overly defensive medical system with its 
unnecessary admissions and procedures constitutes a 
form of iatrogeneous morbidity per se, impetus is 
added to the development of more efficient approaches 
to manage this particular group of patients.

Workup in Acute Chest Pain Syndromes

The aim of the initial triage of patients presenting with 
acute chest pain would be to differentiate acute coro-
nary syndromes as the underlying cause from other 
potentially serious conditions, particularly aortic dis-
section and pulmonary embolism, or less serious con-
ditions (Table 18.1). The short-term risk of death or 
life-threatening complications should be established 

readily in patients with suspected acute coronary syn-
dromes in order to ensure rapid initiation of the most 
appropriate treatment while patients who are at very 
low likelihood of having an adverse outcome related to 
acute coronary syndromes may thus be safely dis-
charged for outpatient follow-up.

Typically, history taking, the clinical examination, 
and ECG are important when performing the initial tri-
age in acute chest pain patients. It is increasingly recog-
nized that a number of specific patient groups typically 
present with atypical symptoms of myocardial ischemia, 
such as women, diabetics, and the elderly. Physical 
examination is often normal at presentation, while the 
initial 12-lead electrocardiogram is critically important. 
Patients with acute chest pain and ST-segment deviation 
of more than 0.1 mV in two or more contiguous leads or 
left bundle branch block not known to be old, are sus-
pected to have myocardial ischemia or MI and are thus at 
very high risk for short-term major adverse cardiac 
events. Patients classified as having an acute coronary 
syndrome with ST elevation should undergo urgent 
revascularization unless contraindicated.

The presence of ST-segment depression of more 
than 0.1 mV raises the suspicion of myocardial isch-
emia and identifies patients suffering from an acute 
coronary syndrome with an associated intermediate-
to-high risk. Emergency revascularization is generally 
considered not to be an option in these patients, while 
admission to hospital is indicated, preferably in car-
diac care surroundings.

The majority of cases, however, present with nor-
mal electrocardiograms or nonspecific ECG changes, 
and it is these patients who pose the greatest diagnostic 
dilemma for triage.

As a second step to further stratify these low-to-inter-
mediate risk patients, methods to detect biochemical evi-
dence of irreversible myocardial injury are commonly 
applied. However, no single determination of any one 
serum biochemical marker of myocardial necrosis reli-
ably identifies or excludes acute MI within 6 h after 
symptom onset, while no serum biochemical marker 
reliably identifies or excludes unstable angina at any 
time after symptom onset. Thus, the traditional “rule out 
acute MI” approach by serial enzyme testing alone may 
deprive many patients with acute coronary syndromes of 
early therapy to prevent progression to MI and death.

Although serial ECG or continuous ST-segment 
monitoring is of proven benefit, early noninvasive 
evaluation of myocardial ischemia by echocardiogra-
phy may be of particular value.

Fig. 18.1 The ischemic cascade: contractile dysfunction pre-
cedes electrocardiographic changes and symptoms as manifesta-
tion of myocardial ischemia

Table 18.1 Chest pain in the emergency room

Cardiac
Myocardial ischemia or infarction
Aortic dissection
Pericarditis
Pulmonary
Pulmonary embolism
Other causes of pulmonary hypertension
Chest wall trauma
Myocardial or pericardial contusion
Traumatic valve and aortic injury
Noncardiac chest pain
Gastrointestinal
Musculoskeletal
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Diagnosis of MI

The diagnosis of an acute MI is based upon history, 12-lead 
ECG, and serologic markers such as creatine kinase and 
cardiac troponines. Echocardiography has been used for 
early identification of acute coronary syndromes or MI 
patients whose presenting symptom is acute chest pain, as 
well as to evaluate prognosis in this population.

Myocardial ischemia produces regional wall motion 
abnormalities. The presence of regional asynergy can 
predict an acute MI/ischemia with a high sensitivity 
and moderate specificity. It is difficult however to dis-
tinguish between infarction (necrosis) and ischemia or 
stunning. Other conditions however may also produce 
regional wall motion abnormalities, such as prior MI, 
focal perimyocarditis, prior cardiac surgery, right ven-
tricular volume overload, left bundle branch block, 
ventricular pre-excitation, and myocarditis. With tran-
sient coronary artery occlusion during percutaneous 
coronary interventions, within 20 s wall motion abnor-
malities are observed prior to onset of ECG changes or 
symptoms, the so-called ischemic cascade (Fig. 18.1).

In the setting of an acute MI, patients with multives-
sel coronary disease usually show more extensive 
regional asynergy than patients with single-vessel dis-
ease. Thus, there is a clear diagnostic yield of echocar-
diography over the use of conventional clinical and ECG 
criteria. The extent of regional asynergy is also predic-
tive for in-hospital complications in patients with MI.

As summarized in Table 18.2, with the exception of 
two small-sized studies performed in a very low risk 
population, the large majority of studies indicate that 
echocardiography may indeed be of substantial benefit 
in the evaluation of patients with acute nontraumatic 
chest pain. Practically, in the absence of wall motion 
abnormality, an MI or an acute ischemic syndrome can 
be ruled out. Although the number of patients with 
false-negative studies may be of some concern, such 
patients typically have a low complication rate, while 
the accuracy of echocardiography may be significantly 
enhanced when imaging is performed during or shortly 

after resolution of symptoms.
Although clinically of less concern, the number of 

false-positive studies may be reduced when a simple 
comparison with an earlier echo study is possible.

In order for echocardiography to be most useful for 
diagnosis and early risk stratification of patients with 
acute coronary syndromes, it would need to be avail-
able immediately in the emergency department as the 

sensitivity to detect transient wall motion abnormalities 
is in its highest during or shortly after acute ischemia.

Technology to provide transtelephone interpreta-
tion of digital images is readily available and may 
significantly aid in realizing the optimal deployment 
of the technique. Although preliminary evidence sug-
gests substantial cost-saving potential, a formal study 
of the economics of incorporating echocardiography 
into routine evaluation of chest pain patients in the 
emergency department, or of basing triage decision on 
its results, has yet to be materialized.

Extent of MI

Several investigators have addressed the ability of 
early echocardiography to provide prognostic infor-
mation on intermediate or long-term follow-up in 
patients with acute coronary syndromes. Largely, these 
studies rely on the assessment of the number of affected 
segments or a wall motion score index, rather than on 
the presence of regional dysfunction alone. The num-
ber of affected myocardial segments may be more 
closely related to the degree of left ventricular dys-
function, a major determinant of mortality and mor-
bidity in patients with acute coronary syndromes. 
Echocardiography may be of particular benefit to iden-
tify patients who are at high risk:

In non-Q-wave MI, presence or absence of segmen-•	
tal contractile dysfunction in three or more seg-
ments on the first day of the event added significantly 
to the predictive power of routinely available param-
eters to identify patients at high risk for predicting 
in-hospital major adverse cardiac events.
In patients with acute chest pain and a non-ST-seg-•	
ment elevation MI, echocardiography on admission 
could predict the risk of adverse events at 30 days 
(death, MI, revascularization), while the predictive 
power of wall motion abnormalities was better than 
that of clinical data, ECG, or baseline troponin I 
measurements.

In summary, echocardiography provides incremental 
prognostic information in patients presenting with 
acute chest pain syndromes. Specifically, the cardiac 
event rate does not only vary according to the presence 
or absence of left ventricular dysfunction but it also dif-
fers between the severities of contractile dysfunction.
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Stress Echocardiography  
in the Emergency Room

Stress echocardiography has been proposed for addi-
tional risk stratification of patients with normal early 
resting echocardiograms, or after an observation period 
during which myocardial injury markers prove nega-
tive. It may be of particular benefit in patients with 
acute coronary syndromes who do not show any rest-
ing wall motion abnormality as a result of the transient 
nature of ischemia-induced regional dysfunction, 
whose ischemic burden is below the detection thresh-
old of echocardiography, or, in situations where there 
is pre-existing wall motion abnormalities.

Using dobutamine stress echocardiography, 72% •	
of patients without ischemic changes on the ECG 
who would otherwise have been admitted to the 
hospital could be discharged on average 5 h after 
presentation when the dobutamine stress is nor-
mal. In another study, patients with acute chest 
pain, nondiagnostic ECG and normal biochemical 
markers underwent simultaneous stress ECG and 
echocardiography. A normal echocardiographic 
study was associated with an event-free 12-month 
survival in 100% of patients, while prognostic 
power of stress echocardiography was superior 
than that of stress ECG.
Dobutamine stress echocardiography was applied to •	
risk stratify patients with similar clinical character-
istics after a mean observation period of 3 h. In con-
trast to the earlier studies, patients were at relatively 
high risk, as evidenced by 45% of positive studies. 
At multivariate analysis, the only independent pre-
dictor of adverse cardiac events during 6-month 
follow-up was new or worsening wall motion abnor-
malities on the stress echocardiogram.
A predischarge dobutamine stress echocardiogram •	
has also important independent prognostic value in 
low-risk, troponin-negative, chest pain patients. It 
should be recognized that in this clinical setting the 
incremental yield of stress echocardiography over 
standard stress ECG remains yet to be determined.
Although stress echocardiography provides an •	
attractive alternative for functional testing in patients 
who are unable to perform physical exercise, who 
have abnormal baseline ECG, or who belong to a 
population where false-positive rates for stress elec-
trocardiography testing is relatively high.

•	 Pitfalls: Stress echocardiography may not easily 
distinguish wall motion abnormalities due to revers-
ible ischemia or acute MI from those that result from 
previous MI and scar. The observation that scarred 
segments may be characterized by increased 
echodensity in conjunction with a reduced diastolic 
thickness of 5 mm or less may be helpful to better 
discriminate acute ischemic dysfunction from scar. 
Also, a relatively small MI with only nontransmural 
involvement may not readily be detected by 
echocardiography.

A good echocardiographic window is critical for reli-
able and accurate evaluation of segmental contractile 
function. The transesophageal approach invariably con-
quers the poor image quality in patients with limited 
transthoracic echogenicity. Intravenous contrast echocar-
diography is also increasingly advocated as an attractive, 
realistic, and less invasive alternative to transesophageal 
echocardiography. Contrast echocardiography may be of 
particular benefit for use in patients with acute chest pain 
(Fig. 18.2). Reliable endocardial border detection is the 
conditio sine qua non for the evaluation of segmental 
contractile function, but may be impaired in up to 
10–15% of investigations.

Both at rest and during stress, an intravenous injec-
tion of contrast improved endocardial border definition 
in up to 96% of cases, which translates to a significant 
increase in diagnostic accuracy, as intra- and interob-
server variability are reduced, not merely between expert 
readers, but also between assessments by novices com-
pared with those made by experts.

Myocardial contrast echocardiography is increas-
ingly close to clinical application and permits real-time 
bedside evaluation of myocardial perfusion as well as 
contractile function following intravenous injection of 
microbubbles. Identifying absence of a perfusion defect 
in conjunction with normal ventricular function virtu-
ally excludes acute ischemia in a symptomatic patient 
evaluated for acute chest pain. However, finding a 
defect in a patient without a history of acute MI con-
firms its presence. In an established acute MI, the size 
of the defect reflects the myocardial area-at-risk and 
may help choosing the optimal therapeutic option.

Risk stratification: Following initial triage on basis 
of clinical and ECG parameters, there is increasing 
evidence of the ability of two-dimensional echocar-
diography to accurately diagnose and risk stratify 
patient with chest pain. Echocardiography can detect 
early, before biochemical marker analysis become 
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available, and more accurately patients with at low risk 
as the absence of segmental contractile dysfunction is 
a strong indicator against MI. It is likely that the accu-
racy of echocardiography in general and in the identi-
fication of acute coronary syndromes in particular 
improves significantly in the presence of symptoms.

As tertiary triage following exclusion of irrevers-
ible damage by biochemical marker analysis, stress 
echocardiography is a powerful tool offering signifi-
cant additional diagnostic and prognostic information.

Apart from acute myocardial ischemia, echocardiogra-
phy reliably identifies the presence or absence of most of 
the major nonischemic cardiovascular causes of acute chest 
pain, e.g., aortic dissection or pulmonary embolism.

Availability and trained staff: However, optimal use 
of the technique in the emergency department requires 
dedicated and trained sonographers, high-quality equip-
ment, round-the-clock availability of both image acqui-
sition and interpretation services, and, importantly, 
realistic and thorough knowledge on the performance 
of echocardiography in this specific setting. We would 
advocate the use of contrast to further enhance echocar-
diography’s diagnostic accuracy and efficiency, both at 
rest and during stress.

Prognosis After MI

Outcome after acute MI is related to the severity of left 
ventricular dysfunction, the presence or absence of 
residual myocardial ischemia, and the occurrence of 
cardiac arrhythmias (Table 18.3). Using clinical char-

acteristics and various noninvasive techniques, patients 
with acute MI can be stratified into low or high risk for 
subsequent morbidity and mortality. Two-dimensional 
and Doppler echocardiography has been shown to be 
useful and can easily be performed over time or during 
changes with treatment. It assists in the determination 
of prognosis based upon assessment of infarct size 
(regional left ventricular function), infarct expansion 
(global left ventricular function), and left ventricular 
diastolic function. Furthermore, inducible myocardial 
ischemia can be assessed by stress echocardiography, 
whereas low-dose dobutamine echocardiography can 
be used to detect myocardial viability.

Regional Left Ventricular Function

In the acute phase, MI is a regional disease leading to 
segmental wall motion abnormalities in the region 
served by the occluded coronary artery, and this regional 
left ventricular dysfunction can be detected by two-
dimensional echocardiography. Using the standard 

Fig. 18.2 Improved endocardial border detection using contrast agents

Table 18.3 Factors influencing prognosis of patients after 
acute MI

Age Myocardial viability

Sex Residual/recurrent ischemia
Hypertension Extent of CAD
Diabetes Ventricular arrhythmias
Previous MI Status of infarct-related artery
LV function
LV size
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parasternal and apical windows, the left ventricular can 
be imaged and divided into multiple segments for wall 
motion analysis. The number of segments into which 
the ventricle can be divided differs between publica-
tions, but the American Society of Echocardiography 
has recommended 16 segments (Fig. 18.3). Recently, a 
17-segment division has been proposed for all imaging 
modalities, identifying the top of the apex as a separate 
segment. Each segment is assigned a numerical value 
based on the degree of wall motion abnormality, e.g., 
normal contracting segment (=1); segment with hypoki-
nesis (=2); akinesis (=3); dyskinesis (=4); or aneurys-
matic deformed (=5). A compensatory hyperkinetic 
segment is frequently scored as 0 (Table 18.4). Analysis 
is not only performed by degree of endocardial motion 
but more specifically by degree of myocardial thickening: 
thickening of more than 5 mm is normal contraction, 
between 2 and 5 mm is hypokinesis, less than 2 mm 
thickening is akinesis, and no thickening and outward 
motion is dyskinesis. Frequently, the interface between 

contracting and noncontracting tissue forms a visually 
distinctive pattern, the so-called hinge point. A wall 
motion score (WMS) index is calculated by summing 
up the scores for each segment and dividing by the 
number of segments analyzed. This semiquantitative 
analysis has been shown to correlate well with clinical 

Table 18.4 Regional wall motion score index

Each wall region (segment) is assigned a number, based upon 
its motion:

0 = Hyperkinetic
1 = Normal
2 = Hypokinetic
3 = Akinetic
4 = Dyskinetic
5 = Aneurysmatic
1½ = Mildly hypokinetic
2½ = Severely hypokinetic

WMSI = sum of all segments
no. of segments scored

Fig. 18.3 The segmental division of the left ventricle as recommended by the American Society of Echocardiography
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status and ejection fraction and can identify high-risk 
patients (Table 18.5).

In the prethrombolytic period, patients with a high 
WMS (index) at admission had a higher rate of in-hospital 
mortality (27–40%) or serious in-hospital complications 
(death, shock, heart failure, and arrhythmias; 68–94%) 
than patients with limited dysfunction of the left ventricle 
(2–7% and 7–18%, respectively). Also, 1-year mortality 
was significantly higher in patients with a poor WMS at 
admission or predischarge compared with patients with a 
good WMS (44–63% vs. 0–13%). WMS index was an 
independent predictor of in-hospital and 1-year mortality, 
when compared with clinical variables.

In the thrombolytic era, WMS (index) remains pre-
dictive of mortality and other serious cardiac events. In 
6,676 patients with acute MI it was shown that WMS 
index had prognostic importance for up to 5 years, 
both in patients treated with thrombolytic therapy and 
in patients not receiving this treatment (TRACE study). 
When compared with clinical variables or exercise test 
results, WMS index is the most powerful independent 
predictor. However, compared to WMS index during 
low- or peak-dose dobutamine stress echocardiography, 
resting WMS index has less predictive value.

Studies have shown that regional left ventricular func-
tion may change over time after acute MI. Again in the 
TRACE study, repeated echo examination of left ven-
tricular function during the first year has independent 
prognostic value concerning death and worsening of 
heart failure. In that study, a decrease of 0.1 U of WMS 
index in patients with reduced systolic function was 
indicative of an increase in the risk of death of 24–37%, 
which stresses the importance of serial evaluations.

Compensatory Hyperkinesia  
and Remote Asynergy (Remodeling)

For the evaluation of the left ventricular remodeling 
after acute MI, attention also needs to be drawn to the 
noninfarcted area. Both compensatory hyperkinesia 

and remote asynergy, have important prognostic impli-
cations. Compensatory hyperkinesia, defined as 
increased contractility of the noninfarct zone, occurs 
in a significant proportion of patients with AMI. It is 
more common in the acute phase and reduced by the 
use of b-blockade. Compensatory hyperkinesia occurs 
more frequently in patients with one-vessel disease; 
absence of hyperkinesia is associated with a higher 
WMS and subsequent higher cardiac mortality. 
Hyperkinesia has been shown to have additional prog-
nostic value to WMS index concerning long-term 
mortality in the TRACE study.

Remote asynergy, defined as asynergy not directly 
adjacent to the infarcted area, occurs in approximately 
20% of patients with AMI. Whereas hyperkinesia is more 
common in patients with one-vessel disease, remote 
asynergy is predictive of multivessel disease. Remote 
asynergy is, like in multivessel disease, related to recur-
rent ischemic events and higher cardiac mortality.

Global left ventricular function: The WMS index is 
not only predictive of mortality and other serious cardiac 
events, but also related to infarct expansion and left ven-
tricular remodeling (Fig. 18.4). Several investigations 
have shown that the extent of left ventricular dysfunction 
is independently associated with progressive left ven-
tricular dilatation. In 233 patients with a first anterior MI, 
treated with thrombolysis and with an acute WMS index 
>2, an increase left ventricular volume indexes in the first 
3 months was observed, whereas patients with a WMS 
index >2 did not have left ventricular remodeling.

Infarct expansion is an important and early compli-
cation of acute MI that can readily be detected by two-
dimensional echocardiography. It refers to an alteration 
in regional ventricular topography due to lengthening 
and thinning of the infarcted segment and results in left 
ventricular dilatation with global distortion of left ven-
tricular shape. Infarct expansion is generally seen in 
patients with large, transmural, anterior MI, and is 
accompanied by increased mortality independent of 
left ventricular function.

Global left ventricular shape is also important. 
Systematic quantitative assessment of left ventricular 
shape, apart from left ventricular volume and function, 
has been attempted only recently. Two methods used 
to assess left ventricular shape after AMI:

1. The length/width ratio: the ratio of the ventricular 
long-axis length to left ventricular diameter,

2. The sphericity index: volume observed/ volume of 
sphere using long axis as diameter.

Table 18.5 Regional wall motion score index and ejection 
fraction

WMSI: 1 Normal LV function (EF > 60%)
WMSI: 1–1.5 Mildly depressed LV function
WMSI: 1.5–2 Moderately depressed LV function (EF 

30–45%)
WMSI: >2 Severely depressed LV function (EF < 30%)
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The shape of the normal left ventricle is referred to as 
ellipsoid. Left ventricular shape tends to become 
abnormally wide (spherical) in left ventricular dilata-
tion (Fig. 18.5). A more pronounced shape distortion 
has been associated with increased left ventricular 
volumes, decreased ejection fraction, and more exten-
sive wall motion abnormalities. After anterior MI, the 
degree of left ventricular sphericity correlates with 
exercise capacity: those with the highest sphericity 
index had the lowest exercise capacity and the highest 
heart failure score. In patients with idiopathic dilated 
cardiomyopathy, a more spherical left ventricular has 
been associated with poor survival. Finally, it has been 

shown that increased left ventricular sphericity is the 
primary factor in the etiology of mitral regurgitation 
rather than mitral annular dilatation or left ventricular 
enlargement.

Quantitating Left Ventricular Function

Left ventricular remodeling after AMI, resulting in 
dilatation of the left ventricle, is a progressive process 
beginning in the early phase and continuing for months 
and years. Our knowledge about the mechanisms and 

Fig. 18.4 Infarct expansion is caused by rearrangement of myocytes in the infarct zone

Fig. 18.5 Left ventricular shape changes in left ventricular dilatation
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temporal sequence of left ventricular remodeling has 
been mainly derived from quantitative two-dimensional 
echocardiographic evaluation (Fig. 18.6). Previous 
investigations have identified left ventricular function, 
anterior infarct location, and the patency status of the 
infarct-related artery as the most important independent 
predictors of remodeling. Furthermore, serial quantita-
tive echocardiography has been used in several large, 
multicenter clinical trials (GISSI-1 to 3, SAVE, 
CONSENSUS-II) to demonstrate the beneficial effect 
of thrombolysis and angiotensin-converting enzyme 
inhibitors on left ventricular remodeling after AMI.

Progressive increase in left ventricular size is asso-
ciated with deterioration in left ventricular function 
and increased mortality. It has been shown that left 
ventricular end-systolic volume is the primary predic-
tor of mortality after AMI and the SAVE and GISSI-2 
and 3 trials proved that quantitative echo measure-
ments are the most powerful independent predictors 
of adverse cardiovascular events. Changes in left ven-
tricular size and ejection fraction provide additional 

prognostic information, just like the additional value 
of changes in regional left ventricular function. In 
hospital survivors of acute MI treated with primary 
angioplasty for 5.3 years subsequent analysis showed 
that ejection fraction at 6 months and improvement in 
ejection fraction (from baseline to 6 months) were 
more important predictors of mortality than ejection 
fraction at the acute phase. Also in the V-HeFT trials, 
change in ejection fraction of >5% from baseline to  
6 months and 1 year was the strongest predictor of 
mortality, even after adjustment for baseline ejection 
fraction. Regarding ejection fraction, the relation with 
mortality has been described as a hyperbolic curve 
with an upturn in mortality occurring at ejection frac-
tion values of less than 40%. In the steep segment of 
the curve, a reduction of ten points in ejection fraction 
(from 30 to 20%) results in an upturn in mortality 
from 8 to 16%. In the flat part of the curve, the same 
reduction in ejection fraction (from 60 to 50%) leads 
to a nonsignificant increase in mortality from 1 to 
1.5% (Fig. 18.7).

Fig. 18.6 Quantitative 2-D echocardiographic evaluation of volumes and ejection fraction
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Ischemic Mitral Regurgitation

Color Doppler echocardiography can be used to assess 
the presence and severity of mitral regurgitation in 
patients with acute MI (Fig. 18.8). Significant mitral 
regurgitation – moderate (grade 2) or severe (grades 3 
and 4), graded according to the method of Helmcke  
et al, – has been found in 3–21% of patients following 
acute MI. The incidence and severity of mitral regurgi-
tation changes during follow-up, with the highest inci-
dence on the seventh day. Most studies have demonstrated 
a relation between mitral regurgitation and inferoposte-
rior infarct location, while others found either no influ-
ence of infarct location or an increased incidence in 
anterior infarctions. Significant mitral regurgitation has 
been correlated to female gender, older age, and previ-
ous MI. Furthermore, abnormalities of left ventricular 
shape – more spherical ventricles – and inferopostero-
lateral wall motion abnormalities have been found to be 
independent predictors of mitral regurgitation.

Mechanisms

The most dramatic etiology results from frank rup-•	
ture of a part or the entire papillary muscle. The inci-
dence of this complication is reported to be only 

1%. The infarction is usually posterior and is often 
small and localized; ejection fraction is frequently 
maintained. There is a high prevalence of one-vessel 
disease and occluded infarct-related arteries.
Another form of ischemic mitral regurgitation •	
results from papillary muscle dysfunction. The 
pathogenesis of this form of mitral regurgitation is 
unclear. Small changes in the spatial relation of the 
papillary muscles and the mitral valve leaflets and 
annulus (due to regional wall motion abnormalities 
and left ventricular shape changes) may produce 
incomplete mitral leaflet closure, resulting in eccen-
tric mitral regurgitation. This mechanism is more 
common in inferoposterior MIs, possibly because 
the blood supply to the posterior papillary muscle is 

Fig. 18.7 Relation between mortality and ejection fraction 
(GISSI-2 trial)

Fig. 18.8 Color Doppler evaluation of mitral regurgitation and 
mechanism of ischemic mitral regurgitation: papillary muscle 
rupture; papillary muscle dysfunction; mitral annular dilatation/
generalized dilatation
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provided by one rather than by two coronary 
vessels, as in the anterior papillary muscle.
The third category consists of patients with multiple •	
MIs or anterior aneurysms with low ejection frac-
tions. The regurgitation results from the central area 
of the mitral leaflets and is secondary to generalized 
ventricular and initial annular dilatation. Presence 
of mitral regurgitation on catheterization or Doppler 
echocardiography has been related to higher cardio-
vascular mortality and severe congestive heart 
failure. In patients studied with Doppler echocar-
diography within 48 h after acute MI, the one-year 
mortality was 48% in patients with mitral regurgita-
tion, and 11% in those without. In other studies, 
mitral regurgitation was found to be an independent 
predictor of cardiovascular mortality.

Left Ventricular Diastolic Function

Pulsed Doppler echocardiography is useful for assess-
ment of left ventricular diastolic properties. Three dis-
tinct abnormal mitral inflow patterns have been 
described and correlated with hemodynamic findings.

One pattern, characterized by a low E wave, a high •	
A wave, a low E/A ratio, and a prolonged E decel-
eration time (Fig. 18.9b), is thought to be the conse-
quence of impaired relaxation in the presence of 
normal left ventricular filling pressures. It has been 
described in normal aging, left ventricular hypertro-
phy, and acute ischemia.
The opposite pattern, characterized by high E •	
waves, low A waves, high E/A ratio, and short E 
deceleration time (Fig. 18.9c), is associated with 
high left ventricular filling pressure and increased 
chamber stiffness and is observed in advanced car-
diac disease. The short deceleration time suggests 
an early equalization of pressures in the left atrium 
and the left ventricle.
The third pattern is essentially a normal pattern that •	
has been referred to as “pseudonormal.” This pat-
tern may represent a transitional state between 
impaired relaxation and restrictive patterns in 
patients with left ventricular systolic dysfunction.

Several investigators have studied the left ventricular 
filling patterns in patients with AMI. An abnormal 
relaxation pattern has been shown to be more common 

in patients with small infarctions. In contrast, patients 
with large infarctions often exhibit a “pseudonormal-
ized” or even restrictive within the first week. It has 
been demonstrated that this frequently changes over 
time becoming less restrictive, maybe as result of left 
ventricular remodeling. Patients with anterior MI 
treated with primary angioplasty and a restrictive filling 
pattern at day 3 (defined as E deceleration time <130 
ms) had progressive increases in left ventricular vol-
ume indexes at 6 months, in contrast to patients with 
nonrestrictive filling. E deceleration time was the most 
powerful predictor of left ventricular dilatation. Limited 
studies have assessed the relation between left ventricu-
lar filling patterns and prognosis after AMI. In patients 
examined with serial Doppler echocardiography on 
days 1.3, 7, and 3 months after AMI, left ventricular 
filling patterns were related to clinical follow-up for 

Fig. 18.9 Mitral inflow patterns after myocardial infarction
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32 ± 17 months. The survival rate at 1 year was 100% 
in patients without restrictive filling and 50% in those 
with restrictive filling (Fig. 18.10). Left ventricular 
filling pattern was the most powerful independent pre-
dictor of cardiac death and adds significant prognostic 
information to indicators of systolic dysfunction (ejec-
tion fraction and end-systolic volume). Other studies 
also found that restrictive filling was an independent 
predictor of cardiac death. Finally, it has been demon-
strated that the presence of restrictive filling is an inde-
pendent predictor of heart failure after AMI. An 
explanation for this observation may be the markedly 
elevated filling pressure often found in these patients. 
Also, a strong relation between restrictive filling and 
elevated pulmonary wedge pressure in post MI patients 
with left ventricular systolic dysfunction was observed. 
An E/A ratio >2 was associated with pulmonary capil-
lary wedge pressure >20 mm Hg in 96% of patients, 
whereas E deceleration time provides an accurate esti-
mate of left ventricular filling pressure in patients with 
a “normal” E/A ratio.

Recently, using Tissue Doppler of the LV annulus, E/
Em has been shown to be a powerful predictor of survival 
after myocardial infarction and E/Em >15, an indicator of 
high LV filling pressures, is superior as predictor of prog-
nosis to other clinical and echocardiographic variables.

Left Ventricular Spatial Flow Pattern

Color Doppler echocardiography and pulsed-wave 
Doppler flow mapping can be used to assess the flow 
patterns in the left ventricle.
Normal left ventricular flow is characterized by

1. Simultaneous onset of blood motion at the mitral 
valve leaflets and apical level

2. A discontinued Doppler signal along the lateral 
wall (a diastolic positive wave, followed by a nega-
tive wave during systole) and interventricular 
septum (an early diastolic positive wave, followed 
by a negative wave at late diastole and systole)

Abnormal flow patterns can be recognized:

1. Apical rotating flow and vortex ring formation char-
acterized by systolic persistence of red near the lat-
eral wall. On pulsed Doppler, there is a continuously 
positive flow signal near the lateral wall and a 
continuously negative signal near the septum.

2. Vortex ring formation is characterized by central 
red flanked on both sides by blue during diastole. 
On pulsed-wave Doppler this pattern is character-
ized by an apparent delay in onset of blood motion 
at the apical level compared with the mitral valve 

Fig. 18.10 Left ventricular filling and cardiac survival
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left ventriculare; in addition, a higher flow velocity 
compared with normal is found at the apex.
The presence of an abnormal flow pattern after AMI •	
is highly associated with left ventricular thrombus 
formation. In patients with acute MI, flow patterns 
were examined within 24 h, after 6 weeks and 3 
months. None of the patients with a normal left ven-
tricular flow pattern at the first examination devel-
oped a thrombus, versus 40% of patients with an 
abnormal flow pattern. Furthermore, an abnormal 
left ventricular flow pattern has been shown to be an 
independent predictor of thrombus formation.

Left Ventricular Thrombi

A left ventricular thrombus is mostly found in the set-
ting of a transmural MI with a clear akinetic or dyski-
netic state of the infarcted wall segment. Disability or 
even mortality after acute MI may be the result of a left 
ventricular thrombus and subsequent embolization. In 
the GISSI-III study, the incidence was approximately 
12% in anterior MIs, mostly observed in the left ven-
tricular apex, and 2% in MI at other sites. Most thrombi 
occur within the first two weeks after acute MI and are 
easily detected by two-dimensional echocardiography 
with a sensitivity of almost 95% and a specificity of 
90%. Oral anticoagulation (warfarin, coumarin) is the 
treatment of choice to prevent embolic events. Mobile 
and protruding thrombi and adjacent hyperkinesia are 
markers of high risk of systemic embolization. The 
disappearance or reduction in size of left ventricular 
thrombi during anticoagulation therapy can be observed 
by serial two-dimensional echocardiography in 
approximately half of the patients during one-year 
follow-up. Resolution was more likely to occur in 
patients without apical dyskinesis.

Myocardial Viability

Low-dose dobutamine echocardiography is one of the 
currently available techniques for determining the 
presence of viable myocardium (Fig. 18.11). The 
response of myocardial segments that are dysfunc-
tional at rest to low-dose dobutamine predicts recovery 
of regional function after acute MI with sensitivities 

and specificities ranging from 66 to 100% and from 68 
to 94%, respectively (Table 18.6). Several studies have 
evaluated the prognostic implications of myocardial 
viability in patients with AMI and in patients with 
recent or previous MI. The presence of myocardial 
viability in the Echo Dobutamine International 
Cooperative (EDIC) Study in 778 patients early after 
acute MI was associated with an increased incidence 
of unstable angina. Others also demonstrated that pres-
ence of viable myocardium independently predicts 
ischemic events. Myocardial viability was the single 
best predictor of cardiac events (mainly unstable 
angina and revascularization procedures) in patients 
with previous MI. The presence of myocardial viabil-
ity independently predicted recurrent ischemia in 
patients early after acute MI.

The prognostic impact of viability on cardiac mor-
tality remains unresolved. Myocardial viability did not 
predict cardiac death, which predominantly correlated 
with age and ejection fraction in some studies. Ejection 
fraction, but not myocardial viability, was significantly 
associated with the occurrence of cardiac death in some 
studies. Only in patients with an ejection fraction lower 
than 35%, cardiac death occurred less frequently in 
patients with viability who underwent revasculariza-
tion. In these patients with reduced ejection fraction, 
absence of viability predicted a high mortality rate.

Similar conflicting results have been found early 
after acute MI. In patients with left ventricular sys-
tolic dysfunction and with myocardial viability, the 
presence of left ventricular dysfunction was predic-
tive for hard cardiac events. In other studies, hard 
events were not predicted by the presence of myocar-
dial viability and thus myocardial viability did not 
have independent prognostic value. Prospective stud-
ies on the impact of myocardial viability in patients’ 
outcome however are lacking. Until that time, the 
presence of myocardial viability is currently a strong 
indicator for revascularization.

Residual Myocardial Ischemia

Stress echocardiography in patients after MI can be 
safely performed predischarge with use of exercise-
related or pharmacologically induced stress, including 
dobutamine and dipyridamole. It is based on the principle 
that stress-induced ischemia results in new or worsening 
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Fig. 18.11 Enddiastolic and endsystolic still frames of an api-
cal four-chamber view at rest and during low-dose dobutamine 

infusion. Note the presence of myocardial viability in the middle 
and apical segment of the inferoseptal wall (arrow)

Table 18.6 Sensitivities and specificities of low-dose dobutamine echocardiography 
to detect functional recovery after acute MI

Authors No. of patients
Follow-up echo 
(months) Sensitivity (%) Specificity (%)

Pierard  17 9 100 70
Smart  63 1  86 90
Previtali  59 2  79 68
Salustri  57 3  66 94
Watada  21 1  83 86
Leclerq  40 2  82 83
Smart 115 1–2  86 83

wall motion abnormalities that can be detected by two-
dimensional echocardiography. During the last 10 years, 
digital technologies have rendered stress echocardiog-
raphy more feasible. A single cardiac cycle can be stored 

before, during, and after stress, and replayed indefi-
nitely. Each loop can be reviewed in synchrony, side by 
side with other loops, through which the comparison of 
different conditions is made easier.
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Exercise echocardiography has been used to evalu-
ate patients after acute MI. The occurrence of new or 
worsening wall motion abnormalities predicted the 
development of future cardiac events, with a sensitiv-
ity ranging from 63 to 80% and a specificity of 78 to 
95%. However, major limitations of these studies are 
the relatively small sample size and the inclusion of 
soft and subjective endpoints, such as unstable angina 
and revascularization procedures, in order to document 
prognostic power.

High-dose dobutamine echocardiography has been 
found very useful for risk stratification after acute MI. 
Two-dimensional echocardiography is performed 
during infusion of dobutamine up to 40 mg/kg/min, 
and if necessary, with addition of atropine. The con-
tractile response of stunned myocardium to high-dose 
dobutamine is variable, depending on the infarct-
related artery stenosis. When there is a flow-limiting 
stenosis, a biphasic response can be found (improve-
ment at low dose followed by worsening at high dose), 
while, when there is no flow-limiting stenosis, the 
improvement of stunned myocardium continues 
throughout the infusion. In this way, dobutamine 
echocardiography is able to predict the presence of a 
severe residual stenosis of the infarct-related artery 
and can identify high-risk patients who benefit most 
from revascularization procedures.

Moreover, dobutamine echocardiography is able to 
elucidate transient wall motion abnormalities in the 
remote area. The occurrence of remote asynergy 
during stress testing has shown to be correlated with 
multivessel coronary artery disease and is predictive of 
future ischemic events.

The prognostic impact of inducible ischemia by 
high-dose dobutamine after acute MI has been exten-
sively studied. Several studies have evaluated the 
event rate of both hard and spontaneous cardiac events 
in patients with a negative versus a positive dobu-
tamine stress echocardiogram. The risk of cardiac 
death doubles if the test is positive. Positivity of dobu-
tamine stress echocardiography is an independent pre-
dictor of hard cardiac events (death and nonfatal 
reinfarction) and all cardiac events (death, nonfatal 
reinfarction, and unstable angina). Wall motion score 
index at peak-dose dobutamine, reflecting the extent 
of MI and ischemia, is found to be an independent 
predictor of cardiac death.

Dipyridamole echocardiography can also be used to 
evaluate myocardial viability, residual ischemia, and 
prognosis after AMI.

Future Developments

Three-dimensional echocardiography may become the 
ultimate diagnostic modality because it can display the 
left ventricle, its size, shape, and abnormalities in 
motion from any perspective. With the use of the real-
time 3D modality with a matrix transducer, the echo 
examination will become more standardized and less 
operator dependent. Cardiac cross-sections that are dif-
ficult or impossible to obtain from the regular precor-
dial studies can be computed from the data set in any 
desired plane (anyplane echocardiography). The images 
needed for diagnosis are only part of the total three-
dimensional data set, and left ventricular function in 
patients with coronary artery disease can be visually 
assessed and quantified. Specifically, true volumes of 
aneursymal left ventricles can be assessed without geo-
metric assumptions rather than using one or two orthog-
onal planes. The echo examination itself will be easier 
and quicker, although more time will be needed for sub-
sequent wall motion analysis at a viewing station and for 
left ventricular volume calculations.

Clinical Recommendations  
and Implications

The goal of risk stratification after acute MI is to iden-
tify patients whose outcomes can be improved through 
specific medical interventions. Patients with the highest 
risk for cardiac death or recurrent ischemic events 
benefit most from aggressive medical therapy and/or 
revascularization procedures. In these times of evidence-
based and cost-effective management, the selection of a 
test that provides the most useful diagnostic and prog-
nostic information is of paramount importance. In this 
regard, echocardiography has proven its value. Patients 
who have nearly normal left ventricular function have a 
very low risk for death and may therefore be candidates 
for early discharge from the hospital.

Predischarge or early postdischarge stress testing 
should be used for further risk stratification within this 
group of patients. Only in patients who cannot exercise or 
whose baseline ECG precludes accurate interpretation of 
exercise-induced ischemia, pharmacologically induced 
stress echocardiography should be performed. The incre-
mental value of additional echocardiography in all patients 
has not been shown to be worth the increased costs.



18 Echocardiography for Assessing Acute Myocardial Infarction 383

BookID 128962_ChapID 18_Proof# 1 - 9/10/2008

Routine re-evaluation by echocardiography in the 
absence of any change in clinical status is not recom-
mended. In the evaluation of systemic hypotension 
and/or a suspected mechanical complication of MI, 
echocardiography is of utmost importance to differen-
tiate between low output due to poor left ventricular 
function, decreased preload, peripheral vasodilation or 
cardiac tamponade, or mechanical complications such 
as ventricular septal rupture, papillary muscle rupture, 
and free wall rupture. This will be discussed in more 
detail in the next chapter.

Patients with moderate to severe systolic dysfunc-
tion are at higher risk for cardiac death, heart failure, 
and left ventricular dilatation. Pulsed-wave Doppler of 
left ventricular filling should be assessed, because 
presence of restrictive left ventricular filling identifies 
patients at very high risk of cardiac death. Assessment 
of myocardial viability and presence and extent of 
ischemia could be useful to define the potential effi-
cacy of revascularization procedures.

Finally, serial echocardiography is recommended in 
patients with moderate to severe left ventricular dysfunc-
tion to assess changes in regional and global systolic 
function and left ventricular volumes, since these changes 
have independent prognostic value and can be used to 
guide therapy. Serial echocardiography is also recom-
mended in patients with left ventricular thrombi.
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Echocardiography is the primary diagnostic tool for 
detection of potentially life-threatening complications 
of acute myocardial infarction (AMI). Its immediate 
availability and the detailed information it provides both 
on the heart’s mechanical function and blood flow are 
critical in the management of patients with mechanical 
complications. The echocardiography-based decision of 
referring such patients for immediate surgery makes this 
diagnostic modality a life-saving procedure.

It is extremely important for the physician or sonog-
rapher performing the examination, not only to have 
knowledge of the echocardiographic characteristics of 
the different complications, but also of the patient’s 
clinical history (Table 19.1). The time elapsed from the 
occurrence of infarction, the myocardial wall affected, 
and whether the patient was treated with direct angio-
plasty or thrombolytic therapy for AMI are all impor-
tant data that can help in searching for a particular type 
of complication.

The role of echocardiography is not limited to diag-
nosis. It is an important tool in guiding the intraopera-
tive management (usually with transesophageal 
echocardiography) and in assessing the outcome of 
high-risk and complicated surgeries. Newer echocar-
diographic modalities, such as real-time 3D echocar-
diography and contrast echocardiography, are playing 
a greater role in the diagnosis of these patients.

Rupture of LV Free Wall

Free wall rupture (FWR) of the left ventricle (LV) is 
the most common form of myocardial rupture. It is the 
cause of death in approximately 10% of the patients 
who die of an acute myocardial infarction (AMI). It 
occurs within the first 24 h in 40% of the patients and 
within a week in 85%. Any wall – anterior, lateral, or 
posterior – can be involved (Fig. 19.1). Death usually 
occurs quickly unless an immediate diagnosis and sur-
gery can be performed. However, in up to 40% of 
cases, ruptures have a subacute course with ongoing 
myocardial tearing and bleeding into the pericardial 
space. Pseudoaneurysm, which is discussed later, is a 
manifestation of a subacute tear that is spontaneously 
sealed. The usual presentation of FWR is with sudden 
hemodynamic collapse, electromechanical dissocia-
tion, and death occurring before an echocardiographic 
assessment can be performed. Symptoms and signs of 
recurrent chest pain, syncope, transient hypotension 
and bradycardia, nausea, agitation, restlessness, and 
unexpected alterations of T waves – especially direc-
tional changes, although nonspecific – are more fre-
quently found in patients with a subacute FWR. 
Therefore, a high index of suspicion in such patients is 
the key for the echocardiographic detection of FWR. 
Several studies describe the incidence and risk factors 
of FWR in the current era of early direct coronary 
angioplasty and thrombolysis for treating AMI. In a 
recent series of 1,250 patients treated with direct coro-
nary angioplasty for AMI, 12 patients (0.96%) had 
cardiac rupture (free wall rupture (9), septal rupture 
(3)). Old age, female gender, lower body mass index, 
and longer time to reperfusion were risk factors for 
cardiac rupture, while early successful direct coronary 
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angioplasty was the most powerful determinant for 
avoiding cardiac rupture. Thrombolysis has been 
reported to be an independent risk factor for the occur-
rence of FWR. In a study that evaluated the effect of 
primary angioplasty vs. thrombolytic therapy on the 
risk of FWR, 34 patients (2.5%) had FWR, of which 

14 (1.8%) and 20 (3.3%) were treated with angioplasty 
and thrombolysis, respectively (difference was not sta-
tistically significant). In the multivariate analysis, age 
> 70 and anterior location were independent risk fac-
tors for FWR, whereas direct angioplasty was an inde-
pendent protective factor. Other reported risk factors 
for FWR are: total occlusion of the LAD, mild pericar-
dial effusion in the first 2 days post MI in patients >60 
years with a first ST-segment elevation AMI, and peri-
cardial rub associated with TIMI flow <3.

Echocardiographic Findings

Pericardial effusions secondary to hemopericardium, 
layered thrombus in the pericardial space, and cardiac 
tamponade are the most common findings in the hemo-
dynamically unstable patient with FWR (Fig. 19.2). 
Post AMI pericardial effusion of 5 mm during diastole 
and layered thrombus within the pericardial space are 
highly sensitive (up to 100%) for the detection of FWR 
while specificity is 79%. The ruptured site is seldom 
detected with 2D echocardiography; however, this may 
be possible with color-flow Doppler (Fig. 19.3). 

Table 19.1 Summarizes the principal clinical and echocardiographic findings in patients with mechanical complications of MI

Clinical findings Echo findings

Ventricular septal rupture Risk factors: female, advanced age, 
extensive, anterior, transmural, RV 
infarction, and total occlusion of 
MI-related artery

Simple – Doppler color jet at the same level in LV 
and RV. Usually anteroapical. Complex – serp-
inginous tracts. Hemorrhage. More common in 
inferoposterior MI

Free wall rupture Most common rupture. Dramatic 
presentation. Risk factors: female, 
advanced age, first MI, Ant. wall MI, 
prolonged time to reperfusion, no 
restriction of physical activity after MI. 
Early successful PCI is protective

Pericardial effusion (>5 cm), layered thrombus in 
pericardial space and tamponade. Site of 
rupture identified only in 50%

LV pseudoaneurysm Subacute presentation (chest pain, nausea, 
hypotension) of rupture contained by 
pericardium. May evolve to FWR. Inf. 
Wall MI 2× common than anterior MI. 
“Mass” seen in CXR of 1/3 of patients

To-and-Fro color Doppler jet through a narrow 
neck (ratio < 0.5 with body of PA). May contain 
thrombus

LV aneurysm and 
thrombus

Common in anterior wall MI. Rarely 
ruptures. May present with CHF, Vent. 
Arrhythmias and systemic emboli

Bulging contour of an akinetic or dyskinetic LV 
segment, usually apex. Neck to body ratio: 
0.9–1.0:1.0. May contain thrombus (acute-
mobile, chronic-mural)

Rupture of papillary 
muscle

Rare. Severe pulmonary edema. 
Inferolateral MI. Can occur with 
NQMI. PM papillary muscle the most 
affected. DD-ischemic MR

Severe MR, flail mitral leaflet, head of PM may be 
seen in LA or as a mass with erratic motion 
(TEE) in LV. LV systolic function not signifi-
cantly impaired

Fig. 19.1 Pathology specimen demonstrating slit-like LV free 
wall rupture (asterisk). Adjacent necrotic tissue of infarction is 
evident (IVS interventricular septum) (Courtesy of Dr. J. Kisslo)
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The injection of IV contrast echocardiography may be 
helpful in confirming or excluding the diagnosis of 
FWR in patients with a subacute presentation. In a 
recent report, passage of an echo-contrast agent (opti-
son) to the pericardial space after an IV injection 
helped to confirm rupture in one patient, while lack of 
staining of pericardial space with contrast helped in 
excluding FWR in a second patient.

The current surgical management for left ventricu-
lar FWR is patch-glue repair without extra corporeal 
circulation. The insertion of an intra-aortic balloon 
pump is advocated and access is obtained via median 
sternotomy. This approach is possible in patients with 
the subacute presentation of FWR and is an alternative 
to infarctectomy and ventricular reconstruction using 
cardiopulmonary bypass. In a series of 17 patients with 
FWR treated with the patch-glue repair, perioperative 
mortality was 23.5% and 30-day post-discharge sur-
vival was 85% at 2.2 years.

Transesophageal Echocardiography  
and AMI Complications

Transesophageal echocardiography (TEE) is a useful 
procedure for the detection of mechanical complica-
tions in post AMI patients. In a study of 55 patients 
who had TEE in a coronary care unit during the first 
week post AMI, the main reason for performing TEE 
(62% of cases) was to rule out the presence of mechan-
ical complications. It helped in confirming the diagno-
sis in 2 of the 3 patients studied to rule out FWR and 
confirmed ventricular septal rupture in 12 of the 15 
patients studied for that purpose. There were two 
deaths (3.6%) during and immediately following TEE. 
One was in a patient with cardiogenic shock due to 
partial rupture of the posteromedial papillary muscle 
resulting in severe mitral regurgitation and the other 
patient had acute rupture of the left ventricular free 
wall. None of the patients was intubated and both were 
sedated with IV benzodiazepines. The authors postu-
lated that the Valsalva maneuver caused by esophageal 
intubation could have been the mechanism that trig-
gered death in these patients, and therefore caution is 
advised in the usage of TEE in patients with mechani-
cal complications of AMI. Our opinion is that tracheal 
intubation, mechanical ventilation, and appropriate 
sedation should be considered in hemodynamically 

Fig. 19.2 Transgastric TEE view depicting the long-axis left 
ventricle (LV). A posterior, loculated pericardial effusion (PE) is 
evident. It is not uncommon that pericardial effusion is the only 
echocardiographic finding in free wall rupture. The site of rup-
ture was not visualized in this patient (PPM posterior papillary 
muscle; APM anterior papillary muscle)

Fig. 19.3 Transgastric, short-axis view of the left ventricle. The 
posterior-inferior pericardial effusion (PE) was caused by rup-
ture of the LV free wall. In addition, ventricular septal rupture 
was also present as shown by the turbulent jet in the ventricular 
septum (arrow)
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unstable post AMI patients in whom a TEE is required. 
Transesophageal studies should be considered when-
ever the surface study is inconclusive or if multiple 
abnormalities are suspected (Fig. 19.3).

LV Pseudoaneurysm

Left ventricular pseudoaneurysm (LVP) is formed 
when cardiac rupture is contained by adherent pericar-
dium or scar tissue. No endocardial or myocardial ele-
ments are present in the external layer of the 
pseudoaneurysm, while in a true LV aneurysm the 
outer layer consists of thin areas of scarred myocar-
dium. It is important to differentiate LVP from a true 
LV aneurysm, which rarely ruptures, because the treat-
ment of the first condition usually requires surgical 
repair. This differentiation may be difficult, since the 
characteristics of these two entities overlap. Clinically, 
congestive heart failure and embolic events may occur, 
as with true LV aneurysm, and there may be similari-
ties in findings of different imaging modalities. In a 
review of 290 case reports of LVP, the median age was 
60 years and 68% of patients were male. Congestive 
heart failure, chest pain, and dyspnea were the most 
frequent conditions or symptoms reported (36, 30, 
25%, respectively). Heart murmurs were found in two-
third of patients. Electrocardiographic abnormalities 
were found in 95% of patients; however, most were 
nonspecific ST changes. Abnormal chest X-rays were 
reported in 97% of patients and the most common find-
ing was “enlarged heart.” Interestingly, almost one-
third of patients had evidence of mass on chest X-ray. 
The most common diagnostic modality to be employed 
was angiography, revealing some abnormality in 98% 
of the patients and providing a definitive diagnosis in 
87% of patients. Echocardiography was less frequently 
used in this series, and Doppler and TEE were per-
formed only in a small proportion of the group. The 
most common location for LVP was the posterior wall, 
followed by lateral, apical, inferior, and anterior loca-
tion. It is unclear why LVP is more common in the 
posterior wall, while the most common location of 
FWR is the anterior wall. A possible hypothesis raised 
by the authors was that with the recumbent position, 
post AMI patients have a greater inflammatory response 
to myocardial infarctions that involve the posterior 
wall. This may cause pericardial adhesions, which pre-

vent hemopericardium and formation of tamponade. 
Of 140 patients who had follow up, 107 underwent 
surgery for the LVP. Twenty-three percent of patients 
died at a median of 3 days after operation, and all 82 
patients who survived surgery were alive at a median 
of 46 weeks. Fifteen (48%) of the 31 patients who 
were treated conservatively, died at a median of less 
than 1 week. Recent case reports suggest that patients 
with LVP who have stable hemodynamic status can 
have long-term survival without surgery.

Echocardiographic Findings

The echocardiographic diagnosis of LVP is usually 
made when performing a routine post-MI study for LV 
function or evaluating a patient for congestive heart 
failure or embolic event. The 2D Echo characteristics 
of LVP are: a sharp discontinuity of the endocardial 
border at the communication site of the pseudoaneu-
rysm with the LV cavity, a saccular or globular contour 
of the LVP chamber, and a relatively narrow orifice or 
“neck” comparing to the diameter of the fundus of the 
LVP (Fig. 19.4). A maximal ratio of 0.5 for the diagno-
sis of LVP has been reported in 82% of 92 patients 
with pseudoaneurysm. In contrast, true LV aneurysms 

Fig. 19.4 A very large pseudoaneurysm (PAN) of the lateral 
wall is seen in this four-chamber apical view. Note that the diam-
eter of the neck is significantly narrower than the diameter of the 
body. A thrombus layers the superior portion of the pseudoaneu-
rysm. (LA left atrium; LV left ventricle)



19 Mechanical Complications of Myocardial Infarction 389

BookID 128962_ChapID 19_Proof# 1 - 16/3/2009

have orifice-to-LVP diameter ratio of approximately 
0.9–1.0. Careful examination and usage of unconven-
tional planes may sometimes be required for the iden-
tification and characterization of the site of rupture. At 
times, a thrombus can be visualized (Fig. 19.4). Color-
flow Doppler improves the probability for the detec-
tion of LVP and its typical feature is the bidirectional 
flow between the LV and pseudoaneurysm. This to-
and-fro flow allows the distinction between LVP and 
pericardial effusion and the turbulence and size of jet 
differentiate LVP from true aneurysms. The use of 
contrast agents may aid in the diagnosis of LVP. 
Intravenous administration of contrast-echo agents has 
facilitated a definite diagnosis of LVP by showing the 
narrow neck and the blood flow communicating the LV 
and LVP cavity (Fig. 19.5). Three-dimensional recon-
struction of TEE imaging has been reported to be use-
ful in the assessment of a patient with LVP and severe 
mitral regurgitation: While 2D TEE failed to properly 
assess the anterolateral papillary muscle, 3D recon-
struction clearly defined the rupture in LV free wall 
and the intact papillary muscle. Mitral regurgitation 
disappeared after LVP was repaired, obviating the need 
for mitral valve repair or replacement.

Intramyocardial rupture is another form of sub-
acute rupture of the myocardium. In this rare entity rup-
ture of the affected wall after an AMI causes a dissection 
plane within the myocardium. The rupture does not 

reach the pericardial surface, forming an intramyocar-
dial hematoma. Echocardiography, especially TEE per-
formed in the acute phase, typically shows a “cystic” 
formation seen as an echo-lucent mass containing blood 
that protrudes into the LV cavity. Echocardiography 
performed on subsequent days shows increasing echo-
genicity of the cavity, representing organization of the 
hematoma. Subsequently, the hematoma is reabsorbed 
and the echocardiographic appearance at 3 weeks is 
very similar to that of a chronic mural thrombus as 
shown by Vargas-Barron with 3D TEE reconstruction. 
Evidence of internal endocardial layer that contracts 
well can differentiate intramyocardial hematoma from 
a fixed mural thrombus.

Ventricular Septal Rupture

The typical presentation for this complication is a 
patient with severe cardiac decompensation mani-
fested by low cardiac output or shock, occurring usu-
ally within a week of an AMI. Often, it is associated 
with the appearance of a systolic murmur that has to 
be differentiated from that of acute mitral regurgita-
tion secondary to rupture of a papillary muscle. It 
occurs in transmural MI and is more frequent in acute 
anterior infarction, extensive infarction, right ventric-
ular infarction, and in total occlusion of the infarct-
related artery. Other risk factors are female gender 
and advanced age. This complication of MI is rare, 
due to the dual blood supply of the ventricular sep-
tum, with the anterior two-third being supplied by 
branches of the left anterior descending coronary 
artery and the posterior third by the posterior descend-
ing artery of either the right or circumflex coronary 
arteries. In the prethrombolytic era, rupture of the 
interventricular septum occurred in 1–3% of all AMI. 
Thrombolytic therapy has largely reduced the rate of 
ventricular septal rupture (VSR) after AMI to only 
0.2–0.3%. Hypertension and lack of history of angina 
or MI are risk factors for VSR in patients not treated 
with reperfusion therapy but not in those who received 
thrombolytic therapy. The timing of occurrence of 
VSR also varies. It occurs within the first week post 
MI in patients who did not receive reperfusion ther-
apy, peaking on the first day and on days 3–5 post MI. 
In patients receiving thrombolytic therapy for AMI, 
most ruptures occur within the first 48 h.

Fig. 19.5 Apical view of an apicolateral pseudoaneurysm 
(PAN) connected to the echo-contrast filled LV through its nar-
row neck (Courtesy of Dr. Roberto Lang, Chicago)
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Septal ruptures may be simple or complex. The first 
is a discrete defect with a direct through-and-through 
communication at the same level on both sides of the 
septum. The second is an irregular rupture with serp-
inginous tracts and extensive hemorrhage. While in 
anterior MI, septal rupture is usually apical and simple, 
the rupture in inferior MI occurs more commonly in 
the basal inferoposterior septum and is more often 
complex.

The treatment of VSR is surgical repair and patients 
should be operated on as soon as possible. The 30-day 
mortality rate is 70–80% in patients who are medically 
treated, 25% of them dying within 24 h, and 65% 
within 2 weeks of septal perforation. The 30-day mor-
tality can be reduced to approximately 35% in patients 
who had surgical repair. Recently, a few case reports 
have described the feasibility of closing the ruptured 
septum with a percutaneous device closure (Fig. 19.6). 
It is unclear yet whether this could be an acceptable 
alternative to surgery.

Echocardiographic Findings

With 2D echocardiography, direct visualization of the 
ventricular-septal defect can be achieved in approxi-
mately 50% of patients (Fig. 19.7). Different acoustic 
windows should be used, including the parasternal 
short-axis, apical four-chamber, and the subcostal long-

axis view to assess the size and location of rupture. The 
parasternal short-axis view is particularly helpful in the 
detection of rupture of the posterior septum. The search 
for the defect should be very meticulous with careful 
apical to basal and anterior to posterior sweeps of the 
transducer. However, even a thorough 2D examination 
may not detect small septal tears.

Color-flow Doppler is the most important modality 
for the detection of VSR, being up to 100% sensitive 
and specific. A turbulent trans-septal flow and systolic 
flow disturbance within the RV is typically observed, 
and it enables the visualization of complex defects 
such as multiple holes or serpinginous tracts from the 
LV to the RV (Fig. 19.8). Doppler color-flow imaging 
can rapidly detect the abnormal flow across the sep-
tum, accurately define its location, and assess the size 
of the defect or defects by measuring the width of the 
color jet. The latter was shown to correlate well with 
the size of septal defects found at surgery. The color 
flow left to right jet through the ruptured septum is 
pansystolic but can be diastolic when LV diastolic 
pressures exceed those of the right ventricle. A right to 
left shunt can occasionally be detected in early-mid 
diastole due to the existence of RV failure and RV end-
diastolic pressure greater than the LV end-diastolic. 
Additional common findings include: (1) Aneurysm of 
the ventricular septum, defined by the appearance of a 
bulge of the apical or posterior septum protruding into 
the right ventricle, found in 40–50% of patients (Fig. 
19.9). (2) Hyperkinetic segments opposite to the area 

Fig. 19.6 Intracardiac echocardiography (ICE) of a complex 
rupture of the interventricular septum defined by the turbulent 
color-flow jet (a). A device closure to seal the rupture is being 

placed in the catheterization laboratory (b). Unfortunately, the 
benefit was transient in spite of a favorable procedural result 
(Courtesy of Dr. Peter McLaughlin, Toronto)
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of infarction can be seen in almost half of the patients. 
(3) Tricuspid regurgitation is very frequent and is sec-
ondary to high right ventricular pressure or due to 
myocardial ischemia. (4) Poor right ventricular func-
tion is not uncommon when VSR complicates an infe-

rior myocardial infarction and is associated with 
increased mortality.

Transesophageal echocardiography is frequently 
performed to assess the reason for decompensation of 
a cardiac patient when transthoracic echocardiography 

a b

Fig. 19.7 Echocardiographic transgastric view (a) and a similarly oriented pathology specimen (b) of ruptured posterior interven-
tricular septum (arrows) (Pathology courtesy of Dr. J. Kisslo)

a b

Fig. 19.8 (a) Transgastric view of the left and right ventricles (LV and RV) showing disruption of the interventricular septum 
(arrow). (b) A similarly oriented transgastric view in a different patient with a complex ventricular septal rupture. With color-flow 
Doppler, two long opposite directed rupture tracts are evident along the septum (arrows)
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is unclear. It may have the advantage of giving a better 
definition of the type of septal rupture compared to 
transthoracic echo, particularly in cases of poor image 
quality. It also has a major role in the perioperative 
assessment of a patient with VSR. There are two 
approaches for repairing the ruptured ventricular sep-
tum: One is infarctectomy and reconstruction of the 
septum and right and left ventricular walls with a sin-
gle Dacron patch and another approach consists of 
excluding rather than excising the infarcted septum 
and ventricular walls. This is accomplished by perfor-
mance of a left ventriculotomy through the infracted 

muscle and securing a bovine pericardium patch to the 
normal endocardium of the left ventricle excluding the 
infarcted myocardium. The latter approach is more 
physiologic in remodeling the acutely infracted left 
ventricle and enhances survival. As in many types of 
cardiac surgery, it is useful to use TEE to guide sur-
gery, providing the surgeon with information about the 
exact location, size, and type of VSR and in assessing 
immediate operative results (Fig. 19.10).

Three-dimensional echocardiographic reconstruc-
tion has been reported to be helpful in the determina-
tion of diagnosis of VSR in challenging situations like 

Fig. 19.9 (a) Transthoracic 
apical view in a post MI 
patient with a large aneurysm 
of the interventricular septum 
and apex (arrows). 
Color-flow Doppler shows a 
long ruptured tract from LV 
to RV through the septum 
(LV left ventricle; RV right 
ventricle; LA left atrium)

Fig. 19.10 A patch for the 
repair of a ventricular septal 
rupture is evident in this 
parasternal long-axis view 
(a). Color-flow Doppler 
revealed significant leakage 
of the patch requiring 
reoperation (b)
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incomplete septal rupture or pseudoaneurysm coexist-
ing with VSR. Very recently, live 3D echocardiogra-
phy including 3D color Doppler has been commercially 
introduced. Three-dimensional images can be easily 
obtained and it appears that this modality has the 
potential to help in the assessment of complex forms of 
septal rupture providing the surgeon with valuable 
information.

Papillary Muscle Rupture

Papillary muscle rupture (PMR) is the rarest mechani-
cal complications of AMI. This is probably due to pro-
tection by transencocardial diffusion and perfusion 
through thebesian sinusoids. The posteromedial papil-
lary muscle is the most affected, having its blood sup-
ply solely from the posterior descending coronary 
artery as opposed to the anterolateral papillary muscle 
that has a dual blood supply, both from the diagonal 
branch and the left circumflex artery. The most fre-
quent site of MI is, therefore, the inferolateral wall. 
Unlike other mechanical complications of AMI, even 
subencocardial (non-Q-MI) and relatively small infarc-
tions can cause PMR. This complication usually occurs 
2–7 days post MI and is responsible for almost 5% of 
deaths of AMI. The clinical presentation is that of 
hypotension and respiratory failure due to massive pul-
monary edema. Findings may be less dramatic if only 
one head of papillary muscle is ruptured as opposed to 
rupture of the papillary muscle trunk, which may be 
rapidly fatal. Some characteristics that may distinguish 
patients with PMR as the cause for severe mitral regur-
gitation after acute MI are: first MI, older age, and 
decreased prevalence of: diabetes mellitus, previous 
angina, and multivessel disease. Systemic hyperten-
sion, delay in hospital admission with persistence of 
ambulatory activity since the onset of MI, and increased 
frequency of recurrent anginal pain preceding PMR 
also occurred more frequently in patients with PMR. 
Mortality is very high if left untreated. Fifty percent 
die within 24 h and 90% within a week without surgi-
cal therapy. Therefore, a rapid and early echocardiog-
raphy diagnosis should be made. This complication 
may not be initially suspected since a murmur of mitral 
regurgitation may not be loud due to the large regurgi-
tant orifice area and rapid increase in pressure in the 
left atrium in a hypotensive patient.

Echocardiographic Findings

The typical 2D echocardiographic findings include 
flail mitral valve leaflet and the mobile head of the rup-
tured papillary muscle, which is often seen as a mobile 
mass attached to the chordae and prolapsing into the 
left atrium during systole (Fig. 19.11a). LV function is 
hyperdynamic since the responsible MI is usually 
small and the ventricle contracts against the low imped-
ance left atrium. Doppler color flow usually reveals 
severe mitral regurgitation, and the direction of the 
regurgitation jet points to the affected mitral leaflet: 
posteriorly directed regurgitation jet in flail anterior 
leaflet and anteriorly directed jet in posterior flail leaf-
let (Fig. 19.11b). If both leaflets are involved the jet is 
centrally directed. Severity of MR may be underesti-
mated in the event of eccentric regurgitant jets, and 
whenever there are doubts regarding the severity or the 
mechanism of mitral regurgitation, TEE should then 
be performed. In that regard, TEE is very useful in dif-
ferentiating PMR from ventricular septal rupture when 
searching for the etiology of a new murmur in the 
hemodynamic unstable patient with nondiagnostic 2D 
images. During the TEE examination, the LV should 
be examined carefully, and transgastric views should 
be obtained in search of a highly mobile papillary 
muscle, which may not prolapse into the left atrium. In 
a study of 20 consecutive patients with left ventricular 
PMR confirmed at surgery who underwent intraopera-
tive TEE studies, the ruptured head was not seen to 
prolapse into the left atrium in 7 patients. However, a 
large echo density with large-amplitude erratic motion 
(1–5 cm in 17 patients and 0.5 cm in one patient) was 
seen in the LV of 18 of the 20 patients (specificity of 
90%), including all seven patients without prolapse of 
the ruptured papillary muscle into the left atrium.

Medical treatment is limited and insertion of an 
intra-aortic balloon is often required. Coronary angiog-
raphy, when possible, is performed prior to surgery. 
Early surgery, irrespective of whether stabilization by 
medical treatment can be achieved, is now the treat-
ment of choice. This is based on the fact that many 
patients with PMR have limited extent of infarction; 
single vessel disease is seen in almost half and LV sys-
tolic function is usually not significantly affected. 
Early surgery changes the prognosis of these patients. 
In-hospital mortality is still relatively high (20–30%) however; 
intermediate and long-term survival is approximately 
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80%. Papillary muscle repair is feasible and, recently, 
a modified papillary muscle repair with the use of peri-
cardium for height/length adjustment of the papillary 
muscle and annuloplasty with a Carpentier-Edwards 
ring has been described in a small group of patients, 
with excellent results.

Left Ventricular Aneurysm  
and Thrombus Formation

A left ventricular aneurysm (LVA) can be defined as a 
demarcated bulge of the contour of the LV wall during 
systole and diastole, demonstrating dyskinetic or aki-
netic motion. It is a frequent complication of acute 
myocardial infarction and may be a cause of heart fail-
ure, thrombus formation predisposing to the risks of 
systemic embolization, and ventricular arrhythmias. 
Unlike the previous mechanical complications of MI 
mentioned earlier in this chapter, LVA is not secondary 
to myocardial rupture. Its occurrence is secondary to 
infarct expansion and remodeling of the involved seg-
ment, usually the LV apex, which is the thinnest seg-
ment of the LV wall. Early echocardiographic data 
reported sensitivity of 93% and specificity of 94% for 
the detection of LVA after MI. In a prospective echocar-

diographic study of 158 patients with a first acute 
Q-wave MI, 22% had an aneurysm detected within  
3 months. In 77% of the patients, the location of the 
aneurysm was in the anterior wall, and in 17% it was 
located posteriorly. In that study, no thrombolysis or 
coronary angioplasty was performed, and 31% of all 
patients with anterior wall MI had an aneurysm. In 
almost half of the patients with an anterior aneurysm, 
the diagnosis was already made in the coronary care 
unit within 5 days of MI. Such early development of 
aneurysm was not seen with posterior MI. New aneu-
rysms were not found 1 year after acute MI. The 1-year 
mortality rate was significantly higher in patients with 
an aneurysm (49 vs. 14% in those without aneurysm), 
and there was no difference between patients with and 
without LV aneurysm regarding age, previous hyper-
tension, and peak CK. A recent study of 350 patients 
assessed the effect of thrombolytic therapy on the inci-
dence of LV aneurysm after a first AMI. The overall 
incidence of LVA was 11.7%. There was no difference 
between the thrombolytic group (205 patients) and the 
control group (145 patients who presented >12 h after 
the onset of symptoms). However, patients receiving 
thrombolytic therapy with a resultant patent infarct-
related artery had a significantly reduced incidence of 
LV aneurysm compared with those who did not have a 
patent artery (7.2 vs. 18.8%). Patients with total LAD 

Fig. 19.11 (a) In this transesophageal view the trunk of the anterolateral papillary muscle is prolapsing into the left atrium during systole. The 
resultant turbulent jet of severe mitral regurgitation is eccentric and directed in a posterior direction (b). (LA left atrium; LV left ventricle)
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occlusion and proximal LAD stenosis were also found 
to have increased risk for LVA formation after AMI.

Echocardiographic determination of LV volume is 
challenging in the presence of an aneurysm due to its 
irregular geometry. Real-time 3D echocardiography 
may be preferable to 2D when assessing LV remodel-
ing after MI since LV volume determination by 3D 
echo correlated better than 2D to LV volume determi-
nation by magnetic resonance imaging (MRI).

Indications for the surgical repair of LVA include 
congestive heart failure, VT originating from the aneu-
rysm and asymptomatic patients with large aneurysm 
undergoing CABG. The original repair, performed by 
Cooley et al, consisted of scar excision with linear clo-
sure of the ventricular wall defect. This can be per-
formed with or without placement of a felt. A different 
approach is the endoventricular repair (Dor’s repair) 
consisting in placement of a Dacron patch lined with 
pericardium that is sutured circumferentially at the 

junction of the scar and normal muscle, in order to 
restore as much as possible the curvature of the myo-
cardium (Fig. 19.12). Surgical results are good with 
relatively low operative mortality and significant 
improvement in symptoms, LV ejection fraction, and 
diastolic LV dimension.

LV thrombus occurs in one-third of patients with Q 
wave anterior wall MI. It is substantially less frequent 
in patients with non-Q wave or inferior wall MI (<5%). 
It is formed almost exclusively in the akinetic, dyski-
netic apex with or without aneurysm formation (Fig. 
19.13). Most thrombi are formed within 48 h to 1 week 
of infarction. Late formation of thrombus may be seen 
in patients with severe congestive heart failure and 
deteriorating LV systolic function. Systemic emboliza-
tion may occur within 3 months in almost 30% of post 
acute anterior MI patients who have thrombus forma-
tion. Chronic LV thrombus, occurring 3 months or 
more after infarction, is associated with an LVA and 

a b

c d

Fig. 19.12 Repair of anterior and septal wall aneurysm, ventric-
ular septal and free wall rupture (same patient as Fig. 19.3). (a) 
Apical view depicting the large aneurysm (arrows). (b) Necrotic 
and aneurysmal tissue secondary to an extensive acute myocardial 

infarction. (c) Incision of the myocardium and placement of a 
patch by the exclusion technique. (d) Postsurgical echocardiogra-
phy: The patch is evident as is thrombus formed between the 
patch and the pericardium. The LV is dramatically remodeled.
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fifty percent of all patients with an LVA have chronic 
LV thrombus. In spite of its high prevalence, chronic 
mural thrombi rarely embolize. Acute thrombi within 
an aneurysm have a greater risk of embolization. These 
two types of thrombi differ pathologically in that acute 
thrombi are likely to be mobile, fragile, and projecting 
into the lumen while chronic thrombi are organized 
and laminated.

Two-dimensional echocardiography is 86% sensi-
tive and 95% specific in the detection of LV thrombi in 
patients with adequate studies. In 5–10% of patients 
studies are technically inadequate and the presence of 
a thrombus cannot be ruled out. False-positive results 
may occur when trabeculations, aberrant bands, papil-
lary muscle, tumors, or ultrasonic noise and resolution 
problems are mistaken for LV thrombus. The use of 
harmonic imaging and beam focus near the apex 
improves visualization. The IV injection of an echo-
contrast agent may be very helpful in the determina-
tion of the presence of thrombus in such circumstances. 
Transesophageal echocardiography can be an addi-
tional helpful tool. The classic echocardiographic fea-
tures that predict embolization in a patient with an LV 
thrombus are protrusion and mobility of the thrombus. 
Protruding thrombi are associated with embolization 
in more than 50% of patients; therefore, patients with 

these echocardiographic features should be treated 
with anticoagulation. There is no definite antithrom-
botic treatment strategy for LV thrombus and the time 
period of treatment is unclear. Patients with large ante-
rior MI or anterior MI with heart failure should receive 
full-dose heparin followed by warfarin therapy for at 
least 3 months to prevent thrombus formation. 
Anticoagulation therapy is commonly administered to 
patients with an LVA and mural thrombi; however, 
there are insufficient data to routinely perform such 
practice unless echo characteristics of high risk for 
emboli are present. An LVA should be treated with 
anticoagulation if the patient had a previous embolus.

Summary

Reperfusion therapy has reduced the incidence of 
myocardial rupture secondary to an acute myocardial 
infarction. However, mechanical complications are 
still an important cause of death and stroke in post 
AMI patients, and clinical suspicion combined with 
proper echocardiographic assessment may save lives. 
Even the most fatal complication, that of free wall rup-
ture, can potentially be prevented when a preceding 
subacute rupture is detected. A TEE study should be 
employed rapidly if the suspected diagnosis is not clear 
from the surface examination and should be used with 
caution. Contrast echocardiography has shown the 
ability to improve the sensitivity and specificity for 
detection and differentiation of mechanical complica-
tions of MI. Live 3D echocardiography is now clini-
cally available and will probably play an important 
role in the rapid detection MI complications. Although 
surgical perioperative mortality is significant, long-
term survival is good.
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Introduction

Cardiomyopathies are heart muscle diseases of no 
apparent cause. The term “cardiomyopathy” should 
therefore be restricted to diseases involving the heart 
muscle of unknown etiology, and other diseases affect-
ing the myocardium should be termed specific heart 
muscle diseases. Cardiomyopathies are divided into 
four categories depending on morphologic and func-
tional characteristics. These are: (1) Hypertrophic, (2) 
Dilated, (3) Restrictive, and (4) Arrhythmogenic right 
ventricular cardiomyopathy (Table 20.1). However, 
this classification is based on the morphologic and 
functional characterization of genetically defined dis-
ease and often may present with a combination of 
appearances. It is therefore possible that a patient with 
hypertrophic cardiomyopathy may deteriorate in the 
long run and become dilated or even restrictive.

Hypertrophic Cardiomyopathy

Definitions

HCM is currently defined as an inherited, primary dis-
ease of the heart muscle characterized by ventricular 
hypertrophy, impaired diastolic function, and vigorous 
ventricular contraction in the absence of a cardiac or 
systemic cause1-4 (Table 20.2). There are several genes 
and hundreds of mutations that have been identified, 
involving primarily the sarcomeric proteins of the heart 

(Table 20.3). This makes the condition being geneti-
cally heterogeneous so that we may be talking about 
several disease entities. Echocardiographic screening 
of family members has shown a distinct genetic basis 
for the inheritance of HCM in 50–60% of cases. The 
transmission is autosomal dominant inheritance with 
variable penetrance.

Pathology

The gross pathology of HCM is characterized by ven-
tricular hypertrophy involving predominantly the left 
ventricle, but also the right ventricle in a significant num-
ber of patients (Fig. 20.1). The hypertrophy can be either 
asymmetrical, that is, a significant difference in maximal 
thickness of ventricular septum and posterior wall, or 
concentric equally involving the entire left ventricle, or 
distal, affecting predominantly the cardiac apex. The 
hypertrophy frequently becomes manifest during puberty, 
although some cases of HCM are seen in infancy. 
Histologically, there is myocyte disarray (Fig. 20.2), 
whereby the normally parallel myocardial fibers are 
arranged in a disorganized fashion. However, fiber disar-
ray may also occur in diseased hearts of other etiologies. 
When however myocardial disarray is found in more 
than 5% of the myocardium (of the entire heart), the 
diagnosis of hypertrophic cardiomyopathy can be made 
with 93% specificity and 89% sensitivity. Frequently, 
there is extensive fibrosis within the myocardium lead-
ing to reduced contraction and relaxation (Fig. 20.3).

Pathophysiology

The functional abnormalities include a forceful, over-
active ventricular contraction often with complete 
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emptying achieving an ejection fraction of 80–100%. 
The powerful contraction and complete emptying of 
the ventricle often occurs in association with intraven-
tricular pressure gradients. When the gradient is sub-
aortic it occurs in association with a systolic anterior 
movement of the mitral valve. Gradients may be per-
sistent (gradient at rest), labile (spontaneously vari-
able), or appear only on provocation and do not 
correlate with prognosis. Although initially HCM was 
thought to be mainly a disorder of left ventricular sys-
tolic function, it is now widely appreciated that the 
main problem is in diastole with impaired relaxation 
and filling of the ventricles.

It has become progressively more difficult to define 
diagnostic limits of patients with “unexplained left 

Table 20.1 Cardiomyopathies’ classification

Hypertrophic
Dilated
Restrictive
ARVC

Table 20.2 Hypertrophic cardiomyopathy

Genetically transmitted
Idiopathic ventricular hypertrophy
Myocardial fiber disarray
Lack of ventricular dilatation
Normal/supernormal contractility
Diastolic function abnormalities

Table 20.3 Genetic heterogeneity of hypertrophic 
cardiomyopathy

b-Myosin
Troponin T
Troponin I
a Tropomyosin
Myosin-binding protein C
Essential myosin light chain
Regulatory myosin light chain

Fig. 20.1 Gross pathology of a patient with hypertrophic cardio-
myopathy. Notice the marked amount of hypertrophy involving the 
entire heart

Fig. 20.3 Cross-sectional area from a patient with hypertrophic 
cardiomyopathy demonstrating the amount of fibrosis (white 
areas in the middle of the myocardium)

Fig. 20.2 Histology of the myocardium demonstrating the 
amount of abnormal fiber arrangement
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ventricular hypertrophy” mainly because of the inabil-
ity to exclude the disease, unless a genetic screening is 
performed. The result has been that the clinical spec-
trum of HCM has widened with great heterogeneity of 
age, clinical presentation, and natural history and 
underscore the need to define the molecular basis of 
the condition. Until then, idiopathic hypertrophy rep-
resents the cornerstone of clinical diagnosis.

Diagnosis

The diagnosis of HCM is based upon the demonstra-
tion of unexplained left ventricular hypertrophy pro-
ducing a small noncompliant, vigorously contracting 
left ventricle. The clinical findings of dyspnea, chest 
pain, dizziness, or syncope are the most frequent symp-
toms that lead to a discovery of HCM, but they are 
present in only half of the patients having the disease. 
In the remainder, particularly in children and adoles-
cents, the diagnosis is made as a result of family 
screening or following the discovery of a murmur, or 
the electrocardiographic evidence of left ventricular 
hypertrophy. The indiscriminate use of echocardiogra-
phy has brought to light many instances of HCM in 
patients thought to have had innocent murmurs, mitral 
valve prolapse, coronary artery disease, or normal 
hearts. The most dreaded symptom is sudden cardiac 

death. In a large study Maron5 showed that 46% of 
patients who died suddenly were entirely asymptom-
atic and sudden death was the first manifestation of the 
disease. The annual mortality rate from sudden death 
is 2.5% in adults and at least 6–7% in children.

The electrocardiogram is often the first investiga-
tion that leads to a suspicion of HCM because it shows 
left ventricular hypertrophy (Fig. 20.4). Abnormal 
QRS axis and deep Q or inverted T waves in the setting 
of ventricular hypertrophy are strongly suggestive of 
HCM. In children, however, the electrocardiogram 
may be passed as normal but often may indicate non-
specific repolarization changes or the presence of old 
myocardial infarction.

The Role of Echocardiography

The diagnosis of HCM is made on the basis of the 
echocardiographic appearance of left ventricular 
hypertrophy in the absence of an underlying cause. 
Echocardiography however should play a supportive 
role to the clinical diagnosis of HCM, as the diagnosis 
of the condition is clinical and requires the exclusion 
of other causes of left ventricular hypertrophy.

The original M-mode recording techniques were 
invaluable in describing the early diagnostic criteria 
for HCM. Those were

Fig. 20.4 A typical electrocardiogram from a hypertrophic cardiomyopathy patient demonstrating voltage criteria for ventricular 
hypertrophy, mainly in the septal leads, Q-waves inferiorly, as well as abnormal repolarization
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1. The presence of asymmetric hypertrophy of the 
ventricular septum (ASH), defined as the ratio of 
septal and posterior left ventricular wall thickness 
at end-diastole been equal or greater than 1.3 cm

2. The systolic anterior motion of the mitral valve 
(SAM)

3. The premature, midsystolic closure of the aortic 
valve in the presence of a small and vigorously con-
tracting left ventricle (Fig. 20.5)

An inherent disadvantage of M-mode echocardiogra-
phy however is that only a small portion of the left 
ventricle can be examined at a time with a single ultra-
sound beam, usually passing through the anterior sep-
tum and posterior wall. Patients with HCM, however, 
may show a wide distribution of hypertrophy. Two-
dimensional echocardiography shows anatomic sec-
tions of the heart so that the true size and shape of the 
valves and cavities can be appreciated. ASH, SAM, 
and midsystolic closure of the aortic valve are not 
pathognomonic of HCM, as each one can also occur in 

a variety of other conditions with no common 
pathophysiologic mechanism. The presence of ASH is 
no longer a prerequisite for the diagnosis of HCM. 
Conditions such as systemic hypertension, athlete’s 
heart, or even aortic stenosis can cause the ventricular 
septum to appear thicker than the left ventricular free 
wall and conversely, in many patients with HCM the 
septum and the free wall may be of similar thickness 
(concentric hypertrophy). The recent recognition of a 
group of patients with HCM but without left ventricu-
lar hypertrophy6 has demolished the last cornerstone 
of a firm echocardiographic diagnosis of HCM.

The parasternal long-axis view is important in the 
visualization of the ventricular septum, left ventricular 
outflow tract together with the mitral valve and its sub-
valvular apparatus (Fig. 20.6). It is the view of choice 
for the visualization of SAM. of the mitral valve and 
midsystolic closure of the aortic valve. It is important 
to obtain simultaneous M-mode and two-dimensional 
echocardiographic recordings of the mitral and aortic 
valve motion since M-mode provides a better temporal 
resolution and two-dimensional echocardiography bet-
ter spatial resolution. High-frequency phenomena, 
such as SAM and midsystolic closure of the aortic 
valve, can then be better appreciated and analyzed. 
Left ventricular measurements can also be obtained 
from the parasternal long-axis view under simultane-
ous two-dimensional echocardiographic supervision to 

Fig. 20.5 A representative M-mode echocardiogram from a 
patient with hypertrophic cardiomyopathy highlighting the four 
main echocardiographic features of the condition. (a) Midsystolic 
closure of the aortic valve (arrowhead), (b) systolic anterior 
motion of the mitral valve (arrow), and asymmetric left ventric-
ular hypertrophy together with a small, vigorously contracting 
left ventricle

Fig. 20.6 Two-dimensional echocardiogram of the parasternal 
long-axis view of the left ventricle in diastole showing marked 
ventricular septal hypertrophy, small end-diastolic dimensions 
(41 mm). Note that the mitral valve is impinging the ventricular 
septum (arrow). At the point of contact with the ventricular sep-
tum the anterior mitral leaflet and the endocardial surface of the 
septum are more echogenic implying fibrosis
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ensure that the M-mode beam line transects the left 
ventricle perpendicularly.

Parasternal short-axis view is useful to localize 
and describe the extent of ventricular hypertrophy 
(Fig. 20.7). Serial parasternal short-axis views are 
crucial for the definition of the extent and shape of 

left ventricular hypertrophy. They provide the oppor-
tunity to determine whether segmental hypertrophy 
exists in other areas of the left ventricle, such as the 
posterior septum, anterolateral free wall, and postero-
lateral free wall. The cross-sectional view at the left 
ventricular base shows the mitral valve in the left 
ventricular cavity. The midportion shows the two 
papillary muscles: the posteromedial to the left and 
the anterolateral to the right of the image. The cross-
sectional view of the apex shows the left ventricle in 
circular orientation.

From these serial short-axis views the left ventricle 
can be divided into four segments at mitral and papil-
lary muscle level and two at the apex, so that the ante-
rior, lateral inferior and posterior septal walls can be 
measured (Fig. 20.8). Thus, by combining the paraster-
nal long- and short-axis views, the left ventricular 
walls can be examined comprehensibly and the local-
ization and extent of ventricular hypertrophy can be 
fully described. Occasionally, members of the same 
families with HCM may manifest a similar pattern of 
ventricular hypertrophy. Echocardiographic imaging 
of the right ventricle is also important, as approximately 

Fig. 20.7 Short-axis parasternal view of a HCM patient with 
marked septal hypertrophy and normal posterior wall at midven-
tricular level

Fig. 20.8 Serial short-axis, cross-sectional views of the left ventricle at mitral valve, papillary muscles level and apex, demonstrat-
ing the segments of myocardial wall measured routinely in patients with hypertrophic cardiomyopathy
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one-third of patients with HCM may also have right 
ventricular hypertrophy.

Echocardiographically, HCM is a condition char-
acterized by

1. Hypertrophy of all (concentric) or portion of the 
walls of the left ventricle, that is, ventricular septum 
(asymmetric), or apex (distal)

2. Dilated left atrium
3. Small, nondilated ventricles
4. Absence of any other cardiac or systemic condition 

producing hypertrophy (aortic stenosis-valvular 
subvalvular, supravalvular, coarctation, systemic 
hypertension, renal failure, amyloidosis, metabolic 
disorders)

5. Normal or supernormal (vigorous) ventricular con-
traction in the absence of other hyperdynamic states 
(fever, pregnancy, hyperthyroidism)

Associated findings such as SAM or midsystolic clo-
sure of the aortic valve should not be considered diag-
nostic. When all the echocardiographic features are 
present, together with the suggestive clinical picture, a 
firm diagnosis of HCM can be made. When however 
only a number of these findings are present, the diag-
nosis can only be made after exclusion of other causes 
of ventricular hypertrophy.

Patterns of LV Hypertrophy

Two-dimensional echocardiography has demonstrated 
the existence of marked heterogeneity in left ventricu-
lar hypertrophy, indicating that HCM is not a discrete 
and well-circumscribed disease entity but, instead, it 
represents a spectrum of left and sometimes right ven-
tricular abnormalities.

Asymmetric septal hypertrophy (ASH) is the most 
frequent form of left ventricular hypertrophy and has 
been regarded as the hallmark of HCM. Although this 
hypertrophy usually involves the basal anterior septum 
to a variable extent and severity, it may also involve the 
apical, mid, or posterior septum in isolation. ASH may 
be confined to the most proximal septum as a discrete 
“tumor-like” swelling in an otherwise normal ventric-
ular septum. Variations in ventricular hypertrophy in 
HCM emphasize the need of obtaining serial paraster-
nal short axis cuts at multiple levels along the left ven-
tricle, so that the complete distribution of the ventricular 
hypertrophy can be ascertained. Using this, now well-

standardized approach, Shapiro and McKenna7 defined 
three patterns of left ventricular hypertrophy; asym-
metric left ventricular hypertrophy encountered in 
55% of their patients, symmetric in 31%, and distal in 
the remaining 14%. Although ASH has been com-
monly defined as a septum to posterior wall ratio of 
1.3:1, the same authors proposed a ratio of 1.5:1 in 
defining ASH which increased the sensitivity and 
specificity of this echocardiographic finding for the 
diagnosis of patients with HCM.

Frequently, wall thickness is strikingly heteroge-
neous and contiguous segments of the left ventricle 
may differ greatly in thickness. Maron et al8 described 
a large variability of distribution of left ventricular 
hypertrophy, grouped in four basic categories of ven-
tricular hypertrophy.

Type I was described as hypertrophy confined in the •	
anterior portion of the ventricular septum and was 
encountered in 10% of their patients.
Type II described as hypertrophy involving both the •	
anterior and posterior segments of ventricular sep-
tum and was seen in 20% of their patients.
Type III was the most frequently encountered distri-•	
bution of ventricular hypertrophy seen in 52% of 
their patients, and it involved both the ventricular 
septum and the left ventricular free wall (Fig. 20.9).

Fig. 20.9 Parasternal short-axis view from a patient with Type 
III distribution of ventricular hypertrophy. Note the extensive 
septal and anterior free wall hypertrophy
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Type IV left ventricular hypertrophy was encoun-•	
tered in 18% of their patients in whom it involved the 
posterior septum, lateral wall, or the apical regions, 
all inaccessible to the M mode echocardiographic 
beam (Fig. 20.10). Thus, in this type of hypertrophy, 
the anterior wall and ventricular septum and the infe-
rior wall were free of hypertrophy, and the diagnosis 
of HCM would be missed should two-dimensional 
echocardiography not be performed with careful 
scrutiny of these areas.

Patients with widespread hypertrophy involving most 
of the ventricular septum as well as portions of the left 
ventricular free wall (Type III) had greater prevalence 
of functional limitations than did patients with the 
three other morphologic types combined.

Concentric or symmetrical left ventricular hyper-
trophy is also frequently seen in patients with HCM 
and when this occurs, the echocardiographic differen-
tiation from secondary causes of left ventricular hyper-
trophy such as systemic hypertension, cardiac 
amyloidosis, or the “athlete’s heart,” may be difficult 
(Fig. 20.11).

Predominantly distal (apical) distribution of left 
ventricular hypertrophy is also found in a substantial 
number of patients (Fig. 20.12). This type was initially 
described in Japanese patients with giant negative 
T-waves on the ECG while ventricular hypertrophy 
was confined to the left ventricular apex. These patients 

were only mildly symptomatic and have a good prog-
nosis. Based primarily on angiographic studies, as 
much as 25% of Japanese patients with HCM have 
been reported to have hypertrophy confined to the true 
left ventricular apex. This distribution of hypertrophy 
characteristically creates a spade-like deformity of the 
left ventricular cavity during diastole, and this is well 
seen by two-dimensional echocardiography from the 
apical four-chamber projection.

The right ventricle can also be involved in patients 
with HCM. Using standardized views across the right 
ventricular inflow tract, right ventricular outflow tract, 
and apical and subcostal views, the right ventricle can 
be imaged in its integrity. As much as 40% of patients 
with hypertrophic cardiomyopathy may also have right 
ventricular hypertrophy to a variable degree.

HCM can be seen with increasing frequency in the 
elderly. However, only a limited number of patients 
have the “classical” clinical and echocardiographic 
features with left ventricular outflow tract gradient. 
Most often such patients are discovered incidentally 
when undergoing investigations of coronary artery dis-
ease and yet others have been hypertensives. These 
elderly patients with septal hypertrophy often have 
mitral annular calcification (Fig. 20.13) and an angu-
lated (sigmoid) septum (Fig. 20.14). The prognosis of 
these patients is good with no evidence of family his-
tory, and it can be argued whether this patient group 
really represents the same disease.

Many affected relatives of patients with HCM who 
are identified in echocardiographic surveys of pedigrees 

Fig. 20.10 Parasternal short-axis view of the left ventricle at 
mitral valve level demonstrating a very eccentric form of ven-
tricular hypertrophy (Type IV). Here the lateral wall and poste-
rior septum are markedly hypertrophied (25 and 20 mm, 
respectively), whereas the anterior and posterior walls are 
normal

Fig. 20.11 Parasternal long-axis view from a patient with HCM 
of the concentric type. Note that both the septum and the poste-
rior wall are of similar thickness
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prove to be asymptomatic, over 50 years of age, with or 
without intraventricular gradient, and usually with only 
a mild degree of concentric left ventricular hypertrophy. 
Such individuals may in fact be normal, or they may 
have a subclinical form of HCM in which the sole evi-
dence of the disease is the morphologic expression 
detectable only by echocardiography.

Diagnostic Difficulties

It is becoming increasingly difficult to define the 
boundaries of HCM, with great phenotypic and 
genotypic heterogeneity. It is therefore reasonable to 
consider that no single diagnostic technique is cur-
rently sufficient to cover the entire spectrum of the 

Fig. 20.12 Parasternal 
long-axis and serial 
parasternal short-axis views 
of the left ventricle from a 
patient with hypertrophic 
cardiomyopathy of the 
apical type. Note that the 
wall thickness is normal at 
the base (upper panel), 
marginally thickened (13 
mm) at papillary muscle 
level (middle panel), and 
clearly hypertrophied (22 
mm) at the apex

Fig. 20.13 Parasternal long-axis view from an 80-year old 
patient with chest pain. Notice the mild septal hypertrophy (13 
mm) with normal LV cavity and normal size LA. There is exten-
sive mitral annular calcification noted posteriorly (arrow)

Fig. 20.14 Parasternal long-axis view from an 81-year old 
patient with a markedly angulated ventricular septum. Note that 
the very proximal portion of the septum is sharply angled toward 
the LV outflow which risks to be misinterpreted with HCM
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disease, and we need all the clinical, electrocardio-
graphic, and echocardiographic skills to diagnose 
HCM. Table 20.4 lists some of the possible causes 
for misdiagnosing HCM.

1. Mild or absent ventricular hypertrophy: It is impor-
tant to investigate suspected cases of HCM in order 
to exclude the diagnosis, particularly in high-risk 
families. Although the absence of ventricular hyper-
trophy can, in most instances, be sufficient to 
exclude the diagnosis of HCM, in some cases show-
ing mild, perhaps localized hypertrophy and good 

ventricular function it may be very difficult to 
exclude the diagnosis. Some mutations in patients 
with hypertrophic cardiomyopathy present with 
mild hypertrophy, yet patients may be at high risk 
for sudden death. One such gene is troponin T. Fig. 
20.15 is from a patient with normal echocardiogram 
yet the ECG is clearly abnormal. This patient had a 
troponin T mutation.

2. Left ventricular false tendons (Fig. 20.16): These 
are fibrous bands within the normal left ventricle 
running parallel to the ventricular septum. 
Echocardiographically, they appear as linear 
echoes within the LV cavity, which run parallel 
with the endocardial surface of the septum. When 
gray scale gain control is incorrectly set, they may 
give the impression of increased myocardial thick-
ness. The differential diagnosis can be made from 
short-axis projections where the tendons are cut 
cross-sectionally, and therefore the septal thick-
ness can better be appreciated.

Table 20.4 Possible causes of misdiagnosis of HCM

Tangential image (poor technique)
Left ventricular pseudotendons
Right ventricular moderator band
Sigmoid septum (angled septum)
ASH in the presence of aortic stenosis or systemic hypertension 

particularly in the presence of inferior myocardial infarction
High level of athletic training (?)
Specific heart muscle diseases

Fig. 20.15 Parasternal projections from a patient with Troponin T mutation. Notice the normal echocardiogram with a markedly 
abnormal ECG (produced with permission from Heart, Ref. 6)
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 3. Right ventricular moderator band (Fig. 20.17): 
This is a band of muscle that joins the right ven-
tricular inflow to the outflow tract. It is a normal 
cardiac structure invariably present in all patients, 
and it is used to describe the right ventricle. As 
with the false tendons, when gain settings are 
inappropriately set, the space between moderator 
band and ventricular septum may not be apparent, 
thus including the moderator band with the septal 
wall measurements.

 4. Angulated (sigmoid) septum (Fig. 20.14): One 
should be aware of the possible false diagnosis of 
asymmetrical septal hypertrophy, when acute 
angulations of the ventricular septum occurs (sig-
moid septum). In the elderly population the ven-
tricular septum tends to continue from the anterior 
aortic wall in an acute angle, so that it easily gives 
the false impression of a localized subaortic septal 
thickening viewed from left parasternal projec-
tions. Such angulation appears to form a localized 
septal thickening at the proximal portion of the 
anterior septum, particularly when the M-mode 
beam transects the septum at this level and can 

easily be misinterpreted as ASH and thus HCM. 
Left ventricular wall thickening, small outflow 
tract dimensions and a small incomplete SAM, 
may complete the illusion of HCM.

 5. Oblique (tangential) measurements. These include 
misinterpretations of normal variants of left ven-
tricular shape, or can be due to oblique longitudi-
nal sections of the left ventricle (off-axis views) 
and the presence of other causes leading to ven-
tricular hypertrophy. ASH may be a sensitive 
marker for HCM, but it is not specific for this 
condition.

 6. Congenital heart disease: ASH is relatively com-
mon in infants with congenital heart disease. The 
overall prevalence of disproportionate septal 
hypertrophy in one study was 10% and was 
exceeding 20% in patients with pulmonary steno-
sis or pulmonary hypertension.

 7. Thinning of the posterior wall (myocardial infarc-
tion): ASH may occur in conditions causing thin-
ning or thickening of the left ventricular posterior 
wall relative to the septum. This abnormal septum 
to posterior wall thickness ratio is commonly 

Fig. 20.16 Parasternal long-axis 
(top) and respective M-mode 
echocardiogram from a normal 
individual. Notice the bright linear 
echoes running in parallel to the 
ventricular septum that can 
potentially be included in the 
measurement of the septal wall 
thickness



20 Cardiomyopathies 409

BookID 128962_ChapID 20_Proof# 1 - <Date>

encountered in coronary artery disease patients 
either because of segmental hypertrophy of the 
septum, i.e., secondary to systemic hypertension 
or, more commonly, as a result of transmural myo-
cardial infarction of the posterior wall, causing 
thinning which produces an abnormal ratio even 
in the presence of normal septal thickness.

 8. Concentric hypertrophy is the predominant pattern 
in secondary left ventricular hypertrophy. Other 
entities that simulate HCM must be recognized 
(Table 20.5). Hypertensive heart disease, cardiac 
amyloidosis, and patients with chronic renal fail-
ure may show predominant concentric hypertro-
phy and may have an echocardiographic appearance 
mimicking that of HCM with or without a gradi-
ent. The vigorous left ventricular systolic contrac-
tion however seen in HCM together with an ECG, 
should, in the majority of cases, differentiate 
patients with HCM from those with cardiac infil-
tration where ventricular contraction is depressed. 
There is a subset of patients with small left ven-
tricular cavity, moderate left ventricular hypertro-

phy, and hyperdynamic systolic function secondary 
to longstanding systemic hypertension. These 
patients are usually elderly and may exhibit a sys-
tolic anterior motion of the mitral valve, an outflow 
tract gradient, and impaired diastolic function. In 
practice, the diagnosis of HCM should not be made 
in these patients because the hypertrophy is sec-
ondary to a known etiology. It is conceivable, how-
ever, to have a common disease such as systemic 
hypertension in association with a rare cardiac con-
dition such as hypertrophic cardiomyopathy, in 
which case the differential diagnosis is extremely 
difficult clinically and should be avoided. Perhaps 
genetic markers may be able to differentiate the two 
conditions. Finally, other conditions such as Fabry’s 
disease (a-galactoctosidase deficiency) or 
Friedreich’s ataxia may present ventricular hyper-
trophy indistinguishable from HCM where the 
definitive diagnosis must lie in the genetic markers 
or in the search of a-galactosidase deficiency.

 9. Cardiac amyloidosis may occasionally prove diffi-
cult to differentiate from HCM patients with con-
centric hypertrophy, particularly at an early stage of 
the disease. Both may show a similar degree of con-
centric left and right ventricular hypertrophy, and 
the described “sparkling” myocardial texture lacks 
specificity for cardiac amyloidosis. The depressed 
systolic function in cardiac amyloidosis usually 
contrasts well with the usual vigorous ventricular 
contraction seen in HCM. The thickened valves and 
atrial septum (with amyloid infiltration) may on 
occasions be of some help in the differential diagno-
sis. A low-voltage electrocardiogram in patients 
with cardiac amyloidosis will add to the differential 
diagnosis, but cardiac biopsy will conclusively 
differentiate the two conditions.

10. Hypertrophy in athletes: Another major diagnostic 
difficulty occurs in some athletes who may present 
symmetric or even asymmetric left ventricular 
hypertrophy. Ventricular hypertrophy may repre-
sent either a physiologic adaptation with more 
hypertrophy than usual or abnormal hypertrophy 
because of underlying HCM, putting the patient at 
risk for sudden death. Regular intake of anabolic 
steroids, combined with intense isometric exercise, 
may lead to a further increase in left ventricular 
wall thickness in relation to internal ventricular 
dimensions overshadowing an underlying primary 
myocardial disorder.

Fig. 20.17 Patients with mild right ventricular pressure over-
load demonstrating RV hypertrophy and a prominent moderator 
band (asterisk)

Table 20.5 Other cause of ventricular hypertrophy that can 
simulate HCM

Systemic pressure load, including renal disease
Glycogen storage disease (mainly in infancy)
Mucopolysaccharidoses (childhood)
X-linked lysosomal storage disorder
Anderson–Fabry disease
Freidreich’s ataxia
Athlete (mainly isometric exercise)
Infiltrative disorders (amyloidosis)
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The discrimination between HCM and physiologic adap-
tation may lie in cavity dimensions rather than in the wall 
thickness, whether asymmetric or not (Table 20.6). In 
HCM, the cavity dimensions tend to be at the lower end 
of the normal spectrum, whereas the athlete is vagotonic 
with resting bradycardia and the ventricular dimensions 
at the upper normal limits or above while LA size is 
increased. It is exceedingly rare for athletes of any sort to 
have a wall thickness greater that 13 mm. In practical 
terms, the combination of a wall thickness of >13 mm 
together with an LA size >41 mm should effectively rule 
out the diagnosis of athlete’s heart.

The Mitral Apparatus

The mitral apparatus is visualized in its integrity from 
parasternal and apical long-axis as well as parasternal 
short-axis projections, and these represent the opti-
mal views for the visualization and assessment of 
systolic anterior motion of the mitral valve (SAM) 
(Fig. 20.5b).

Controversy still exists as to the mechanisms of 
SAM. There are three dominant hypotheses evoking 
the mechanisms of SAM:

1. Venturi effect resulting in the mitral valve cusp to 
be aspirated into the relatively low-pressure cham-
ber by the high velocity of blood flow through the 
left ventricular outflow tract

2. Abnormal mitral valve cusp apposition at the onset 
of systole in association with a small left ventricular 
cavity

3. Secondary to an abnormal positioning of the papil-
lary muscles which are displaced forward and medi-
ally during systole in association with a small left 
ventricular cavity

SAM is associated with the presence of left ventricular 
outflow tract gradient measured at cardiac catheteriza-
tion. The presence of SAM is not pathognomonic of 
HCM. This systolic anterior motion of the mitral valve 
can also occur whenever there is a small, hypertro-
phied left ventricle in association with a hyperdynamic 
ejection as well as in patients who are hypovolemic 
and/or dehydrated. SAM is also common in elderly 
patients with an angled septum or hypertensive heart, 
especially when preload and afterload have been 
reduced by diuretics. Similarly, the absence of SAM 
does not necessarily preclude the diagnosis of HCM.

The Aortic Valve

Early closure of the aortic valve was one of the earliest 
echocardiographic features in HCM and usually con-
curs with the presence of SAM and a subaortic gradi-
ent (Fig. 20.5a). It has been thought to occur when the 
left ventricular outflow tract gradient peaks in mid-to-
late systole, causing the aortic valve cusps to come 
together during this time, not because there is a signifi-
cant amount of blood left in the ventricle unable to be 
ejected, but rather because there is not enough blood 
left in the ventricle to be ejected during the later part of 
systole. Like SAM, midsystolic closure of the aortic 
valve is nonspecific and may be seen in other condi-
tions such as discrete subaortic stenosis as well as in 
any hyperdynamic left ventricle.

Rarely, patients with HCM have mild aortic incompe-
tence. This may be the result of some degree of annular 
distortion without annular dilatation. This may arise 
from the asymmetrical septal hypertrophy, which causes 
the ejection flow to be directed eccentrically against the 
aortic valve. The constant impact of the high-velocity 
blood flow with the aortic valve would produce a wear 
and tear of the cusps leading to aortic regurgitation. The 
minor valvular degeneration may become the site of veg-
etations should bacteremia be produced and therefore 
prevention should be instituted.

Doppler Echocardiography

The addition of Doppler techniques to two-dimensional 
echocardiography has provided comprehensive hemo-
dynamic assessment on HCM patients. Pulsed-wave 

Table 20.6 Differentiation between patients with HCM 
and athletes

Parameters HCM Athletes

Wall thickness (mm) ³13 <13
LVEDd (mm) £50 >50
LA (mm) ³41 <40
E (cm/s) Reduced Increased
A (cm/s) Increased Reduced
E/A >1 <1
Deceleration time (ms) Increased Reduced
IVRT (ms) Increased Reduced
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Doppler is particularly useful in the assessment of the 
left ventricular filling characteristics. Systolic events 
are predominantly characterized by the presence of 
increased intraventricular velocities and the presence 
or absence of gradient. Continuous-wave Doppler is a 
reliable method for measuring the peak systolic pres-
sure drop (gradient) across the left ventricular outflow 
tract using the simplified Bernoulli equation (▵P = 4V 2). 
Color-flow imaging complements the anatomic infor-
mation obtained by two-dimensional echocardiogra-
phy and facilitates further the understanding of the 
underling pathophysiological changes occurring in 
HCM. It may demonstrate the pattern of progressive 
intraventricular flow systolic acceleration and the loca-
tion of aliasing and/or the presence of outflow track 
turbulence at a glance.

Diastolic Events

The basic functional disorder in HCM occurs during 
diastole with impaired relaxation, filling and compli-
ance of the ventricles. Far from being uniform, myocar-
dial dysfunction is patchy and irregular depending upon 
the extent and distribution of the myofibrillar lesions.

Early studies using M-mode echocardiography have 
shown that the rates of filling and relaxation of the left 
ventricle were abnormal in patients with hypertrophic 
cardiomyopathy. Doppler echocardiographic record-
ings are easier to obtain in nearly all patients and pro-
vide a good overall estimate of diastolic filling 
abnormalities of the left ventricle.

Diastolic velocity waveforms are recorded with 
pulsed-wave Doppler by positioning the sample vol-
ume at the tips of the mitral valve during diastole. 
There are several patterns of left ventricular diastolic 
filling in a variety of different cardiac disease depen-
dent upon the interrelation of left ventricular relax-
ation, left atrial pressure, and intrinsic left ventricular 
chamber stiffness. In HCM patients, the period during 
which the heart is isovolumic is often prolonged, left 
ventricular filling is slow and the proportion of filling 
volume resulting from atrial systole may be increased. 
These pathophysiologic changes are reflected in the 
pulsed Doppler recording of the transmitral waveform. 
Impaired ventricular relaxation results in prolonged 
isovolumic relaxation time, slower early ventricular 
filling (“E” wave), and a compensatory exaggerated 
atrial systolic filling (“A” wave), in patients who have 

kept normal left atrial pressure, so that the ratio E/A is 
reduced (Fig. 20.18). In more severe cases, with 
increased left atrial pressure (>15 mmHg), the extent 
of rapid filling is increased with a consequent reduc-
tion of the atrial contribution, giving the wrong impres-
sion of “normalization” of left ventricular filling 
(pseudonormalized). Normalization of the diastolic 
filling pattern in HCM can also happen in the presence 
of significant mitral regurgitation. More advanced still, 
with decreased compliance and high left ventricular 
filling pressures, there is accelerated rapid early filling 
and normal or reduced late filling similar to patients 
with restrictive physiology. It is therefore understand-
able that in a nonhomogeneous HCM population where 
patients exhibit different degrees of functional disability, 
they will be presenting with a spectrum of mitral inflow 
waveforms. It is, therefore, not surprising that often, 
no correlation can be found between patient’s symp-
toms (predominantly breathlessness) and Doppler dia-
stolic indices as a number of symptomatic patients 
may have “normalized” diastolic indices.9 A much bet-
ter correlation could be found between patient’s pro-
fessed symptomatic status and maximal oxygen 
consumption and anaerobic threshold during cardio-
pulmonary exercise testing.

While sensitive, these Doppler diastolic parameters 
lack specificity since they may be influenced by multiple 
factors, including the intrinsic properties of the cardiac 

Fig. 20.18 A typical transmitral velocity profile from a patient 
with HCM. Note the reduced E-wave velocity with prolonged 
deceleration time and a compensatory increase of the A wave 
(impaired relaxation). This is the earliest diastolic abnormality 
that occurs in such patients and may not be associated with 
breathlessness
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muscle and loading conditions of the heart as well as 
heart rate and the patient’s age. Although heart rate 
and arterial pressure have important influences on left 
ventricular diastolic filling, it is the interplay between 
left atrial pressure at mitral valve opening, mitral 
regurgitation, left ventricular relaxation, chamber stiff-
ness that determine the rate and extent of early and late 
diastolic filling.

Color-flow imaging can distinguish the high pre-
systolic inflow velocity (A wave) from the lower veloc-
ity of the early diastolic filling flow (E wave) by the 
increased brightness of the red-orange color occurring 
in late diastole, which also often aliases. Since patients 
with HCM usually have small left ventricular cavity 
dimensions, the higher velocity in late diastole may be 
seen into the left ventricular cavity and even on occa-
sions reaching the cardiac apex.

Systolic Events

The systolic events in patients with HCM may be cat-
egorized into two main groups. First, those occurring 
in the left ventricular cavity and outflow tract in which 
the highlight is the presence or absence of an intraven-
tricular gradient and secondly the presence of mitral 
regurgitation.

1. Intraventricular flow velocity: Doppler echocar-
diography has been used to measure blood flow 
velocities within the heart, particularly for calculat-

ing pressure gradients across stenotic valves. This 
has also been proven to be valid for calculating the 
dynamic gradient across the left ventricular outflow 
tract in patients with HCM. In contrast with fixed 
obstruction, the flow velocity profile in patients 
with HCM, as obtained with continuous-wave 
Doppler, presents a slow and gradual increase which 
only reaches maximal velocity late in systole chang-
ing the overall shape of the flow velocity (Fig. 
20.19). If there is no high velocity in the left ven-
tricular outflow tract at rest, the late-peaking veloc-
ity contour may be brought out in some patients 
with provocative maneuvers following amyl nitrate 
inhalation, or during a Valsalva maneuver. The 
velocity contour reflects both the timing and the 
magnitude of the pressure drop across the left ven-
tricular outflow tract.

Color-flow imaging can identify the uniformity or the 
nonuniformity of the intraventricular flow. In the nor-
mal individuals from the apical four-chamber and two-
chamber projections, the ventricular flow coded in blue 
(blood flow directed away from the transducer) pro-
gressively becomes brighter as it moves from the apex 
toward the left ventricular outflow tract. At this position 
it will aliase and the flow map demonstrates a central 
red zone (color reversal) immediately below the aortic 
valve. In patients with HCM, the intraventricular 
color-flow map during systole is characterized by a 
nonhomogeneous blue color with a lighter hue compared 
with normals and typically aliases at midventricular 

Fig. 20.19 Continuous-wave 
Doppler directed across the left 
ventricular outflow tract 
showing the characteristic 
delayed systolic peak (arrow) 
of the velocity waveform. In 
this patient the peak velocity 
was 3.2 m/s reflecting a 
pressure gradient of 42 mmHg
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level, at the level of the hypertrophied papillary mus-
cles or at the level of the mitral valve.

When SAM occurs, the systolic flow at this level 
becomes turbulent with a “mosaic” color pattern (Fig. 
20.20). When the flow crosses the aortic valve into the 

ascending aorta it becomes laminar again with homo-
geneous red color, as seen from the suprasternal win-
dow (flow moving toward the transducer).

With the superimposition of color-coded blood flow 
on M-mode echocardiograms, an improved timing of 
the intraventricular systolic events can be obtained (Fig. 
20.21). This provides higher temporal resolution and a 
wider range of velocities displayed in color so that an 
accurate analysis of timing and direction of the blood 
flow can be performed. High-velocity turbulent flow 
usually occurs at the time when the mitral valve leaflets 
impinge on the ventricular septum during systole. 
When it then reaches the outflow tract, it encounters the 
anteriorly positioned mitral leaflets (SAM) and loses its 
laminar characteristics to become turbulent with the 
typical mosaic pattern (green-yellow) on color-flow 
imaging. At this level further flow acceleration occurs 
reaching velocities as high as 5–6 m/s (Fig. 20.21).

Occasionally, in some patients with HCM, turbu-
lent flow can be seen in the middle of the left ventricle 
or even at the apex. This would suggest that the gradi-
ent occurs distally at midventricular level (Fig. 20.22). 
It is this inhomogeneity of the intraventricular flow 
during systole that appear to be fairly specific in distin-
guishing most of the patients with HCM from second-
ary causes of left ventricular hypertrophy.

Gradients are usually associated with SAM and 
midsystolic closure of the aortic valve. When mitral 
leaflet-to-septal contact occurs during systole there is a 
pressure gradient but during this time, a large propor-
tion of left ventricular stroke volume continuous to be 

Fig. 20.20 Color-flow Doppler superimposed to M-mode 
echocardiography (left) and long-axis parasternal view from an 
HCM patient. Note that the mitral regurgitation on the M-mode 
begins before the SAM-septal contact, while the mitral regurgi-
tation begins in midsystole. On the right, the mitral regurgitant 
jet is directed posteriorly into the left atrium while the left ven-
tricular outflow gradient directed anteriorly toward the aorta

Fig. 20.21 Color-flow 
Doppler in a representative 
hypertrophic cardiomyopa-
thy patient. From the apex, 
high-velocity systolic flow 
is apparent away from the 
transducer (light blue), 
passing from the middle of 
the left ventricle where in 
aliases into red color. When 
blood flow reaches the 
subaortic area, it becomes 
turbulent (green-yellow 
color) suggesting the 
presence of an outflow 
gradient
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ejected despite the presence of a gradient. If the term 
“obstruction” means a blocking of the passage of blood 
from the left ventricle to the aorta, then there is little 
evidence that this occurs. The left ventricle contracts 
rapidly and powerfully, expelling its contents in the 
first half of systole.

2. Mitral regurgitation: Mitral regurgitation is a well 
recognized component of the complex pathophysi-
ology encountered in patients with HCM. Its asso-
ciation with the SAM of the mitral valve and the 
magnitude of the intraventricular gradient has also 
been well documented. Patients who do not present 
with SAM of the mitral valve rarely present with 
mitral regurgitation.

Color-flow imaging can detect the presence of mitral 
regurgitation with high sensitivity and specificity. The 
most useful transducer locations are generally the api-
cal four-chamber and two-chamber projections, but 
also the parasternal long and short axis may be very 
useful in detecting jets directed posteriorly (Fig. 
20.20). Mitral regurgitation in patients with HCM is 
noted as a mosaic pattern (turbulent flow) present in 
the left atrium during systole. When the jet is directed 
anteriorly it may easily be confused with the turbulent 
jet of the left ventricular outflow tract. With continu-
ous-wave Doppler alone it can be very difficult to sep-
arate these two high-velocity jets and a great deal of 
expertise is required in both the recording and the 
interpretation. The shape of the two systolic flows is 

typically different. The left ventricular outflow tract 
velocity has the characteristic scimitar or dagger shape 
late peaking contour, as opposed to the more symmet-
rical velocity curve of mitral regurgitation.

With color-flow imaging the left ventricular outflow 
tract flow velocity and mitral regurgitant jet can readily 
be distinguished and allow for a better lining-up of the 
continuous-wave Doppler beam and outflow tract 
velocity.

The exact mechanism of mitral regurgitation in 
patients with HCM remains controversial and perhaps 
more than just one mechanism is involved. It is possi-
ble that an “eject, obstruct, leak” sequence occurs dur-
ing which mitral regurgitation results from left 
ventricular outflow tract “obstruction.” Mitral regurgi-
tation however is usually the result of contortion of the 
mitral apparatus, which begins in early systole. This is 
supported by the Doppler studies showing that mitral 
regurgitation begins early, before the occurrence of 
systolic anterior motion to septal contact. The onset of 
mitral regurgitation occurs less than 100 ms after the 
electrocardiographic R wave, whereas the onset of sys-
tolic anterior motion of the mitral valve follows that. 
As systole progresses there is a further decrease in left 
ventricular systolic dimensions and mitral valve dis-
tortion following the anterior mitral leaflet-septal con-
tact. This would therefore result in an increased amount 
of mitral regurgitation occurring later in systole.

A third cause of mitral regurgitation is secondary to 
the presence of mitral annular calcification. This pattern, 

Fig. 20.22 Apical long-axis 
view with color-flow 
mapping in a hypertrophic 
cardiomyopathy patient with 
midventricular gradient. 
Note on the left the 
narrowing of the left 
ventricular cavity in its 
middle portion (arrowheads) 
and on the right, the 
turbulent flow originating at 
that level
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as mentioned earlier on, is particularly encountered in 
the older patients with HCM.

The Role of Tissue Doppler Imaging

Assessment of LV function in patients with cardiomy-
opathies is routinely performed by cross-sectional 
echocardiography. Being predominantly semiquantita-
tive, relying on visual assessment of LV function, two-
dimensional echocardiography poses a significant 
limitation to the assessment of both regional and global 
ventricular function. Volume changes such as ejection 
fraction, end-systolic, and end-diastolic volumes are 
also load dependent and insensible when it comes to 
quantify subtle ventricular changes over time. Tissue 
Doppler is now being introduced to the routine echocar-
diographic assessment of cardiomyopathy patients as a 
robust, objective method of assessing ventricular func-
tion. By inversing the amplitude and frequency filters, 
tissue Doppler can measure the lower velocities origi-
nating from myocardial motion and filter out the higher 
blood pool velocities in an inverse fashion of the tradi-
tional Doppler recordings.

The presence or absence of ventricular hypertrophy 
is not an infallible diagnostic criterion, and the pheno-
typic heterogeneity of hypertrophic cardiomyopathy 
patients renders the reliance of wall thickness mea-
surements alone questionable. Mutations in myosin-
binding protein C and cardiac troponin T are known to 
produce minimal amount of ventricular hypertrophy. 
Similarly, ventricular hypertrophy as a result of physi-
ologic adaptation to exercise may in some cases render 
the differential diagnosis with hypertrophic cardiomy-
opathy difficult. While genetic testing may provide the 
ultimate diagnosis in mutation carriers, this may not be 
widely available for routine clinical practice for some 
years to come.

Tissue Doppler imaging may be used in three dif-
ferent ways:

1. Pulsed-wave recordings of the mitral annular veloc-
ities from up to six annular positions (four-chamber, 
two-chamber, and three-chamber projections)

2. Pulsed tissue Doppler imaging (TDI) from selected 
myocardial regions (basal, middle, and distal regions)

3. Color TDI from two-dimensional recordings of the 
myocardium

This latter recording of a wider myocardial region of 
interest may produce three types of measurement either 
longitudinally or radially. These include velocity dif-
ferences between two selected myocardial points of 
interest, as well as myocardial deformation indices, 
such as myocardial strain and strain rate (Chap. 5). 
Myocardial strain reflects the deformation of tissue in 
response to an applied force. The first temporal deriva-
tive of strain is strain rate and represents the velocity 
change in myocardial fiber length over time. Recent 
software advances permit real-time strain and strain 
rate determination and regional strain rates between 
the epicardium and endocardium representing the 
myocardial velocity gradient, which correlates with 
regional ventricular contractility.

Because the pathophysiologic alteration in hyper-
trophic cardiomyopathy is myocardial disarray, this 
will lead to an impaired myocardial deformation dur-
ing the cardiac cycle. When at an advanced stage myo-
cardial fibrosis develops, this may further reduce 
myocardial deformation both along the longitudinal 
fibers and radial function, which may not be appreci-
ated by routine two-dimensional echocardiography 
alone. TDI offers a unique modality that can monitor 
the presence and potential change of myocardial con-
tractility over time.

TDI can be applied in five ways to assess the ven-
tricle in hypertrophic cardiomyopathy patients:

1. Assess mitral annular velocities (systolic, diastolic, 
or both)

2. Assess longitudinal function of the proximal and 
mid-LV (velocities and strain and strain rate)

3. Assess radial LV function (myocardial velocity gra-
dients or strain rate)

4. Assess diastolic function and filling LV pressures
5. Differentiation from athlete’s heart

1. Mitral annular velocities (Fig. 20.23): A number of 
studies have now used TDI of mitral annular veloci-
ties for the early detection of mutation carriers, even 
when myocardial wall thickness was normal. Systolic 
(Sa) and early diastolic (Ea) PW velocities at the 
mitral annulus are lower in mutation carriers.10

•	 A	lateral	Sa	>13	cm/s	had	a	sensitivity	of	100%	
and a specificity of 93% for differentiating the 
mutation positives without hypertrophy from 
controls and a lateral Ea <14 cm/s had a 100% 
sensitivity and 90% specificity.
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•	 A	septal	Sa	<12	cm/s	and	Ea	<13	cm/s	both	had	
a 100% sensitivity and 90% specificity.

Although significant overlap exists between controls 
and cardiomyopathy patients, these studies indicate 
that TDI can provide an easy and complementary role 
in the diagnosis of hypertrophic cardiomyopathy 
patients. Importantly, it raises the possibility in identi-
fying preclinical cases of cardiomyopathy patients.

2. Assessing longitudinal function (Fig. 20.24): From 
apical projections, longitudinal function of the LV 
can be assessed by specifically interrogating a myo-
cardial region of interest (Fig. 20.24a). Three main 
parameters may be measured: tissue velocities 
(cm/s), strain rate (−1 s), and strain (%) (Fig. 20.24b). 
Tissue velocity measurements may not be able to 
differentiate tissue movement due to active contrac-
tion from passive motion that results either from 
translational motion of the whole heart or from a 
“tethering” of normal surrounding tissue on a seg-
ment of disease myocardium. Strain and strain rate 
in the other hand are minimally affected by passive 
motion and therefore are expected to be more sensi-
tive readings of myocardial function. Very little data 
however are to date available to prove the value of 
longitudinal strain and strain rate in cardiomyopathy 
patients. One of the main limitations of strain rate is the 
usually very noisy signal that necessitates significant 

Fig. 20.23 Apical four-chamber projection demonstrating the 
Pulsed-Wave sample volume positioned at the lateral corner of 
the mitral annulus (arrow)

a

b

Fig. 20.24 (a) Apical four-chamber projection from a cardio-
myopathy patient demonstrating the interrogation of the 
myocardial region of interest in the proximal (basal) septum. 

(b) Same patient with the three main tissue Doppler parameters 
of myocardial velocities and deformation. One systolic and two 
diastolic waveforms are identified each time and measured
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postprocessing algorithms that may vary from one 
ultrasound system to another.

3. Assessing radial LV function: Left ventricular radial 
myocardial function may be assessed from parasternal 
long- or short-axis projections using color TDI. This is 
visually appealing and easily applicable technique, 
which discloses differential velocities between the 
subendocardium and subepicardium. Normally, a 
higher velocity of shortening and relaxation are 
observed in the endocardium compared to the epicar-
dium, and this can be quantified as a myocardial veloc-
ity gradient (MVG). The myocardial velocity gradient 
across the septum or the posterior wall may be mea-
sured throughout the cardiac cycle. As with the longi-
tudinal function, one systolic (S) and two diastolic 
(early and late) waveforms can be measured. MVG 
are typically reduced in HCM patient and this reduc-
tion is grater with a greater amount of hypertrophy. 
The amount of MVG reduction is also proportional to 
the degree of hypertrophy (Fig. 20.25).

4. Assess diastolic function and filling LV pressures 
(Fig. 20.26): The ratio between early transmitral 
diastolic velocity and mitral annular velocity 
(Em/Ea), either from the septal or lateral annular 
corners, often known as the Em/Ea index, has 
been used as a robust predictor of LV filling 
pressures.

In patients with a positive genotype for hypertrophic 
cardiomyopathy an Em/Ea >8 cm/s can be predictive 
of HCM even when filling pressures are normal.

5. Differentiation from athlete’s heart: The distinction 
of physiologic versus pathologic LV hypertrophy is 
often difficult and may be crucial for the individu-
al’s career as a professional athlete. While two-
dimensional echocardiography can offer some hints 
toward one versus the other (see earlier), these may 
be difficult to apply in all individuals. TDI can sig-
nificantly add to the differential diagnosis. While in 
physiologic hypertrophy both systolic and diastolic 

Fig. 20.25 Myocardial velocity gradient (MVG) in hypertro-
phic cardiomyopathy. From parasternal short-axis projections, 
the MVG of the posterior wall can be measured. Note that the 
greater the hypertrophy, the grater the reduction of MVG,  

particularly those of the systolic gradient (VE) and the early dia-
stolic gradient corresponding to the rapid ventricular filling 
(RVF). AC atrial contraction 
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velocities and MVG are high, often higher than in 
normals, in pathologic hypertrophy (HCM), these 
velocities are reduced (Fig. 20.27).

The accuracy in separating HCM from athletes is high 
when the systolic MVG is £7 (sensitivity 96% and 
specificity 95%).11

Predictors of Prognosis

There is now evidence that the overall outcome of 
HCM is not that malignant, but predictors of a good 
versus a bad outcome are not clear. In Maron’s study,5 
ventricular wall thickness was similar in patients who 
died suddenly and those who did not. Therefore, abso-

lute ventricular wall thickness cannot be used as a pre-
dictor of sudden death. Similarly, the presence and the 
magnitude of outflow tract gradient are not predictive 
of sudden death.

Diastolic left ventricular dysfunction, as assessed by 
Doppler, is particularly common in HCM patients, but 
again these abnormalities are not related to patient’s 
symptoms9 nor are they related to the presence of intrac-
ardiac gradients. Perhaps one positive Echocardiographic 
finding in relation to severe breathlessness would be the 
detection of severe mitral regurgitation.

During longitudinal studies on same patients with 
HCM the development of progressive congestive heart 
failure can be associated with ventricular dilatation 
and impairment of a previously vigorous left ventricular 
contraction. This may also result in a progressive 

Fig. 20.26 The early mitral Em to annular Ea index of assessing diastolic filling pressures. Annular velocities may be measured 
from both lateral and septal annular positions
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decrease in the ventricular gradient. Serial echocardio-
graphic and Doppler studies could illustrate the turn-
ing point toward progressive deterioration in this 
subgroup of patients by demonstrating a gradual 
decrease in intraventricular systolic flow velocity.

Dilated Cardiomyopathy

Idiopathic (Primary) Dilated 
Cardiomyopathy

Dilated (congestive) cardiomyopathy is primarily a 
disease of the systolic function of the heart and is tra-
ditionally a diagnosis of exclusion. Patients typically 
present with signs of heart failure and peripheral 
edema. The electrocardiogram is abnormal with repo-
larization changes, and it may show intraventricular 

conduction abnormalities and bundle branch block. 
Echocardiography will show evidence of ventricular 
dilatation with global ventricular dysfunction. For the 
diagnosis of dilated cardiomyopathy to be firmly estab-
lished, the proof of normal coronary angiography 
should be demonstrated. According to the WHO defi-
nition, dilated cardiomyopathy is defined as cardiac 
dilatation and impaired contractility in the absence of 
a recognized etiology. Approximately one-third of all 
idiopathic dilated cardiomyopathies have a familiar 
substrate, 70% as an autosomal dominant transmis-
sion, while 15% are recessive (desmoplakin) and 10% 
X-linked (dystrophin) (Table 20.7).

While the cause of dilated cardiomyopathy is 
unknown, the condition may represent myocardial dam-
age produced by familial, immunological, toxic, or infec-
tious mechanisms. The natural history is not well 
established and a lot will depend on the underlying 
mechanism, which in some instances may be reversible. 

Fig. 20.27 Myocardial velocity gradients from an athlete (left) and a patient with hypertrophic cardiomyopathy (right). Notice that 
despite similar amounts of hypertrophy, the HCM patient presents with lower rapid filling (early diastolic) velocity gradient
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An early diagnosis is often crucial to institute early man-
agement in an attempt to avoid ventricular remodeling 
and further dilatation.

The Role of Echocardiography

Echocardiography can quickly establish the diagnosis 
of left ventricular systolic dysfunction by demonstrat-
ing ventricular enlargement as well as ventricular sys-
tolic dysfunction (Fig. 20.28). This is typically diffuse 
and often it involves both the left and the right ventri-
cles. The diagnosis of cardiomyopathy however is 
more of a diagnosis of exclusion and ruling out coro-
nary artery disease is essential. Often, however, the left 
ventricular dimensions remain normal and the only 
abnormality may be diffuse ventricular dysfunction 
alone. This may well represent a milder form or an ear-
lier stage of cardiomyopathy. Regular follow up with 
repeat echocardiographic examinations will be able to 
demonstrate changes of ventricular dimensions and 
echocardiography is ideally suited for such studies.

Particular attention should be made to measure the 
ventricular dimensions perpendicular to the ventricu-
lar walls as it is possible to overestimate the chamber 
dimensions when the ventricle is measured obliquely. 
In the author’s experience, this oblique measurement 
is the single, most common etiology of false diagnoses 
of dilated cardiomyopathy (Fig. 20.29).

Patients with both coronary heart failure and dilated 
cardiomyopathy may present with similar symptoms 
of heart failure. It is obviously crucial to separate the 
two conditions as treatment is very different. This is 
difficult to achieve with echocardiography alone. There 
are however some clues that when present, could help 
to make a differential diagnosis. Typically, patients 
with coronary heart failure have dilated ventricles with 
regional wall motion abnormalities as opposed to DCM 
where the dilatation and the ventricular dysfunction  

Table 20.7 Conditions leading to dilated cardiomyopathy

Gene encoding Chromosome

Idiopathic DCM – –
Sporadic (predisposing factors?)
Toxic (alcohol, doxyrubicin, etc.)
Viral infections
Familial DCM (11 genes)
Autosomal dominant

ACT (actin) 15q14
DES (desmin) 2q35
TNNT (troponin T) 1q32
MYH7 (b-myosin) 14q11
VCL (metavinvulin) 10q22
MLP (muscle LIM 

protein)
11p15

PLN (phospholamban) 6q22
Muscular dystrophies
X-linked
Emery–Dreifuss Emerin Xq28
Autosomal 

dominant
Lamin A and lamin C 1Q21.2-q21.3

Laminopathy
Limb-girdle Sarcoglycan-sarcospan
Autosomal 

dominant
SGCD (d-sarcoglycan) 5q33

Duchenne Dystrophin Xp21
Becker Dystrophin
Recessive TAZ (tafazzin) Xq28
Myotonic dystrophy
Congenital Fukutin-related protein

Fig. 20.28 Parasternal long axis (top) and short axis (bottom) 
from a patient with dilated cardiomyopathy. Note the marked 
dilatation of the left ventricle
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are more global. If there is an apical aneurysm this 
may be easily identified and suggest the diagnosis of 
coronary artery disease. Often, however, this is not the 
case. The right ventricle is not often involved in coro-
nary artery disease, while in DCM it is frequently 
affected. Occasionally, the myocardium may be thin 
and echogenic in case of an old myocardial infarction 
which will imply scar tissue. Coronary artery disease 
patients tend to be older than 40 years of age while 
DCM patients are younger. Several studies however 
stressed the difficulties in ruling out an ischemic etiol-
ogy when a dilated, globally hypokinetic LV has been 
identified.

Doppler Echocardiography

Mitral Regurgitation

The role of Doppler echocardiography is also very 
important. Left ventricular dilatation will lead to mitral 
annular enlargement, which will cause the mitral leaf-
lets not to appose properly and consequently lead to 
functional mitral regurgitation. This can be visualized 
with color Doppler and quantified as necessary. While 
in some occasions the causal link between mitral regur-
gitation and dilated ventricle may be difficult to estab-
lish, the association of a globally hypokinetic LV with 
mitral regurgitation points to primary myocardial dis-
ease. Rarely is the mitral regurgitation severe in dilated 

cardiomyopathies and when this happens then it is 
more difficult to rule out mitral regurgitation as the 
prime culprit of LV dysfunction. When the mitral valve 
however is entirely structurally normal with normal 
leaflet texture and no prolapse, this should point out to 
a myocardial disease (or indeed ischemic) as the cause 
of mitral regurgitation.

Estimate of LV Pressures

With the use of continuous-wave Doppler, an estimate 
of intraventricular pressures could be ascertained and 
in particular the right ventricular pressures. In the pres-
ence of mild tricuspid regurgitation, the maximal 
velocity gradient will correspond to the pressure gradi-
ent between RV and RA. Adding the level of the jugu-
lar venous pressure to the pressure gradient would give 
us an estimate of RV pressure. When the JVP is not 
visible, then arbitrarily we add 10 mmHg to the pres-
sure gradient assuming that this reflects the normal RA 
pressure.

With pulsed-wave Doppler the assessment of dia-
stolic LV function can be ascertained and an estimation 
of LV filling pressures can be performed. As in patients 
with hypertrophic cardiomyopathy, transmitral veloci-
ties profiles may be used to obtain longitudinal follow-
up data on disease progression. The mitral inflow 
velocity signals accurately reflect pressure differences 
between the left atrium and left ventricle. Abnormally 

Fig. 20.29 Parasternal 
long-axis projection from a 
normal individual who was 
misdiagnosed as having dilated 
cardiomyopathy because of the 
oblique M-mode measurements 
of the ventricular cavity. Note 
that when the ventricle was 
measured perpendicularly, the 
size and function was normal
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slow LV relaxation, with low LA pressure, gives rise to 
a pattern of slow acceleration of mitral flow in early 
diastole (E wave) with concomitant and probably com-
pensatory increase in flow velocity with atrial contrac-
tion (A wave). At the opposite end of the spectrum are 
patients with stiff LV giving rise to a very high early 
velocity (E wave) across the mitral valve with rapid 
equalization of atrial and ventricular pressures, which 
represent the dip-and-plateau pressure contour at car-
diac catheterization. This pattern usually is accompa-
nied by a diminutive A wave during atrial filling. 
Between these two ends of the spectrum is the normal 
filling pattern with the early filling velocity somewhat 
larger than the atrial flow velocity.

Intracardiac Flow and Risk o.f Embolization

The reduced systolic ventricular function and chamber 
dilatation produce a fairly characteristic intracavitary 
flow pattern, commonly seen in patients with dilated, 
poorly contracting ventricles. Swirling of the intracar-
diac flow can often be spontaneously visualized at the 
cardiac apex reflecting the high intracavitary filling 
pressures and the decreased flow velocity profile, pre-
disposing factors for thrombus formation. With color-
flow imaging the pattern of intraventricular flow 
velocity profile can be characterized and predict those 
patients in which regional stasis occur. From apical 
four-chamber projections, a series of short boluses of 
flow can be visualized during diastole, giving the 
appearance of “puffs of smoke.” Because of low output 
state, the velocity of flow is low so that the usual color-
flow map of intraventricular inflow is shown by the 
darker shades of red. During systole, the left ventricu-
lar outflow tract will also exhibit low velocities with 
absence of aliasing indicative of low output.

Ventricular dilatation with diffuse hypokinesia in 
patients with dilated cardiomyopathy, together with the 
low intraventricular velocities, constitutes a major risk 
for the development of intraventricular thrombi with 
the risk of systemic embolization. Echocardiography 
can readily identify the presence of an intraventricular 
thrombus and lead to prompt anticoagulant treatment. 
Thrombi are usually attached at the apex (Fig. 20.30) 
and may be laminar or protruding with a narrow point 
of attachment on the endocardial surface.

Tissue Doppler Imaging

Tissue Doppler may be used to detect regional or 
global myocardial dysfunction, particularly in patients 
with normal chamber dimensions. One particular 
application is in patients who have been identified suf-
fering from a genetic condition, which may lead to left 
ventricular dysfunction and dilatation such as patients 
with Duchenne muscular dystrophy in whom it might 
be useful to detect early left ventricular dysfunction, 
prior to any clinical manifestation of heart failure. This 
may have therapeutic implications such that an early 
treatment might prevent left ventricular remodeling.

Tissue Doppler may be used by measuring mitral 
annular velocities as well as myocardial velocity gra-
dients or left ventricular strain and strain rate. Mean 
tissue Doppler velocities and radial strain rate of the 
LV posterior wall at peak systole and early diastole 
may be reduced while conventional echocardiography 
may be normal.

The early diastolic mitral annular velocity (Em) is a 
good indicator of diastolic function.

Fig. 20.30 Apical four-chamber view from a patient with 
dilated cardiomyopathy. Note the presence of an apical throm-
bus. The patient was not receiving anticoagulation
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At ³10 cm/s, diastolic function is usually normal, but 
at £8 cm/s it will imply diastolic dysfunction.

Perhaps a more precise way to establish early ven-
tricular dysfunction and predict elevation of LV filling 
pressures is by using the ratio of early transmitral dia-
stolic velocity (E wave) over the early mitral annular 
velocity (Em).
A E/Em >10 will imply elevated filling pressures with 
high sensitivity and specificity.

Family Screening

Family screening is important and echocardiography is 
ideally suited for this. Large series of asymptomatic 
relatives have shown that 29% had abnormal echocar-
diograms. Among affected relatives, symptoms can be 
quite variable. The majority of affected relatives may 
be asymptomatic and cannot be identified by relying 
on history alone. Echocardiography therefore plays an 
important role for the early recognition of affected 
family members, which may promote the early institu-
tion of treatment in an attempt to prevent ventricular 
remodeling.

Myocarditis

Myocarditis is strongly suspected when a patient, pre-
viously normal, is suddenly in congestive cardiac fail-
ure, often as a result of a flu-like illness. Following 
standardization of the histopathological diagnosis of 
myocarditis by the Dallas criteria,12 evidence of myo-
carditis in dilated cardiomyopathy varies between 18 
and 55%. The therapeutic implications however are 
limited as the mere presence of inflammatory infil-

trates does not necessarily signify active myocarditis. 
The possible link between viral infection and dilated 
cardiomyopathy has not yet affected the routine man-
agement of these patients. Steroid therapy has proven 
to be of no benefit when routinely administered to 
patients with dilated cardiomyopathy.

Echocardiographically, myocarditis is suspected 
when a patient is acutely ill and echocardiography 
demonstrated a nondilated LV with global hypokine-
sia. Often, however, there is only regional ventricular 
dysfunction involving the septum or even the right 
ventricle, which may be more difficult to detect. When 
this regional ventricular dysfunction is present, it is 
difficult to rule out an acute coronary syndrome. The 
patient’s age and the clinical picture however should 
make the differential diagnosis.

Cardiac Toxins

A variety of substances can affect the heart leading to 
dilated cardiomyopathy. Perhaps the commonest toxin 
is alcohol. Macrocytosis is a useful indicator of chroni-
cally high alcohol consumption even in the absence of 
abnormal liver function. A raised gamma-glutamyl-
transferase (gamma-GT) may be an indicator of only 
recent rather than long-term alcohol intake, whereas 
raised levels of other liver enzymes may be due to a 
chronic alcohol hepatitis.

There is an individual susceptibility to the adverse 
effects of alcohol on the myocardium, which may 
well be genetically predisposed. The heart is typi-
cally markedly dilated with global ventricular dys-
function, but it may show dramatic improvement after 
a patient has stopped drinking. Figure 20.31 is from a 
patient with alcohol-induced dilated cardiomyopathy. 

Fig. 20.31 M-mode echocar-
diogram (left) and parasternal 
long-axis view from a patient 
with marked alcohol consump-
tion and heart failure. The 
echocardiographic pattern is 
that of dilated cardiomyopathy 
with reduced contraction



424 P. Nihoyannopoulos

BookID 128962_ChapID 20_Proof# 1 - <Date> BookID 128962_ChapID 20_Proof# 1 - <Date>

The heart is markedly dilated and shows diffuse 
hypokinesia as demonstrated by the simultaneous 
M-mode echocardiogram.

Anthracyclines given as doxorubicin have impor-
tant toxic subcellular effects that can eventually lead to 
intracellular calcium overload and depressed cardiac 
function. The echocardiographic findings are again 
those similar to dilated cardiomyopathy with global 
ventricular dysfunction. As in all dilated cardiomyopa-
thies, it is important to look for the presence in LV 
thrombus as those patients with dilated ventricles may 
be prone to thromboembolism.

Cardiomyopathy Associated  
with Pregnancy and Parturition

Peripartum cardiomyopathy typically occurs during 
the third trimester of pregnancy or during the first 6 
months postpartum without obvious cause and without 
prior evidence of heart disease. Because it is rare, the 
literature is limited and filled with anecdotal cases and 
heterogeneous material. Heart failure with peripheral 
edema and ventricular dilatation may be sudden and 
catastrophic or more insidious. An immunological 
interaction between mother and fetus can be postu-
lated. This may be responsible for “myocarditis” 

frequently found on biopsy with interstitial and 
perivascular lymphocytic infiltration in the presence of 
myocyte necrosis with or without fibrosis.

The echocardiographic findings are usually those of 
a nondilated left ventricle with global hypokinesia 
(increased end-systolic dimensions) similar to myo-
carditis (Fig. 20.32). Occasionally, the differential diag-
nosis with viral myocarditis is difficult and should rely 
mainly on clinical grounds. It is important to look for 
LV thrombus as this will carry a high risk for emboliza-
tion and anticoagulation may be needed. When LV dys-
function is discovered in the context of arrhythmias and 
congestive cardiac failure during the third trimester or 
immediately post delivery, the diagnosis is straightfor-
ward. Careful follow-up is mandatory as the disease 
can deteriorate rapidly with ventricular dilatation and 
further ventricular dysfunction or can improve from 
severe hypokinesia to mild ventricular dysfunction and 
reduced ventricular size to complete recovery.

Typically, peripartum cardiomyopathy can evolve 
in three ways of approximately equal thirds: 30% of 
patients may return to normal in up to a year post deliv-
ery, 30% may deteriorate and evolve into dilated car-
diomyopathy, and 30% may remain unchanged. The 
remaining 10% of patients may be in any intermediate 
stage. Persisting cardiomegaly at 6 months is usually 
associated with high mortality, and the women may be 
candidates for cardiac transplantation.

Fig. 20.32 Serial M-mode tracing from a patient with peri-
partum cardiomyopathy. (a) Before pregnancy, (b) three 
days after delivery of a healthy baby, and (c) one year later. 

At (b), the patient was extremely ill and was considered for 
cardiac transplantation. At (c) The patient had completely 
recovered
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Isolated Left Ventricular Noncompaction

This is a rather recent description of a new form of 
cardiomyopathy. Its existence is still debated as to 
whether or not this is a true cardiomyopathy. It was 
described approximately a decade ago in patients pre-
senting with symptoms of heart failure. It is character-
ized by prominent myocardial trabeculations with deep 
intertrabecular recesses which lie in continuity with 
the left ventricular cavity.

During early embryogenesis ventricular trabecula-
tions develop in the distal left ventricle soon after loop-
ing and serves primarily as a means to increase 
myocardial oxygenation in the absence of effective 
coronary circulation. At the same time when ventricu-
lar septation occurs, the trabeculae start to condense 
(compact) in their portions adjacent to the outer myo-
cardium adding to its overall ventricular thickness. At 
6 weeks of pregnancy, there are abandoned fine trabe-
culae that may be present. At 12 weeks, the trabeculae 
begin to solidify at a time when ventricular septation is 
completed. In the early fetal period the compact layer 
forms most of the myocardial mass. Failure for the left 
ventricle to condense (become compacted) may result 
to the isolated left ventricular noncompaction.

The precise etiology for this remains unknown but it 
would appear that this is a nonspecific condition and can 
be presented in families with various forms of X-linked 

dilated cardiomyopathies but also associated with con-
ditions that generate ventricular pressure overload. 
Whether or not isolated left ventricular noncompaction 
represents a distinct cardiomyopathy remains a matter 
of debate. As genetic evidence emerges, it appears that 
this is a heterogeneous and nonspecific disorder that 
may be associated with a variety of conditions such as 
dilated cardiomyopathies or hypertensive heart disease. 
Clinical presentation is often heart failure but also 
arrhythmia and thromboembolic events. Isolated left 
ventricular noncompaction may be presented in neo-
nates and children, but also in young adults. It is rarely 
seen in mid or advanced ages.

The diagnosis is made by echocardiography in the 
vast majority of patients by the combination of the clini-
cal picture of breathlessness or palpitations and the 
echocardiographic appearance of coarsely trabeculated 
left ventricle, often distally, presenting with a degree of 
subendocardial recesses (Fig. 20.33). The affected ven-
tricle may present with two layers: a compact (solid) epi-
cardial layer and an endocardial layer consisting of 
prominent trabecular meshwork and deep intertrabecular 
spaces/recesses. This is best visualized in apical four-
chamber projections and parasternal short-axis views.

Accurate diagnosis is important as its clinical mor-
bidity includes heart failure caused by progressive left 
ventricular dysfunction, arrhythmias, and systemic or 
pulmonary embolism.

Fig. 20.33 Isolated left ventricular noncompaction. On the 
left, apical four-chamber view showing the unusually coarsely 
trabeculated LV. On the right, parasternal short-axis from the 

same patient clearly demonstrating the deep recesses seen at 
the apex. We are grateful to Dr. Perry Elliot for providing this 
picture
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Restrictive Cardiomyopathy

Restrictive cardiomyopathy is the least common type 
of cardiomyopathy without uniformly accepted diag-
nostic criteria. Its classic anatomical features are those 
of a small left ventricle (not dilated) with marked atrial 
dilatation and normal systolic contraction, in the 
absence of pericardial disease. The typical pathophysi-
ological features include normal systolic contraction 
with abnormal ventricular filling leading to rapid com-
pletion of LV filling with little or no late ventricular 
filling. This filling pattern represents the cornerstone of 
the diagnosis, often corresponds to the dip-and-plateau 
contour of early diastolic pressure.

Types of Restrictive Cardiomyopathies

The purest form of this category is the idiopathic restric-
tive cardiomyopathy in which the defined hemody-
namic abnormalities occur without specific histological 
changes. Restrictive hemodynamics have been 
described in many additional conditions that affect the 
heart, giving rise to several disease entities that are 
grouped under the general title of restrictive cardiomy-
opathies. The archetype of these diseases is amyloid 
infiltration of the heart. While this is strictly speaking 
an infiltrative systemic disease that can also infiltrate 
the heart leading to increased myocardial stiffness and 
restricting filling, another type of restrictive cardiomy-
opathy is the eosinophilic endomyocardial disease. The 
fact that an etiologic factor and a specific pathological 
process have been documented in both cardiac amyloi-
dosis and endomyocardial disease make their inclusion 
among primary cardiomyopathies controversial.

Cardiac Amyloidosis

The diagnostic criteria of restrictive cardiomyopathy 
depend a lot upon the underlying condition. In cardiac 
amyloidosis, interstitial infiltration of the atria and 
ventricles lends the cardiac chambers a firm rubbery 
consistency.

Systemic amyloidosis is a disorder of protein metab-
olism in which characteristic abnormal extracellular 

protein material is deposited in organs and tissues. It 
causes considerable morbidity and is usually fatal. The 
heart is often involved in light chain amyloid and con-
gestive heart failure is one of the dominant clinical man-
ifestations (Fig. 20.34). The advent of modern 
echocardiography has greatly contributed to the ante 
mortem recognition of amyloid infiltration of the heart.

Not every form of amyloidosis involves the heart. 
AL amyloidosis involves the heart in 90% of the cases 
and commonly presents as heart failure, while AA 
amyloidosis (reactive) only rarely affects the heart and 
when it does, it causes less functional impairment than 
in AL amyloidosis. Amyloid deposition begins in focal 
subendocardial accumulations and within the myocar-
dium between the muscle fibers. Expansion of these 
myocardial deposits eventually causes pressure atro-
phy and separation of myocardial fibers. This mecha-
nism is responsible for the marked thickening of the 
left and right ventricular walls, normal or decreased 
LV cavity size, reduced LV diastolic and systolic func-
tion. The walls of intramural coronary arteries as well 
as the conductive system are infiltrated, and this 
accounts for the electrocardiographic abnormalities 
seen in some patients. The endocardium is also 
involved and may be associated with overlying throm-
bus. It also causes focal or diffuse valvular thickening 
but clinical valvular dysfunction is uncommon. Finally, 
the small amyloid heart may be surrounded by a large 
pericardial effusion.

The echocardiographic findings suggestive of amy-
loid infiltration of the heart, which although nonspe-
cific when taken individually, are highly suggestive in 

Fig. 20.34 Amyloid deposition among normal myocytes. Note 
that the myocardial fibers (here cut cross-sectionally) are nor-
mally arranged. The amyloid protein is infiltrated in the intersti-
tial tissue among myocytes
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combination, consisting of thickened RV and LV walls 
with granular sparkling (ground glass appearance), nor-
mal or small LV cavity, and enlarged atria (Fig. 20.35). 
Depressed myocardial contraction and relaxation is 
also characteristic of amyloid heart disease, and this 
finding may greatly facilitate the differential diagnosis 
with hypertrophic cardiomyopathy (Fig. 20.36). Figure 
20.37 is from a patient with AL amyloidosis with 
marked wall thickening and an abnormal diastolic func-
tion. Note that the transmitral velocities exhibit a 
“restrictive filling pattern” with absent late diastolic 
filling suggestive of elevated filling pressures. 
Involvement of the heart valves and atrial septum which 
appear homogeneously thickened without altering the 
valves motion may also be present.

Eosinophilic Endomyocardial Disease

The diastolic filling abnormality in endomyocardial 
disease appears to be related to the presence of a thick 
endocardial fibrotic shell with finger-like penetrations 
into the myocardium. This develops through a well-
defined pathological process after initial damage 
induced by toxic eosinophils. As in the case of cardiac 
amyloidosis, the fact that both have an etiologic factor 
and that a specific pathological process has been docu-
mented makes controversial their inclusion among pri-
mary cardiomyopathies.

Definitions: The definition of hypereosinophilic syn-
drome is when the eosinophilic count is greater than 1.5 

Fig. 20.35 Systemic 
amyloidosis. Apical 
four-chamber view (left) and 
short-axis (right) demon-
strating marked wall 
thickness (15 mm) 
concentrically. Note the 
homogeneous texture of 
both ventricles and the 
thickening of the mitral and 
tricuspid leaflets. The right 
ventricle is also thickened

Fig. 20.36 Parasternal long axis from a patient with cardiac amyloidosis with the corresponding M-mode echocardiogram to dem-
onstrate the reduced left ventricular function. Note again the markedly thickened RV free wall
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× 109/l in the peripheral blood. There are two types of 
hypereosinophilic syndrome. The commonest is the 
secondary hypereosinophilia which occurs as the result 
of certain tumors, lymphoma, vasculitis or parasitic or 
infectious disease, as well as the hypereosinophilia that 
follows hypersensitivity reaction. The more rare form is 
the primary hypereosinophilic syndrome, which occurs 
with no apparent cause and has been described by 
Loffler in 1936. In certain African countries or the trop-
ics hypereosinophilia is common leading to endomyo-
cardial fibrosis, but this may be the result of parasitic 
infestation. In most European patients, there is no sero-
logical evidence for parasites, allergies, or inflammatory 
disease and the disease is clearly idiopathic.

Pathophysiology: Eosinophiles can damage the 
heart and induce endomyocardial disease. The patho-
genesis follows the progressive degranulation of 
eosinophiles with granule dissolution and secretion of 
toxic products causing endomyocardial cell injury and 
fibrosis. Subsequently, there is thrombus formation 
and restricted LV and RV filling. It affects usually 
young men and can affect all organs, including the 
heart, lungs, nervous system leading to neurological 
deficits.

Echocardiography: The echocardiographic charac-
teristics of hypereosinophilic syndrome are typical and 
pathognomonic. There is extensive LV and RV throm-
bus usually packing the ventricular apices (Fig. 20.38). 

Fig. 20.37  Amyloid heart 
disease. Pulsed-wave 
Doppler from the mitral 
valve demonstrating a 
“restrictive pattern” with 
absent late diastolic filling 
of the transmitral velocity 
suggesting of markedly 
impaired left ventricular 
diastolic function with 
elevated filling pressures

Fig. 20.38 Apical four-chamber view from a patient with 
endomyocardial fibrosis. Note the packing of the left and right 
ventricular apex and the marked dilatation of the atria
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This is frequently called the “box-glove” sign because 
of the left ventricular resemblance of a box glove. 
The ventricular systolic function is usually preserved, 
but there is restriction to ventricular filling manifested 
by an early diastolic halt on the M-mode echocardio-
gram (Fig. 20.39). With high-resolution two-dimen-
sional echocardiography, a distinct high intensity 
linear echo is identified covering the endocardial sur-
face of the left and the right ventricles. This localized 
echo-dense area corresponds to areas of fibrosis 

extending from the apex to the basis of the ventricles 
and the papillary muscles (Fig. 20.40a). Cardiac 
Magnetic resonance imaging can also demonstrate 
the presence of intraventricular thrombus as well as 
the amount and extent of endocardial fibrosis (Fig. 
20.40b). Often this material extends to the ventricular 
inflow track and involves the mitral or tricuspid 
chords and leaflets leading to significant valvular 
regurgitation (Fig. 20.41). Biatrial enlargement is 
also found in the majority of these patients as a result 

Fig. 20.39 M-mode and 
two-dimensional echocar-
diography from the same 
patient with endomyocardial 
fibrosis as in Fig. 20.38 
demonstrating the abnormal 
diastolic left ventricular 
filling. During diastole, the 
left ventricle fills rapidly in 
early diastole and then 
remains unchanged during 
the rest of diastole. Note 
that the systolic function is 
preserved

a

b

Fig. 20.40 (a) Parasternal 
short-axis (left) and four-cham-
ber (right) views from a patient 
with hypereosinophilic 
syndrome. Notice the bright 
endocardial echoes surrounding 
the cavity suggestive of fibrosis. 
In the apical four-chamber 
view, a typical “boxing-glove” 
appearance of the left ventricle 
with the apical thrombus 
packing the apex of both the 
left and the right ventricles. (b) 
Cardiac magnetic resonance 
imaging with corresponding 
images from the same patient as 
in Fig. 20.33a showing again 
the extent of endocardial 
fibrosis (short axis and four 
chamber)
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of the restrictive ventricular filling imposed by the 
noncompliant ventricle. The extent of valvular 
involvement however can better be appreciated with 
echocardiography.

Idiopathic (Primary) Restrictive 
Cardiomyopathy

Using strict hemodynamic criteria the diagnosis of 
restrictive cardiomyopathy is supported by the absence 
of specific pathology on either endomyocardial biopsies 
or evaluation of whole heart specimens. Patients are 
typically in class III or IV of the NYHA classification 
for heart failure, the atria are usually disproportionate 
dilatated compared to the normal or near-normal ven-
tricular size, the left ventricle has normal or near-normal 
contractility in the absence of hypertrophy. Histology is 
normally nondistinctive and can show normal findings 
or nonspecific degenerative changes, including myocyte 
hypertrophy and mild to severe interstitial fibrosis. Some 
myocardial disarray can also be present and when this 
occurs, some form of hypertrophic cardiomyopathy 

needs to be considered. Again, the role of genetic testing 
is of paramount importance.6

Restrictive Physiology

Increased ventricular filling pressures with the 
typical dip-and-plateau pattern are the hemodynamic 
hallmarks of restrictive cardiomyopathies, whatever 
the etiology. Atrial pressures usually exceed 15 mmHg, 
right atrial pressure is required to be more than  
7 mmHg, and pulmonary capillary wedge pressure is 
required to be more than 12 mmHg.13 In contrast with 
the equal left- and right-sided diastolic pressures in 
constrictive pericarditis, diastolic pressures are sepa-
rable by more than 5 mmHg in restrictive cardiomyo-
pathy due to unequal involvement and compliance of 
the two ventricles. However, this separation is not seen 
at baseline in restrictive cardiomyopathy, and it is often 
not demonstrable despite provocative tests such as vol-
ume loading, leg rising, exercise, or pharmacological 
interventions. Even the dip-and-plateau may be absent 
in restrictive cardiomyopathies.

Patients with restrictive cardiomyopathy either due 
to cardiac amyloidosis or endomyocardial fibrosis show 
ventricular filling abnormalities along the spectrum 
from a more advanced traditional restrictive pattern to a 
milder abnormal relaxation with long isovolumic relax-
ation time (IVRT), reduced rate of acceleration to the 
low early peak velocity (E wave), slow deceleration 
rate, and relatively high atrial wave.

Distinction Between Restrictive 
Cardiomyopathy and Constrictive 
Pericarditis

Restrictive cardiomyopathy presents a clinical and 
hemodynamic picture that is usually indistinguishable 
from constrictive pericarditis. The differential diagnosis 
is crucial as constrictive pericarditis is curable, whereas 
restrictive cardiomyopathy is not. Endomyocardial 
biopsy is useful in revealing the presence of myocardial 
disease. In addition to echocardiography, computed 
tomography and cardiac magnetic resonance imaging 
can be used to define pericardial thickness with or 

Fig. 20.41 Color Doppler imaging from the same patient as in 
Fig. 20.37 showing the extent of mitral regurgitation. Calculated 
regurgitant volume 35 ml (moderate)
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without the presence of calcification. Most common 
causes of constrictive pericarditis used to be tuberculosis, 
followed by idiopathic (viral), and following open heart 
surgery, radiation therapy, and uremia. Now however the 
commonest cause is after open-heart surgery followed by 
radiation therapy and uremia, and these conditions rarely 
lead to calcification so that imaging techniques alone may 
not be sufficient to cover the entire spectrum of pericar-
dial constriction. Consequently, when pericardial thick-
ening is present, the diagnosis is relatively straight 
forward, but when this is not the case, dynamic Doppler 
echocardiography during the respiratory cycle will play a 
crucial role in the differential diagnosis.

Normally there is interdependence between the RV 
and LV during respiration as the pericardium transmits 
the intrathoracic pressures to the intrapericardial and 
intracardiac chambers. During inspiration, there is a 
drop in intrathoracic pressures which will be transmit-
ted to the intracardiac chambers with a parallel reduc-
tion of pulmonary capillary and left ventricular 
diastolic pressures, keeping the transmitral and tran-
stricuspid diastolic gradients virtually unchanged 
(<20%), an increase of venous return and a slight 
increase in RV size. In constrictive pericarditis because 
of the pericardial shell, the drop in intrathoracic pres-
sures will not be transmitted to the intracardiac pres-
sures so that the systemic venous and RA pressures do 
not fall during inspiration, and the transmitral gradient 
will be reduced as opposed to the transtricuspid gradi-
ent which will be increased. Consequently, during 
inspiration the transmitral velocities will be reduced (E 
wave) and tricuspid velocities increased (E wave) in 
constrictive pericarditis, while in restrictive cardiomy-
opathy they will remain unchanged14 (Fig. 20.42).

Arrhythmogenic Right Ventricular 
Dysplasia/Cardiomyopathy

Definitions and Pathophysiology

This is a heterogeneous group of conditions character-
ized by right ventricular dysfunction and dilatation. 
While in the majority of cases the left ventricle is spared, 
it is also possible that this may become involved at a 
later stage of the disease progression. Most common 
presentation is patients complaining of arrhythmias, 
specifically with ventricular tachycardia originating 
from the right ventricle (LBBB morphology), which 
could be life threatening. Arrhythmogenic right ven-
tricular dysplasia/cardiomyopathy (ARVD/C) is an 
important cause of sudden death in individuals <30 
years of age and has been found in up to 20% of sudden 
deaths in young people.15 ARVD/C is typically inherited 
as an autosomal dominant trait with variable penetrance 
and incomplete expression. It is characterized by adi-
pose replacement of myocardial tissue in the right ven-
tricular wall in a spotty or diffuse process that starts on 
the right ventricular subepicardium and progresses to 
the endocardium with fibrofatty replacement of myo-
cytes and thinning of the wall. It affects men more fre-
quently than women and is usually discovered between 
the second and fourth decades of life.

The regions of the right ventricle most frequently 
involved are the RV inflow area, the apex, and the 
infundibulum. These three areas form the “triangle of 
dysplasia.” Histological diagnosis is often difficult as a 
small amount of fat is present in the epicardial layer 
and within the right ventricular myocardium in the 

Fig. 20.42 Diagrammatic representation of the transmitral early 
(E wave) and late (A wave) velocities during diastole throughout 
the respiratory cycle. Note the dynamic differences between restric-
tive cardiomyopathy and constrictive pericarditis during inspiration 

and expiration. In constrictive pericarditis, the transmitral velocities 
are reduced while the tricuspid velocities are increased in deep 
inspiration, while the opposite happens during expiration. In restric-
tive cardiomyopathy there is little respiratory variation
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normal subjects and increases with the advancing age. 
When the left ventricle is also involved, the fibrofatty 
replacement can affect both the septum and left ven-
tricular free wall.

Criteria for Diagnosis of ARVD/C

A definite diagnosis of ARVD/C requires the histologi-
cal finding of transmural fibrofatty replacement of RV 
myocardium. Diagnosis by endomyocardial biopsy 
may be difficult in view of the patchy distribution of the 
fibrofatty replacement during the earlier stages of the 
disease. Because of these difficulties, a consensus group 
has proposed a number of major and minor diagnostic 
criteria,15 Table 20.8. To qualify as ARVD/C, a patient 
must demonstrate either two major or one major plus 
two minor criteria or four minor criteria. Of the major 
criteria, the global or regional right ventricular dysfunc-
tion can best be appreciated by comprehensive echocar-
diography. Cardiac magnetic resonance imaging may 
be useful in characterizing myocardial tissue. More 
specifically, it may detect abnormal areas of fibrofatty 
replacement. The remaining diagnostic criteria are 
based on the electrical characteristics and depolariza-
tion/conduction abnormalities of these patients.

Echocardiographic Characteristics

Echocardiography is the diagnostic test of choice but 
this needs to be performed comprehensibly following 
standardized protocols for the detailed imaging of the 
right ventricle.16 As ARVD/C affects primarily the right 
ventricle, it is important to perform all right ventricular 
views, which include the RV inflow and outflow views. 
The typical presentation will be that of a young patient 
with ventricular arrhythmias. This patient will be 
referred for an echocardiographic examination, which 
will have to be conducted in an expert department to 
look for subtle RV abnormalities.

The earliest abnormalities that can be detected may 
be focal areas of myocardial dysfunction, which may 
involve the RV inflow, apex and/or the RV outflow tract. 
These areas however may easily be missed or not inter-
preted as pathological as they may well be considered 
as normal variants of the RV function. Figure 20.43 

shows a discrete aneurysm of the RV apex seen from 
the apical four-chamber view. Here, particular attention 
was made to visualize the entire right ventricle at the 
expense of the left, which is not always performed in 
routine echocardiography.

The more obvious and pathognomonic abnormali-
ties are those of localized aneurismal regions of the 
triangle of dysplasia in the form of end-systolic bulges 
(Fig. 20.44). As long as the RV inflow and outflow 
tract projections are carefully recorded, missing those 
regional dyskinetic regions is difficult. It is possible 
that in one patient such abnormalities are seen in more 
than one region.

Table 20.8 Criteria for diagnosis of ARVC

1.  Global or regional dysfunction and structural alterations
Major
(a)  Severe dilatation and reduction of RV ejection fraction with 

no (only mild) LV impairment
(b)  Localized RV aneurysms (akinetic or dyskinetic areas with 

diastolic bulging)
(c) Severe segmental dilatation of the RV
Minor
(a)  Mild global RV dilatation or reduced ejection fraction with 

normal LV
(b) Mild segmental dilatation of the RV
(c) Regional RV hypokinesia
2. Tissue characterization of walls
Major
Fibrofatty replacement of myocardium on endomyocardial  

  biopsy
3. Repolarization abnormalities
Minor
Inverted T waves in right precordial leads (V2 and V3) in 432 

  people aged more than 12 years in absence of RBBB)
4. Depolarization/conduction abnormalities
Major
Epsilon waves or localized prolongation (>110 ms) of the QRS 

complex in right precordial leads (V1–V3)
Minor
Late potentials (signal averaged ECG)
5. Arrhythmia
Minor
(a)  LBBB type ventricular tachycardia (sustained and 

nonsustained)
(b)  Frequent ventricular extrasystoles (more than 1,000/24 h) 

on Holter
6. Family history
Major
Familial disease confirmed at necropsy or surgery
Minor
(a) Familial history of premature sudden death (<35 years) due 

   to suspected RV dysplasia
(b) Familial history (clinical diagnosis based on present  

   criteria)
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In a more advanced stage of ARVD/C, extended 
areas of RV free wall may become thin and akinetic 
which together with RV dilatation will form the typical 
pattern of ARVD/C (Fig. 20.45). The diagnosis here is 
difficult to miss. Ultimately, the whole of the RV will 
be dilated and hypokinetic.

Lastly, in the most severe and advanced cases, the 
LV will become involved and could mimic that of non-
specific dilated cardiomyopathy. Global RV dysfunc-
tion is most common in patients with cardiac arrest, 
although this is not necessarily true in patients with 
first presentation. Functional and structural worsening 

Fig. 20.43 Apical four-chamber view from a patient with 
ARVC. Notice that in this view, particular attention was made to 
visualize the entire RV. Only then, the discrete aneurysm at the 
apex was visualized (arrow)

Fig. 20.44 Successive echocardiographic views from a patient 
with arrhythmogenic RV cardiomyopathy to illustrate the “tri-
angle of dysplasia.” On the left panel, there is a localized aki-
netic area in the outflow track seen from parasternal long-axis 

view (arrows). In the middle panel, the RV inflow track view 
with a localized akinetic region in the free wall (arrows). On the 
right panel, apical four-chamber projection demonstrating an 
apical aneurysm on the RV (arrows)

Fig. 20.45 Apical four-chamber view from a patient with a 
severe form of ARVC. In contrast with the patient in Fig. 20.42 
where the aneurysm was very localized, here the entire RV is 
dilated and poorly contracting
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of RV performance may be the major risk factor for 
cardiac arrest in ARVD/C patients.

Conclusions

While it is convenient to classify cardiomyopathies in 
four major groups, there is an overlap between the ana-
tomic and functional characteristics in many instances. 
As the genetic demystification of the cardiomyopa-
thies continues, the boundaries of the various types of 
cardiomyopathies may better be determined. Until that 
time, we should continue to categorizing our patients 
in the four groups and echocardiography is currently 
the best imaging modality to do so. Cardiomyopathies 
have a familial nature and it is important to screen fam-
ily members, as often the diagnosis may be more 
revealing once the family screening has been com-
pleted and again, the role of echocardiography here is 
pivotal. As the causes and pathophysiology of cardio-
myopathies are better understood, it may be argued 
that in future, the term “idiopathic” may no longer be 
sustainable.
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Heart failure is referred to a constellation of clinical signs 
and symptoms that results from either an inadequate 
“forward” cardiac output (e.g., fatigue, cardiac cachexia, 
hypotension) or “backward” circulatory congestion (e.g., 
dyspnea, hepatomegaly, and ascites, dependent edema). 
It is estimated that nearly 5 million Americans suffer 
from heart failure, with an incidence approaching 10 per 
1,000 population among persons older than 65 years of 
age. Heart failure accounts for nearly 20% of all hospital 
admissions among persons older than 65 years. The 
overall risk of death is approximately 5–10% per year, 
although an untreated patient with severe LV dysfunction 
has a 1-year survival of only 50%.1,2 The term “left 
ventricular (LV) dysfunction” is used clinically in 
recognition of the fact that an abnormal myocardial 
function, either systolic, diastolic, or mixed, underlies 
the clinical syndrome of heart failure and determines the 
clinical pattern of presentation. Other factors playing 
vital roles include age, sex, underlying etiology, and 
the pattern of neurohormonal mechanisms that attempt 
to counterbalance the hemodynamic effects of a 
compromised heart muscle function. In absence of a 
reversible etiology, these homeostatic changes, however, 
initiate a vicious cycle in which the chamber progressively 
dilates, hypertrophies, and becomes spherical – a process 
referred to as “remodeling.” Echocardiography, by virtue 
of its ability to provide simultaneous structural and 
functional assessment, plays a pivotal role for establishing 
the pattern and magnitude of myocardial dysfunction. 
Being user friendly, cost effective and readily available, 
its use has grown widely in recent years for risk 
stratification of heart failure in patients with either 

symptomatic or subclinical forms of left ventricular 
dysfunction and for serial tracking of responses following 
initiation of therapeutic strategies for halting or reversing 
cardiac remodeling.

Clinical Staging and Etiology of Heart 
Failure: Role of Echocardiography

The current American College of Cardiology/American 
Heart Association (ACC/AHA) practice guidelines for 
CHF divides the disorder into four stages (Table 21.1), 
two of which (Stages A and B) are in asymptomatic 
individuals.3 Echocardiography plays a key role in 
clinical staging of heart failure and differentiating 
reversible from nonreversible causes of left ventricular 
dysfunction. Coronary artery disease is the underlying 
cause of heart failure in approximately two-third of 
patients (Fig. 21.1). Systolic dysfunction results from 
myocardium that is either viable or irreversibly dam-
aged. Identification of dysfunctional myocardium 
with preserved viability presents an excellent oppor-
tunity to ameliorate heart failure by revascularization. 
Dobutamine stress echocardiography or myocardial 
contrast echocardiography in such situations provides 
useful estimate of the extent of viable myocardial and 
coronary microcirculatory reserve. Similarly patients 
with nonischemic causes of systolic dysfunction have 
either an identifiable etiology (e.g., hypertension, val-
vular heart disease, myocardial infiltration, myocardi-
tis, or pericardial diseases, Figs. 21.2–21.5) or may 
have no discernable cause (e.g., idiopathic dilated car-
diomyopathy). Dobutamine stress echocardiography is 
also useful in these patients for identifying those who 
would benefit with beta blockade. Improvement in 
myocardial contractility with dobutamine has been 
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Table 21.1 Stages of heart failure (ACC/AHA guidelines 2001)3

Stage A: Patients at a high risk for developing heart failure but has no structural disorder of the heart
Stage B: Patient with structural disorder of heart but who has never developed symptoms of heart failure
Stage C: Patient with past or current symptoms of heart failure with underlying structural heart disease
Stage D: Patient with end-stage disease requiring specialized treatment strategies as mechanical 

circulatory support, continuous inotropic infusions, cardiac transplantation, or hospice care

Fig. 21.1 Coronary artery disease is an underlying etiological 
factor in about two-third patients with heart failure. The picture 
shows echo in a patient with ischemic cardiomyopathy (a). Note 

the thinned out and scarred interventricular septum (arrows). 
Coronary angiogram (b) showed a tight stenosis of the left main 
coronary artery (arrow)

Fig. 21.2 Echocardiography is a versatile tool for identifying 
cardiac structural disorders in patients with heart failure. Panels 
(a–c) show echocardiographic findings in a patient with rheu-
matic mitral valve disease with severe left ventricular systolic 
dysfunction resulting from an underlying rheumatic carditis. 

Panels (d–f) show echocardiographic findings in a patient with 
heart failure resulting from a severe endomyocardial fibrosis. 
Note the obliterated left ventricular apex due to formation of 
mural thrombi (arrow; d, e) and tricuspid regurgition due to 
severe pulmonary hypertension
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a b c

Fig. 21.3 Picture of an adult patient with noncompaction of left 
ventricle. Note the multiple intratrabecular sinusoids identified 
on transthoracic (a) and transesophageal echocardiography (c) 

which communicate with left ventricular cavity (free color flow, 
b). Noncompacted left ventricle is a relatively recent echocardio-
graphic recognition of heart failure in children and adults

Fig. 21.4 Heart failure due to an advanced cardiac amyloid disease. Note the apical 4-chamber view with thickened myocardium (a). Mitral 
inflow velocities (b), Color M-mode of mitral flow (c), and tissue Doppler (d) indicate presence of a severe diastolic dysfunction (type IV)
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shown to predict the extent of improvement in systolic 
ventricular function following use of beta-blockers.4

Quantification of Systolic Dysfunction

Left ventricular systolic dysfunction is generally defined 
as an ejection fraction less than 50% and occurs in 
50–60% patients with heart failure. The differentiation 
of normal from reduced left ventricular systolic perfor-
mance has therapeutic and prognostic implications.5 In a 
recent population-based survey of middle aged to elderly 
adults without previous myocardial infarction or evi-
dence of coronary artery disease, reduced ejection frac-
tion by echocardiography (<40%) was associated with a 
35% risk for cardiovascular death and 12% risk for all 
cause mortality. Segmental and global LV dysfunctions 
were associated with 3.3-fold and 3.8-fold higher rates 

of cardiovascular death.5 Left ventricular ejection frac-
tion is traditionally computed from echocardiography by 
using systolic and diastolic volumes obtained from 
biplane planimetry of paired orthogonal long-axis apical 
views. The threshold for qualifying left ventricular sys-
tolic dysfunction has however varied in various random-
ized controlled trials, ranging between 35 and 40%. 
While, in general, quantitative techniques provide more 
accurate thresholding, grading based on visual eyeball-
ing has not been found to be inferior to other reference 
methods. In vast majority of centers, LV ejection fraction 
is usually mentioned as a descriptive grade of function, 
using subjective visual assessment by a single observer. 
Other echocardiographic variables that have been alter-
natively used for grading LV systolic function include 
fractional shortening and wall motion index or score. 
Doppler echocardiography provides useful noninvasive 
estimation of left ventricular stroke volume and cardiac 
output. Spectral velocity recordings in patients with  

Fig. 21.5 Spontaneous improvement of left ventricular dys-
function in a patient with myocarditis. Mitral annular velocities 
from interventricular septum showed significant improvement 

within 6 months. Tissue Doppler imaging is a useful clinical 
technique for estimating the extent of myocardial dysfunction 
and its serial monitoring
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valvular regurgitation can also be used for estimating 
chamber pressures and dp/dt (rate of change of pressure 
over time). The current recommendation of the American 
society of echocardiography advocates routine measure-
ment of left ventricular ejection fraction, diastolic vol-
ume, mass, and wall motion score using the 16-segment 
LV model. Assuming that the purpose of echocardiogra-
phy is to establish whether or not left ventricular ejection 
fraction is in range of less than 40%, a value of <30% by 
Simpson’s rule, or >1.7 by wall motion index, can be 
assumed to qualify as systolic dysfunction. Similarly a 
value of >50% or <1.0 can reliably be assumed to quan-
tify a normal systolic function.6

Quantification of Diastolic Dysfunction

Although majority of patients with systolic dysfunc-
tion have some degree of diastolic dysfunction, popu-
lation-based studies have highlighted that 40–50% of 
individuals with overt features of heart failure may 
have normal systolic function (ejection fraction more 
than 50%), also referred to as isolated diastolic dys-
function.7 Recent reports highlight a high prevalence 
of preclinical isolated diastolic dysfunction in popula-
tion who subsequently suffer a marked increase in all-
cause mortality, independent of age, sex, and ejection 
fraction.8 Thus quantification of an abnormal diastolic 
function is equally important in patients who exhibit 
symptoms of heart failure as well as those in whom 
diastolic dysfunction is clinically silent. Although 
clinical diagnosis of heart failure with normal ejection 
fraction correctly identifies those with abnormal dia-
stolic function, an objective measurement of diastolic 
function is desirable for grading the pattern of dysfunc-
tion since it helps determining the underlying mecha-
nisms and choice of therapeutic intervention.

Indices for Assessing Diastolic 
Dysfunction

Mitral Inflow Velocities

Left ventricular relaxation is an energy-dependent 
process that begins during the ejection phase of sys-
tole and continues through the isovolumic relaxation 
and the rapid filling phase. During exercise the rate 

and extent of LV relaxation increases proportionately 
and is crucial for continued normal pattern of LV fill-
ing despite shortening of diastolic filling period. This 
acceleration in LV relaxation during exercise is medi-
ated by an enhanced sympathetic tone and is markedly 
blunted in heart failure. The left atrial to LV gradient 
and left atrial pressure during early diastolic filling 
therefore rises during exercise in patients with heart 
failure causing symptoms of shortness of breath. In a 
normal heart, a rapid flow velocity during early inflow 
occurs following mitral valve opening (E wave) fol-
lowed by deceleration of flow during diastasis. Atrial 
contraction at the end diastole results in a second wave 
(A wave). The initial abnormality of diastolic function 
is characterized by a decrease in mitral E velocity and 
prolongation of deceleration time and a tall A wave 
causing a reduced E/A ratio (abnormal relaxation 
grade I or mild diastolic dysfunction). With progres-
sion of disease and further decline of active myocar-
dial relaxation, filling of the left ventricle becomes 
increasingly dependent on the left atrial contraction 
and an increasing left atrial pressure. An increased 
mean left atrial pressure “pseudonormalizes” the flow 
from the left atrium to left ventricle, with increasing 
velocity of E wave and shortening of the deceleration 
time, resembling a normal state (pseudonormal or 
moderate or grade II diastolic dysfunction). In the lat-
ter stages, left ventricular chamber compliance is 
severely impaired so that a rising left atrial pressure 
causes rapid early mitral inflow (higher E velocity) 
with rapid equilibration of left atrial and left ventricu-
lar pressure causing early truncation of the E wave 
(very short deceleration time), with very little contri-
bution to filling from atrial contraction (small A wave) 
(restrictive or severe or grade III–IV diastolic dys-
function).The filling pressures can be altered to reverse 
the restrictive pattern to lower grades of diastolic dys-
function in initial stages (grade III); however, the 
restrictive pattern persists later on despite manipula-
tion of filling pressure indicating an irreversible stage 
of dysfunction (grade IV). Although mitral inflow 
velocities and E/A ratio have been shown to predict 
left ventricular filling pressures and determine prog-
nosis, they have some limitations. The prediction of 
LV filling pressures is accurate only in patients with 
simultaneous systolic dysfunction, whereas patients 
with normal systolic function show a wide scatter. 
The distinction between normal versus pseudonormal 
filling is difficult, and other parameters are needed for 
differentiation. Preload modification, using glyceryl 
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trinitrate or the Valsalva maneuver, is a useful means 
of unmasking patients with elevated filling pressures. 
However this may not be always practical in clinical 
practice, and some patients may not able to perform 
an adequate Valsalva maneuver5,9,10 (Fig. 21.6).

Pulmonary Venous Doppler Velocities

Pulmonary venous flow (systolic versus diastolic pre-
dominance) has been used for predicting left atrial 
pressure in selected patients. The comparison of the 
duration of flow at atrial contraction across the mitral 
valve (mitral inflow) with the duration of flow reversal 
into the pulmonary veins can be used for estimating 

the left ventricular end diastolic pressure. In presence 
of normal left atrial pressure, systolic flow is domi-
nant, and the systolic filling fraction is usually greater 
than 60%. There are small reverse components follow-
ing the systolic and diastolic wave, reflecting atrial 
contraction. This back flow occurs because of lack of 
valves at the pulmonary vein–atrial junction. With rising 
filling pressures a worsening relative compliance of 
the left ventricle compared with the pulmonary venous 
circuit is observed. Transmitral flow at atrial contrac-
tion is shortened while retrograde flow at atrial con-
traction into low resistance pulmonary venous circuit 
continues for a longer duration. If the duration of atrial 
reversal flow in the pulmonary vein exceeds by more 
than 30 ms the duration of flow across the mitral valve, 
raised left ventricular end diastolic pressure can be 
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diagnosed with high specificity. Thus use of pulmo-
nary venous flow is useful for distinguishing a normal 
transmitral filling pattern from pseudonormalization. 
However, the major limitations in the use of the pul-
monary venous signals are that these signals are often 
difficult to obtain and interpret.

Mitral Annular Velocities

The velocity of the mitral annulus represents velocity 
of changes in left ventricular long-axis dimensions. In 
normal left ventricular relaxation after systole, the 
peak mitral annular velocity (E¢) recorded by tissue 
Doppler imaging precedes the peak early passive dia-
stolic transmitral flow (E) recorded by conventional 
pulsed-wave Doppler ultrasound. In situations where 
this relaxation is impaired, E¢ follows E. The early dia-
stolic velocity (E¢) has been proposed to represent the 
intrinsic speed of myocardial relaxation. This is used 
to determine the difference between the effect of “suc-
tion” versus “transmitral pushing” when left atrial 
pressure is high. The velocity of E¢ has a modest cor-
relation with the time constant of relaxation. In the initial 
stages of diastolic dysfunction, the relaxation velocity 
(E¢) decreases and remains reduced throughout the 
remaining stages of impaired diastole. A combination 
of mitral inflow velocities with the mitral annular 
velocity into a ratio (E/E¢) has been shown to provide 
superior prediction of left ventricular filling pressure. 
This can be used for resolving normal from pseudo-
normal filling since patients with diastolic dysfunction 
and a normal mitral inflow pattern exhibit a reduced 
mitral annular velocity (E¢) and an elevated E/E¢ ratio. 
If E/E¢ is >15, left ventricular filling pressure is raised, 
and when E/E¢ is <8 filling pressure is low. However, 
between 8 and 15 there is considerable variability in 
filling pressure.9,10

Flow Propagation

Color Doppler M-mode provides a unique window 
into the fluid dynamics of flow across the mitral valve. 
The speed of propagation (slope of the black to red 
transition at the leading edge of the E-wave) is 
enhanced with rapid relaxation and LV suction. With 

normal LV diastolic filling, rapid relaxation generates 
a dynamic pressure gradient, from base toward apex. 
During early diastolic filling, peak LV filling therefore 
rapidly propagates sequentially from mitral orifice 
toward apex. In contrast, filling related to left atrial 
contraction does not pass the midportion of left ven-
tricle. With onset of diastolic dysfunction, a blunting 
of flow propagation is seen; however, propagation 
velocity does not pseudonormalize. Color M mode 
flow propagation can be combined in a ratio with the 
mitral E velocity to provide a load-adjusted parameter 
(E/V

p
) which strongly correlates with filling pressures. 

The chief limitations of this tool are lack of consensus 
on technique and theoretical concerns that this will be 
invalid in small left ventricular cavities.11,12

Other Doppler Variables in Hemodynamic 
Assessment

Doppler velocity tracings can also be used for calcu-
lating systolic and diastolic time intervals and have 
been shown to be closely linked with left ventricular 
performance. Combined Doppler myocardial perfor-
mance index ((isovolumic contraction + isovolumic 
relaxation)/ejection time) has been shown to have 
significant correlation with left ventricular end-diastolic 
pressure and is a sensitive indicator of overall cardiac 
dysfunction in patients with mild-moderate conges-
tive heart failure.13 Other applications of Doppler in 
patients with heart failure include use of continuous-wave 
Doppler for estimating pulmonary artery pressures 
from spectral tracings of tricuspid and pulmonary 
regurgitation. Besides Doppler, a simple two-dimensional 
inspection of the inferior vena cava during subcostal 
imaging provides a useful estimate of the right atrial 
filling pressure.

Diastolic Function Assessment and Risk 
Stratification

In longstanding heart failure, the pulmonary artery 
wedge pressure has been shown to be a good predictor 
of survival, and aggressive therapy to reduce left ven-
tricular filling pressures improves survival. Noninvasive 
indices described earlier can be combined together for 
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estimating left atrial and left ventricular filling pres-
sures with fair accuracy. In patients with combined 
systolic and diastolic dysfunction, mitral deceleration 
time less than 150 ms and E/A > 1.5 provides an accu-
rate estimation of filling pressures. Patients with a low 
E/A ratio (<0.75) and prolonged DT (>240 ms) have 
low to normal filling pressure (grade I). The E/E¢ ratio 
can also be applied in this group, with patients having 
grade I dysfunction showing a lower E/E¢ ratio, while 
those with grades II–IV having a raised E/E¢ ratio. 
Compared to pseudonormal or impaired relaxation, 
restrictive filling patterns are associated with higher 
mortality rates. In patients with preserved systolic 
function (LV EF > 50%), presence of E/E¢ < 8 is indic-
ative of a normal filling pressure if they have a normal 
left atrial size. Those with E/E¢ > 15 have raised filling 
pressure. In the intermediate group (E/E¢ 8–15), abnor-
mal filling pressure can be predicted only if other 
Doppler variables meet high specificity cut-off values. 
In such a patient left atrial pressure is elevated if the 
E/A ratio decreases by more than 0.5 during the 
Valsalva, or the pulmonary venous A wave duration 
exceeds the mitral a wave duration by at least 30 ms. If 
none of these is met and if the left atrial size is normal, 
filling pressures are likely to be normal.9,10

Echocardiography for Guiding 
Management Strategies in Heart Failure

Therapeutic and Surgical Interventions

Patients with exretional symptoms and an abnormal 
relaxation or pseudonormal relaxation pattern with 
preserved atrial filling benefit from agents that slow 
the heart rate and allow more time for diastolic fill-
ing. Patients with restrictive pattern benefit most with 
diuretic therapy. Patients with documented systolic 
dysfunction need treatment with angiotensin-convert-
ing enzyme inhibitors, beta blockade, digoxin, and 
diuretics.14 End-stage ischemic heart disease is cur-
rently one of the primary indications for cardiac 
transplant. Accurate assessment of patients with isch-
emic cardiomyopathy who may benefit from coro-
nary revascularization can be accomplished by 
combining hemodynamic parameters with results of 
stress echocardiography.

Echocardiography in Critical Care Units

In the evaluation of a patient who is in heart failure and 
hypotensive, it is often required to establish the volume 
status, especially if the patient is mechanically ventilated. 
A simple visual inspection for the left ventricular contrac-
tility by either transthoracic or transesophageal echo is 
immensely useful in these situations and a practical tool 
that allows rapid discrimination between depressed myo-
cardial function and hypovolemia as the causative factor. 
Similarly diagnosing pulmonary embolism, extent of func-
tional mitral regurgitation and presence of left ventricular 
clots, extent of right ventricular dysfunction is important 
for deciding management strategies in these patients and 
can be readily obtained from echocardiography.

Role of Echocardiography in Cardiac 
Resynchronization

Restoration of synchrony by cardiac pacing has been 
shown to improve ventricular contraction and reduce 
disease progression in heart failure. A left ventricular 
lead is positioned percutaneously either in the coro-
nary vein or by thoracotomy over the epicardial sur-
face, and synchronized activation of LV is used for 
enhancing left ventricular function. This reduces myo-
cardial oxygen consumption, improves exercise capac-
ity, functional class, and quality of life. Although 
prolonged electrical activation is used for identifying 
patients who maximally benefit with this therapy, it 
has been recently recognized that surface electrocar-
diogram remarkably underestimates the extent and 
pattern of left ventricular dyssynchrony. Temporal and 
spatial delays in regional myocardial function can be 
quantified more accurately by tissue Doppler and strain 
rate imaging. Tissue Doppler and flow Doppler indices 
are sensitive for evaluating the acute hemodynamic 
benefits of resynchronization and useful for optimiz-
ing the atrioventricular and interventricular delays. 
Regional velocity or displacement is studied by curved 
M-mode, which displays color data over time and pro-
vides a superior spatial and temporal assessment of 
regional function (Fig. 21.7). Strain rate imaging dif-
ferentiates active contraction from passive motion and 
also is used for identifying delayed longitudinal con-
tractions. These are identified as delayed waves of 
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shortening occurring following the closure of the aor-
tic valve. The region with maximum delay in onset of 
contraction either on tissue Doppler or strain rate 
imaging also serves as a guide for lead placement. 
Pacing is performed at incremental intervals of 5–10 
ms till maximum increase in duration and synchronic-
ity of systolic waves is achieved. Changes in left ven-
tricular size shape and function may be evident in some 
patients within one week however are more pronounced 
after 2–3 months of therapy, and indicate a favorable 
process of reversed LV remodeling15,16 (Fig. 21.8).

Echocardiography and Heart Failure 
Screening

The progressive nature of heart failure has generated 
recent interests in its detection in early preclinical 
stages. In a recent large community-based study, 3% of 

overall population had asymptomatic left ventricular 
dysfunction (EF < 50%). During a mean follow up of 
12 years, 26% of these patients developed congestive 
heart failure. Although the rates of heart failure and 
death in individuals with subclinical dysfunction were 
twofold to fourfold higher than those with normal LV 
function, the median survival free of heart failure was 
10 years suggesting a window for early identification 
and intervention.17 Randomized controlled clinical tri-
als have established that therapy in these patients can 
delay or prevent onset of congestive heart failure. 
Echocardiography therefore is likely to play a vital role 
as a screening tool for primary and secondary preven-
tion of heart failure in community-based interventions. 
However the major limitation in its use for mass screen-
ing is its cost. Recent advances in ultrasound technology 
have resulted in miniaturization of the echocardiogra-
phy systems with development of portable ultrasound 
machines. Preliminary reports of its use for heart failure 
screening in community have found an acceptable 

Fig. 21.7 Role of color Doppler myocardial imaging for dem-
onstrating therapeutic response of biventricular pacing in a 
patient with ischemic cardiomyopathy. Simultaneous superim-
position of color Doppler and gray-scale information provides 
improved assessment of regional synchrony during real-time 
two-dimensional imaging. The end-systolic frame at baseline 
(b) shows presence of a delayed longitudinal motion of the lat-

eral wall toward the transducer (red color), while the septum has 
started relaxing (blue color). Note the improved synchrony and 
septal thickening (arrows, d) and smaller left ventricular end-
systolic volume following biventricular pacing. Left ventricular 
systolic function improved significantly with ejection fraction 
increasing from 30 to 45% following biventricular pacing over 
a period of 14 months
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accuracy for detecting left ventricular systolic dys-
function, hypertrophy, and valvular regurgitation.18

Summary and Future Directions

During last two decades, two-dimensional echocar-
diography has emerged as an important clinical tool for 
providing reliable diagnostic and prognostic informa-
tion in patients with heart failure. With recent emer-

gence of quantitative parameters in Doppler ultrasound 
and development of novel strategies for halting or 
reversing cardiac remodeling, application of echocar-
diography as a noninvasive tool for identifying systolic 
and diastolic dysfunction has shown remarkable growth 
in clinical practice. However with wider utilization, 
standardization of variables and protocols for measur-
ing left ventricular systolic and diastolic function would 
be needed. Ejection fraction has consistently been 
shown in clinical trials to predict risk of mortality, with 
patients with lower ejection fraction having higher 

Fig. 21.8 Strain rate imaging for quantitative assessment of 
improvement in left ventricular function following biventricular 
pacing. At baseline both septum and lateral wall show asyn-
chrony with presence of a delayed longitudinal wave of shortening 
(arrow). The onset peak systolic shortening (red dotted line) 

varies with lateral wall showing a significant delay in reaching 
peak strain rate (delayed longitudinal shortening, arrow). 
Note the remarkable improvement in regional strain rate and 
complete disappearance of delayed contraction following biven-
tricular pacing



21 Echocardiography in Heart Failure 445

BookID 128962_ChapID 21_Proof# 1 - 9/10/2008

mortality. However a change in ejection fraction based 
on therapy has not been found to consistently correlate 
with clinical outcomes. The concept that any agent that 
reduces ejection fraction is harmful and any agent that 
increases ejection fraction is beneficial has also not 
been substantiated. With 40–50% of patients in recent 
heart failure trials having normal LV function, it may 
be required to develop a global parameter that would 
closely reflect the remodeling process and the func-
tional aberrations in heart failure. Recent development 
of three-dimensional volumetric measures of left ven-
tricular geometry and function appears particularly 
attractive in this regard, however, would need careful 
validation in larger trials. The current clinical utiliza-
tion of Doppler for assessment of diastolic dysfunction 
is also highly variable between and within echocardio-
graphic laboratories and merits standardization. 
Similarly an appropriate variable or a combination of 
variable whose recognition and modulation could pre-
vent its progression of diastolic heart failure would be 
required to be identified. Recognition and treatment of 
asymptomatic left ventricular systolic dysfunction has 
been shown to halt progression of heart failure. 
However, benefits of identification of subclinical 
diastolic dysfunction by echocardiography and its  
intervention also remain to be addressed in future trials.
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Introduction

The impact of echocardiography in patient assessment 
is such that it is almost inconceivable today for a 
patient with known or suspected heart disease not to 
have at least one Echocardiographic examination. The 
commonest request for an echocardiogram is without a 
doubt the assessment of ventricular function. Beyond 
its pivotal role in diagnosing heart disease, echocar-
diography is now essential in the management of 
patients with all forms of heart conditions. Heart fail-
ure is probably the biggest killer of all disease and 
treatment becomes ever more expensive.1 There are 
tremendous therapeutic achievements ranging from 
drug treatment to expensive devise therapeutic strate-
gies including transplantation, implantation of ven-
tricular assist devices, intracardiac defibrillations, and 
biventricular pacing, the cost of which may not be sus-
tainable by any health care system. It is therefore 
important to be able to better select patients based on 
their chances to benefit most from such treatment and 
echocardiography has the lion’s share in this process.

Cardiac resynchronization therapy (CRT) has been 
proposed as an alternative treatment in patients with 
severe, drug-refractory heart failure.2–4 The clinical 
results are very promising and improvement in symp-
toms, exercise capacity, and systolic left ventricular 
function have been demonstrated after CRT, accompa-
nied by a reduction in hospitalization and a superior sur-
vival as compared to optimized medical therapy alone.

The role of echocardiography in Cardiac Resyn-
chronization Therapy (CRT) is:

1. Describe the left ventricle, measure volumes, assess 
regional versus global dysfunction, and evaluate the 
presence and severity of mitral regurgitation.

2. Assess for myocardial viability (dobutamine stress)
3. Selecting patients who are going to benefit most 

prior to implantation (identifying responders)
4. Determining optimal lead placement during 

implantation
5. Optimizing the device after implantation (AV delay, 

VV delay)
6. Evaluating the reverse remodeling of the heart 

during follow-up

What Is Cardiac Dyssynchrony?

Ventricular dyssynchrony is a disruption of the collagen 
matrix of the heart, which impairs electrical conduction 
and weakens the overall pumping efficiency. This is 
manifested by the development of intre- or intraventricu-
lar conduction delays, most commonly in the form of left 
bundle branch block, and regional wall motion abnor-
malities whereby different myocardial regions contract 
at different times. The direct result of this dyssynchro-
nous left ventricle will be an abnormal interventricular 
septal motion, a reduced dp/dt, reduced diastolic filling 
times, and a prolongation of mitral regurgitation if there 
is one. This cascade of events will lead to abnormal sys-
tolic and diastolic ventricular function and heart failure.

The aim of CRT is therefore to:

Improve the LV contraction pattern•	
Eliminate the paradoxical septal motion•	
Increase diastolic filling duration•	
Increase ejection fraction•	
Reduce the amount of mitral regurgitation•	
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The success of CRT is evaluated ultimately by an 
improved patients’ quality of life in the form of NYHA 
functional class, improved exercise capacity and dura-
tion, and reduced amount of hospital admissions. 
Quantitatively, successful CRT is when patients’ EF is 
increased and LSV reduced.

The classic method of assessing LV dyssynchrony 
is the ECG by demonstrating a QRS duration >120 ms 
in a patient with heart failure (NYHA classes III–IV), 
poor LV function (LV ejection fraction <35%) and this 
despite optimal medical therapy3 (Fig. 22.1). However, 
the ECG alone has proven to be a poor predictor of 
CRT response. About 30% of patients who underwent 
this treatment failed to improve.5,6

Echocardiography may therefore improve the selec-
tion criteria by virtue of assessing the mechanical 
events over time.

Types of Mechanical Dyssynchrony

Left ventricular dyssynchrony may result from three 
levels of impaired ventricular interaction:

1. Between left atrium and left ventricle called atrio-
ventricular dyssynchrony

2. Between right and left ventricles named interven-
tricular dyssynchrony and

3. From within the left ventricle itself (intraventricular 
dyssynchrony.

AtrioVentricular Dyssynchrony

Atrioventricular dyssynchrony is related to the dys-
function of both the sinus node and the atrioventricular 
node. While sinus node dysfunction induces chrono-
tropic incompetence, abnormal conduction of the 
atrioventricular node results in7:

– A delay between atrial and ventricular contraction 
time (AV dyssynchrony),

– Mitral valve incompetence with occurrence of late 
diastolic regurgitation,

– Shortened ventricular filling time, limiting diastolic 
stroke volume

– Atrial systole often occurs simultaneously with 
early passive filling, hence reducing LV filling.

Atrioventricular dyssynchrony may result by an inap-
propriate atrioventricular delay in case of a pacemaker 
implantation. The optimal AV delay (AV synchroniza-
tion) may be assessed by the recording of simple 
transmitral velocities with pulsed-wave Doppler. An 
optimal AV delay is the temporal relation between LV 
and LA contraction that leads to an increase in LV 
pressure from LV contraction when starting after the 
peak of the increase in LA pressure from LA contrac-
tion but before atrial relaxation is complete. This will 
show a prominent A-wave on Doppler in end-diastole 
(Fig. 22.2a).

If the AV interval is too short, i.e., 60 ms, diastolic 
filling may be abbreviated when the LV pressure 

Fig. 22.1 A 12-lead ECG from a heart failure patient demonstrating the presence of left bundle branch block
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Fig. 22.2 Two distinct 
patterns of atrioventricular 
optimization. In (a), there is 
optimal AV delay with long 
LV filling time and the 
ventricular contraction 
(pressure wave) beginning 
after the end of atrial 
contraction. In (b), there is 
a truncated A-wave with 
reduced filling time and 
onset of diastolic mitral 
regurgitation. Note the 
cardiac output (CO) is 
reduced

increases above that of the LA pressure during atrial 
relaxation in mid-diastole (Fig. 22.2b). This will result 
in shortening of the diastolic filling time (restrictive 
pattern) and the onset of diastolic mitral regurgitation. 
Cardiac output will be inefficient.

Interventricular Dyssynchrony

In normal hearts, left and right ventricular contraction 
occurs almost simultaneously. Dyssynchronous ven-
tricular electrical activation is associated with the right 
ventricular events preceding those of the left ventricle. 
This will lead to regional differences in contraction 
patterns, abnormal distribution of mechanical work in 
the LV, deficiencies in regional perfusion, and there-
fore decreased mechanical performance.

The delay in onset of LV contraction and relaxation 
produces interventricular dyssynchrony and affects mainly 
the interventricular septal motion and its contribution to 
LV ejection. Earlier onset of right ventricular contraction 
results in right ventricular ejection occurring during LV 
end-diastolic period. The higher pressure within the right 
ventricle reverses the trans-septal pressure gradient and 
therefore displaces the septum into the left.8

Interventricular dyssynchrony can be evaluated 
echocardiographically by assessing the extent of inter-
ventricular mechanical delay (IVMD) defined as the 
time difference between left and right ventricular 
pre-ejection intervals measured by pulsed-wave 

Doppler (Fig. 22.3). An IVMD > 40 ms is considered 
indicative of interventricular dyssynchrony.9,10

This can be assessed using continuous-wave Doppler 
recordings by subtracting the time between Q-wave of the 
ECG and onset of the pulmonary velocity waveform at the 
RV outflow track from the time between Q-wave and onset 
of aortic velocity at the LV outflow track (Fig. 22.3):

Q-PV vs Q-AV (normally <40 ms)

Fig. 22.3 Measurement of the interventricular mechanical 
delay by Doppler echocardiography: the right and left ventricu-
lar pre-ejection intervals are measured from the onset of the 
QRS on the ECG to the onset of pulmonary (RV outflow) and 
aortic (LV outflow) outflow. IVMD is calculated by subtracting 
the RVO from the LVO
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Intraventricular Dyssynchrony

This is perhaps the most important aspect of the dys-
synchronous ventricle because an electrophysiologist 
may be able to correct it by implanting a biventricular 
pacemaker. Echocardiography will need to assess the 
presence and perhaps the extent of intraventricular 
dysynchrony to better predict the patient’s benefit from 
CRT. Coordinated LV contraction depends on normal 
ventricular activation. When a portion of the LV is 
activated prematurely, it generates regions of both 
early and delayed contraction that contribute to reduced 
LV performance. Loss of coordination within the Left 
Ventricle with regions of early and delayed activation 
leads to a decline in pump efficiency.

Early shortening or late ventricular shortening 
results in wasted work. The early contraction occurs 
when LV pressure is low and does not lead to ejection. 
The late contraction occurs at higher stress and results 
in paradoxical stretch of early contracting segments. 
The net result is a decline in systolic performance, an 
increase in end-systolic volume and wall stress, a 
delayed relaxation and again, a decline in efficiency.9

While it is unclear as to what extent each of these 
different forms of dyssynchrony contributes to the sever-
ity of heart failure, it remains crucial that all different 
forms of dyssynchrony are assessed to identify patients 
with the highest likelihood to responding to CRT.

In the next paragraphs the conventional and 
more advanced echocardiographic measurements 
are summarized.

How to Assess Intraventricular 
Dyssynchrony: Prediction of Responders

Echocardiographic Assessment  
and Quantification of Dyssynchrony

M-Mode Echocardiography

A simple echocardiographic technique for the detec-
tion of LV dyssynchrony has been developed by 
Pitzalis et al11 The authors used an M-mode recording 
through the parasternal short-axis view (at the papil-
lary muscle level) to measure the delay between the 
peak systolic excursion of the (anterior) septum and 

the posterior wall, the so-called septal to posterior wall 
motion delay (SPWMD) (Fig. 22.4). An optimal cut-
off value in SPWMD of 130 ms was proposed, which 
yielded an accuracy of 85% (sensitivity 100%, speci-
ficity 63%) to predict response to CRT. This value was 
a strong predictor of cardiac events during long-term 
follow-up.

There are severe limitations however with the 
interpretation of M-mode recordings in more than 
50% of patients (Fig. 22.5). These problems were 
generated from:

Difficulties in identifying the maximal systolic thick-•	
ening of the ventricular septum (either because it was 
akinetic or because it had a rounded shape making 
the clear identification of the peak difficult).
Oblique sections of the left ventricle due to a •	
deformed cavity
Poor Echocardiographic windows leading to incom-•	
plete endocardial border detection

Summary

Advantages:

No specific ultrasound equipment is needed•	
Easy to perform•	
High temporal resolution (>1000–3000 fps)•	

Disadvantages:

Difficult to determine the timing of inward motion •	
if the wall is akinetic or has plateau in motion
Only can assess limited walls (anteroseptal and inf-•	
erolateral wall)

Two-Dimensional Echocardiography

In patients with heart failure, severe LV dyssynchrony 
can sometimes be assessed visually from conventional 
2D echocardiography. It is displayed as a counterclock-
wise rotation of the left ventricle in the apical 4-cham-
ber view or a delayed activation of the posterolateral 
LV segments. However in the majority of cases, visual 
assessment alone is not precise enough to accurately 
characterize LV dyssynchrony. In addition, the presence 
of LV dyssynchrony will not be detected in patients 
with an intermediate extent of LV dyssynchrony, even 
in the hands of experienced sonographers.
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Fig. 22.4 Example of a normal SPWMD (<40 ms) and in a heart failure patient in whom the SPWMD is 140 ms indicating 
dyssynchrony

Real-Time 3D Echocardiography in the 
Assessment of Mechanical Dyssynchrony

The ability to provide an accurate evaluation of the 
dimensions and function of the left ventricle is essen-

tial for patient management, and echocardiography is 
the most widely used imaging modality used for this 
purpose. Conventional echo modalities (M-mode, 2D) 
rely heavily on geometrical assumptions and present 
with insufficient accuracy and inter- and intraobserver 
agreement, pointing to the need for more objective 
quantification techniques.

Early three-dimensional models of the left ventricle 
were using reconstructive methods, which were time 
consuming and copious. During the last 5 years, new 
transducer matrix technology and very fast computer 
software have succeeded in direct real-time three-
dimensional acquisition. Real-Time Three-dimensional 
echocardiography allows a fast acquisition from a single 
apical acoustic window of four pyramidal subvolumes, 
which are then electronically reconstructed over 4–5 
consecutive cardiac cycles. Several offline and online 
software packages offer extensive qualitative and 
quantities features.

The RT3DE LV volume dataset is then divided into 
several predetermined equi-angled longitudinal slices 
and after the identification of anatomical landmarks 
(Mitral and aortic valve and apex) and phases (end-systole, 

Fig. 22.5 M-mode recording from a heart failure patient sec-
ondary to anterior myocardial infarction. Note that it is impos-
sible to assess dyssynchrony in this patient due to the absence of 
ventricular septal thickening
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end-diastole) by the operator in all the views, a semiau-
tomated border detection algorithm is then used to trace 
the endocardial borders throughout the cardiac cycle 
(Fig. 22.6). The endocardial contours that are created 
with this process are then combined and a dynamic “cast” 
of the LV is obtained. This three-dimensional model 
simulates in real time the contraction and relaxation of 
the LV and with a detection of hundreds of points over 
the LV surface. Global and regional volumes as well as 
ejection fraction are calculated devoid of the geometrical 
assumptions found in two-dimensional techniques.

Evaluation of Global and Regional Volumes  
and Function

Many studies have demonstrated a high concordance 
between 3D echo LV volume and EF calculations and 
the considered “gold standard,” Cardiac Magnetic 
Resonance.12 The important role of RT3DE in the 
assessment of regional volumes and wall motion 

abnormalities has also been strongly supported by the 
results of more recent studies.13

Real-Time Three Dimensional Echocardiography 
provides:

A robust and reproducible technique in assessing •	
volumes
All LV segments can be analyzed at once•	
The apex can optimally be evaluated in relation to •	
the rest of LV
Imaging at lower frame rate but sampling is high •	
enough for reliable volume/time curves
More precise in evaluating volumes (global and •	
regional)

RT3DE and Intraventricular Dyssynchrony 
Assessment

In the context of LV dyssynchrony the capability of ana-
lyzing regional volumes and function of the 16 or 17 

Fig. 22.6 Real-time 
three-dimensional datasets 
and subsequent model
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segments according to the American Society of 
Echocardiography “bull’s eye” model (Fig. 22.7) proves 
invaluable both for the qualitative and quantitative 
assessment of the synchronicity in the contraction of all 
LV segments. A series of plots representing the change 
in volume in each of the 16 segments throughout a  

cardiac cycle can be obtained. With synchronous con-
traction (Fig. 22.8 left), all regions reach their minimum 
volumes at approximately the same time. Conversely in 
the event of intraventricular LV dyssynchrony (Fig. 22.8 
right) a scattering of the minimum volume points is 
observed. From these volume-time curves, qualitative 
information such as the identification of the most delayed 
walls can be obtained as well as a crude estimate of the 
degree of dispersion that exist between the timing of the 
minimum volume points of the LV segments.

Dyssynchrony Index

These observations and the need to quantify accurately 
the degree of LV dyssynchrony have led to the deriva-
tion of the Systolic Dyssynchrony index which is 
defined as the standard deviation of the time it takes 
each of the segments of the LV to reach their minimum 
volume. This parameter provides a comparison of all 
segments simultaneously from the same view, elimi-
nating any variability caused by differences in the R-R 
intervals, which are commonly found in heart failure 
patients. This index has been shown to be simple,  
intuitive, and highly reproducible when it was used in the 
selection and follow-up of patients eligible for CRT.14

Fig. 22.7 Bull’s eye model of the LV and color representations 
of the 17 segments on the 3D model

Fig. 22.8 Regional Volume-Time curves and assessment of regional dyssynchrony. Synchronous LV (left panel) and dyssynchro-
nous LV (right panel). Note that the Dyssynchrony Index (DI) is below 10 (normal) on the right and markedly increased (82 ms) in 
the heart failure patient
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In particular, a strong negative correlation has been 
found between ejection fraction and the SDI, demon-
strating that a higher degree of intraventricular LV dys-
synchrony is associated with a more severe impairment 
of the systolic function. Conversely, the relationship 
between SDI and the electrical dyssynchrony as 
expressed by the QRS width is much weaker. So in 
general, a dyssynchrony index greater than 10 would 
indicate intraventricular dyssynchrony while less than 
10 would indicate its absence. The greater the value of 
dyssynchrony index, the more dyssynchronous the 
ventricle would be and the greater the benefit from 
resynchronization treatment with biventricular pacing.

Summary

Advantages:

Enables the dyssynchrony assessment in one image•	
Nearly automated analysis•	
Option to display the temporal and spatial distribu-•	
tion of timing in bull’s eye plot

Disadvantages:

Low temporal (15–25 fps) and spatial resolution•	
Requires specific high-end ultrasound equipment •	
and probe
Highly dependent on image quality•	
Incomplete inclusion of dilated ventricle•	
Requires several regular heart beats: cannot per-•	
form in atrial fibrillation or frequent ectopic beats

Tissue Velocity Imaging and Deformation 
Parameters

The use of TDI may be separated into four types:

1. Pulsed-wave TDI of the mitral annular velocities.
2. Tissue Doppler imaging derived from myocardial 

velocities (color-coded TDI) that necessitates com-
plex postprocessing algorithms, at the base of the 
heart as well as midleft ventricular regions

3. Deformation parameters (strain and strain rate) 
based on velocities

4. Speckle tracking

1. Pulsed-wave TDI has the unique advantage that it is 
available to all modern machines and it does not 
require extensive expertise to use it routinely. It allows 
measurement of peak systolic velocity of different 

regions of the mitral annulus (apical four-, apical two-, 
and apical long-axis views), which may provide up to 
six measurements. The prevailing measurement is the 
“time-to-peak” of the systolic velocity in relation to 
the onset of electrical activity (QRS complex).
The disadvantage is that only one region can be inter-

rogated at a time making the procedure time consuming 
and precludes simultaneous comparisons of regions. 
Because measurements are influenced by differences in 
heart rate, loading conditions, and respiration, measure-
ments that are not simultaneous may be less meaningful. 
In addition, the timing of the peak systolic velocity is 
often difficult to identify resulting in imprecise informa-
tion of LV dyssynchrony. As an alternative, the time to 
onset of systolic annular velocity has been proposed (Fig. 
22.9), but this also suffers from the same limitations.

Summary

Advantages:

High temporal resolution•	
Does not require specific ultrasound equipment, •	
software, or offline analysis

Disadvantages:

Does not allow simultaneous sampling in multiple •	
segments
Requires multiple imaging to map the entire heart•	
Susceptible to translational motion or tethering effect•	

2. Color-coded TDI is probably the most widely used 
method of assessing dyssynchrony and patient 
outcome.15–20 This is based on Doppler information 
arising from specific myocardial regions at the base 
and midleft ventricle. TDI velocity tracings are 
obtained by postprocessing and the majority of studies 
have used the time-to-peak velocity to assess dyssyn-
chrony. Figure 22.10 is from a patient with LBBB 
who has no dyssynchrony as assessed by color Doppler 
TDI. In contrast, Fig. 22.11 is from a patient with lat-
eral wall delay compared to the septum. The advan-
tage of this method is that the recordings have a very 
high frame rate (usually >100 Hz), simultaneous mea-
surements can be obtained from paired walls, and the 
formation of the tracings is of the highest quality.
The commonest and perhaps the most practical 

measurement is using the apical four-chamber view 
to obtain velocity tracings from the basal septal and 
basal lateral segments. While in a normal ventricle 
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Fig. 22.9 Pulsed-wave Tissue 
Doppler Imaging with the 
sample volume located at the 
lateral wall. The time-to-peak 
and the time-to-onset intervals 
are demonstrated

Fig. 22.10 Tissue velocity imaging from apical two-chamber projections from a patient with LBBB that demonstrates no dyssyn-
chrony in the two opposing walls at proximal and midventricular levels

the paired tracing should be superimposed, when 
there is dyssynchrony, there will be a delay of the 
lateral wall by ³60 ms.15

Others have used a four-segment model (apical 
four- and two-chamber views) when a delay ³65 ms 
between any two walls would indicate dyssynchrony.
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Fig. 22.11 LV dyssynchrony assessment using color-coded 
tissue Doppler imaging. The sample volumes are simultane-
ously placed in the basal parts of the septum and lateral wall 
with the corresponding traces. The delay in peak systolic 

velocity between the septum and the lateral wall is 70 ms  
(yellow curve septum; green curve lateral wall; arrows indicate 
peak systolic velocity; AVO aortic valve opening; AVC aortic 
valve closure)

Finally, Yu et al16 used TDI to assess intraven-
tricular dyssynchrony in 88 normal individuals, 67 
patients with heart failure and a narrow QRS com-
plex (>120 ms), as well as in 45 patients with a wide 
QRS complex (>120 ms). In this study, 12 sample 
volumes were placed in the myocardium and for 
each sample the time from onset-to-peak systolic 
velocity was measured. From these data, two param-
eters indicating intraventricular dyssynchrony were 
derived:

a. The maximal difference between peak systolic 
velocities of any two of the 12 segments. 
Intraventricular dyssynchrony defined as a dif-
ference >100 ms and

b. The standard deviation of all 12 time intervals 
measuring time-to-peak systolic velocity. 
Intraventricular dyssynchrony was defined as a 

standard deviation of 33 ms, also referred to as 
dyssynchrony index.

They demonstrated absence of intraventricular dyssyn-
chrony in normal individuals, whereas 73% of patients 
with a wide QRS had intraventricular dyssynchrony. Of 
interest, 51% of the patients with a narrow QRS com-
plex also exhibited substantial intraventricular dyssyn-
chrony suggesting that patients with heart failure and a 
narrow QRS may also exhibit dyssynchrony!

Summary

Advantages:

High temporal resolution (>100 fps)•	
Allows sampling of multiple segments simultane-•	
ously from one image
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Allows further parameter processing by offline •	
analysis (displacement, strain rate, strain)

Disadvantages:

Requires high-end ultrasound equipment•	
Susceptible to translational motion or tethering •	
effect

3. One limitation of TDI is that it does not distinguish 
between active and passive wall motion. Strain rate 
analysis helps in differentiating this and therefore 
provides more accurate information on regional 

myocardial contractile function. Using the digitally 
stored color-coded tissue Doppler images further 
extended offline analysis can be performed using 
deformation parameters. Strain analysis allows 
direct assessment of the degree of myocardial defor-
mation during systole and is expressed as the per-
centage of segmental shortening or lengthening in 
relation to its original length.17-19 it provides infor-
mation on the timing of onset and peak of myocar-
dial contraction, permitting measurement of (dys-)
synchrony (Fig. 22.12). Compared to TDI, the main 

Fig. 22.12 Myocardial deformation as assessed by strain 
rate imaging. Negative strain indicates shortening and is 
expressed as the percentage from its initial end-diastolic 
length (%). On the top, strain curves obtained from six seg-

ments show synchronous onset and peak shortening in a nor-
mal individual. On the bottom, a delay in the onset and the 
peak of lateral wall shortening (yellow curve) is observed in a 
patient with heart failure and left bundle branch block 
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advantage of strain rate imaging resides in the bet-
ter differentiation between active systolic contrac-
tion and passive displacement, which is of particular 
importance in ischemic patients with scar tissue. 
The disadvantage of these measurements is that 
they are hardly reproducible.

Summary

Strain imaging – TDI derived

Advantages:

High temporal resolution (>200 fps for individual •	
wall imaging, >100 for whole apical views)
Less affected by translational and tethering motion•	

Disadvantages:

Time-consuming image analysis•	
High angle dependency: difficult in spherical heart•	
Poor reproducibility•	

Requires specific software•	
Highly dependent on image quality: not feasible in •	
all patients

4. Tissue or speckle tracking provides a color-coded 
display of myocardial displacement allowing for 
an easy and quick visualization of LV dyssyn-
chrony and the region of the latest activation. It 
visualizes the longitudinal motion by frame-to-
frame tracking of acoustic markers (speckle 
amplitude) in each myocardial segment during 
systole in a color-coded format and has been used 
to determine the extent of myocardium with 
delayed longitudinal contraction. Sogaard et al20 
pioneered this approach and demonstrated that 
the number of segments with delayed longitudi-
nal contraction was related to the improvement 
of LV ejection fraction after CRT. Figure 22.13 is 
from a patient in sinus rhythm demonstrating a 
synchronous longitudinal strain from apical four-
chamber view.

Fig. 22.13 Speckle tracking in cardiomyopathy patient. In this four-chamber view the six myocardial regions are displayed poste-
riorly (negative strain) in a synchronous manner but with increasing amplitudes from apex to base
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Summary

Advantages:

Less affected by translational and tethering motion•	
Less time resolution (>40–80 fps)•	
Nearly automated analysis: less variability•	

Disadvantages:

Requires specific software•	
Highly dependent on 2-D image quality: not feasi-•	
ble in all patients

Determining Optimal Lead Placement 
During Implantation

This primarily relates to the positioning of the left 
ventricular pacemaker lead by a transvenous approach 
via the coronary sinus and careful evaluation of the 
venous anatomy prior to lead placement. The role of 
echocardiography will be to identify the most delayed 
myocardial region by any of the previously described 
techniques. However, this implies having an ultra-
sound system in the catheter lab and may prolong the 
time of an already long procedure. It is therefore pre-
ferred to perform the patient’s evaluation prior to 
pacemaker implantation. One major limitation of all 
TDI methods is that very often the most delayed 
region is the cardiac apex, which is not possible to be 
examined using tissue Doppler techniques. This may 
however may be ultimately very important as pacing 
strategy may need to be rethough and consider epicar-
dial pacing of the apex.

Cardiac magnetic resonance imaging may also have 
an important complementary role by ruling out the 
presence of transmural scar in ischemic patients, par-
ticularly in the lateral wall as by pacing scar tissue it is 
unlikely that any benefit may be derived. Ultimately 
however, the electrophysiologist may be limited by 
choice of pulmonary venous anatomy for positioning 
of the pacing leads.

AtrioVentricular (AV) Optimization

Following successful implantation of the pacing 
device, it is important to optimize the AV delay so that 

the maximal ventricular performance may be obtained. 
Several acute pacing studies have demonstrated the 
importance of a short AV delay in providing hemody-
namic benefit (Fig. 22.2a). The aim of AV optimization 
is to avoid LV systolic contraction occurring after 
incomplete LV filling.

The optimization of AV delay following pace-
maker implantation can be achieved with pulsed 
Doppler echocardiography using the combination of 
the transmitral velocities and the LV outflow track 
velocity. Optimization should be performed at the 
patient’s intrinsic heart rate when possible. Starting 
with a long AV delay, such that there is intrinsic con-
duction and no biventricular pacing. The transmitral 
pulsed-wave Doppler is then measured. The AV 
delay is then gradually reduced in 20-ms intervals 
and the LV filling time measured. This is done until 
the end of the A wave on transmitral flow (corre-
sponding to LA contraction) occurs just prior to the 
onset of aortic systolic Doppler velocity or the closure 
of the mitral valve. There should be a progressive 
lengthening of LV filling time with clear separation 
of the E and A waves. As a general rule, the optimal 
AV delay should provide the longest LV filling time 
without premature truncation of the A-wave by mitral 
valve closure.

The mitral regurgitation time is reduced with eradi-
cation of the presystolic component. Too short an AV 
delay, seen by the truncation of the A wave by mitral 
valve closure, is also suboptimal and will again reduce 
the LV filling time (Fig. 22.2b).

Alternatively, the AV delay can be programmed 
guided by the aortic velocity time integral (VTI) with the 
maximum VTI recorded being defined as the optimal 
AV delay.

Evaluating the Reverse Remodeling  
of the Heart During Follow-Up

While the acute effects of CRT may be identified 
immediately after pacemaker implantation by docu-
menting improved cardiac output and increased LV 
systolic pressure, the medium (3-months) to long-term 
(one-year) benefits may be evaluated by regular fol-
low-up Echocardiographic evaluation.
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Reversal of LV Dilatation (Reversed 
Remodeling)

This can be observed within three months following 
successful biventricular pacing. It is associated with a 
reduction of LV end-systolic and end-diastolic dimen-
sions and volumes associated with an increase in ejec-
tion fraction. It is now well established that accurate 
assessment of LV volumes may be performed using 
the biplane Simpson’s rule and have a low threshold in 
using contrast for optimal endocardial border detec-
tion. Alternatively, the use of three-dimensional 
echocardiography for volume calculations should be 
encouraged.

Improved Diastolic Function

Clinical data in the assessment of diastolic function are 
limited. Systolic and diastolic parameters can be 
obtained with conventional Doppler echocardiography 
and this includes: Diastolic filling time, myocardial 
performance index (Tei), E/A ratio, E-deceleration 
time, isovolumic relaxation time, and pulmonary vein 
flow. The most common change that one may be able to 
observe is the change of a “restrictive” E/A pattern 
becoming normalized or a “pseudonormal” pattern 
been normalized. In general, one would expect that dia-
stolic dysfunction would improve by one grade within 
three months following successful resynchronization 
therapy. In the MUSTIC study,21 Diastolic filling time 
increased between 13 and 27% and the deceleration 
time was prolonged in the VIGOR-CHF study.22

Effect of CRT on Mitral Regurgitation

Here it is expected to see a significant reduction of 
mitral regurgitation. In some patients this is seen imme-
diately after CRT, while in others it occurs latter. Mitral 
regurgitation in heart failure and ventricular dilatation 
occurs secondary to mitral annulus dilatation leading to 
reduce mitral leaflet apposition and mitral regurgita-
tion. In addition, regional wall motion abnormalities 
may result to leaflet tenting exaggerating mitral regur-
gitation. Finally, LV dyssynchrony itself may lead to 
mitral regurgitation. Prolongation of AV interval, may 

delay the onset of LV contraction predisposing to 
incomplete mitral valve closure with the occurrence of 
presystolic (diastolic) mitral regurgitation. This presys-
tolic component of mitral regurgitation can effectively 
be eliminated by pacing with a short (optimized) AV 
delay as previously stated.

Conclusions

CRT is now considered an established therapy for 
patients with severe heart failure with good clinical 
results, although 20–30% of patients do not respond to 
CRT. At present, patient selection is mainly based on 
QRS duration.

There are several echocardiographic methods that 
one can use to evaluate responders to biventricular 
pacing. The only multicenter study that has evaluated 
all the parameters to assess which can best predict 
responders showed that these measurements were too 
variable with insufficient sensitivity to be used in 
everyday clinical practice.23 Until more multicenter 
studies are performed, possibly using newer parame-
ters such as real-time three-dimensional echocardiog-
raphy or speckle tracking, it is important that one 
obtains a lot of experience using selected parameters 
in sufficient number of patients to obtain a good expe-
rience as these measurements are not easy to perform.

Finally, echocardiography can guide LV lead posi-
tioning and may be used to optimize AV delay and V-V 
delay as well as assessing patients’ follow-up.
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Masses within the heart are most commonly due to 
thrombus formation or vegetations associated with 
endocarditis. Two-dimensional echocardiography is 
much better than M-mode for the detection and local-
ization of any intracardiac mass. Thrombus formation 
is usually associated with an abnormally moving wall 
and may be very small and layered or in a case of dilated 
cardiomyopathies very large and pedunculated.

Most commonly a thrombus will occur in three 
clinical settings: recent myocardial infarctions, dilated 
(congestive) cardiomyopathies, and within chronic left 
ventricular aneurysms. The echocardiographic appear-
ance of a thrombus can vary from a small, immobile 
mural thrombus (Fig. 23.1) to a large protruding mobile 
thrombus (Fig. 23.2) or in some instances multiple 
thrombi (Fig. 23.3). By far, the most difficult to diag-
nose is a small, immobile, apical mural thrombus. 
These small mural thrombi are often less echo dense 
and therefore more difficult to distinguish from under-
lying myocardium.

Left Ventricular Thrombi

A left ventricular (LV) thrombus is a common compli-
cation of acute myocardial infarction, chronic left ven-
tricular aneurysm, or chronic dilated cardiomyopathy. 
The diagnosis of LV thrombus has important clinical 
ramifications, as stroke or peripheral embolism may 
occur, and anticoagulation or other therapeutic inter-
ventions need to be considered. The first M-mode 
ultrasound image of a left ventricular thrombus was 

published in 1976.1 Today, transthoracic echocardiog-
raphy is the de facto standard for the diagnosis of left 
ventricular thrombus. The diagnosis of left ventricular 
thrombus is usually based on the following criteria: 
underlying wall-motion abnormality and cardiac mass 
that can be distinguished from the surrounding myo-
cardium through different acoustic characteristics.

In one recent year at Duke University Medical 
Center, nearly 15,000 echocardiograms were per-
formed and interpreted. The overall incidence of defi-
nite or probable LV thrombus interpreted from those 
echoes was 1.16%. If only the ~2,000 echocardiograms 
in which there was significant LV systolic dysfunction 
(ejection fraction less than or equal to 35%) present are 
considered, however, the incidence was 8.6%. The 
prevalence of LV thrombus varies depending on the 
clinical correlate. In dilated cardiomyopathy, historical 
rates of thrombus range from 28 to 48%,2 and one recent 
study reports a rate of 27%,3 suggesting that the preva-
lence has not been dramatically altered in the new era 
of congestive heart failure management. In the setting of 
acute myocardial infarction (MI), LV thrombus occurs 
as a complication with a frequency of 7–20%, more 
often if the MI is anterior or apical. With chronic 
ventricular aneurysm, the prevalence of LV thrombus 
is up to 50%.4

As the prevalence of LV thrombus varies by the clini-
cal scenario, so do the embolic complications. Despite the 
high incidence of LV thrombus in the presence of ven-
tricular aneurysm, thromboembolic complications rarely 
occur. In contrast, the presence of LV thrombus by echo 
after an acute MI predicts over a fivefold greater risk for 
developing thromboembolism.5 Recently, LV thrombus 
by echo has also been documented to be an indepen-
dent predictor of stroke in the setting of dilated cardio-
myopathy.6 Due to the low incidence of complication 
from thrombus in the setting of chronic aneurysm, 
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anticoagulation is rarely used in this population. 
Short-term anticoagulation is recommended at dis-
charge in patients who have a thrombus complicating 
an anterior MI. The utility of warfarin in the setting of 
dilated cardiomyopathy and LV thrombus is still 
debated; clinical trials are ongoing.

Multiple authors have demonstrated the accuracy 
of echocardiography as a tool to identify LV thrombi. 
Reeder7 identified LV thrombus by echo in 14 patients 
who ultimately underwent surgical evaluation of the 
left ventricle or autopsy. Thrombus was present at the 
gold standard examination in 11 of these patients 
(positive predictive value = 79%), a rate superior to 
that of angiography. In 67 patients at high risk for LV 
thrombus formation, Visser8 demonstrated a sensitiv-
ity of echocardiography of 92% and specificity of 

88%, compared to a gold standard of aneurysmectomy 
or autopsy. Stratton9 compared echocardiography to 
the gold standard of autopsy, aneurysmectomy, or 
Indium scan and showed similar results (sensitivity 
and specificity of 86–95%). More recently, it was 
demonstrated that the addition of echocardiographic 
contrast agent to a nondiagnostic chest wall study 
resulted in a definitive scan in 90% of cases.10

Despite its documented utility, imaging of the left 
ventricular thrombus remains a challenge. A recent 
study documented a fourfold difference in the preva-
lence of interpreted left ventricular thrombi among 
different readers, even in the same population of 
patients!11 A recent evaluation of 300 patients in the 
Duke Heart Failure Clinic revealed apical echocar-
diographic abnormalities in over 70% of patients with 
severe left ventricular systolic dysfunction.12 The 
abnormalities were not always thrombi, but the fre-
quent presence of trabeculations, artifact, papillary 
muscles, and tendons complicates the interpretation 
of thrombus. Surprisingly high rates of visible trabe-
culations and bands (up to 15% or greater) are visible 
at the apex in populations at risk for ventricular 
thrombi. None of the currently available diagnostic 
criteria for LV thrombus (Table 23.1) is sufficient to 
definitely exclude some of the alternative apical findings 
when a thrombus is suspected.

Technical difficulties provide further barriers to 
imaging of a cardiac apex to exclude or confirm throm-
bus. Patients at risk for thrombus (cardiomyopathies, 

Fig. 23.1 An immobile thrombus is seen on the distal septal 
wall (arrow) in a patient with an ischemic cardiomyopathy. This 
is a left parasternal long-axis view

Fig. 23.2 A large, mobile left ventricular thrombus (arrows) in 
seen in this parasternal long-axis view

Fig. 23.3 Apical four-chamber view in a patient with both a left 
ventricular apical thrombus (arrows) and a right atrial thrombus 
(arrows)
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prior myocardial infarctions) often have other comor-
bidities or body habitus which makes imaging diffi-
cult. The physical characteristics of the ultrasound 
must be optimized by an experienced sonographer to 
improve near-field visualization.

One recent advance for the detection of left-sided 
thrombi or masses is the use of contrast agents that can 
cross the pulmonary circulation. Figure 23.4 demon-
strates the use of such a contrast agent to opacify the 
left atrium and ventricle and in doing so delineates a 
left ventricular apical thrombus that was not seen in 
the noncontrasted images.

The ability of transesophageal echocardiography 
(TEE) to detect clots in the left atrium and especially 
the left atrial appendage is well documented. Figure 
23.5 shows a thrombus in the left atrial appendage of a 

patient who was to undergo electrical cardioversion for 
their atrial fibrillation.

Figure 23.6 is from a patient with a long history of 
severe mitral stenosis. He now has pulmonary hyper-
tension and this apical four-chamber view demon-
strates not only enlargement of the right and left atria 
but the presence of a large mass in the left atrium 
(arrows). Given this patient’s history this mass is most 
likely a thrombus.

The left side of the heart is certainly not the only 
place that thrombi can occur. Figure 23.7 is an apical 

Table 23.1 Characteristics used to describe the LV apex in 
patients with dilated cardiomyopathy

Well-defined border between abnormal echoes and myocardial 
cavity
Distinct delineation between abnormal echoes and 

endocardium
Different acoustic characteristics between echoes and 

myocardium
Apical wall motion abnormality (hypokinetic or worse)
Abnormal echoes seen in two or more views
Abnormal echoes seen throughout cardiac cycle
Abnormal echoes distinct from papillary muscle or 

trabeculation
Contrast filling defect at site of abnormal echoes

Stratton describes an LV thrombus as “contiguous with the 
endocardium”

Fig. 23.4 A contrast study demonstrates a probable left ven-
tricular apical thrombus (arrows)

Fig. 23.5 A TEE was performed and the arrows point to a large 
thrombus in the left atrial appendage

Fig. 23.6 This apical four-chamber view was obtained from a 
patient with mitral stenosis. There is a large left atrial mass 
(arrows) which probably is a thrombus
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four-chamber view in a patient with a large multilobu-
lated mass (arrows) in the right atrium. This mass is seen 
to be traversing the tricuspid valve during diastole.

Myxomas

Of all the cardiac tumors myxomas are by far the most 
common. These are usually located in the left atrium 
and are pedunculated with their attachment to the atrial 
septum. A large left atrial myxoma is seen in the 
echocardiogram in Fig. 23.8. These images were 
obtained simultaneously using a transducer that can 
image in two planes at once. The myxoma is seen to 
prolapse through the mitral valve in diastole on the left 
in the long axis and is seen under the aorta in the short 
axis on the right.

In Fig 23.9 a large mass is seen in the left atrium 
occluding the mitral inflow during diastole. On the left 
this mass is seen by transthoracic and on the right by 
transesophageal echocardiography. Transesophageal 
echocardiography is particularly helpful in defining 
the point of attachment for patients with myxomas. 
Figure 23.10 shows a nonpedunculated left trial myx-
oma occupying the left atrium.

Myxomas may also be found in the right atrium 
(Fig. 23.11), the second most common site of occur-
rence after the left atrium. There are reported cases of 
biatrial myxomas where they may be found in both left 
and right atria. The length may range from 2 to 10 cm. 

Fig. 23.7 A large multilobulated mass is seen in the apical four-
chamber view. The mass is seen to move through the tricuspid 
valve during diastole

Fig. 23.8 A large left atrial myxoma is seen in the echocardio-
gram. These images were obtained simultaneously using a 
transducer that can image in two planes at once. The myxoma 

is seen to prolapse through the mitral valve in diastole on the 
left in the long axis and is seen under the aorta in the short axis 
on the right
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and occasionally they may show deformation from an 
impingement upon a valve orifice. Often the clinical 
signs of left atrium myxomas will mimic those of 
mitral stenosis.

Other Benign Tumors

Especially in children, rhabdomyomas are the most 
frequently appearing of the benign ventricular tumors. 

Fig. 23.9 A large mass is seen in the left atrium occluding the mitral inflow during diastole. On the left this mass is seen by transt-
horacic and on the right by transesophageal echocardiography

Fig. 23.10 A large left atrial mass is seen in the apical four-
chamber view. This mass turned out to be a nonpedunculated left 
atrial myxoma by the pathology report

Fig. 23.11 This large right atrial mass (arrows) seen in the api-
cal four-chamber view is an atrial myxoma
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Most often seen within the ventricular septum, they 
may appear in any wall of the chambers or even in the 
atrial septum. The second most common benign tumor 
found in the ventricles of children are fibromas fol-
lowed by myxomas. Most tumors occurring in a ven-
tricular wall or cavity do not produce any symptoms.

Malignant Tumors

Carcinoid syndrome sometimes results in cardiac 
involvement of valve thickening and stenosis. The most 
commonly infect valves are the tricuspid and pulmonic. 
Rhabdomyosarcomas and malignant teratomas are the 
most common primary malignant cardiac tumors and 
occur most frequently in the right side of the heart. 
Other tumors which commonly metastasize to the heart 
include carcinoma of the lung and breast, malignant 
melanoma, malignant lymphoma, and leukemia.

Scanning Techniques

Since the majority of left ventricular thrombus occurs 
at the cardiac apex the apical and subxiphiod windows 
are the most useful. It can also be helpful to obtain 
multiple views, often unconventional or foreshortened, 
with the transducer angled slightly to better visualize 
the apex. First, use as high a frequency probe as pos-
sible. A 5-MHz, short focus probe or even a 7 MHz is 
ideal. The higher frequency helps in giving better reso-
lution for differentiating between a thrombus and the 
underlying myocardium. Often times apical thrombus 
can be obscured by noise artifact, and using a higher 
frequency transducer there will be less noise artifact 
introduced in most patients. Noise artifact can also be 
reduced by decreasing the focal zone to the depth of 
interest which can improve lateral resolution. Of course 
with a higher frequency probe there is less penetration, 
but that is not an issue since you are only looking at the 
left ventricular apex at a shallow depth (4–6 cm).

In general, always use the highest frequency possi-
ble with the lowest transmit power and overall gain 
settings in order to maximize resolution. Low gain set-
tings will also decrease the occurrence of reverb or 
ring down artifacts as will sometimes changing scan 
depth or angle. Finally, document the presence of any 

mass from more than one echocardiographic view and 
remember to use nonstandard views in order to inter-
rogate the entire left ventricular apex, left atrium, left 
atrial appendage or area in question.

Limitations

Many mural thrombi are small or layered, and difficult 
to differentiate from underlying myocardium. A new 
thrombus may not be very echogenic and could be 
missed without a thorough echocardiographic exami-
nation. Another problem is in patients with poor sound 
transmission in which the left ventricular apex is just 
not seen. Large left-sided trabeculae, anomalous bands, 
papillary muscles, and reverberations from strong, 
near-field apical echoes which ring down into the left 
ventricular cavity further confuse the diagnosis of a 
mural thrombus.

One further limitation with echocardiographic 
evaluation of apical thrombus is there is no absolute 
way to tell if a mass seen in the apex is a thrombus or 
another type of cardiac mass. Echocardiography can 
tell the location, size, shape, mobility, and point of 
attachment of masses, but not histologic evaluation. 
Patients exhibiting increased chamber size or an 
abnormally moving wall should be examined using a 
high-frequency two-dimensional transducer. Even 
with this technique, it is sometimes difficult to obtain 
diagnostic echoes in patients with laminated thrombus 
formation.
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Aortic Imaging

Introduction

With the advent of multiplane transesophageal imag-
ing, echocardiography provides excellent visualization 
of the thoracic aorta in the majority of patients. Using 
a combination of right and left parasternal, suprasternal, 
and subcostal views, significant portions of the thoracic 
aorta may be visualized by transthoracic imaging. 
However, the sensitivity of transthoracic imaging for 
the detection of aortic dissection, intramural hema-
toma, and atheroma has been limited, making 
transesophageal imaging the optimal modality for 
patients in whom these conditions are suspected. 
Epicardial scanning may also be useful as an adjunct 
for imaging in the intraoperative setting.

Transthoracic Imaging

In patients with adequate transthoracic windows, tran-
sthoracic echocardiography can provide important 
diagnostic information in patients with suspected aor-
tic disease.

•	 Parasternal views, From the right parasternal view, 
the aortic valve, aortic root, and ascending aorta can 
be visualized (Fig. 24.1a, b). In addition, a trans-
verse view of the descending aorta can be obtained 

from the left parasternal view. Measurement of the 
aortic annulus, sinus of Valsalva, and ascending 
aortic diameters can be obtained from the transtho-
racic parasternal views in most patients. In patients 
with dissection of the ascending aorta, a dissection 
flap may be visualized from the parasternal views in 
patients with good transthoracic windows. The 
presence of other abnormalities such as aortic insuf-
ficiency or a pericardial effusion may provide indi-
rect evidence of a possible dissection. Longitudinal 
views of the thoracic descending aorta may be 
obtained from the parasternal short-axis view and 
subcostal windows (Fig. 24.1c, d).

•	 The suprasternal view allows visualization of the 
aortic arch and proximal thoracic descending aorta. 
From this view, pathology such as aortic atheroma 
or dissection flaps may be seen in some patients 
(Fig. 24.2). The suprasternal view is also useful for 
evaluation of aortic coarctation, in which narrowing 
of the aorta may be visualized; complementary use 
of Doppler imaging provides evidence of a gradient 
across the area of stenosis.

Transesophageal Imaging

•	 Ascending aorta. Transesophageal imaging of the 
ascending aorta is predominantly obtained at the 
midesophageal level. The short-axis view of the aorta 
is usually obtained between 30 and 60°. Various levels 
of the aorta may then be imaged by withdrawing and 
advancing the probe. A long-axis view of the ascend-
ing aorta is obtained by rotating the angle to between 
100 and 150°. From this view, the aortic annulus, 
sinuses of Valsalva, sinotubular junction, and proxi-
mal ascending aorta are visible. Further withdrawal of 
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the probe permits visualization of the more superior 
aspects of the ascending aorta in most patients. A por-
tion of the distal ascending aorta is typically not visu-
alized due to the intervening trachea.

•	 The descending thoracic aorta. It is visualized by 
rotating the probe counterclockwise, until a circular 
cross-sectional view of the aorta is obtained. Figure 
24.3 demonstrates a transverse view of the descend-
ing aorta by transesophageal echo, in a patient with 
a mediastinal tumor. As the probe is withdrawn, 
more proximal aspects of the descending aorta are 
visualized. With further withdrawal of the probe, 
the aortic arch may be seen. Turning the probe 
clockwise allows visualization of the more proxi-
mal portion of the aortic arch. In some patients, the 

a b

c d

Fig. 24.1 Transthoracic imaging in a patient with an ascending aortic aneurysm and dilated descending aorta. (a) Left parasternal 
longitudinal view of the ascending aorta (transverse view of the descending aorta is marked with asterisk); (b) right parasternal view 
of the ascending aorta; (c) parasternal short-axis view of the descending aorta; (d) subcostal view of the descending aorta. Ao aorta; 
LA left atrium; LV left ventricle

Fig. 24.2 Transthoracic imaging in the suprasternal view dem-
onstrating a dissection flap (arrow) in the proximal descending 
thoracic aorta
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origin of the left subclavian and left carotid arteries 
may also be seen by withdrawal of the probe from 
the aortic arch level.

Aortic Aneurysm

Definition

Aneurysms are defined as localized dilatation of the aorta 
(Fig. 24.1), typically at least 50% enlarged compared to 
normal diameter.1 Normal aortic diameter values are 
shown in Table 24.1. Aortic diameter normally increases 
with age, usually expanding by 1–2 mm over a 10-year 

period.2

Etiologies

Underlying conditions that cause degeneration of the 
medial layer of the aortic wall predispose to the develop-
ment of aneurysms. The major causes of such degenera-
tive changes include hypertension, atherosclerosis, 
poststenotic dilation, and inherited connective tissue dis-
orders (such as Marfan’s or Ehlers–Danlos syndrome). 
Bicuspid aortic valve and aortic coarctation are hereditary 
conditions that are associated with an increased preva-
lence of aortic aneurysm. Rarely, aortic dilatation may 
occur due to inflammatory vasculitis, such as Takayasu’s 
disease, or infectious causes, such as syphilis. Localized 
forms of aneurysm include sinus of Valsalva aneurysms 
(Fig. 24.4), which may rupture into the right heart or 
interventricular septum, and annuloectasia, which 
involves dilatation of the aortic annulus and root.

Pseudoaneurysms

Pseudoaneurysms are characterized by partial disrup-
tion of the aortic wall and are contained by the adven-
titia and some of the medial layer. Pseudoaneurysms 
may occur due to hemorrhage of a penetrating aortic 
ulcer, infection, or trauma.

Aortic Rupture

Aortic Rupture is the most common cause of death 
associated with aortic aneurysms. It has been 
observed that aneurysms that are 6 cm or greater in 
diameter have a five-fold increase in risk of rupture, 
and that aneurysms that are 5–6 cm in diameter have 
a more rapid growth rate than smaller aneurysms. 

Fig. 24.3 Transesophageal echo transverse image of the 
descending aorta in a patient with an adjacent mediastinal tumor. 
Ao aorta; Tu tumor

Table 24.1 Mean and upper normal limits for aortic root dimensions

Men Women

Absolute (cm) Indexed (cm/m2) Absolute (cm) Index (cm/m2)

Annulus (upper limit) 3.1 1.6 2.6 1.6
(mean ± SD) 2.6 ± 0.3 1.3 ± 0.1 2.3 ± 0.2 1.3 ± 0.1

Sinus of Valsalva (upper limit) 4.0 2.1 3.6 2.1
(mean ± SD) 3.4 ± 0.3 1.7 ± 0.2 3.0 ± 0.3 1.8 ± 0.2

Supraaortic ridge (upper limit) 3.6 1.9 3.2 1.9
(mean ± SD) 2.9 ± 0.3 1.5 ± 0.2 2.6 ± 0.3 1.5 ± 0.2

Proximal
Ascending aorta (upper limit) 3.7–3.8 3.7–3.8

(mean ± SD) 3.0 ± 0.4 1.5 ± 0.2 2.7 ± 0.4 1.6 ± 0.3

Adapted from Erbel et al.8 and Roman et al.22
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For this reason, aortic root replacement should be 
considered when aortic root diameter reaches 5.5–6 
cm. In patients with Marfan’s syndrome and a tho-
racic aortic aneurysm, elective root replacement is 
recommended when the aortic root diameter exceeds 
5 cm.1,2

Imaging

In most cases, aneurysms can be adequately visualized 
with transthoracic echocardiography; in patients with 
known aneurysms, serial evaluation should be per-
formed to assess for increase in aneurysmal size. 
Transesophageal echocardiography can help to define 
the shape and the extent of the aneurysm and visualize 
the descending thoracic aorta.

Aortic Dissection

Aortic dissection involving the ascending aorta is 
associated with an extremely high mortality, if 
untreated, and prompt diagnosis is therefore crucial. 
The reported incidence of aortic dissection is 
approximately 2,000 new cases annually in the 
United States. There is a 1–2% mortality associated 
with each passing hour after the development of an 
acute ascending aortic dissection, reaching up to 
30% at 48 h.3

Imaging

The primary imaging modalities for diagnosing aortic 
dissection are transesophageal echocardiography, com-
puted axial tomography (CT), and aortography. Magnetic 
resonance imaging can also provide high-resolution 
images, but is generally impractical in the acute setting. 
Transthoracic echocardiography may detect dissection in 
some patients, but has a lower sensitivity than transesoph-
ageal echocardiography. Transesophageal echocardiogra-
phy has the advantage of being a versatile, relatively 
noninvasive technique that can be performed rapidly at 
the bedside. In addition, it avoids some of the risks associ-
ated with aortography, such as the use of contrast and 
introduction of intravascular catheters.

The reported sensitivities and specificities for detec-
tion of aortic dissection are 59–85% and 63–96%, 
respectively, for transthoracic echocardiography, and 
94–100% and 87–100% for transesophageal echocar-
diography. CT scan has been reported to have a sensi-
tivity ranging from 83 to 100%, and specificity of 
87–100%. In ambiguous cases, use of more than one 
imaging modality may be necessary.

Pathophysiology

The aortic wall is composed of three layers: the outer 
tunica adventitia, the inner layer of the tunica intima, 
and the intervening tunica media. The tunica adventitia 
contains elastic tissue and the vasa vasorum, whereas 
the tunica media is composed of collagen, elastin, and 
extracellular matrix proteoglycans. A layer of vascular 
endothelium comprises the tunica intima. The presence 
of elastin provides the normal aorta with the ability to 
withstand pulsatile flow without rupturing. However, 
abnormalities in the structure of the aortic wall can 
result in an increased susceptibility to dissection or rup-
ture. With increasing age, the amount of elastin in the 
aortic media decreases and the amount of collagen 
increases, thereby increasing vascular stiffness. In addi-
tion, dilation of the aorta can result in increased suscep-
tibility to dissection. Increases in wall stress are primarily 
experienced by the media, and can result from increased 
aortic radius and increased radial pressure within the 
vessel. Conversely, wall stress is inversely related to 
vessel wall thickness. Subsequently, a dilated and thin-
walled aorta is subject to increased stress forces. The 
aortic intimal layer is exposed to shear forces within the 

Fig. 24.4 Transesophageal echo image of a thrombosed Sinus 
of Valsalva aneurysm (arrow)
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vessel, which can also contribute to the development of 
dissection. An increase in these stress forces can result 
in separation of the intimal and medial layers of the 
aorta. The tear is propagated by shear forces further 
separating the layers of aortic wall.

Etiologies

Patients with connective tissue disorders, such as 
Marfan’s Syndrome or Ehlers–Danlos Syndrome, are at 
increased risk for the development of aortic dissection.

1. Marfan’s Syndrome. There is a deficiency of the gly-
coprotein fibrillin leading to a loss of elastic tissue 
and deposition of mucopolysaccharide substances in 
the aortic media.

2. Ehlers–Danlos Syndrome is associated with a colla-
gen defect and subsequent structural abnormalities 
of the aortic wall.

Both these abnormalities are in the composition of the 
aortic media that result in an increased vulnerability to 
dissection. Factors associated with increased risk of 
dissection in patients with Marfan’s Syndrome include 
advanced age, male gender, aortic root size greater 
than 60 mm, rate of increase of the aortic diameter, 
pregnancy, and family history of aortic dissection.4-6

3. Systemic hypertension. Other conditions which 
result in disruption of the aortic intima and media 
can also lead to aneurysmal dilation, increased wall 
stress, and increased susceptibility to dissection 
(Table 24.2). Hypertension is associated with degen-
erative changes in the aortic media. Increased blood 
pressure and these pathologic changes in the media 
can result in aortic dilatation and increased suscepti-
bility to dissection in patients with hypertension.

4. Vasculitis. In patients with vasculitis, structural changes 
in the aortic media may weaken the aortic wall.

5. Thoracic trauma or iatrogenic injury is another 
potential cause of aortic dissection. Iatrogenic 
injury may occur during cardiac surgery, or due to 
percutaneous intravascular catheter procedures.

6. Pregnancy. The association between pregnancy and 
aortic dissection remains controversial. Some 
authors have reported an increased risk of aortic 
dissection in pregnant women; however, whether 
this association is independent of other risk factors 
(such as hypertension) is not well understood.

Classification

One of the key aspects in the evaluation of dissection is 
identification of the extent of dissection, which has criti-
cal implications for prognosis and management. 
Dissections involving the ascending aorta have an 
extremely high mortality rate and require immediate sur-
gery. The Stanford and DeBakey classification systems 
are commonly used to describe the extent of dissection 
(Fig. 24.5). The Stanford system divides dissections into 
two forms: Type A, involving the ascending aorta; and 
Type B, which does not involve the ascending aorta. The 
DeBakey system of classification divides dissections into 
Type 1 (involvement of ascending aorta and extending 
distally to the arch or descending aorta), Type II (limited 
to ascending aorta), and Type III (descending aorta).

Table 24.2 Risk factors for aortic dissection

Hypertension
Connective tissue disorders
Marfan’s syndrome
Ehlers–Danlos syndrome
Annuloaortic ectasia/ familial aortic dissection
Bicuspid aortic valve
Aortic coarctation
Vasculitis
Takayasu’s arteritis
Giant cell arteritis
Behçet’s disease
Syphilis
Blunt trauma
Rapid deceleration injury
Surgical manipulation
Cardiac surgery
Cardiac catheterization/intervention
Intra-aortic balloon pump
Cocaine use
Pregnancy (possible risk factor)

Fig. 24.5 Schematic of the commonly used DeBakey and 
Stanford classification systems
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Clinical Presentation

Common presenting symptoms for patients with Type 
A dissections include chest pain, back pain, abdominal 
pain, syncope, and stroke.3 Patients may also present 
with heart failure (due to aortic insufficiency or cardiac 
tamponade), pulse deficits, murmur of aortic insuffi-
ciency, cardiogenic shock, renal failure, or evidence of 
bowel or limb ischemia. The electrocardiogram is usu-
ally nonspecific, but may occasionally demonstrate 
ischemia, if the coronaries arteries are involved.

In patients with Type A dissection, medical ther-
apy should be commenced immediately, and emer-
gent surgery to replace the ascending aorta (with 
possible aortic valve replacement, if the aortic valve 
is involved) is indicated. Thoracic aortic dissec-
tions which do not involve the ascending aorta are 
generally managed medically, if the patient is 
asymptomatic. The mainstay of medical therapy is 
blood pressure control and reduction of arterial 
shear stress with intravenous beta-blockade. 
Nitroprusside is often also used to control blood 
pressure in the acute setting. Indications for surgi-
cal intervention in patients with Type B dissection 
include persistent pain, hypotension, limb or bowel 
ischemia, or paraplegia.

Echocardiographic Findings

Using multiple imaging planes, including parasternal 
and suprasternal imaging, transthoracic echocardiog-
raphy can identify an aortic intimal flap in some cases. 
The finding of an otherwise unexplained pericardial 
effusion, dilated ascending aorta, or aortic insuffi-
ciency on transthoracic imaging should also heighten 
the suspicion for a possible dissection. However, the 
sensitivity of transthoracic echocardiography for the 
identification of aortic pathology is limited, and 
transesophageal imaging is required in many cases. 
Transesophageal echocardiography can be performed 
rapidly at the bedside and provides high-resolution 
images of the thoracic descending aorta, aortic arch, 
and most of the ascending aorta. The potential disad-
vantages of transesophageal echocardiography are 

that it is semi-invasive and often requires some seda-
tion. In addition, some branch vessels may not be 
visualized. A small portion of the distal ascending 
aorta is not visualized by transesophageal echocar-
diography, due to the intervening air-filled trachea. 
However, dissection limited to only this portion of the 
distal ascending aorta is uncommon. Supplemental 
imaging with transthoracic echocardiography in the 
suprasternal view may be useful to further evaluate 
the distal ascending aorta and proximal arch.

The Intimal Flap

The classic finding in aortic dissection is an intimal 
flap, which may be visualized in the longitudinal and 
short-axis views (Fig. 24.6). Reverberations may 
occasionally create linear artifacts that resemble an 
intimal flap; imaging in multiple planes should there-
fore be employed to avoid making a false-positive 
diagnosis. The entry site of the dissection can often be 
identified. In patients with Type B dissections, the tear 
most often occurs at the aortic isthmus; in Type A dis-
sections, the tear often begins in the right lateral aspect 
of the ascending aorta.7 The dissection most com-
monly propagates distally, although it may occasion-
ally extend proximally in the aorta. The dissection 
flap separates the lumen of the aorta into true and false 
lumens (Fig. 24.7).

False Lumen

Echocardiographic findings in patients with aortic dis-
section may include thrombus or spontaneous echocar-
diographic contrast in the false lumen of the aorta. In 
some cases, the false lumen may be completely throm-
bosed. Color-flow mapping is also helpful in identify-
ing the true and false lumens (Figs. 24.8 and 24.9), as 
well for differentiating true dissection from artifact.

Coronary Arteries

Echocardiography is also useful in identifying the 
sequelae of aortic dissection. Extension of the dissec-
tion into the coronary arteries may be visualized, and 
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the presence of a wall motion abnormality may indicate 
possible ischemia and coronary involvement.

Aortic Regurgitation

Other cardiac complications which may be identified 
by echocardiography include aortic insufficiency 
(Fig. 24.10).

Pericardial Effusion

This is an important echocardiographic finding which 
may imply some partial aortic wall rupture and the 
development of cardiac tamponade.

Surgery

Even after surgical repair, patients with a history of 
aortic dissection may develop rupture of an aneu-
rysm or dissection at a remote site. In view of the 
high mortality associated with rupture or dissec-
tion, these observations suggest that routine peri-
odic follow-up of postoperative patients with 
imaging studies may be beneficial. It has been rec-
ommended that follow-up imaging be obtained at 
1, 3, 6, and 12 months after the acute event, and yearly 
thereafter.8

Intramural Hematoma

Intramural hematoma is a variant of aortic dissection that 
has been increasingly recognized due to improvements in 

a b

Fig. 24.6 Short-axis (a) and long-axis (b) transesophageal echo views of an ascending aortic dissection with intimal flap seen 
(arrow). Ao aorta

Fig. 24.7 Transverse-axis view of descending aorta, showing 
partially thrombosed false lumen (arrow). Color Doppler dem-
onstrates communication between the true and false lumens. FL 
false lumen; TL true lumen
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aortic imaging. Its distinguishing feature is the lack of an 
intimal tear. Recent studies report that 13–29% of aortic 
dissections are intramural hematomas.9 Intramural hema-
toma may occur via several mechanisms. Rupture of the 
vasa vasorum, with hemorrhage into the media of the aor-
tic wall is one potential mechanism for the development 
of intramural hematoma. The presence of underlying 
medial degeneration may predispose to the development 
of hemorrhage. Another potential mechanism is rupture 
of atherosclerotic plaque or penetrating aortic ulcer, 
which can also lead to hemorrhage into the aortic media. 
Finally, blunt trauma to the aorta may be associated with 
the development of intramural hematoma.

Imaging

Since no intimal flap or false lumen is present, intramural 
hematoma may not be apparent on angiography. With 
echocardiography, the distinct features of intramural 
hematoma include the absence of an intimal flap, and cre-
sentic or circular thickening of the aortic wall  
(>0.7 cm)9 (Figs. 24.11 and 24.12). The major challenge 
in the diagnosis of intramural hematoma is distinguishing 
it from atherosclerotic plaque. The echocardiographic fea-
tures of these two entities are summarized in Table 24.3. 
Central displacement of the intimal layer is seen in intra-
mural hematoma. Compared to atherosclerotic plaque, 

a b

Fig. 24.8 Transesophageal echo image of a descending aor-
tic dissection in a patient with Marfan’s syndrome. (a) Two-
dimensional imaging demonstrates the true lumen (TL), 

which is smaller than the false lumen (FL); (b) Color Doppler 
demonstrates flow in the true lumen

a b

Fig. 24.9 Tranesophageal image of the descending aorta with a dissection flap. Color-flow imaging demonstrates to-and-fro flow 
between the true and false lumens. (a) Systole; (b) Diastole. Courtesy of Dr. Fernando Morcerf
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a b

c

Fig. 24.10 Transesophageal echo long-axis image of an ascending aortic dissection, with intimal flap (arrows) prolapsing into the 
aortic valve; (a) systolic image; (b) diastolic image; (c) Color Doppler demonstrates severe aortic insufficiency

a b

Fig. 24.11 Long-axis (a) and short-axis (b) transesophageal echo views of an intramural hematoma, showing central displacement 
of the intimal layer (arrow)



482 A.R. Patel et al.

BookID 128962_ChapID 24_Proof# 1 - <Date> BookID 128962_ChapID 24_Proof# 1 - <Date>

the area of the hematoma frequently appears relatively 
homogenous and hypoechoic. In addition, the luminal 
wall in intramural hematoma is usually relatively smooth, 
compared with the irregular surface typically seen in 
patients with significant atherosclerotic plaque.10

Clinical Significance

Initial observations have reported that the prognosis and 
mortality rates for intramural hematoma are similar to 
those for classic aortic dissection. However, some more 
recent data suggest that intramural hematoma may have 
a more favorable prognosis than classic Type A dissec-
tion.10 Patients with intramural hematoma may progress 
to dissection with an intimal tear or rupture, and the 

management of intramural hematoma remains similar 
to that of classic dissections (i.e., surgery for ascending 
aortic involvement, and medical therapy for stable 
patients without ascending aortic involvement).

Penetrating Aortic Ulcers

Pathophysiology

Penetrating atherosclerotic ulcer is a distinct patho-
logic entity that can lead to disruption of the aortic 
wall. Patients with atherosclerotic disease often have 
superficial ulcerations of atherosclerotic plaque 
(Fig. 24.13), which are usually confined to the intima.11 
However, in some cases, the ulcer may penetrate 
through the internal elastic lamina and into the media. 
Subsequent hemorrhage into and beyond the medial 
layer of the aorta can lead to intramural hematoma, 
pseudoaneurysm formation, or rupture. Occasionally, 
penetrating atherosclerotic ulcers may lead to a limited 
dissection. Penetrating ulcers are usually associated 
with extensive atherosclerotic disease, and unlike clas-
sic dissection, more commonly occur in the descend-
ing thoracic aorta.

a b

Fig. 24.12 Short-axis (a) and long-axis (b) transesophageal echo images of intramural hematoma (arrow) in the ascending aorta. 
The luminal surface has a smooth surface, and the area of hematoma appears relatively echolucent

Table 24.3 Echocardiographic characteristics of intramural 
hematoma vs. atherosclerotic plaque

Intramural 
hematoma

Atherosclerotic 
plaque

Intraluminal surface Usually smooth Usually irregular
Echodensity Hypoechoic Hyperechoic
Intimal layer Inwardly displaced Nondisplaced
Extent of aortic 

Involvement
Usually localized Usually diffuse

Pericardial effusion May be present –
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Clinical Significance

Penetrating ulcers typically occur in elderly, hyperten-
sive patients. The majority of patients present with 
symptoms of chest or back pain. Treatment with anti-
hypertensive therapy should be begun immediately. 
Patients with symptomatic penetrating ulcers of the 
ascending aorta or arch are considered high risk for 
rupture, and early surgery has been recommended.11 
Penetrating ulcers of the descending aorta may be 
managed conservatively in stable patients. However, 
surgical intervention is indicated if complications such 
as persistent pain, hemodynamic instability, pseudoan-
eurysm, pericardial effusion, bloody pleural effusion, 
or expanding intramural hematoma ensue.11

Imaging

Penetrating aortic ulcers may be identified by 
transesophageal echocardiography, CT scan, mag-
netic resonance imaging, or aortography; however, 
the findings may be subtle. On transesophageal 
echocardiography, atherosclerotic plaque, crater-like 
ulcerations (Fig. 24.14), and asymmetric thickening 
of the aortic wall may be seen.12 Patients who are 
managed conservatively should have serial follow-up 

imaging studies to identify the development of 
complications.

Aortic Trauma

Pathophysiology

Aortic trauma usually occurs as the result of a horizon-
tal deceleration injury, such as in motor vehicle acci-
dents, or vertical deceleration injury, such as falling 
from a height. The site most vulnerable to deceleration 
injury is the aortic isthmus, at the junction of the aortic 
arch and descending aorta, which is tethered by the 
ligamentum arteriosum. Other points which are sus-
ceptible to aortic trauma are the ascending aorta above 
the sinus of Valsalva, and the origin of the innominate 
artery.13,14 Traumatic injury to the aorta is associated 
with a high mortality rate, with only 20% of patients 
surviving to reach the hospital.15 Of patients who sur-
vive, many sustain an aortic rupture that is contained 
by the adventitial layer.

Fig. 24.14 Long-axis image of the aorta showing a penetrating 
aortic ulcer (arrows) in the descending aorta. There is a 
hypoechoic area in the aortic wall due to an associated intramu-
ral hematoma. From Joffe et al21 Copyright 1996 with permis-
sion from Elsevier

Fig. 24.13 Transesophageal echo image in a patient with an 
ulcerated atherosclerotic plaque in the descending aorta
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Imaging

Although angiography has been considered the stan-
dard imaging modality for detection of aortic trauma, 
it carries the risk of exacerbation of vascular trauma 
and requires transport of a potentially unstable patient. 
Transesophageal echocardiography has the advantage 
of providing rapid imaging at the bedside, but cannot 
be performed in patients with severe facial injury or 
cervical spine injury. In addition, injuries involving the 
distal ascending aorta or great vessels may not be 
detected, and other imaging modalities may be required 
in some cases.

A small series by Goarin et al reported several com-
mon transesophageal echo findings in patients with 
traumatic aortic injury. The most commonly reported 
finding was the presence of “thick stripes” in the 
lumen, due to deep laceration of the intimal and medial 
layers of the aorta (Fig. 24.15). In the case of less 
extensive lacerations, an intimal flap may occur; this 
may appear similar to a classic dissection, or may be a 
free flap without the presence of a false lumen. Other 
findings include pseudoaneursym, fusiform dilation of 
the aorta, intramural hematoma, or intraluminal throm-

bus. The presence of increased distance between the 
esophageal probe and the aorta (>1 cm) suggests the 
presence of a mediastinal hematoma, and may be indi-
rect evidence of aortic trauma.2,16

Aortic Atheromatous Disease

Pathophysiology

Aortic atheromatous disease has been increasingly 
recognized as an important cause of stroke, particu-
larly in elderly patients. In patients with stroke,  
the prevalence of aortic atheroma is as high as that 
of carotid artery disease or atrial fibrillation.2  
The prevalence of aortic atheroma in patients  
with an embolic event has ranged from 21 to 27%. 
Recognized risk factors for the development of 
atheromatous disease include advanced age, hyper-
tension, hypercholesterolemia, and smoking. In 
addition, a correlation between fibrinogen and 
homocysteine levels and aortic atherosclerosis has 
been reported.17

Fig. 24.15 Transesophageal short-axis (left) and long-axis (right) views showing a “thick stripe” due to intimal-medial laceration 
after a blunt thoracic injury16
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Classification

Morphologic features of aortic plaque which are asso-
ciated with an increased risk of embolization include 
increased plaque size, presence of ulcerations, and 
presence of mobile components. Accordingly, a stag-
ing system has been developed to grade severity of 
aortic atheroma (Table 24.4). Various degrees of aortic 

atheroma, as seen on transesophageal imaging, are 
shown in Fig. 24.16. Imaging from a patient with 
mobile Grade 5 atherosclerotic plaque is seen in 
Fig. 24.17. Most studies have defined significant 
atheroma as lesions having a thickness of ³5 mm. 
However, more recent data indicate that a plaque thick-
ness of ³4 mm confers a significantly increased risk of 
an embolic event, compared to plaques <4 mm.18

Clinical Significance

It has been observed that the mobile components seen 
on atherosclerotic plaque are usually thrombi. 
Embolic events due to aortic atheroma may occur 
spontaneously, or subsequent to procedures such as 

Table 24.4 Classification of aortic atheroma

Grade I Normal or minimal intimal 
thickening

Grade II Non-protruding intimal 
thickening

Grade III Atheroma <5 mm
Grade IV Atheroma >5 mm
Grade V Mobile atheroma

Fig. 24.16 Transesophageal imaging demonstrating varying morphologies of atherosclerotic plaque. (a) Mild layered plaque in the 
descending aorta; (b) Severe plaque in the descending aorta; (c) Longitudinal view of the descending aorta in a patient with severe 
protruding atheroma; (d) Transverse view in the same patient as shown in c. Courtesy of Dr. Fernando Morcerf
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cardiac catheterization, intra-aortic balloon pump, or 
cardiac surgery. In some cases, embolization may 
occur due to atheroembolic syndrome, but it is 
believed that thrombi are responsible for most embo-
lic events. Despite this, the role of anticoagulation in 
these patients has not been clearly established. Several 
observational studies, however, have indicated that 
the incidence of embolic events is lower in patients 
treated with warfarin compared to those who are not. 
The use of hydroxyethyl glutaryl coenzyme A (HMG-
CoA) reductase inhibitors in patients with aortic 
atheroma is supported by several randomized trials 
that have demonstrated a reduction in stroke with this 
therapy. HMG-CoA reductase inhibitors reduce 
low-density lipoprotein cholesterol levels and may 
thereby stabilize atherosclerotic plaque. In addition, 
antithrombotic actions of statins have also been 
described, which may have salutary effects on the 
development of plaque thrombosis.

Imaging

Transesophageal echocardiography is the primary modal-
ity used to detect aortic atheroma. There is some evidence 
that epicardial imaging may provide an even higher sen-
sitivity for detection of atheromatous lesions and may be 
a useful adjunct in the intraoperative setting.19 The clini-
cal utility of aortic plaque imaging has primarily been in 

patients who have sustained an unexplained stroke and in 
patients who are undergoing cardiac surgery. Among 
patients undergoing cardiac surgery, elderly patients who 
have mobile lesions are at particularly high risk for embo-
lic events. In a study of patients aged >65 years old who 
were undergoing cardiac surgery, 18% of subjects were 
found to have protruding atheroma on intraoperative 
transesophageal echo. Almost half of those with protrud-
ing atheroma also had mobile components, and there was 
a 25% incidence of stroke in these patients (compared 
with 2% in others). Intraoperative embolization may 
occur due to crossclamping of the aorta, “sand-blasting” 
effect from cannula flow, or manipulation of the aorta 
during surgery.

There is some evidence that modification of surgi-
cal techniques (such as alteration of the cannulation 
site) in high-risk patients may decrease the incidence 
of perioperative embolic strokes.20 However, even with 
these measures, the stroke rate in high-risk patients 
appears to be higher than the general population. 
Studies of aortic endartectomy have not been promis-
ing, demonstrating a high risk of perioperative stroke. 
Graft replacement of the ascending aorta has been 
reported as an alternative therapeutic approach in 
patients with severe atheromatous disease who require 
cardiac surgery.17

Given the potentially devastating consequences of 
perioperative stroke, identification of the location and 
extent of athematous disease is important for planning 
the optimal surgical approach. Palpation of the aorta 
during surgery is a relatively insensitive technique21 
and fails to identify the majority of atheromatous 
lesions seen on transesophageal echo. Thus, use of 
aortic imaging is an important perioperative tool to 
identify patients at high risk.
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Introduction

Acute organ or limb ischemia due to arterial obstruction 
is typically due to one of two pathogenic processes: acute 
thrombotic occlusion on a substrate of significant local 
arterial disease or an embolism from the heart or proxi-
mal diseased large vessels (most commonly the thoracic 
aorta). The proportion of acute ischemic events that are 
embolic in etiology depend on a number of factors 
including the age of the subject, the likelihood of intrin-
sic vascular disease, and the vascular bed affected. 
Investigation after such an event is focused on defining 
the underlying process responsible for the event, with the 
primary aim being to prevent further potentially more 
devastating events. Echocardiography is the primary 
investigative tool for evaluating for a potential source of 
embolism. For the remainder of this discussion, intracar-
diac and thoracic aortic sources of emboli will be col-
lectively labeled as “cardiovascular emboli,” emphasizing 
that not all potential sources of emboli lie within the 
heart. This chapter initially focuses on defining the role 
of echocardiography in assessing for potential cardiovas-
cular sources of embolus, including the indications for 
echocardiography, which is the optimal modality 
(transesophageal or transthoracic), and how to perform a 
comprehensive echocardiographic study. The remainder 
of the chapter discusses individual potential sources 
(both probable and possible sources), reviewing the evi-
dence for the association between each potential source 
and embolic events, characteristic echocardiographic 
features, how to evaluate for it comprehensively with 
echocardiography, and current treatment strategies.

Epidemiology

Stroke is among the most common and devastating 
clinical sequelae of cardiovascular emboli. In 2001, it 
accounted for more than 1 in every 15 deaths in the 
U.S, ranking as the third most common cause of 
death. It is also a leading cause of long-term morbid-
ity in the U.S. with more than 1,100,000 American 
adults in 1999 reporting functional difficulty follow-
ing a stroke. Currently about 20% of acute neurologi-
cal events are suggested to be attributable to 
cardiovascular emboli. A further 40% are classified 
as “cryptogenic,” though there are increasing data 
suggesting associations with possible cardiovascular 
sources of emboli in these. For young people with 
acute ischemic strokes (£45 years), the proportion 
that are due to cardiovascular emboli is significantly 
higher (>50%), as a potential embolic source is more 
likely to be the only identifiable cause. This is in con-
trast to older patients who are more likely to have 
identifiable coexisting intrinsic cerebrovascular dis-
ease. It is also possible that for some patients, the 
entire source of the embolus may have embolized, 
creating a false-negative echocardiographic study, 
underestimating the true proportion of patients who 
have a cardiovascular source of embolus.

Potential Cardiovascular Sources  
of Embolus

The literature documenting the relationships between 
potential cardiovascular embolic sources is limited 
by the fact that a large proportion of current evidence 
is based on nonrandomized case control series and 
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not prospective studies. Potential sources of emboli 
within the cardiovascular system are best divided into 
two groups based on the level of current available 
evidence: probable or possible sources (Table 25.1). 
The majority are due to embolism of intracardiac 
thrombus, which in more than half of all cases is 
located within the left atrium (LA), primarily within 
the left atrial appendage (LAA). Atrial fibrillation 
and rheumatic mitral valve disease (primarily mitral 
stenosis) are the most common predisposing factors. 
Left ventricular (LV) thrombus, usually in the setting 
of a severe apical wall motion abnormality (akinesia 
or aneurysm), is the second most common potential 
source of embolism (25%). Large vegetations and 
left-sided tumors (myxoma or papillary fibroelas-
toma) are much rarer findings. Thoracic atheroma is 
increasingly being identified and linked to embolic 
events. The association is greatest for “complex” 
plaque (i.e. >4 mm thick, or pedunculated and mobile 
lesions). An acute ischemic event in a patient with a 
prosthetic mechanical valve is cardioembolic until 
proven otherwise.

Other echocardiographic findings are listed as pos-
sible sources as the level of evidence is less robust. A 
patent foramen ovale (PFO) has been associated with 
increased risk of ischemic stroke, especially in younger 
people, though it is such a common finding in the gen-
eral population (20−25%) that determination of defi-
nite cause and effect is difficult. The combination of an 
atrial septal aneurysm (ASA) and a PFO is associated 
with a several fold increase in risk of stroke compared 
to a PFO alone. Other findings where possible associa-

tions with embolic events have been suggested include 
LA spontaneous echo contrast (SEC), valvular strands, 
mitral annular calcification, mitral valve prolapse, and 
smaller vegetations.

When to Use Echocardiography  
to Investigate for a Potential Cardiac 
Source of Embolus

A detailed history, examination, and electrocardiogram 
(ECG) are the core components to assessing any patient 
with an embolic event (Fig. 25.1). Clinical evidence to 
suggest cardiac disease increases the index of suspicion 
of a potential cardiovascular embolic source. Atrial 
fibrillation strongly suggests a cardiac source, though 
the coexistence of significant cerebrovascular disease 
especially in older subjects remains a possibility. In 
older patients, the next line of investigation is usually a 
carotid duplex scan. A negative scan should mandate 
more detailed cardiac assessment with echocardiogra-
phy for a potential cardiovascular source of embolism. 
Younger patients are more likely to have a cardiovascu-
lar embolic source and an echocardiogram is generally 
performed, irrespective of a negative history, examina-
tion, and ECG. Acute occlusion of a large peripheral or 
visceral artery such as the femoral or renal artery is 
much more likely to be due to a large embolism than 
progression of intrinsic local vascular disease. Multiple 
ischemic events in different end-artery territories are 
also suggested to be more likely embolic in origin.  

Table 25.1 Potential cardiovascular sources of embolus

Probable sources Predisposing condition

Left atrial (appendage) thrombus Atrial fibrillation; rheumatic mitral valve disease; severe LV dysfunction
Left ventricular thrombus Previous MI (esp. anterior, with apical aneurysm); dilated cardiomyopathy
Vegetations ≥ 10 mm Mitral and/or aortic valve
Cardiac tumors Myxoma; papillary fibroelastoma
Complex aortic atheroma
Prosthetic valves Mitral or aortic

Possible sources Predisposing condition

Patent foramen ovale Atrial septal aneurysm
Spontaneous echo contrast Atrial fibrillation; rheumatic mitral valve disease; severe LV dysfunction
Vegetations <10 mm Mitral and/or aortic valve
Valvular strands/Lambl’s excrescences Mitral or aortic
Atrial septal defect
Mitral annular calcification

LV left ventricular; MI myocardial infarctionAdapted from Chen EW, Redberg RF. Echocardiographic evaluation of the 
patient with a systemic embolic event. In: Otto CM, ed. The Practice of Clinical Echocardiography. 2nd ed. Philadelphia. 
PA: WB Saunders, 2002, p 807
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The 2003 ACC/AHA/ASE guidelines for echocardiog-
raphy in patients with acute neurological events or other 
vascular occlusive events are outlined in (Table 25.2)

Transthoracic vs. Transesophageal 
Echocardiography

The sensitivity of transthoracic echocardiography 
(TTE) for detection of potential sources of embolus is 
low, as the most common potential causes are not well 
visualized by TTE. In the absence of clinical cardiac 
disease, the diagnostic yield is as low as 1%, increas-
ing to 15% with clinical cardiac abnormalities. Its pri-
mary use is for assessing LV global and regional 
systolic function and apical LV thrombus.

Transesophageal echocardiography (TEE) is 
required to optimally visualize the LA and in particu-
lar the posterior-lying LAA (the most common loca-
tion for intracardiac thrombus). It also permits optimal 
assessment of the interatrial septum and the thoracic 
aorta. Overall TEE identifies significantly more 
potential sources of embolus than TTE (39–57% vs. 
15–19%). Evaluation for a potential source of 
embolus is now the leading clinical indication for 
TEE in most laboratories (26% in one registry series). 
However, it is probably best to consider the two 
modalities as complementary rather than mutually 
exclusive (Table 25.3). Thrombus in the LV is best 
visualized by TTE, while most other potential sources 
are better seen by TEE. A comprehensive approach to 
TEE for evaluation of possible sources of embolus is 
outlined in (Table 25.4).

Acute Cerebral/Limb/Visceral Ischemia

History
-  Age < 45yrs 
-  Major peripheral or 
visceral artery occlusion 
-  Prior MI, CHF or AF 
- History of valve
disease  
-  Prior valve surgery 
-  Multiple events 

Examination
-  Arrhythmia   
-  Cardiomegaly/CHF 
-  Murmur/valve 
disease

ECG 
-  AF/Atrial flutter 
-  Ischemic changes 
-  Left ventricular 
hypertrophy 
-   Left atrial 
enlargement 

Cardiac Source 
of Embolism 
More Likely 

Carotid Duplex

TTE +/ - TEE 

Yes 

Normal 

Yes Yes 

Normal 

Fig. 25.1 Investigation Algorithm for a Potential Source of Embolus: (MI myocardial infarction, CHF congestive heart failure,  
AF atrial fibrillation, ECG electrocardiogram, TTE transthoracic echocardiography, TEE transesophageal echocardiography)
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Left Atrium

Anatomy

The LA is located posteriorly within the heart, in close 
proximity to the esophagus and therefore is best visu-
alized by TEE. From an embolic perspective, most 
interest focuses on the LAA. This is a blind-ended sac 
located along the anterosuperior aspect of the LA and 
connected to the rest of the LA by a relatively narrow 
isthmus. It is a remnant of the original embryonic LA 

Table 25.2 Recommendations for echocardiography in patients 
with neurological events or other vascular occlusive events 
(AHA/ACC/ASE 2003 guideline update for the clinical applica-
tion of echocardiography)

Class I
Patients of any age with abrupt occlusion of a major peripheral 

or visceral artery
Younger patients (typically <45 years) with cerebrovascular 

events
Older patients (typically >45 years) with neurological events 

without evidence of cerebrovascular disease or other obvious 
cause

Patients for whom a clinical therapeutic decision (e.g., 
anticoagulation) will depend on the results of 
echocardiography

Class IIa
Patients with suspicion of embolic disease and with cerebrovas-

cular disease of questionable significance
Class IIb
Patients with neurological events and intrinsic cerebrovascular 

disease of a nature sufficient to cause the clinical event
Class III
Patients for whom the results of echocardiography will not 

impact a decision to institute anticoagulant therapy or 
otherwise alter the approach to diagnosis or treatment

Adapted from: Cheitlin MD, Armstrong WF, Aurigemma GP, 
Beller GA, Bierman FZ, Davis JL, Douglas PS, Faxon DP, 
Gillam LD, Kimball TR, Kussmaul WG, Pearlman AS, Philbrick 
JT, Rakowski H, Thys DM. ACC/AHA/ASE 2003 guideline 
update for the clinical application of echocardiography: a report 
of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines (ACC/AHA/
ASE Committee to Update the 1997 Guidelines for the Clinical 
Applications of Echocardiography). 2003. American College of 
Cardiology Web Site. Available at <http://www.acc.org/qual-
ityandscience/clinical/guidelines/echo/index.pdf>

Table 25.3 Role of transthoracic and transesophageal 
echocardiography for detection of potential sources of embolus

Possible source of 
embolus

Transthoracic 
echo

Transesophageal 
echo

LA mural thrombus/SEC + +++
LAA thrombus/SEC − +++
LAA filling velocity − +++
LA myxoma ++ +++
Mitral stenosis ++ +++
Valve strands + +++
Vegetations + +++
Papillary fibroelastoma + +++
LV aneurysm +++ +
LV apical thrombus ++ +
Patent foramen ovale − +++

++ (bubble)
Atrial septal aneurysm ++ +++
Thoracic aortic atheroma − +++

− not seen; + poor; ++ intermediate; +++ excellent; LA left 
atrium; LAA left atrial appendage; LV left ventricle

Table 25.4 Comprehensive TEE examination for potential 
source of embolus

Midesophageal view at 0–15° rotation
Retroflex transducer to open a four-chamber view for initial 

assessment of the LA and mitral valve
Zoom in on the mitral valve and LA and examine in detail for 

any abnormalities
Slightly anteflex and/or withdraw the probe slightly to visualize 

the LAA (arises from anterolateral aspect of the LA near the 
lateral aspect of the mitral ring and left upper pulmonary 
vein)

Midesophageal 45–90°
Further views of the LA and LAA (usually best view to 

visualize the LAA)
Doppler LAA flow – 1 cm into the LAA from its junction with 

the main LA cavity
Clockwise rotation will give short-axis view of the aortic valve 

(strands, vegetations)
Visualize the interatrial septum in the near field – interrogate 

with color Doppler (decrease Nyquist <40 cm/s)
Midesophageal 120°
Further views of the LA and mitral valve and long-axis view of 

the aortic valve and aortic root
Slight clockwise rotation of the transducer will give a 

short-axis view of the LAA
Further clockwise rotation of transducer will give bicaval 

view–optimal view of the interatrial septum
Give agitated saline – to evaluate for right-to-left shunt at 

baseline and after Valsalva (ask patient to cough)
From the long-axis view of the aortic valve – bring angle back 

to ~100° and withdraw transducer to focus on the tubular 
ascending aorta

Transgastric view
Short- and long-axis views of the LV for LV function
Thoracic aorta
Begin in transgastric view at 0° (short axis of thoracic aorta) 

– decrease depth to maximize aorta
Withdraw transducer slowly – if any abnormality, visualize in 

long- and short-axis views (0° and 180°)
At ~20 cm from incisors the distal aortic arch will come into 

view – rotate 20° and turn clockwise to open the long-axis 
view of the aortic arch
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and its exact physiologic role remains unclear. A num-
ber of anatomic features are important to be aware of 
when evaluating it by TEE (Figs. 25.2–25.5)

1. Its size varies widely (length between 16 and 51 mm, 
diameter: 5–40 mm). A very “small” appendage, 
often gives rise to concerns that a much larger append-
age with laminated thrombus is being overlooked.

2. It typically has a twisted long axis, requiring mul-
tiple planes to visualize it comprehensively.

3. Typically it is multilobed (³2 lobes in 80%). 
Therefore it is essential to comprehensively evalu-
ate for any additional lobes that may not be imme-
diately apparent (Fig. 25.2).

4. In contrast to the rest of the LA, its walls are trabe-
culated, with parallel ridges of muscle giving it a 

a

b

Fig. 25.2 TEE view (100−120°) of the LAA. The upper image shows a bilobed appendage. The lower image demonstrates promi-
nent normal pectinate ridges (arrow), which may be confused for possible thrombus
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a b

c

Fig. 25.4 LAA thrombus – the upper left image shows laminated thrombus in the LAA apex with spontaneous echo contrast in the rest 
of the LAA. The upper right image shows a small focal protuberant mass typical of thrombus. The lower image shows a LAA full of 
thrombus

Fig. 25.3 TEE view at 85° 
showing that the LAA has been 
surgically removed
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comb-like appearance (pectinate muscles) (Fig. 25.2). 
These may be mistaken for thrombus or conversely 
small thrombi between these ridges may be over-
looked. A thrombus typically appears as a more soli-
tary protrusion into the LAA cavity and may have 
independent motion (Fig. 25.4).

Left Atrial Appendage Doppler

Contractile function of the LAA is best assessed with 
pulsed-wave (PW) Doppler of flow into and out of the 
LAA by TEE. In sinus rhythm, a typical quadriphasic 
flow pattern is seen (Fig. 25.6). This begins with a late 
diastolic positive forward flow wave (out of the append-
age – toward the TEE probe), associated with LA con-
traction, (after the electrocardiographic P wave, normal 
peak velocity >50 cm/s), and followed by an early 
negative systolic wave. The remaining Doppler pattern 
typically consists of at least two low-amplitude alter-
nating waves with the final forward wave (positive 
wave) representing LAA outflow associated with early 
passive filling of the LV (correlated with the mitral 
inflow E wave). In atrial fibrillation the flow pattern 
changes, though active flow is still commonly seen 
with alternating positive and negative “fibrillatory” 
waves (Fig. 25.7), typically with lower flow velocities 
than those seen in sinus rhythm.

Echocardiographic Assessment of the Left 
Atrium (Figs. 25.2–25.8)

Only limited information about the LA can be obtained 
by TTE. Left atrial size (either by internal dimension, 
area, or volume) can usually be satisfactorily obtained. 
The presence of left atrial enlargement (transverse 
diameter for the parasternal long-axis view >4.0 cm) 
or rheumatic mitral stenosis in a patient with a history 
of cerebral/systemic embolism, especially with atrial 
fibrillation, increases the likelihood of LAA thrombus. 

a b

Fig. 25.5 Intravenous microbubble contrast clarifies possible LAA thrombus. The image on the left shows some haziness in the 
LAA, which raises a suspicion of possible thrombus. The image on the right was obtained after contrast demonstrating a filling 
defect, highly suggestive of thrombus

Fig. 25.6 Normal Doppler appearance of LAA flow. From: 
Agmon Y, Khandheria BK, Gentile F, Seward JB. J Am Coll 
Card. 1999;34:1867-77. Copyright 1999 with permission from 
Elsevier
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Mural LA thrombus (if extensive enough) can be visu-
alized by TTE (sensitivity of 25–57%, specificity of 
63–83%). However most LA thrombus occurs in the 
LAA, and this is rarely satisfactorily seen by TTE 
(sensitivity of 0–16%). TEE is, therefore, the imaging 
modality of choice for accurate and comprehensive 
assessment of the LA for thrombus.

With TEE, the LA is in near field and the transducer 
should be adjusted to the highest frequency (typically 
7 MHz) for optimal imaging, with the image depth 

adjusted to approximately 10 cm to maximize the LA 
size in the display. It is important to adjust all imaging 
parameters to avoid misinterpreting near-field artifacts. 
Starting at the midesophageal view (0° of rotation), the 
probe should be gently advanced and withdrawn a few 
centimeters to image the inferior and superior aspects 
of the LA and inspected in multiple angles of rotation, 
to prevent overlooking mural thrombus, especially 
along the posterior wall (Fig. 25.8). The LAA is located 
near the anterosuperior aspect of the mitral valve 

a b

Fig. 25.8 Two examples of LA mural thrombus. The image on the left shows mobile pedunculated mural thrombus along the pos-
terior wall of the LA. The image on the right shows thrombus along the lateral wall of the LA in a patient with mitral stenosis

Fig. 25.7 LAA Doppler flow in a 
patient with atrial fibrillation. Peak 
emptying velocities (highlighted) 
are markedly reduced (<20 cm/s)
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annulus, and at 0° of rotation usually requires the probe 
to be withdrawn a little, where it typically has a trian-
gular appearance, separated from the left upper pulmo-
nary vein by a ridge of tissue called the limbus. Once 
located, it should be closely examined in multiple 
imaging planes, including 45°, 90°, and 120° views. 
Long-axis views of the LAA are obtained between 0° 
and 90°, with the orthogonal short-axis views typically 
best seen at ³120° (Figs. 25.2–25.4). Pulsed-wave 
Doppler of LAA flow is often best obtained at 90–120° 
views, as it can usually be optimally aligned with LAA 
outflow in this view. Thrombi may be very small and 
any possible thrombus should be imaged in at least two 
orthogonal planes (Fig. 25.4). If there is persistent con-
cern about possible thrombus in the LAA, use of a con-
trast agent (Optison™ or Definity™ – albumin or 
phospholipid coated microbubbles, that cross the pul-
monary vasculature and opacify the left heart) can help 
to clarify its presence/absence (Fig. 25.5).

Increasingly the LAA is being ligated or stapled 
during cardiac surgery, especially if the patient has a 
history of atrial fibrillation (Fig. 25.3). Though still in 
its typical location, no flow should persist across its 
isthmus with the main LA cavity when interrogated 
with color-flow Doppler. Residual flow implies a resid-
ual channel and potential for LAA thrombus to embo-
lize. With some surgical procedures it has been standard 
to remove the entire LAA (historical closed mitral val-
votomy, Maze procedures), and confusion can arise 
about the presence or absence of the LAA if the exact 
operative procedure is unclear. Recently, a number of 
potential percutaneous devices to occlude the LAA 
have been developed. TEE is likely to have an impor-
tant role in real-time guidance for their deployment.

Left Atrial Thrombus (Figs. 25.4, 25.5, 
25.8)

Thrombus in the LA can be sessile or pedunculated, 
fixed or mobile, and typically appears as an irregularly 
shaped, gray, echodense intracavitary mass that is 
acoustically distinct from the LA endocardium. It is 
commonly associated with spontaneous echo contrast 
(SEC) (Fig. 25.4). Atrial fibrillation is the usual predis-
posing factor for LA thrombus and in particular LAA 
thrombus, though 5–10% of all thrombi occur in 
patients in sinus rhythm without significant mitral 

valve disease, often in the setting of severe LV dys-
function. The prevalence of LA thrombus in patients 
with atrial fibrillation of >48 h duration (who were not 
anticoagulated) has been reported as between 8 and 
15%, almost all occurring within the LAA. A compre-
hensive TEE examination in experienced hands can 
usually detect LA thrombus with a sensitivity and 
specificity approaching 95–100%. Patients in atrial 
flutter, despite having more organized LA contraction 
compared to those with atrial fibrillation, can have evi-
dence of LAA dysfunction (lower Doppler velocities) 
and LAA thrombus may still occur.

Factors Associated with Left Atrial 
Thromboembolism in Atrial Fibrillation

A number of significant independent clinical predic-
tors of stroke in patients with AF have been identified, 
including increasing age, female sex, hypertension, 
prior cerebrovascular event, LV dysfunction, diabetes 
mellitus, and coronary artery disease with a protective 
effect from mitral regurgitation. In addition, a number 
of echocardiographic factors have been identified that 
are associated with LA thrombus formation and 
thromboembolism.

1. LAA Size:

The larger the LAA, the more likely it will contain 
thrombus

2. LAA Doppler flow pattern (Fig. 25.6):

Peak emptying LAA velocities represent LAA func-
tion and lower velocities are associated with more 
severe LAA dysfunction. Low velocities (£20 cm/s) 
correlate strongly with the presence of LA thrombus 
and SEC. Low Doppler velocities can help with the 
evaluation of unclear LAA masses, increasing the like-
lihood that these represent LA thrombus. The risk of 
stroke for patients in atrial fibrillation is increased for 
those with reduced LAA velocities and is more than 
four times greater for patients with peak velocities <20 
cm/s.

3. Presence of SEC (Fig. 25.9):

SEC or “smoke” representing local blood stasis is associ-
ated with an increased incidence of thrombus formation 
and thromboembolism. Increasingly severe qualitative 
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gradations of SEC (from mild intermittent SEC to a 
severe semiturbid appearance -“sludge”) are associated 
with incremental increases in thromboembolic risk.

4. Size and mobility of LAA thrombus:

Larger (>1.5 cm), pedunculated and mobile thrombi are 
associated with a higher risk of systemic embolism.

5. Presence of complex aortic atheroma:

The coexistence of complex aortic atheroma  
(>4.0 mm thick, pedunculated, mobile) is associated 
with a greater risk of stroke in patients in atrial 
fibrillation. The exact mechanism underlying this 
relationship remains unclear as it applies also to 
plaque in the descending aorta and therefore is not 
entirely related to atheromatous emboli. It is suggested 
that it is a surrogate for a greater total vascular disease 
burden.

Evidence of either LAA thrombus, SEC, or a peak 
emptying velocity <20 cm/s are associated with an 
annual 7.5% risk of stroke. The combination of one of 
the above LAA findings and complex aortic atheroma 
increases the annual rate to ~20%. If neither of these 
TEE findings is present, the annual stroke risk is 1.2%. 
TEE also has an important role in evaluating patients 
prior to DC cardioversion. A TEE-guided approach as 
shown in the ACUTE multicenter trial (early cardio-
version in the absence of LA clot) was associated with 
a quicker achievement of sinus rhythm, reduced major 
and minor bleeding rates, similar likelihood of main-
taining sinus rhythm, and similar embolic rates when 

compared to the traditional conservative route of anti-
coagulation for 4 weeks prior to cardioversion.

Left Atrial Spontaneous Echo Contrast

The term “spontaneous echo contrast” (SEC) or 
“smoke” has been coined for the TEE appearance of 
swirling “smoke-like” echodensity within the heart, 
most commonly within the LA and in particular the 
LAA (Figs. 25.4 and 25.9). SEC can be appreciated by 
TTE but is much better seen by TEE. It is a marker of 
stasis, reflecting low flow states and probably reflect-
ing aggregation of blood cells at low shear rates. SEC 
is also a likely precursor of thrombus. It is the most 
common TEE finding among patients referred for 
evaluation of a possible cardiac source of embolism, 
especially those with atrial fibrillation or left atrial 
enlargement. SEC is best appreciated with higher gain 
settings and can be differentiated from background 
“noise” by its swirling motion. Its dependence on 
transducer settings makes it difficult to quantify; 
however, it can be generally graded into mild or severe 
groups. The term “LAA sludge” has been coined 
for severe viscid SEC, without clear thrombus forma-
tion, though often differentiation between these is 
difficult. It is regarded as representing a stage further 
along the continuum toward thrombus formation and 
has been suggested to have greater prognostic signifi-
cance than SEC.

a b

Fig. 25.9 Two examples typical of spontaneous echo contrast (SEC) or “smoke” in the LA
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Spontaneous Echo Contrast  
and Thromboembolism

There is a strong association between SEC and LA 
thrombus. The presence of SEC is an independent pre-
dictor of thromboembolic risk; and in patients with 
atrial fibrillation, it is associated with an increase in the 
embolic rate from 3 to 12% per year. Mitral regurgita-
tion is associated with reduced frequency of SEC, as 
presumably the regurgitation “washes” out the LA pre-
venting stasis. It is much less commonly seen in 
patients in sinus rhythm (2% in one large series, all of 
whom had LA enlargement) than those with atrial 
fibrillation (20% prevalence in one series), but it is still 
associated with a higher incidence of stroke. Currently, 
there is no consensus on treatment of SEC in the 
absence of definite LA thrombus or atrial fibrillation, 
though its presence mandates a comprehensive exami-
nation of the LA for possible thrombus.

Left Atrial Tumors

Primary cardiac tumors are rare with a prevalence of 
0.002–0.03% at autopsy, with myxomas accounting 
for up to 50% of all primary tumors and more than 
80% of LA tumors. Metastatic tumors rarely extend 
into the LA and can simulate an atrial myxoma. LA 
myxomas are the usual tumors associated with embolic 

events though any left-sided tumor can cause embolic 
complications either due to embolism of tumor frag-
ments itself or embolization of fragments of thrombus 
that form on the tumor surface.

Left Atrial Myxoma

These benign tumors occur more frequently in women, 
with a mean age of presentation of 56 years. 
Morphologically they appear as a gelatinous friable 
mass that most commonly arises on a stalk from the 
interatrial septum in the region of the fossa ovalis. 
They vary in size but are often not detected until they 
become very large, by which time they may prolapse 
through the mitral valve during diastole (Fig. 25.10). 
From an echocardiographic point of view, they typi-
cally appear as a mobile, well-circumscribed, nonho-
mogenous mass that may contain cyst-like structures 
and/or areas of calcification. Usually they can be iden-
tified by TTE; however, TEE is often required to com-
prehensively visualize the tumor and help plan the 
surgical approach. It is important to exclude the pres-
ence of multiple masses, confirm the point of attach-
ment, and ensure that the mitral valve appears normal. 
This should be distinguished from a large LA throm-
bus, though these typically are attached to the posterior 
wall and produce a layered appearance. From a clinical 
perspective, an embolic event (often multiple territo-
ries) is the initial presentation in up to one-third of 

a b

Fig. 25.10 LA myxoma – the image on the left shows a large tumor that appears to be attached to the interatrial septum, prolapsing 
through the mitral valve during diastole. The image on the right shows a large tumor with some cystic features prolapsing through the 
mitral valve
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patients. Other presentations include symptoms asso-
ciated with mitral valve obstruction or systemic consti-
tutional symptoms (fever, weight loss). Once identified, 
a myxoma should be surgically removed. Long-term 
outlook is excellent, though 5% may recur, especially 
in those patients with the familial form.

Left Ventricular Thrombus

Thrombus in the LV usually occurs in the setting of 
marked regional systolic dysfunction post acute myocar-
dial infarction (AMI), typically after large anteroapical 
infarcts, especially if there is evidence of LV aneurysm 
formation. Though less common, thrombus can also 
form (typically at the apex) in those with a dilated car-
diomyopathy and severe global LV systolic dysfunction. 
Modern reports suggest that LV thrombus develops in 
about 5% of patients with AMI (~12% in those with 
anterior wall infarcts) who receive thrombolysis, an inci-
dence that is significantly lower than in the prethrom-
bolytic era (~20%). Most LV thrombi develop within the 
first 2 weeks post AMI (mean of 9.5 days). Those who 
develop thrombus early (within 48–72 h of infarction) 
have a very poor prognosis, dying from complications 
related to the size of their infarct and not embolic com-
plications. Stasis in large areas of infarction and possibly 
endocardial inflammation during the acute phase of 
infarction providing a thrombogenic surface are 
suggested as the primary pathophysiologic factors.

Echocardiographic Identification

LV thrombus is better seen by TTE than TEE (Fig. 25.11). 
High sensitivity (95%) and specificity (90%) of TTE for 
LV thrombus have been reported in the past; however, 
more recent studies suggest a sensitivity of less than 
50% when compared to contrast-enhanced MRI and/or 
surgical confirmation. TEE is not the test of choice as it 
is usually difficult to visualize the true apex, making 
exclusion of apical thrombus difficult. Typically LV 
thrombus appears as a distinct echodensity in the LV 
apex, which is seen throughout the cardiac cycle in at 
least two different echocardiographic views. It may have 
an irregular surface and may be sessile or pedunculated, 
mobile, or fixed. The thrombus is typically attached to 
the endocardium in an area of abnormal wall motion. It 

is mandatory to adequately visualize the LV apex in all 
patients with anteroapical LV dysfunction to prevent 
missing small thrombi that may not appear in all views. 
Using modern multifrequency transducers, the apical 
region should be magnified, the frequency maximized 
to optimize resolution in the near field, and the focus 
adjusted toward the LV apex. If there is uncertainty 
about an LV apical thrombus, filling the area with color-
Doppler signals of low velocity (reduce the Nyquist 
limit) will enable color interrogation of the LV apex and 
can help to better define if there is an apical filling (flow) 
defect. Also, intravenous contrast agents can and should 
be utilized to opacify the LV apex and confirm any api-
cal filling abnormality if there is uncertainty.

Risk of Embolization

The risk of systemic embolization from an LV throm-
bus is reportedly as high as 10%. The risk is greatest in 
the first 3 months post infarction, after which time the 
thrombus becomes organized and is less likely to 
embolize. Older age, lower ejection fraction, and 
absence of antithrombotic agents or anticoagulation 
are independently associated with increased embolic 
risk and stroke. Also larger, protruding, mobile thrombi 
are more likely to embolize. The presence of contigu-
ous zones of akinesia and hyperkinesia is suggested to 
increase the risk of embolus. These patients with LV 
systolic dysfunction, irrespective of whether they are 
in sinus rhythm or atrial fibrillation, are also at 
increased risk for LAA thrombus formation. All 

Fig. 25.11 Apical three-chamber view demonstrating a large 
left ventricular apical mass suggestive of thrombus
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patients with LV thrombus should be anticoagulated 
for at least 3 months and up to 1 year. Currently both 
European and American consensus guidelines do not 
advocate routine anticoagulation for patients (whether 
ischemic or nonischemic) with severe LV dysfunction 
unless there is echocardiographic evidence of LV 
thrombus, a history of atrial fibrillation, or other indi-
cation for anticoagulation.

Valvular Vegetations

Vegetations due to infective endocarditis are poten-
tially important sources of embolism. Typically the 
patient has a history of recurrent fever and constitu-
tional symptoms and a possible precipitant (recent 
dental or other invasive procedure). The primary iden-
tification of vegetations during evaluation for a poten-
tial source of embolus is unusual, as clinically the 
diagnosis is usually suspected. Therefore, a large pro-
portion of vegetations are identified before major 
embolic complications occur.

Echocardiographic Features

Vegetations have a number of typical echocardio-
graphic features and the diagnosis can usually be 

made with a relatively high degree of certainty by 
echocardiography in combination with the clinical 
scenario (Fig. 25.12). They appear less reflective 
(gray) compared to normal valve tissue and are 
located upstream of the valve in the line of the jet of 
regurgitation (atrial surface of the mitral valve and 
ventricular surface of the aortic cusps). Typically 
they appear lobulated with irregular, poorly defined 
borders and have chaotic motion, in contrast to other 
valvular masses (fibroelastomas, etc.), which tend be 
more highly reflective, with well-defined borders and 
less chaotic motion. Thin stringy valvular attach-
ments, with a narrow base, are more likely to be non-
infectious fibrinous strands than vegetations. Features 
that help to discriminate vegetations from other 
masses include the presence of leaflet destruction, 
valve regurgitation, and abscess or fistula formation. 
The sensitivity of TTE for detecting features of endo-
carditis is reported to be between 44 and 60%, com-
pared to a sensitivity of 88 and 100% for TEE. Small 
vegetations (<3.0 mm) are typically not seen by tran-
sthoracic imaging. Infection on prosthetic valves can 
be even more difficult to detect by TTE. Specificity 
for either modality is high (>90%), though with the 
superior resolution of TEE, the increased sensitivity 
may occur at the expense of a slightly reduced speci-
ficity (potential to label small benign fibrinous strands 
on native and prosthetic valves, or nonsignificant 
mobile suture material on prosthetic valves as small 
vegetations).

a b

Fig. 25.12 The image on the left shows a vegetation on the right coronary cusp, prolapsing into the LV. The image on the right 
shows a large vegetation on the posterior leaflet of the mitral valve prolapsing into the LV during diastole
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Factors Associated with Vegetation 
Embolism

The risk of embolization associated with vegetations 
varies widely (17−50%). Factors associated with 
embolic risk include vegetation size, mobility, and 
temporal changes in vegetation size. The most signifi-
cant echocardiographic feature that is predictive of 
embolic risk is vegetation size. Vegetations >10 mm 
have a significantly higher incidence of embolic events 
compared to smaller vegetations (47% vs. 19%). 
Enlarging or unchanged vegetations after 4−8 weeks 
of therapy are associated with an increased incidence 
of embolic events (45% vs. 17%). Vegetations in the 
mitral position appear to have a greater embolic risk. 
Certain organisms are associated with larger vegeta-
tions including Staphylococcus aureus and the HACEK 
group of organisms. Despite adequate antibiotic ther-
apy, vegetations may become organized and persist, 
and these residual lesions are much less likely to 
embolize.

No optimal treatment strategy for patients with 
large vegetations has been established. Vegetation size 
can change rapidly with treatment and in the absence 
of other indications for surgery (severe valvular 
destruction, abscess or fistula formation). A prudent 
strategy is to treat with appropriate antimicrobials and 
reassess with repeat TEE in 1−2 weeks.

Prosthetic Valves

An embolic event in a patient with a prosthetic valve is 
presumed related to the prosthesis until proven other-
wise. The source of embolus can be valve thrombosis, 
valvular vegetations, or left atrial thrombus (with a 
mitral prosthesis). In one series of patients, with pros-
thetic valves undergoing TEE for investigation of a 
potential source of embolus, thrombus was detected on 
the valve in ~25%. For mechanical prostheses, the 
overall rate of thromboembolism is 0.7–1% per patient 
year for those treated with anticoagulation – a much 
lower rate (4% per patient year) than those without any 
anticoagulation. The relative risk of embolism is higher 
with mitral valve prostheses than aortic prostheses, 
most likely related to the lower flow velocities across 
the mitral valve. TEE is the investigation of choice for 

assessing prosthetic mechanical valves. Due to acous-
tic shadowing, the LA cannot be satisfactorily seen by 
TTE, and aortic prostheses are typically better seen 
with TEE. Vegetations or thrombus on these valves can 
appear similar, though vegetations are typically associ-
ated with constitutional symptoms and possible peri-
valvular regurgitation or partial valve dehiscence. 
Thrombus typically occurs in the scenario of inade-
quate anticoagulation. Typically thrombus is mobile, 
on the valve occluder and valve ring, is associated with 
SEC, and may cause valve obstruction with elevated 
Doppler gradients (Fig. 25.13). Treatment of mechani-
cal valve thrombus depends on its severity and hemo-
dynamic consequences. Those with evidence of valve 
obstruction are usually hemodynamically compro-
mised and traditionally have required urgent surgery. 
Thrombolysis is now emerging as an effective alterna-
tive. For those without evidence of significant obstruc-
tion, aggressive and fastidious anticoagulation is 
warranted.

Fibrinous Strands/Lambl’s Excrescences

The literature concerning these two terms is somewhat 
confusing and they are sometimes used interchange-
ably. Though the term “Lambl’s excrescences” is usu-
ally only applied to those on the aortic valve, there is 
no evidence to suggest that mitral “fibrinous strands” 

Fig. 25.13 Bileaflet mechanical mitral valve (St. Jude) with 
fixation of the lateral leaflet secondary to thrombus (arrow) and 
SEC in the LA cavity
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are different. These strands are thin (up to 1.5 mm in 
width), elongated (up to 10 mm in length), frequently 
multiple, and located on the leaflet’s line of closure, on 
the atrial side of the mitral valve, and on the ventricu-
lar side of the aortic valve (Fig. 25.14). Histologically 
they consist of a core of connective tissue with colla-
gen and elastic fibrils or of an acellular hyaline mate-
rial covered by endothelium. They have also been 
identified on prosthetic valves. They are equally fre-
quent in both genders and all age groups, which negates 
against them being primarily a “degenerative” phe-
nomenon. They are very common (~40% prevalence), 
with the mitral valve being a more common location 
than the aortic valve. The role of these valve strands in 
cardiac embolism is unclear. Initial retrospective stud-
ies suggested a relationship. However, more recent 
data have failed to show any association with embolic 
events and they do not appear to change over time. 
Therefore, based on current evidence, they are not 
thought to represent a significant embolic source and 
do not warrant treatment.

Papillary Fibroelastoma

These rare benign tumors are the most common type of 
valve tumor. They are more commonly seen on the 
aortic valve than the mitral valve but may arise from 
anywhere on the endocardium. From an echocardio-
graphic perspective, they typically are small (<20 mm 
diameter), round, or oval in shape with well-demar-

cated borders, have a homogenous texture, and are 
more echodense than thrombus (Fig. 25.15). Typically 
they are single with more than half having a stalk and 
being mobile. They are most commonly seen on the 
aortic aspect of the aortic valve cusps or the atrial 
aspect of the mitral valve leaflets. Many are detected 
incidentally. Typically they do not cause valvular dys-
function. In the largest series reported, followed up for 
a mean of almost 2 years, there was a 6.6% incidence 
of neurologic events. The presence of a stalk (and 
hence tumor mobility) is reported to be a predictor of 
embolic risk. It is unclear whether embolic complica-
tions are due to thrombus forming on these tumors or 
embolization of fragments of the tumor itself. Current 
treatment of these tumors remains unclear. No data 
exist for the efficacy of anticoagulation or antiplatelet 
therapy, though treatment with aspirin appears sensi-
ble. Asymptomatic patients with small nonmobile 
tumors can be observed. It is unclear if large mobile 
tumors in asymptomatic people should be removed. In 
the setting of an embolic event, surgery is generally 
recommended.

Mitral Stenosis

Rheumatic mitral stenosis is typically associated with 
marked LA enlargement, atrial fibrillation, high risk of 
LA thrombus formation, and systemic embolization 
(20% lifetime incidence). These patients can have very 
large amounts of thrombus within the LA. Embolization 

Fig. 25.14 Fibrinous strand on the right coronary cusp of the 
aortic valve (Lambl’s excrescences)

Fig. 25.15 Papillary fibroelastoma on the anterior leaflet of the 
mitral valve
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can occur despite the presence of sinus rhythm and 
appears to be unrelated to the severity of the stenosis. 
The primary risk factors identified for thromboembo-
lism are age and the presence of atrial fibrillation. 
Currently anticoagulation is indicated for all who have 
atrial fibrillation, a history of a systemic embolism, or 
echocardiographic evidence of LA thrombus (ACC/
AHA Guidelines 2006). Anticoagulation of patients on 
the basis of severity of mitral stenosis, severe LA 
enlargement (LA diameter >5.5 cm), or the presence 
of spontaneous echo contrast remains controversial.

Mitral Annular Calcification

Mitral annular calcification (MAC) is one of the most 
common valve abnormalities detected by echocardiog-
raphy in elderly patients who are referred for a cardiac 
source of embolism. It is easily seen by TTE (with TEE 
tending to underestimate the degree of calcification). 
MAC is defined by increased echodensity of the mitral 
annulus, most common posteriorly, but may extend 
around the entire annulus, giving the appearance of a 
calcified ring like at the base of the mitral valve. It is 
found predominantly in elderly women (48% preva-
lence in a series - mean age of 81 years) and is associ-
ated with obesity, systolic hypertension, aging, aortic 
stenosis, and renal failure. A number of retrospective 
studies have suggested that MAC is a risk factor for 
stroke, postulating that it may serve as a nidus for 
thrombus formation. However, in recent studies MAC 
was also found to be strongly associated with carotid 
and complex aortic atheroma. It therefore remains con-
troversial whether MAC is an independent risk factor 
for stroke or just a marker of increased risk.

Mitral Valve Prolapse

It has been suggested that the redundant leaflets asso-
ciated with myxomatous mitral valve prolapse (MVP) 
may act as a nidus for thrombus. Older studies showed 
a relationship between mitral valve prolapse and 
stroke, particularly in young patients. However the 
data from more recent studies have been conflicting. 
The largest prospective study of MVP and stroke (777 
patients) demonstrated an overall twofold increased 

risk of ischemic stroke. Independent risk factors for 
ischemic stroke in this population of patients with 
MVP were older age, mitral leaflet thickening, subse-
quent development of atrial fibrillation, and need for 
cardiac surgery. Currently, guidelines (ACC/AHA 
2006) advise that primary prevention of stroke with 
aspirin may be considered for patients in sinus rhythm 
with evidence of high-risk MVP (leaflet thickening >5 
mm and/or leaflet redundancy). In addition, secondary 
prevention of stroke with warfarin may be considered 
for patients with evidence of high-risk MVP, but with-
out standard indications for anticoagulation such as 
atrial fibrillation or LA thrombus.

Patent Foramen Ovale and Atrial  
Septal Aneurysm

Anatomy

During fetal development, the interatrial septum devel-
ops from the fusion of the residual septum primum 
(lower portion) and the septum secundum (upper por-
tion). Normally the septum secundum overlies the sep-
tum primum on the left creating a flap, leaving a patent 
channel between both atria in utero. This serves as a 
conduit for the flow of oxygenated blood from the right 
atrium to the LA, bypassing the high-resistance unox-
ygenated lungs. After birth, with inflation of the lungs, 
right atrial pressure drops below LA pressure, causing 
the two layers of this flap to oppose each other and 
they typically fuse, closing over this connection (fora-
men ovale). However, in up to 25% of the population, 
these two flaps do not fuse completely resulting in a 
persistent PFO. Typically there is little flow across the 
residual PFO and any spontaneous flow is typically 
from left to right as the LA pressure is higher. However, 
if right atrial pressure exceeds LA pressure either tran-
siently (with Valsalva or other such maneuvers) or 
more chronically (pulmonary thromboembolic dis-
ease), flow can be directed from right to left, with the 
potential that right-sided venous thromboembolism 
can cross into the arterial circulation and result in sys-
temic emboli. An atrial septal aneurysm (ASA) is 
defined as a bulging of the interatrial septum in its 
midportion (fossa ovalis). The differentiation between 
a normal mobile septum and an ASA is arbitrary. The 
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most commonly used definition for an ASA is if the 
sum of the maximum excursions of the midpoint of the 
aneurysm in both directions from the midline is ³15 
mm. The prevalence of a PFO decreases with increas-
ing age (34% in the first three decades, decreasing to 
20% in the ninth decade). An ASA is much less fre-
quent, occurring in 1–2% of the general population. 
Though when it is present, there is a very high preva-
lence of having an associated PFO (56–77%).

Echocardiography

Transesophageal echocardiography is the imaging 
modality of choice for evaluating for a PFO (Fig. 25.16). 
Its presence can often be suggested by TTE; however, 
the interatrial septum is in the “far field” and in the api-
cal four-chamber view it lies parallel to the ultrasound 
beam. Therefore there is often “drop-out” of the echo 

signals giving a false impression of a defect. If optimal 
subcostal images are possible, a better alignment (the 
interatrial septum lies perpendicular to the imaging 
plane) provides for more optimal assessment. Often in 
this view with color Doppler, a PFO can be suggested 
by the appearance of a narrow jet of left-to-right flow. 
Assessment of right-to-left shunting is achieved by 
injecting agitated saline into an antecubital vein to 
opacify the right atrium and documenting the appear-
ance of bubbles within the LA within 3–5 cardiac 
cycles, either spontaneously or during a Valsalva 
maneuver (transient increases in right atrial pressure). 
Late (>5 beats) appearance of bubbles within the LA 
may be due to intrapulmonary shunting and does not 
necessarily imply flow across the interatrial septum. 
Agitated saline is created by mixing 8–9 ml of sterile 
saline with 1 ml of air in a 10-ml syringe, followed by 
repeated rapid injection to and from another syringe 
connected via a three-way stopcock until the mixture 
appears cloudy. Addition of approximately 1 ml of 

a b
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Fig. 25.16 Patent foramen ovale (PFO): the 2-D TEE image shows the typical appearance of a PFO, which was confirmed by color 
Doppler (left-to-right shunt) and bubble injection (right-to-left shunt)
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blood (withdrawn prior to injection) improves its con-
trast potential.

TEE is more sensitive for the detection of a PFO 
than TTE (22% vs. 8%, in one series). By TEE, the 
interatrial septum lies in the “near field” and can be 
evaluated with superior resolution in multiple planes. 
Typically a PFO appears like a flap, near the inferior 
aspect of the interatrial septum, though color-Doppler 
interrogation of the septum is necessary to confirm its 
presence. Flow across a PFO is typically minimal and 
of low velocity; therefore, the color-aliasing velocity 
(Nyquist limit) should be reduced, to enable detection 
of lower velocity signals. Confirmation of right-to-left 
shunting (which is of most interest in the setting of its 
systemic embolic potential) requires right-sided con-
trast (agitated saline). Typically a PFO appears much 
smaller when measured by echocardiography than 
when it is sized with a balloon across it, emphasizing 
that it can stretch and potentially accommodate the 
passage of a much larger thrombus across it than 
would be appreciated visually. The size of right-to-left 
shunting across a PFO is graded arbitrarily based on 
the number of bubbles seen crossing, with <10 bub-
bles considered a trivial shunt, ³10 bubbles a small 
shunt and intense opacification of the LA suggesting a 
large shunt.

An ASA can be seen by TEE or TTE but is more 
optimally seen by TEE (Fig. 25.17). In one series, 27% 
of ASA noted by TEE were not detected by TTE. By 
TTE, it is best appreciated in the four-chamber apical or 
subcostal views. By TEE, it can be seen in multiple views 
with the bicaval view (at ~90°) probably being best.

Potential Mechanisms of Stroke

A number of potential mechanisms underlying stroke 
in patients with a PFO have been proposed, highlight-
ing the persistent confusion surrounding this 
relationship.

1. Paradoxical embolism of a right-sided clot:

This remains the primary putative mechanism of stroke 
in these patients. There are anecdotal case reports of 
thrombus caught in transit across a PFO. In order for 
an embolism to cross the PFO, the embolism has to 
occur at the same time as there is increased right atrial 
pressures, either transiently (Valsalva) or more persis-
tently (elevated right-sided pressures). One series of 
younger patients with stroke reported no difference in 
the frequency of a Valsalva provoking activity at the 
time of the stroke between those with and those with-
out a PFO. Although one study found evidence of deep 
venous thrombosis (DVT) in 57% of patients with 
arterial embolism and a PFO, the rate in several other 
studies was much lower (4–10%). Overall, despite the 
appealing hypothesis of paradoxical embolism, evi-
dence remains scanty.

2. Thrombosis in situ:

There are some anecdotal reports of small amounts of 
thrombus being identified in PFOs of patients with 
strokes and also within ASA, suggesting that local 
thrombus formation may be an alternative hypothesis.

3. Coexistence of atrial arrhythmias:

Some data suggest a potential role of transient atrial 
arrhythmias in thrombosis formation in patients with a 
PFO

Association of PFO with Embolic Events

A PFO is a common finding and confirming a cause 
and effect with embolic events has proven difficult. 
Most data have come from retrospective case control 
studies. The original study suggested that a PFO was 
present in 40% of young (<55 years) people with a 
stroke, and 54% of those with a cryptogenic stroke, 
compared to 10% in a control group. In a meta-analysis 
of nine studies in patients <55 years, the rate of stroke 

Fig. 25.17 An atrial septal aneurysm (white arrow) with bulging 
of the septum into the LA
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was significantly associated with a PFO (odds ratio = 
3.1) and an ASA (odds ratio = 6.1). The combination of 
a PFO plus ASA was associated with much higher rate 
of stroke (odds ratio = 15.6). These associations were 
not found in older patients. One recently published, 
prospective study followed up 585 randomly sampled 
community residents 45 years or older for a median of 
5.1 years.140 (24.3%) had a PFO and 11 (1.9%) an 
ASA by TEE. There was no association between PFO 
and stroke (hazard ratio: 1.46, 95% confidence interval: 
0.74–2.88, p = 0.28). However there was a trend toward 
a link between ASA and cerebrovascular events (haz-
ard ratio: 3.72, 95% confidence interval: 0.88–15.71, p 
= 0.074). The risk of recurrent cerebrovascular events 
in patients with cryptogenic stroke and PFO ranges 
from 1.5 to 12% per year, depending on the study popu-
lation. Although one study has shown a significantly 
higher risk of recurrent stroke in patients with PFO and 
ASA (4-year recurrence rate: 15.2% vs. 2.3% for PFO 
alone and 4.2% for neither), other studies have not 
replicated these findings.

Factors Associated with Increased Risk

A number of factors have been suggested to be associ-
ated with increased risk:

1. PFO size – the larger the PFO, the stronger the 
association

2. Right-to-left shunting – More shunting is associ-
ated with higher risk, especially right-to-left shunt-
ing without provocation.

3. Presence of an ASA/increased mobility of the sep-
tum - This may be due to the mechanical effect of it 
acting like a wind sail to direct flow from the infe-
rior vena cava to the PFO.

4. PFO with a “tunnel” like appearance
5. Documented deep venous thrombosis

Treatment

There is no evidence to suggest that any treatment is 
warranted if a PFO or ASA is identified in an asymp-
tomatic patient. There are limited data to guide therapy 
in patients who present with a cryptogenic stroke and 

an atrial septal abnormality. In a prospective study of 
aspirin therapy in 581 patients with cryptogenic stroke 
the risk of recurrent stroke at 4 years was 2.3% in 
patients with PFO alone, 15.2% in patients with both 
PFO and ASA, 0% in patients with ASA alone, and 
4.2% among patients without an atrial septal abnor-
mality. Only one study has prospectively compared 
therapy with aspirin to warfarin in patients with cryp-
togenic stroke and PFO. In the PICCS study (PFO in 
cryptogenic stroke), patients were randomized to war-
farin (INR: 1.4–2.8) or aspirin 325 mg daily. In the 
subset of 98 patients with cryptogenic stroke and PFO 
there was no significant difference in the 2-year recur-
rent stroke and death rate between the two treatment 
arms (17.9% vs. 9.5%, respectively; p = 0.28).

Surgical closure of a PFO is achieved either by sim-
ple suture closure or patch occlusion. Several small 
series of surgical closure have been reported with vary-
ing rates of recurrent stroke (4–20%). Because of the 
morbidity and mortality of cardiac surgery, isolated 
surgical closure of a PFO has more or less been sup-
planted by percutaneous closure. Several devices have 
been developed for percutaneous PFO closure, and 
rates of recurrent stroke of 0–5% following device 
implantation have been reported in case series. Major 
complications appear to occur at a rate of 1–3% (device 
embolization, thrombosis, infection, fracture, CVA, 
pulmonary embolism, arrhythmia, transfusion). Only 
the Amplatzer™ and Cardioseal™ devices have 
received approval for the treatment of PFO through a 
Humanitarian Device Exemption from the U.S. Food 
and Drug Administration (FDA). The labeling of these 
devices restricts their use to patients with PFO and 
cryptogenic stroke who have failed conventional drug 
therapy. A number of prospective randomized trials 
are ongoing to comprehensively compare medical and 
percutaneous strategies. Recent consensus guidelines 
from the American Heart and American Stroke 
Associations for the treatment of patients with a cryp-
togenic stroke and PFO recommend initial antiplatelet 
therapy to prevent a recurrent event, or warfarin ther-
apy for high-risk patients who have other indications 
for oral anticoagulation such as venous thrombosis or 
a hypercoagulable state. There are insufficient data to 
recommend surgical or percutaneous PFO closure. 
However, surgical or percutaneous intervention may 
be considered for recurrent cryptogenic stroke despite 
optimal medical management.
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Therefore, current evidence appears to suggest that 
there is an increased prevalence of PFO in patients 
with cryptogenic strokes. Those with larger defects, 
more right-to-left shunting, and those associated with 
an ASA appear to be at higher risk. Current treatment 
strategies have not been clarified. Aspirin may be as 
efficacious as anticoagulation, though there may be a 
significant risk of recurrence. The low risk of recurrent 
stroke following percutaneous closure has led to the 
widespread adoption of this therapy. However, ran-
domized trials are needed to determine if there is truly 
an improvement in outcome vs. medical management.

Thoracic Aortic Atheroma

Echocardiographic Assessment

Atherosclerotic changes in the thoracic aorta are 
increasingly being recognized as a potentially impor-
tant source of embolus. It is common with a reported 

prevalence of 9–13% in asymptomatic adults. 
Atheroma in the thoracic aorta is not adequately visu-
alized by TTE; thus, TEE is the imaging modality of 
choice (Fig. 25.18). It is usually divided into three por-
tions: ascending portion, aortic arch, and descending 
aorta. From a cerebral embolic risk, it is the ascending 
thoracic aorta and the aortic arch proximal to the origin 
of the left common carotid that are of most interest. 
With TEE, the aortic root is best seen in the long-axis 
view of the aortic valve (~120°). Slight withdrawal of 
the transducer with a reduction in the angle of rotation 
(~90–100°) will give satisfactory long-axis visualiza-
tion of the tubular ascending aorta. There is an echocar-
diographic blind spot at the junction of the upper 
ascending aorta and aortic arch due to the interposition 
of the left main bronchus. Visualization of the descend-
ing aorta begins in the transgastric view with posterior 
rotation of the probe shaft to bring the descending tho-
racic aorta into the imaging window. The descending 
aorta lies behind and very close to the upper portion of 
the stomach and the esophagus, and the depth of the 
imaging plane should be adjusted to magnify the aorta. 

a b

c

Fig. 25.18 Complex aortic atheroma: the upper left image demonstrates severe sessile atheroma in the descending aorta. The upper right 
image shows a focal pedunculated atheromatous lesion in the thoracic aorta. The lower image shows diffuse severe complex atheroma
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The probe is gradually withdrawn to visualize the 
entire thoracic descending aorta, which at 0° of rota-
tion appears in its short axis. Any abnormality should 
be evaluated in its short and long axes with imaging at 
0° and 90° of rotation, respectively. As the probe is 
withdrawn to about 20 cm from the incisors, the aortic 
arch will begin to appear. This is best visualized by 
rotating the probe anteriorly to open out a long-axis 
view of the aorta and visualize the origin of the great 
vessels. Visualization of the aortic arch is generally 
kept until the end of the study as many patients experi-
ence reflex gagging with the probe in this position and 
find it the most uncomfortable part of the study neces-
sitating its removal.

Ultrasound cannot differentiate the vessel intimal 
layer from the media but does detect a change between 
the media and the bright adventitia. Therefore, for 
quantification purposes, it is standard to measure the 
thickness to the level of the bright adventitia and label 
this as the “plaque” thickness. Traditionally aortic 
atheroma has been graded using a scoring system of I 
– IV, though it is probably better to measure the depth 
of the plaque and describe its characteristics (presence 
of areas of ulceration, calcification, sessile vs. pedun-
culated, and/or degree of plaque mobility). In histo-
logic comparison, TEE showed good correlation in the 
separation of normal and minimal intimal thickening 
from more complex atheromas (93% agreement) with 
100% agreement in the detection of mobile thrombus.

Association of Thoracic Aortic Atheroma 
and Stroke

Observational case-control series have shown a signifi-
cantly higher prevalence of complex atheroma (mobile 
or ulcerated plaque and plaque >4 mm thick) in patients 
with a stroke (21–27%) compared to controls (4–13%). 
In prospective studies, the incidence of stroke at 1 year 
in patients with protruding atheroma was 12%, with an 
incidence for all embolic events of 33%. The combina-
tion of atrial fibrillation and complex aortic plaque is 
associated with a higher risk of stroke (12–20% at 1 
year) compared to a stroke risk of 1–2% for those with 
atrial fibrillation without significant aortic plaque. 
Regardless of anticoagulation or aspirin, this is further 
evidence to suggest the independent significant embo-
lic potential associated with aortic atheroma.

The prevalence of stroke or other embolic events 
appears to be influenced by plaque morphology. Plaque 
size (depth), plaque calcification, and plaque mobility 
are all important features. Increased plaque thickness 
is associated with a higher risk of stroke with a cut-off 
of ³4 mm in particular associated with a significantly 
higher risk of stroke. The significance of visible plaque 
ulceration is unclear with the available data suggesting 
that ulceration in thinner plaques is associated with 
increased risk, while this relationship is not significant 
in thicker (>4 mm) plaques. The presence of calcifica-
tion within plaques is associated with a reduced risk of 
embolic events, a feature likely explained by the fact 
that calcification most likely represents the presence of 
more chronic fibrotic, less lipid-laden plaques. Mobile 
components to aortic atheroma are also associated with 
increased embolic risk with echopathologic correla-
tion suggesting that these mobile elements are throm-
bus. Based on current evidence, it appears that most 
embolic events related to aortic atherosclerosis are 
secondary to embolization of thrombus that formed on 
these atherosclerotic lesions.

Emboli During Aortic Manipulation

There is a risk of emboli with aortic manipulation dur-
ing cardiac surgery or during left heart catheterization. 
Embolic complications are rare during cardiac cathe-
terization (0.5% rate of stroke). However, when embo-
lic complications do occur, aortic atheroma is a 
common association. Reported rates of embolic com-
plications during cardiac surgery involving cardiopul-
monary bypass are of the range of 2−7%. Those with 
aortic atheroma >5 mm on TEE have significantly 
higher risk of intraoperative stroke. Intraoperative TEE 
or epicardial echocardiography is used to assess the 
aorta to help risk stratify these patients and locate a 
safe point for cannula insertion and crossclamping. 
Epicardial echocardiography uses a high-frequency 
small-sized (transthoracic) transducer covered with a 
sterile sheath, placed directly on the aorta to visualize 
the ascending aorta and aortic arch with excellent reso-
lution. A “stand-off” (a saline filled glove) can increase 
the distance between the transducer and the aorta 
enabling satisfactory visualization of the anterior wall 
that may be difficult to see (too close) with the trans-
ducer placed directly on the aorta.
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Management of Patients with Aortic 
Atheroma

No consensus exists as to optimal management of 
patients with complex aortic atheroma. Use of anti-
thrombotic agents and/or anticoagulants appears logi-
cal in view of the pivotal role of thrombus in embolic 
events. Aspirin therapy is generally given for all 
patients with significant atherosclerotic disease. HMG-
Co-A reductase inhibitors (statins), with their docu-
mented benefits in people with atherosclerosis, are 
usually also considered. A reduction in the incidence 
of stroke has been documented for hyperlipidemic 
patients and also in those with more “normal” choles-
terol levels. Despite the fact that anticoagulant therapy 
has not been prospectively assessed for patients with 
aortic atheroma, observational data suggest that it is 
probably beneficial. Thrombectomy and endarterec-
tomy of complex aortic arch atheroma may be consid-
ered for good surgical candidates with recurrent 
embolic events despite optimal medical therapy. 
However this approach is associated with a high rate of 
neurological and vascular complications.

Overall Approach to Evaluation

A cardiovascular source of embolus is increasingly 
being identified when investigating patients with acute 
cerebral, peripheral, or visceral ischemia. Most reports 
have focused on sources of embolus in patients with a 
stroke. As outlined, the level of evidence demonstrating 
conclusive cause and effect is limited, and these poten-
tial sources are best described as “associations” rather 
than conclusive causes. It is important to thoroughly 
evaluate patients for all potential sources, and it is not 
exceptional to find more than one potential source in a 
patient, especially as the prevalence of many of these 
factors increases with advancing age. Additionally, both 
carotid disease and thoracic atheroma are manifesta-
tions of the same disease process, and it is not surprising 
that patients with significant carotid atherosclerosis have 
a higher prevalence of aortic arch atherosclerosis than 
those without carotid disease. Therefore, evaluation of 
the aorta may be warranted, especially if the neurologic 
event is contralateral to carotid stenosis or if carotid 
disease is associated with peripheral or visceral emboli.

Impact of Echocardiography on Patient 
Management

Once the acute phase of a neurological event  
has occurred, the primary aim is to identify any potentially 
treatable sources and prevent recurrent, potentially fatal 
events. Data suggest recurrence rates for all stroke 
subtypes of 9.4% per year and 10% for cryptogenic 
stroke. TEE has been reported as being useful in risk 
stratifying patients post stroke. One series of patients, 
who were followed for two years and stratified into 
low and high risk (based on the presence of at least 
one likely or possible risk factor for embolism at 
TEE), showed that those in the low-risk group had 
significantly better survival (92% vs. 63%, p = 0.04). 
In the STEPS study (242 patients followed after TEE 
for unexplained stroke) TEE, by demonstrating aortic 
atheroma and LV dilatation, identified subgroups at 
high risk of recurrent stroke if treated with aspirin 
alone, suggesting a potential role for TEE to help 
guide therapy and influence outcome after an index 
cerebral event. However, prospective studies are 
needed to determine whether identification of predic-
tors of stroke recurrence can be translated into 
improved patient outcome.
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Congenital Heart Disease



BookID 128962_ChapID 26_Proof# 1 - <Date>

Introduction

The congenital heart defects discussed in this chapter 
are common, straightforward lesions with a structural 
abnormality causing a specific hemodynamic problem. 
Once identified, they can usually be repaired by well-
established techniques, usually surgical.

Echocardiography plays a vital role in the diagnosis 
and management of these anomalies. This chapter 
focuses on the essentials of the echocardiographic 
evaluation of these lesions. It does not cover the infi-
nite variations that occur.

Segmental Approach to Cardiac 
Anatomy

This section outlines an approach to determine the 
relationship of the cardiac chambers. This is important 
as cardiac malpositions are frequently present in con-
genital heart defects, especially the more complex 
anomalies. The steps of this approach include 
(Tables26.1–26.5):

•	 Apex	position
•	 Cardiac	situs
•	 Identification	of	chambers	and	vessels
•	 Atrioventricular	relationships
•	 Ventriculoarterial	relationships

This is a brief summary of a systematic approach to 
determine the relationship of the various cardiac cham-
bers.	 A	 variety	 of	 other	 complex	 relationships	 exist,	
however, which are not discussed here or may not 
adhere to the simplified scheme presented.

Shunts and Septal Defects

Atrial Septal Defect

Anatomy and Physiology

The	three	commonest	atrial	septal	defects	(ASDs)	are	
named after their location in the interatrial septum 
(Fig. 26.1).

•	 Secundum	 (foramen	 ovale)	 defect	 (70–75%	 of	
cases) is a hole in the tissue that covers the fossa 
ovalis. It is usually an isolated lesion.

•	 Primum	 defect	 (15–20%	 of	 cases)	 involves	 the	
lower (primum) portion of the atrial septum. It may 
occur alone or in association with a small inlet ven-
tricular	septal	defect	(VSD)	and	a	cleft	mitral	valve.	
This	 will	 be	 discussed	 further	 under	 AV	 septal	
defects.

•	 Sinus	venosus	defect	(5–10%	of	cases)	is	located	in	
the superior portion of the atrial septum near the 
SVC.	It	is	associated	with	anomalous	return	of	right	
pulmonary	vein	to	RA/SVC	junction.

These defects produce a left-to-right atrial shunt 
that causes right atrial and right ventricular enlarge-
ment. Pulmonary hypertension is rare. Individuals with 
small to moderate shunts are asymptomatic. Dyspnea, 
fatigue, and congestive heart failure occur in larger 
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shunts.	 Most	 individuals	 with	 an	 ASD	 are	 identified	
and repaired in childhood.

Echocardiographic Evaluation

The goals for the examination are to:

•	 Determine	the	anatomic	site	of	the	septal	defect
•	 Evaluate	the	hemodynamic	significance	of	the	shunt

•	 Determine	RV	systolic	pressure
•	 Establish	return	of	the	four	pulmonary	veins
•	 Identify	associated	lesions

Table 26.1 Determination of apex position (subcostal 
view)

Term Definition

Levocardia	(normal	
position)

Apex	points	to	the	left	side

Dextrocardia Apex	points	to	the	right	side

Table 26.5 Identification of ventriculoarterial relationships

Term Definition

Ventriculoarterial	
concordance (normal)

Morphologic	LV	gives	rise	to	aorta
Morphologic	RV	gives	rise	to	PA
Pulmonary valve lies slightly 

anterior and to the left of the 
aortic valve

Ventricular-arterial	
discordance, D-type

Morphologic	LV	gives	rise	to	PA
Morphologic	RV	gives	rise	to	aorta
Ventricular	positions	are	normal	

(RV	to	the	right	of	LV)
Ventriculoarterial	

discordance,	L-type
Morphologic	LV	gives	rise	to	PA
Morphologic	RV	gives	rise	to	aorta
Atrioventricular	discordance	is	

present	and	RV	lies	to	the	left	of	
the	LV

Double outlet (right or 
left) ventricle

Greater	than	50%	of	both	great	
arteries exit from one ventricle 
(either left or right)

Table 26.4 Identification of atrioventricular relationships

Term Definition

Atrioventricular	
concordance (normal)

Morphologic	RA	to	morphologic	RV
Morphologic	LA	to	morphologic	LV

Atrioventricular	
discordance

Morphologic	RA	to	morphologic	LV
Morphologic	LA	to	morphologic	RV

Double inlet (left or 
right) ventricle

Both atria enter into 1 ventricle 
(either left or right)

Term Definition

Atrial	situs	solitus	
(normal)

RA	on	right	side	and	LA	on	left	side

Abdominal	situs	
solitus (normal)

Aorta	to	the	left	of	the	spine	and	IVC	to	
the right

Atrial	situs	follows	abdominal	situs	
70–80%	of	cases

Atrial	situs	inversus RA	on	left	side	and	LA	on	right	side
Abdominal	situs	

inversus
Aorta	to	the	right	of	the	spine	and	IVC	

to the left
High	probability	of	atrial	situs	inversus	

when abdominal situs inversus is 
present

Left	atrial	
isomerism

Two morphologic left atria
Aorta	and	IVC	on	the	same	side	of	the	

spine	with	the	IVC	anterior	to	the	
aorta

Right atrial 
isomerism

Two morphologic right atria
Aorta	and	IVC	on	the	same	side	of	the	

spine	with	the	aorta	anterior	to	the	IVC

Table 26.3 Determination of abdominal and cardiac situs from 
abdominal short-axis and subcostal views

Table 26.2 Identification of chambers and vessels

Chamber/vessel Characteristic

Aorta,	abdominal Round
Thick walled
Pulsatile

IVC Ovoid
Thin walled
Nonpulsatile
Collapses with inspiration

Right atrium Receives	IVC/SVC
Broad, short appendage
Eustachian valve

Left	atrium Receives pulmonary arteries
Narrow, long appendage

Right ventricle Trabeculated endocardial surface
Moderator band
Chordae attached to the septum
Tricuspid	valve	remains	part	of	RV
Three-leaflet valve and more apically 

inserted than mitral valve
Left	ventricle Smooth	endocardial	surface

Two papillary muscles without chordal 
attachments to the septum

Mitral	valve	remains	part	of	LV
Two	leaflet	AV	valve	more	basally	

displaced than the tricuspid valve
Aorta Arching	vessel

Origin of coronary arteries
Origin of great vessels
Aortic	valve	remains	with	the	aorta

Pulmonary artery Bifurcation with branches running 
posteriorly

Right branch passes behind the aortic arch
Pulmonary valve remains with the 

pulmonary artery
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The best views are the apical four chamber, subcostal 
four chamber (best for imaging the interatrial septum), 
and right parasternal (best for sinus venosus defects).1 
Echocardiography can usually establish the diagnosis 
by	 direct	 visualization	 of	 a	 secundum	 and	 primum	
ASD.	 Unexplained	 right	 heart	 enlargement	 should	
always	prompt	a	search	for	an	ASD.	If	a	defect	is	not	
seen, agitated saline contrast or TEE is sensitive for 
detecting	 and	 localizing	 an	 interatrial	 shunt.	A	 sinus	
venosus defect may require this level of scrutiny.

Color Doppler from the subcostal view will show 
flow	across	 the	 interatrial	septum.	Since	 the	pressure	
gradient between the atria is small, velocity is low 
(usually	 less	 than	1–1.5	m/s)	and	occurs	 in	 late	ven-
tricular systole and early diastole. Calculation of shunt 
ratio is usually not necessary. Right ventricular enlarge-
ment indicates a hemodynamically significant shunt, 
being present when the output of the right heart exceeds 
the	left	by	50%	Q

p
/Q

s
 ³ 1.5.

Right ventricular peak systolic pressure is essential 
information to obtain as part of the examination. The best 
tricuspid regurgitant Doppler signal should be sought 
from multiple views. By applying the modified Bernoulli 
equation to the peak velocity of the tricuspid regurgitation 
jet,	the	pressure	gradient	between	the	right	ventricle	and	
right	 atria	 is	obtained.	Adding	on	an	assumed	or	mea-
sured mean right atrial pressure to this pressure gradient 
gives the estimate of right ventricular systolic pressure in 
mmHg.	The	modified	Bernoulli	equation	is

RV	systolic	pressure	(mmHg)	=		[(4)	×	(TRvelocity	
{m/s})]2	+	RA	
pressure	(mmHg).

Cautions

•	 Normal	anatomic	variants	 are	 important	 to	 recog-
nize	to	avoid	confusion.	These	include	atrial	septal	
aneurysm, Eustachian valve (associated with the 
entrance	 of	 the	 IVC	 into	 the	 right	 atrium),	 and	
Chiari Network (a strand-like structure that extends 
from	the	orifices	of	the	SVC	and	IVC).

•	 Dropout	 of	 echo	 signal	 from	 the	 foramen	 ovale	
occurs when the echo beam is parallel to the inter-
atrial septum in the apical four-chamber view. This 
gives the false appearance of a septal defect. This is 
avoided by being certain a defect is present when 
the beam is perpendicular to the septum as in the 
subcostal view (Fig. 26.2).

Atrioventricular Septal Defect

Anatomy and Physiology

Division	of	the	common	A–V	canal	occurs	by	fusion	
of the superior and inferior endocardial cushions. 
Failure of this affects the structures derived from 
endocardial	cushion	tissue	to	varying	degree.	A	com-
plete	atrioventricular	(AV)	septal	defect	consists	of

Fig. 26.2 Secundum	atrial	septal	defect	as	seen	in	the	subcostal	
view. The defect is located in the middle region of the septum. 
The right atrium and the right ventricle are enlarged indicating a 
hemodynamically significant left-to-right shunt. RA right atrium, 
RV right ventricle, LA left atrium, LV left ventricle

Fig. 26.1 Diagram illustrating the anatomic location of the 
three most common atrial septal defects. This is looking through 
the	 right	atrium	onto	 the	 interatrial	 septum.	An	ostium	secun-
dum defect is centrally located in the region of the foramen 
ovale.	An	ostium	primum	defect	is	in	the	septum	inferior	to	the	
foramen	ovale.	A	sinus	venosus	defect	is	located	superior	to	the	
foramen	ovale.	It	is	adjacent	to	the	right	upper	pulmonary	vein	
that	 may	 drain	 anomalously	 into	 the	 superior	 vena	 cava/right	
atrial	junction	as	part	of	the	defect.	SVC superior vena cava, IVC 
inferior vena cava

Pulmonary trunk

Tricuspid valve

Coronary
sinus

SVC

Sinus
Venosus

ASD

Secundum
ASD

primum
ASD

IVC

Aorta
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•	 Ostium	primum	ASD
•	 VSD	of	the	inlet	septum
•	 Common	five-leaflet	valve	with	an	anterior	bridg-

ing leaflet, a posterior bridging leaflet, a left mural 
leaflet, a right mural leaflet, and a right anterosupe-
rior leaflet. This valve is all at the same level within 
the	ASD	and	VSD	(Fig.	26.3a,	b).	The	AV	valve	is	
usually equally committed to both ventricles, but 
may be primarily committed to one ventricle. 
Further	description	of	the	AV	valve	is	based	on	the	
extent and location of attachments of the anterior 
bridging leaflet

•	 Type	A.	Tethered	by	chordae	to	the	crest	of	the	ven-
tricular septum

•	 Type	B.	Attached	to	an	anomalous	papillary	muscle	
in	the	RV

•	 Type	C.	Free	floating	(no	chordal	attachments)

A	partial	AV	septal	defect	(ostium	primum	ASD)	con-
sists of

•	 An	AV	valve	divided	into	right-	and	left-sided	orifices	
by a band of tissue connecting the superior and poste-
rior	bridging	leaflets.	In	this	case,	the	AV	valve	is	dis-
placed downward (but both sides still at the same 
level) into the ventricle and anchored to the crest of the 
septum	eliminating	the	VSD	component	(Fig.	26.3c).

•	 A	cleft	in	the	anterior	leaflet	of	the	mitral	valve
•	 A	small,	restrictive	VSD	may	be	present

a b

c

Fig. 26.3 (a–c)	Apical	four-chamber	view	of	a	complete	AV	
septal	defect	with	a	common	AV	valve	in	systole	(a) and dias-
tole (b). In a,	 the	common	AV	valve	is	displaced	toward	the	
apex of the heart due to the lack of the inlet ventricular sep-
tum. When closed, it appears to float in the middle of the large 
ventricular	septal	defect	(VSD)	and	atrial	septal	defect	(ASD).	
In b, the leaflets are open with chordal attachments to crest of 

the	 interventricular	 septum	 (not	 seen	 well).	 Shunting	 can	
occur at both ventricular and atrial levels. Panel C is an apical 
four-chamber	view	in	systole	with	the	AV	valves	attached	to	
the	top	of	the	ventricular	septum	(no	VSD	present)	with	a	pri-
mum	ASD.	LA left atrium, RA right atrium, LV left ventricle, 
RV right ventricle, ASD atrial septal defect, VSD ventricular 
septal defect
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Echocardiographic Evaluation

The goals of the examination are to

•	 Define	the	components	of	the	AV	septal	defect	present
•	 Define	the	morphology	(single	orifice	or	two	sepa-

rate orifices) and chordal attachments of the leaflets 
of	the	AV	valve

•	 Estimate	 size	 and	 function	 of	 the	 right	 and	 left	
ventricles

•	 Determine	the	extent	of	the	ASD	and	VSD	and	the	
severity of shunting.

The best views are the apical (Fig. 26.3) and subcostal 
four chamber and the parasternal long- and short-axis 
views.2 The apical and subcostal four-chamber views 
are best for evaluation of the inlet portion of the heart. 
They	show	the	ASD	and	VSD	well.	In	some	instances,	
the	VSD	may	be	closed	by	chordal	attachments	or	tri-
cuspid valve tissue. The parasternal view at the mitral 
valve is helpful to determine whether one or two orifices 
are present and how well they line up with the ventricles. 
If two orifices are present, the mitral valve is cleft. This 
is seen best by watching the motion of the anterior leaf-
let that separates in the middle as the valve opens in 
diastole.	Addition	of	color	will	show	the	location	of	the	
regurgitant	jet	where	the	cleft	is	located.

Doppler is helpful to define the types of intracardiac 
shunting	present	and	the	degree	of	AV	valve	regurgitation.	
The precise hemodynamics vary depending on the shunt.

•	 Predominate	 shunting	 at	 the	 atrial	 level	 produces	
the	finding	typical	of	an	ASD.

•	 Shunting	at	both	atrial	and	ventricular	level	occurs	
with	 complete	 AV	 septal	 defect.	 The	 risk	 of	 this	
physiology is early development of irreversible pul-
monary vascular disease unless the pulmonary cir-
culation	is	protected	by	RVOT	obstruction.

•	 Significant	AV	valve	regurgitation
•	 It	is	also	important	to	evaluate	both	ventricular	outflow	

tracts for obstruction. This can be due to a muscular 
obstruction or chordae crossing the outflow tract and 
inserting into the septum, especially on the left side.

Cautions

Because of the broad spectrum of anomalies that may 
be present, a thorough echocardiographic evaluation 
by a sonographer familiar with is defect is essential.

Ventricular Septal Defect

Anatomy and Physiology

The interventricular septum has a membranous and a 
muscular portion.

•	 The	 membranous	 septum	 is	 thin	 and	 relatively	
small, roughly 5 mm in diameter. It is bounded by 
the	 aortic	 valve	 superiorly	 at	 the	 junction	 of	 the	
right and noncoronary cusps and inferiorly by the 
muscular septum.

•	 The	muscular	component	comprises	the	majority	of	
the septum and is divided into three regions.

– Inlet portion between the mitral and tricuspid 
valves

– Outlet (infundibular) portion between the aortic 
and pulmonic valves

– Trabecular portion, the largest, extending from 
the membranous septum to the apex

VSDs	are	commonly	described	by	location;	however,	
the	hemodynamic	disturbance	depends	on	size	rather	
than location. The common locations are

•	 Perimembranous	defect	(70–80%	of	cases)
•	 Outlet	defect	(5–8%	of	cases).	This	is	also	referred	

to as supracristal, conal, subarterial, subpulmonic, 
or	doubly	committed	VSD.	Part	of	the	rim	is	formed	
by the annulus of the pulmonary and aortic valves. 
The right cusp of the aortic valve may herniate into 
the defect creating progressive aortic regurgitation.

•	 Inlet	defect	(5–8%	of	cases).	It	is	located	posterior	
and inferior to the perimembranous defect and may 
be	part	of	an	AV	septal	defect.

•	 Muscular	defects	occur	anywhere	within	the	trabe-
cular portion of the septum and may be multiple.

VSDs	are	among	the	most	prevalent	congenital	cardiac	
anomalies	 in	 children.	 A	 moderate	 to	 large	 VSD,	 in	
contrast	to	an	ASD,	causes	symptoms	leading	to	early	
identification and closure of the defects. It is impor-
tance to identify and treat these individuals as they are 
at risk for development of pulmonary vascular obstruc-
tive disease during the first 6–12 months of life.

Partial	or	complete	spontaneous	closure	of	a	VSD	
may	occur	in	30–40%	of	cases.	This	closure	is	accom-
plished by adhesion of the septal leaflet of the tricuspid 
valve, proliferation of fibrous tissue, or prolapse of the 
aortic	leaflet	for	membranous	VSDs,	and	by	hypertrophy	
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of septal muscle for muscular defects. Inlet and 
infundibular defects rarely become smaller or close by 
these mechanisms.

Echocardiographic Evaluation

The goals of the examination are to

•	 Determine	 the	 anatomic	 location	 and	 size	 of	 the	
defect within the septum

•	 Characterize	 the	hemodynamic	significance	of	 the	
shunt

•	 Establish	RV	systolic	pressure
•	 Identify	associated	lesions

The best views to do this are the parasternal long- and 
short-axis views, the apical and subcostal four cham-
ber views.3 The short-axis view at the aortic valve 
assesses	the	membranous	and	outlet	septum.	A	defect	
between the 9 and 12 o’clock position is in the mem-
branous septum (Fig. 26.4), and one between the 12 
and	3	o’clock	position	is	in	the	outlet	septum.	Prolapse	
of the right cusp of the aortic valve into the defect may 
occur with an outlet lesion. Defects in the trabecular 
septum are best seen using color Doppler in the apical 
four-chamber view (Fig. 26.5).

Color Doppler enhances the ability to detect and 
localized	the	shunt	including	defects	that	are	too	small	

to be seen on 2-D. Color Doppler flow oriented paral-
lel	 to	flow	permits	 recording	of	 the	peak	 jet	velocity	
(Fig. 26.4). The modified Bernoulli equation is used to 
calculate the transventricular pressure difference to 
obtain	an	estimate	of	RV	and	PA	systolic	pressure.4 Jet 
velocity is high with restrictive defects, reflecting nor-
mal	RV	systolic	pressure	and	normal	pulmonary	vas-
cular resistance. Flow across the defect may continue 
into	diastole	as	LV	diastolic	pressure	usually	exceeds	
RV	diastolic	pressure.	With	larger	defects	and	elevated	
pulmonary	 artery	 systolic	 pressure,	 jet	 velocity	 is	
lower, but pulmonary vascular resistance may still be 
normal or only mildly elevated. With large defects and 
elevated	RV	systolic	pressure	and	pulmonary	vascular	
resistance,	little	flow	may	occur	across	the	VSD	indi-
cating obstructive pulmonary vascular disease 
(Eisenmenger physiology).

As	 with	 an	 ASD,	 the	 significance	 of	 the	 shunt	 is	
inferred	 from	 the	 effects	 of	 volume	 overload.	 Left	
atrial and ventricular enlargement are usually present 
when	 the	 left-to-right	 shunt	 volume	 exceeds	 50%	 of	
systemic flow Q

p
/Q

s
 ³ 1.5.

Cautions

•	 Trabecular	defects	are	more	difficult	to	detect	with	
2-D. They are often serpiginous and right and left 
ventricular sites may not be in the same plane.

•	 Measurement	of	peak	VSD	velocity	can	be	problem-
atic	if	the	jet	is	deflected	by	the	tricuspid	valve,	septal	

Fig. 26.4 Parasternal	short-axis	view	just	below	the	aortic	valve	
showing the typical “9 o’clock to 12 o’clock” location of a per-
imembranous	ventricular	septal	defect	(VSD)	with	color	Doppler.	
Flow is from left ventricle to right ventricle and the mosaic of 
colors indicates a turbulent high-velocity flow consistent with a 
restrictive	VSD.	RA right atrium, LA left atrium, AO aortic valve 
region, VSD ventricular septal defect, TV tricuspid valve

Fig. 26.5 Mosaic	color	pattern	for	a	restrictive	VSD	in	the	api-
cal portion of the muscular septum as seen in an “off-axis” api-
cal four-chamber view. LA left atrium, RA right atrium, RV right 
ventricle, LV left ventricle
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aneurysm,	or	muscle	bundle.	Underestimation	of	the	
pressure difference results if it is not possible to direct 
the	 continuous	wave	beam	parallel	 to	 the	VSD	 jet.	
Because	of	 this,	 the	TR	velocity	 jet	usually	gives	a	
more	accurate	estimate	of	peak	RV	systolic	pressure.

•	 The	 estimate	 of	 the	 RV	 pressure	 from	 the	 VSD	
velocity must correlate with that determined by the 
TR	velocity.	Any	significant	disparity	needs	 to	be	
resolved.

Patent Ductus Arteriosus

Anatomy and Physiology

The duct arises at the origin of the left pulmonary 
artery and connects to the inner curvature of the aorta 
opposite the left subclavian artery. While essential in 
the fetus, the ductus normally closes once flow through 
the lungs is established shortly after birth. Failure to 
close results in a left-to-right shunt through the ductus. 
The consequences of the left-to-right shunt from a pat-
ent	ductus	arteriosus	(PDA)	depend	upon	its	size	and	
the pulmonary vascular resistance. Trivial shunts may 

be asymptomatic, detected only when a murmur is 
heard, or noted incidentally on echocardiography done 
for another indication. Medium and large shunts cause 
CHF	due	to	increased	pulmonary	blood	flow	and	vol-
ume overload of the left heart. If uncorrected, pulmo-
nary hypertension develops and the shunt becomes 
bidirectional with cyanosis of the lower, but not the 
upper extremities (differential cyanosis).

Echocardiographic Examination

The goals of the examination are to

•	 Identify	the	presence	and	size	of	the	ductus
•	 Quantify	the	hemodynamic	significance
•	 Establish	RV	and	PA	systolic	pressure

The best 2-D views are high left parasternal directed 
toward	the	PA	bifurcation,	suprasternal	notch	focusing	
on the descending aorta opposite the left subclavian 
and	swinging	toward	the	left	PA	(Fig.	26.6), and short 
axis	at	 the	base	of	 the	heart.	A	PDA	is	usually	cone	
shaped with a smaller orifice at the pulmonary artery 
end. The shape, however, can be short, long, straight, 
or	 tortuous,	 making	 complete	 visualization	 difficult.	

Fig. 26.6 High	left	parasternal	view	(between	the	supraster-
nal and parasternal views) showing the ductus arteriosus 
(PDA)	connecting	the	main	pulmonary	artery	to	the	descend-
ing aorta. The left side is the 2-D image showing the duct 
entering the pulmonary artery. The right side has color 

Doppler added showing the large duct with flow directed into 
the main pulmonary artery toward the pulmonary valve from 
the descending aorta. MPA main pulmonary artery, RPA right 
pulmonary artery, LPA left pulmonary artery, PDA patent 
ductus arteriosus
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As	with	a	VSD,	the	degree	of	enlargement	of	the	left	
atrium and left ventricle is a useful marker of the mag-
nitude of the shunt.

The diagnosis is made more easily with Doppler 
than 2-D imaging of the duct.5 Turbulent flow in the 
main pulmonary artery that persists throughout the car-
diac	cycle	is	an	important	clue	that	a	PDA	is	present.	
Flow within the duct can also be evaluated. Most com-
monly, a high-velocity flow from left to right reaching 
a peak in late systole is present. The Doppler velocity 
measurement	 provides	 information	 about	RV	and	PA	
systolic pressure by the pressure gradient across the 
duct	or	by	the	tricuspid	regurgitant	velocity.	As	with	a	
VSD,	 the	 TR	 velocity	 may	 provide	 a	 more	 accurate	
estimate	of	PA	systolic	pressure.	In	most	instances,	PA	
systolic pressure is normal or only slightly increased. 
Rarely,	 a	 bidirectional	 shunt	 is	 present,	 characterized	
by a right-to-left shunt in early diastole followed by 
left-to-right flow in late systole and diastole. This indi-
cates significantly elevated pulmonary vascular resis-
tance and probable Eisenmenger physiology.

Cautions

•	 Low-velocity	 retrograde	 flow	 in	 late	 systole	 sec-
ondary	 to	 swirling	 flow	 within	 an	 enlarged	 PA	
should not be mistaken for ductal flow.

•	 Continuous	 flow	 into	 the	 PA	 is	 also	 seen	 with	 a	
coronary artery fistula or an aortopulmonary win-
dow. These are rare congenital abnormalities that 
should	not	be	confused	with	a	PDA.

Valvular Abnormalities

Pulmonary Stenosis

Anatomy and Physiology

Pulmonary	stenosis	(PS)	can	be	valvular,	subvalvular	
(infundibular), or supravalvular. This section will focus 
on valvular stenosis.

In valvular stenosis,

•	 Three	 leaflets	 are	present,	 but	with	 thickened	 and	
fused commissures and a reduced orifice.

•	 Unicuspid	or	bicuspid	valves	are	uncommon
•	 It	is	usually	an	isolate	finding,	but	is	associated	with	

Noonan syndrome (dysplastic or myxomatous pul-
monary valve with small annulus).

Echocardiographic Evaluation

The goals of the examination are to

•	 Characterize	the	anatomy	of	the	valve
•	 Define	the	site	and	severity	of	the	stenosis
•	 Determine	consequences	of	stenosis	on	the	RV

Best views include the parasternal short and long axis 
and	subcostal	of	the	RV.6 The 2-D images show thick-
ened pulmonary valve cusps, restricted systolic motion, 
and	doming	in	systole.	The	main	PA	is	often	dilated,	
but the extent of dilation does not correlate with the 
severity of stenosis.

The severity of the obstruction is determined by 
measuring the peak Doppler velocity across the pul-
monary valve. Multiple transducer positions should be 
checked to be certain to obtain the highest velocity. 
The pressure gradient is calculated using the modified 
Bernoulli equation. The instantaneous pressure gradi-
ent by Doppler echo correlates well with the peak-to-
peak	gradient	obtained	at	catheterization.	The	degree	
of	stenosis	is	judged	mild	when	the	peak	instantaneous	
gradient	is	less	than	40	mmHg,	moderate	with	gradi-
ents	between	40	and	70mmHg,	and	severe	when	>70	
mmHg.	Valvuloplasty	or	surgery	is	usually	considered	
with	gradients	above	50	mmHg.	With	at	least	moderate	
obstruction, right ventricular hypertrophy, particularly 
of the infundibulum, may be present. When mild steno-
sis	is	present,	progression	is	rare;	however,	moderate	
to severe stenosis usually progresses.

Cautions

•	 The	pressure	gradient	 is	flow	dependent	 and	may	
not always be a reliable indicator of severity of 
stenosis. This is the case when flow across the valve 
is	reduced	secondary	to	poor	RV	systolic	function	
or when flow is increased due to insufficiency of the 
pulmonary valve.

•	 A	large	left-to-right	shunt	can	cause	increased	veloc-
ity across the pulmonary valve when no stenosis of 
the valve is present. If increased flow is due to a 
shunt,	both	RVOT	and	PA	velocities	are	increased.	In	
contrast,	in	pulmonary	stenosis,	the	RVOT	velocity	
should	be	normal	while	the	PA	velocity	is	increased.
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Aortic Stenosis

Anatomy and Physiology

Sites	of	obstruction	in	the	aortic	valve	region	include	
the	valve	(71%),	the	subvalvular	region	(23%),	and	the	
supravalvular	region	(6%).	This	section	will	focus	on	
valvular aortic stenosis.

Valvular	abnormalities	include

•	 Bicuspid	valve	(most	common)
•	 Unicuspid	valve
•	 Acommissural	(diaphragmatic)	valve
•	 Three-leaflet	valve	with	fusion	along	the	commis-

sures (uncommon)
•	 Quadraleaflet	valve	(extremely	rare).

Aortic	stenosis	may	be	present	at	birth	(usually	acom-
missural or unicuspid valves), or a congenitally abnor-
mal valve becomes stenotic over time.

Echocardiographic Evaluation

The goals of the examination are to

•	 Characterize	the	anatomy	of	the	valve
•	 Determine	the	severity	of	the	stenosis
•	 Evaluate	the	effect	of	the	stenosis	on	the	LV
•	 Identify	associated	anomalies

Views	 to	 interrogate	 the	 aortic	 valve	 include	 the	
parasternal short and long and apical and subcostal 
4-chamber.	2-D	images	easily	define	the	abnormalities	
of the valve. The parasternal short axis is best for defin-
ing the leaflet morphology (Fig. 26.7), while the long 
axis is best for valve motion during systole.

•	 In	 the	 short-axis	 view,	 a	 bicuspid	 valve	 does	 not	
show the usual “Y” pattern of the normal three-leaf-
let valve, but has two leaflets of relatively equal 
size,	a	straight	closure	line	in	diastole,	and	a	noncir-
cular orifice in systole.

•	 A	 three-leaflet	 valve	 with	 fused	 commissures	 has	
the “Y” pattern, but the commissures are very much 
thickened with varying degrees of leaflet fusion.

•	 A	unicommissural	valve	is	seen	in	infants	and	chil-
dren. It has a single commissure along half the 
diameter of the orifice and in systole a circular ori-
fice that is eccentrically positioned.

To be certain to obtain the highest Doppler velocity, the 
valve is imaged in multiple views including the apical, 

suprasternal, right parasternal, and subcostal. Three 
methods are used to determine the severity of the steno-
sis and the need for intervention: peak instantaneous gra-
dient, mean gradient, and valve area.7 Inherent differences 
exist between the methods. Whichever one is used needs 
to be integrated with clinical information.

The peak instantaneous gradient is used widely to 
determine the need for intervention. Intervention is 
recommended

•	 When	the	gradient	is	>75	mmHg.
•	 When	peak	systolic	gradient	is	between	50	and	75	

mmHg,	 the	 decision	 for	 surgery	 is	 more	 variable	
and patient dependent.

•	 Close	follow-up	is	considered	if	the	gradient	is	<50	
mmHg	and	no	other	clinical	findings	of	concern	are	
noted.

Mean gradient from echo correlates well with the mean 
gradient	 from	 cardiac	 catheterization.	 Guidelines	 for	
when an intervention is recommended based on the 
mean echo gradient include

•	 Mean	gradient	>	27	mmHg
•	 Mean	 gradient	 between	 17	 and	 27	 mmHg	 with	

symptoms or an abnormal exercise test
•	 No	intervention	is	recommended	if	the	mean	gradi-

ent	is	<17	mmHg.

Aortic	valve	area	can	be	calculated	using	the	continuity	
equation. While this is the standard method used in 
adults with aortic valve disease, this method has not 
been well studied in infants and children.

Fig. 26.7 Bicuspid aortic valve as seen from the parasternal 
short-axis view. In systole, the ovoid opening of the bicuspid 
valve	is	seen	with	orientation	of	the	commissure	from	10	o’clock	
to	 4	 o’clock.	 RVOT right ventricular outflow tract, RA right 
atrium, LA left atrium, Bicuspid AV bicuspid aortic valve
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Cautions

•	 In	 infants,	 critical	 aortic	 stenosis	 with	 severe	 LV	
dysfunction must be separated from a primary 
abnormality	 of	 LV	 function.	 A	 hypertrophied	 LV	
due	 to	 critical	AS	must	be	 separated	 from	a	hyp-
oplastic	 LV.	 A	 normal	 appearing	 aortic	 valve	 and	
normal Doppler velocity across the valve make 
these two alternatives more likely.

•	 Proper	alignment	with	the	jet	is	imperative	to	avoid	
underestimating the gradient.

•	 The	gradient	is	affected	by	volume	of	flow	so	that	
LV	dysfunction	and	low	cardiac	output	give	a	lower	
gradient while aortic insufficiency increases the 
gradient.8

Coarctation of the Aorta

Anatomy and Physiology

A	coarctation	of	the	aorta	is	almost	always	opposite	the	
ductus arteriosus or ligamentous arteriosum and appears 
as	a	shelf-like	narrowing	into	the	aorta	just	below	the	
left	 subclavian	 artery.	 Associated	 defects	 other	 than	
bicuspid	aortic	valve	(occurs	in	85%	of	cases)	are	rare	

in	 these	 children.	 Aortic	 atresia	 or	 interrupted	 aortic	
arch is severe, but uncommon, variations of coarctation 
with the descending aorta supplied by blood from the 
right heart via the ductus arteriosus. This lesion is asso-
ciated with other cardiac abnormalities including aortic 
hypoplasia,	abnormal	aortic	valve,	VSD,	PDA,	mitral	
valve	anomalies,	or	as	part	of	TGA	and	double	outlet	
right ventricle (Taussig-Bing anomaly).

Echocardiographic Evaluation

The descending aorta is best seen from the supraster-
nal view. Particular attention must be paid to

•	 Identifying	all	the	great	vessels
•	 Size	of	the	proximal	aorta
•	 Site	 of	 narrowing	 in	 the	 descending	 aorta	 and	 its	

distance from the orifice of the left subclavian 
artery

•	 Degree	of	obstruction	by	the	Doppler	flow	pattern
•	 Patency	of	the	duct

Color Doppler is useful to locate the site of turbulence 
and the CW beam is directed to this region. The pattern 
for significant obstruction is increased systolic veloc-
ity with continuous forward flow throughout diastole 
(Fig. 26.8).9 Doppler gradients from the peak systolic 

Fig. 26.8 Continuous-wave 
Doppler directed through the 
region of coarctation in the 
descending aorta from the 
suprasternal notch view in an 
infant. The peak velocity in systole 
of	2.7	m/s	calculates	to	a	peak	
gradient across the coarctation of 
30	mmHg.	Note	that	the	flow	signal	
continues throughout diastole 
indicating continuous antegrade 
flow (and pressure gradient) across 
the coarctation
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velocity (V
2
) alone tend to overestimate the catheter-

measured	gradient.	A	better	correlation	has	been	shown	
when the velocity proximal to the coarctation (V

1
) is 

included in the expanded Bernoulli equation  
P	=	4	(V 

2
 – V 

1
 )2. This may not be necessary if the proxi-

mal	aortic	flow	is	<1	m/s.

Cautions

•	 A	long,	narrowed	segment	of	the	aorta	without	dis-
crete obstruction causes acceleration of flow, giving 
an increased peak velocity suggestive of obstruc-
tion. The lack of diastolic forward flow, however, 
helps distinguish this flow acceleration from true 
obstruction.

•	 Left-to-right	runoff	of	flow	through	a	patent	ductus	
reduces the velocity through the coarctation, lead-
ing to an underestimation of the pressure gradient.

•	 With	 aortic	 atresia	 or	 interruption,	 the	 large	 duct	
supplying the descending aorta must not be mis-
taken as the aortic arch. This is avoided by identify-
ing where the arch vessels originate.

•	 With	 a	 severe	 coarctation	 or	 interrupted	 aorta,	 no	
increase in velocity will be seen if the descending 
aorta is supplied by an unrestrictive patent ductus.

Ebstein Anomaly of the Tricuspid Valve

Anatomy and Physiology

This	lesion	is	characterized	by	apical	(downward)	dis-
placement of the septal and posterior leaflets of the 
tricuspid	valve	into	the	RV	chamber.	The	anterior	leaf-
let	 is	 tethered	 to	 the	 RV	 free	 wall	 and	 may	 have	
restricted movement or be a large sail-like leaflet that 
can	obstruct	 the	RV	outflow	tract.	This	abnormal	tri-
cuspid valve is invariably regurgitant and occasionally 
stenotic.	 A	 portion	 of	 the	 proximal	 right	 ventricle	 is	
incorporated	 into	 the	 RA	 (atrialized	 RV).	 The	 func-
tional	RV	may	be	hypoplastic	with	 impaired	systolic	
function.	A	PFO	or	ASD	is	frequently	present.	WPW	
syndrome	is	associated	with	this	anomaly	(10–15%	of	
cases),	predisposing	to	tachyarrhythmias.	Variation	in	
the severity of the valvular abnormalities results in a 
wide spectrum of symptoms from critically ill to an 
incidental finding in an asymptomatic individual.

Echocardiographic Evaluation

Goals are to

•	 Define	severity	of	apical	displacement	of	the	septal	
and posterior leaflets from the anatomic annulus 
and	the	size	and	tethering	of	the	anterior	leaflet

•	 Determine	degree	of	regurgitation
•	 Quantify	adequacy	of	RV	size	and	systolic	function
•	 Establish	presence	of	ASD/PFO

The	best	views	for	evaluating	the	TV	include	the	apical	
four-chamber view (Fig. 26.9) and the subcostal coro-
nal view.10 There is no uncertainty in making the diag-
nosis in moderate to severe cases, but milder forms can 
be	problematic.	Since	the	tricuspid	valve	is	normally	
more apically positioned than the mitral valve, accepted 
criterion	for	abnormal	apical	displacement	of	the	TV	is	
more	than	8	mm/m2	(or	>20	mm	in	adults)	from	the	
mitral valve insertion in the apical four chamber view.

Doppler provides an estimate of the severity of 
regurgitation and whether stenosis of the valve is pres-
ent. The subcostal view enables interrogation of the 
interatrial	septum	to	look	for	a	PFO	or	ASD.	If	unclear,	
the	rapid	IV	injection	of	agitated	saline	can	be	used	to	
determine if right-to-left shunting is present.

Fig. 26.9 Apical	 four-chamber	 image	 of	 Ebstein	 anomaly	 of	
the tricuspid valve in diastole. The annulus of the tricuspid valve 
is	 just	above	 the	RA	 label.	The	displaced	septal	 leaflet	 that	 is	
adherent to the right side of the interventricular septum with the 
valve leaflets coapting near the apex of the right ventricle. The 
area between the tips of the tricuspid leaflets near the apex of the 
RV	and	the	tricuspid	annulus	represents	the	atrialized	portion	of	
the	right	ventricle	(aRV).	The	right	heart	is	significantly	enlarged.	
RA right atrium, LA left atrium, RV right ventricle, LV left ven-
tricle, ARV	atrialized	portion	of	the	right	ventricle
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In symptomatic individuals, surgical repair of the 
valve is possible if the anterior leaflet is of sufficient 
size	and	mobility	to	create	a	monocuspid	valve	and	if	
the	RV	is	of	sufficient	size	and	with	adequate	function	
after	 plication	 of	 the	 atrialized	 portion	 of	 the	 RV.	 If	
repair is not possible, the preferred replacement valve 
is	a	stented	allograft	or	heterograft.	A	Fontan	repair	is	
done	with	severe	RV	dysfunction	or	hypoplasia.

Cautions

•	 The	 fibrous	 annulus	 of	 the	 tricuspid	 valve	 should	
not be mistaken for valve tissue

•	 RV	tissue	bands	should	be	distinguished	from	dis-
placed valve tissue

•	 Myxomatous	 disease	 of	 the	 TV	 should	 be	 distin-
guished from a large sail-like anterior leaflet
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Introduction

This chapter describes the application of echocardiog-
raphy in the evaluation of complex congenital heart 
disease. The anatomy and the surgical repair, often 
performed during infancy, are explained for each diag-
nosis, providing the basis for evaluating these patients 
as they grow into adulthood. Each anatomic diagnosis 
actually represents a spectrum of disease severity. The 
specific variations, associated features, and severity of 
lesions may significantly affect the surgical repair 
strategy and resultant clinical status. Accordingly, 
serial postoperative echocardiographic assessments 
are based on knowledge of the anatomy and surgical 
repair.

Several specific yet representative complex congen-
ital defects are presented. For each defect the underly-
ing anatomy, pathophysiology, and preoperative 
echocardiographic findings are presented. Based on the 
type of surgery, the specific postoperative potential 
complications are described. Based on the initial anat-
omy and surgery, the postoperative serial echocardio-
graphic evaluation of these patients is described in 
detail.

Tetralogy of Fallot

Pathology

Tetralogy of Fallot (TOF), as the name suggests, has four 
main components: (1) ventricular septal defect, (2) over-
riding of the aorta, (3) right ventricular outflow tract 
obstruction (RVOTO), resulting in (4) right ventricular 
hypertrophy. For practical purposes, the surgical repair 
focuses on two of these components, relief of RVOTO 
and closure of the ventricular septal defect. The VSD in 
TOF is conoventricular with anterior, superior malalign-
ment of the conal septum. This shift aligns the aorta more 
anterior and rightward over the crest of the ventricular 
septum (Fig. 27.1). RVOTO can occur at any or multiple 
levels. This includes subvalvar narrowing from the ante-
riorly deviated, hypertrophied conal septum; stenosis or 
hypoplasia of the pulmonary valve; and hypoplasia of 
the main pulmonary artery and/or branch pulmonary 
arteries. In the mildest form, minimal RVOTO can lead 
to unprotected pulmonary blood flow and congestive 
failure. With severe RVOTO, diminutive branch pulmo-
nary arteries with aortopulmonary collateral arteries can 
be considered part of the spectrum of tetralogy of Fallot 
with pulmonary atresia (TOF/PA), discussed separately.

Preoperative Evaluation

Preoperative echocardiographic evaluation includes 
interrogation of the level(s) and severity of RVOTO and 
inspection for additional VSDs and other associated 
lesions. The coronary anatomy is also of particular impor-
tance. The typical coronary pattern for TOF involves 
clockwise rotation of the crux of the heart such that the 
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left coronary artery arises more posteriorly and the RCA 
more leftward than usual. Often a prominent conal branch 
from the RCA can be seen in the presence of right ven-
tricular hypertrophy. This should be distinguished from a 
significant dual or a single left anterior descending coro-
nary arising from the RCA and crossing the RVOT, espe-
cially if a right ventricular outflow tract patch is placed to 
expand this area. Incision across an unrecognized signifi-
cant LAD would result in myocardial infarction.

Surgical Repair

The repair of TOF includes patch closure of the large 
conoventricular septal defect and closure of any addi-
tional VSDs which may be present. Relief of subvalvar 
pulmonary stenosis may involve muscle bundle resec-
tion and/or patch augmentation of the RVOT. If the 
pulmonary valve is very hypoplastic, a transannular 
RVOT patch may be required.

Postoperative Evaluation

Postoperative evaluation includes inspection for the 
presence and degree of residual RVOT obstruction, 

presence of significant pulmonary regurgitation, and 
presence of residual VSDs. Right ventricular systolic 
pressure should be estimated from the velocity of the 
tricuspid regurgitation jet. Ventricular septal posi-
tion and/or gradient across a residual VSD can be 
misleading in the setting of a complete right bundle 
branch block, which is often present postoperatively, 
due to asynchronous ventricular contraction. In the 
older patient, significant pulmonary regurgitation 
can produce right ventricular volume overload with 
right ventricular dilation and tricuspid regurgitation. 
Elevated right ventricular pressure from residual 
pulmonary stenosis can exacerbate right ventricular 
dysfunction. Although degree of pulmonary regurgi-
tation and right ventricular dilation/dysfunction can 
be roughly estimated by echocardiography, MRI is 
commonly used to assess pulmonary regurgitation 
fraction and right ventricular size and function. 
Optimal timing for pulmonary valve replacement has 
not been clearly established. Progressive aortic root 
dilation and significant aortic regurgitation have 
been observed in adult patients with TOF late after 
repair, requiring aortic valve replacement in some. 
Therefore, postoperative evaluations should include 
measurement of aortic root size and assessment of 
aortic regurgitation.1

Fig. 27.1 Tetralogy of Fallot. (a) Parasternal long-axis view 
showing the aortic valve overriding the crest of the ventricular septum; 
(b) parasternal short-axis view showing anterior malalignment 

of the conal septum resulting in subpulmonary obstruction. Arrow 
indicates conal septum. Asterisk indicates the ventricular septal 
defect. Ao aortic valve; RV right ventricle; LV left ventricle
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Tetralogy of Fallot with Pulmonary 
Atresia

Pathology

TOF/PA, considered to have the severest degree of 
RVOTO, has no direct communication between the 
right ventricle and pulmonary arteries. The spectrum 
of severity for TOF/PA is based on the continuity and 
size of the branch pulmonary arteries, and associated 
aortopulmonary collateral arteries.

Preoperative Evaluation

Assessment of the pulmonary artery supply and size 
is relevant to the timing and type of repair. 
Delineation of aortopulmonary collaterals arteries 
has traditionally required angiography; however, 
echocardiographic evaluation of proximal branch 
pulmonary artery diameters may be used to predict 
the presence of important APC arteries.2 Similar to 
TOF, echocardiographic assessment requires inter-
rogation for multiple VSDs and imaging of the  
coronary anatomy.

Surgical Repair

If the branch pulmonary arteries are of good size, a 
right ventricle to pulmonary artery conduit is placed. 
These conduits may be dilated and stented for maxi-
mal longevity. Ultimately, the conduit is replaced as 
the child outgrows the initial conduit. Aortopulmonary 
collateral arteries without dual antegrade supply are 
recruited or unifocalized and incorporated into the 
antegrade pulmonary circulation. With adequate size 
pulmonary arteries, the conoventricular VSD is closed 
at the time of conduit placement. However, with 
severely diminutive branch pulmonary arteries, delayed 
closure of the ventricular septal defect or a fenestrated 
patch may be necessary.

Postoperative Evaluation

Often echocardiography is not the optimal modality 
for assessing growth of the branch pulmonary arteries; 
however, assessment of conduit obstruction and right 
ventricular pressure, size, and function may indicate 
the need for an intervention.

Truncus Arteriosus

Pathology

Truncus arteriosus is a conotruncal abnormality in 
which a single semilunar or truncal valve and trunk 
give rise to the coronary arteries, to the branch pulmo-
nary arteries, and to the aorta. This is almost always 
associated with a large conoventricular septal defect 
with the truncal valve oriented over the crest of the 
ventricular septum. The pulmonary arteries may arise 
from a main pulmonary artery versus each branch 
directly from the trunk. The truncal valve is often 
abnormal with any number of leaflets, usually 2–4, and 
may exhibit varying degrees of regurgitation and/or 
stenosis. Truncus arteriosus may also be associated 
with an interrupted aortic arch with the descending 
aorta supplied by a patent ductus arteriosus.

Preoperative Evaluation

Presence of additional VSDs must be identified. The 
echocardiogram should examine the length of the main 
pulmonary artery, if present, and/or the size and degree of 
stenosis of the branch pulmonary arteries (Fig. 27.2). The 
distance of the main or branch pulmonary arteries from 
the orifice of the left coronary artery is also important to 
visualize since the coronary artery may be damaged at 
surgery when dividing the pulmonary arteries from the 
common trunk. The presence and degree of truncal valve 
regurgitation and/or stenosis should be assessed. The 
aortic arch should be examined for interruption.
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Surgical Repair

Surgical repair involves resection of the main pulmo-
nary artery or individual branch pulmonary arteries 
from the trunk and connection to the right ventricle via 
a conduit. The conoventricular septal defect is closed 
with a patch directing flow from the left ventricle to the 
truncal valve. When present, arch interruption is 
repaired, usually by direct anastomosis.

Postoperative Evaluation

Postoperatively, the echocardiogram should focus  
on truncal valve function, detection of residual patch  
margin or other VSDs, and branch pulmonary artery 
stenosis. As with TOF/PA, conduit stenosis and right 
ventricular hypertension are assessed to detect need 
for reintervention or conduit replacement. The truncal 
(neoaortic) valve is assessed for progressive stenosis 
and regurgitation. If the aortic arch was repaired, recur-
rent arch obstruction is also assessed over time.

Common Atrioventricular Canal Defect

Pathology

Endocardial cushion defects are a spectrum of diseases 
ranging from a primum ASD with cleft mitral valve to 

complete common atrioventricular canal defect (CAVC) 
with absence of the endocardial cushion resulting in a 
large primum ASD, inlet VSD, and a common atrio-
ventricular valve (AVV). The AVV may have dense 
attachments to the crest of the ventricular septum such 
that the actual ventricular shunt is small (transitional 
AVC) or even absent.

Preoperative Evaluation

Echocardiographic evaluation includes assessment of 
the presence and size of the endocardial atrial and ven-
tricular septal defects, and inspection for additional 
atrial or ventricular septal defects. In addition, the rela-
tive right and left ventricular size and the alignment of 
the common AVV over the ventricles are important in 
determining the surgical repair. For example, with 
extreme size dominance of one ventricle, division of 
the AVV allowing adequate and unobstructed flow to 
both ventricles may not be possible, necessitating a 
single ventricle palliation, as will be described later 
(see Section “Hypoplastic Left Heart Syndrome”). The 
number of left ventricular papillary muscles is also 
important since the mitral valve may be parachute with 
a single papillary muscle. In this anatomic setting, sur-
gical septation of the common A-V valve, and closure 
of the ASD and VSD could result in severe mitral 
stenosis. Subcostal imaging is best for assessing the 
relative balance of the AVV over the ventricular sep-
tum, often in a modified short-axis view rotated coun-
terclockwise (Fig. 27.3a). From the apical view, one 

Fig. 27.2 Truncus 
arteriosus. (a) Subcostal 
long-axis view depicting 
the left pulmonary artery 
arising from the common 
trunk; (b) parasternal 
short-axis view showing the 
main pulmonary artery 
arising from the common 
trunk. LV left ventricle; RA 
right atrium; LPA left 
pulmonary artery; MPA 
main pulmonary artery
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can also assess attachments of the anterior bridging 
leaflet (Fig. 27.3b). Other variations of the morphol-
ogy of the mitral aspect, such as double orifice MV, 
can be seen. The degree of AVV regurgitation and the 
presence of subaortic stenosis from AVV tissue cross-
ing the left ventricular outflow tract are seen from api-
cal and parasternal long-axis views.

Surgical Repair

Repair involves septation of the common AVV, closure 
of the defect components, and often suture closure of 
the mitral valve cleft.

Postoperative Evaluation

Postoperative issues may include residual atrial or ven-
tricular septal defects, AVV regurgitation or stenosis, 
or development of subaortic stenosis. Degree of mitral 
and tricuspid regurgitation and /or stenosis should be 
examined echocardiographically over time. In addi-
tion, the mechanism of significant mitral regurgitation 

can be identified. Mitral regurgitation may emanate 
through a residual cleft or centrally from insufficient 
anterior leaflet tissue after suture closure of the cleft. 
Again, residual septal defects or a left ventricle to right 
atrial shunt should be identified. Left ventricular out-
flow tract obstruction may occur postoperatively from 
AVV tissue or a subaortic membrane.

d-Loop Transposition of the Great 
Arteries

Pathology

d-loop transposition of the great arteries (d-TGA) is a 
conotruncal abnormality in which the aorta arises from 
the right ventricle and the pulmonary artery from the 
left ventricle. In d-TGA, the aortic valve is usually 
anterior and rightward of the pulmonary valve. Since 
the systemic and pulmonary circulations are in parallel 
(rather than in series), the amount of effective blood 
flow is dependent on bidirectional shunting or mixing. 
Potential sites of mixing are at the patent ductus arterio-
sus and/or ASD or patent foramen ovale. Approximately 
40% of cases of d-TGA have an associated VSD.

Fig. 27.3 Common atrioventricular canal. (a) Subcostal short-axis view; (b) apical four-chamber view, showing a common atrio-
ventricular valve well balanced over both ventricles. RA right atrium; LA left atrium; RV right ventricle; LV left ventricle
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Preoperative Evaluation

One of the first echocardiographic clues to the diagno-
sis of d-TGA in a cyanotic infant is the parallel orienta-
tion of the great arteries (Fig. 27.4a), as seen in the 
initial subcostal long-axis sweep. The pulmonary artery 
is identified by the bifurcation of the great artery arising 
from the posterior left-sided left ventricle (Fig. 27.4b). 
Continuation of the sweep anteriorly demonstrates the 
aorta from the right ventricle.

After assessing the patency of the ductus arteriosus, 
the echocardiographer must assess for restriction 
across the atrial septum, examining the size of the 
defect and mean Doppler gradient. In most cases, a 
balloon atrial septostomy is necessary for maximum 
atrial shunting. This is now commonly performed with 
echocardiographic guidance (Fig. 27.5). In addition to 
guiding the catheter course and assuring balloon infla-
tion within the left atrium, this also allows evaluation 
of the effectiveness of the septostomy.

Posterior deviation of the conal septum or other eti-
ologies of left ventricular outflow tract obstruction should 
be identified as postoperative subaortic stenosis may be 
poorly tolerated. Preoperatively, the diameters of the 

ascending aorta and main pulmonary artery are measured 
to anticipate size discrepancy with reanastomosis.

Preoperatively, the coronary artery pattern is 
important to delineate. In the usual pattern for d-TGA, 

Fig. 27.4 d-Transposition of the great arteries. (a) Parasternal 
long-axis view showing the parallel orientation of the aorta 
and pulmonary artery; (b) subcostal long-axis view showing 

the pulmonary artery arising from the left ventricle. Ao aorta; 
LV left ventricle; PA pulmonary artery; LA left atrium; RA 
right atrium

Fig. 27.5 Balloon atrial septostomy for transposition of the 
great arteries. Subcostal short-axis view demonstrating a balloon 
inflated in the left atrium, prior to the Rashkind procedure. 
Asterisk indicates balloon. RA right atrium; LA left atrium
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the RCA arises from the rightward posterior facing 
sinus and the LCA from the leftward anterior facing 
sinus. However, several variations may be seen, 
including intramural courses with a coronary travel-
ing between the aortic and pulmonary roots, which 
may add further challenge to the surgical repair.

Surgical Repair

Previous surgical repair of d-TGA included atrial 
switch techniques (Mustard and Senning) in which the 
systemic venous return is baffled to the mitral valve 
and left ventricle and the pulmonary venous return to 
the tricuspid valve and right ventricle. Since the right 
ventricle is systemic, many patients developed right 
ventricular failure. In the 1980s, the arterial switch 
operation started to replace the previous techniques 
and is now considered the operation of choice for most 
patients with d-TGA. This operation involves transac-
tion of the aorta and pulmonary artery above their 
respective roots, switching, and reattachment. To 
reduce tension on the branch pulmonary arteries, the 
surgical technique usually includes the Lecompte 
maneuver wherein the distal pulmonary artery segment 
is brought anterior to the aorta prior to reanastomosis. 
The coronary arteries must be transferred to the 
neoaorta (native pulmonary root). With extreme left 
ventricular outflow tract obstruction or pulmonary 
atresia and a large VSD, a Rastelli operation may be 
surgically optimal. During this operation, a VSD patch 
is placed baffling the left ventricle to the anterior aorta 
and a right ventricle to pulmonary artery conduit is 
inserted.

Postoperative Evaluation

Following arterial switch operation, the echocardio-
graphic evaluation includes assessment for develop-
ment of supravalvar aortic and/ pulmonary stenosis at 
the reanastomosis sites. Following the Lecompte 
maneuver, the ascending aorta is seen between the 
branch pulmonary arteries (Fig. 27.6). Mild turbulence 
in the branch pulmonary arteries is not uncommon. 
The branch pulmonary arteries should be interrogated 
for significant stenosis. Residual atrial septal defects, 

patent ductus arteriosus, and, when applicable, ven-
tricular septal defects should also be identified. 
Detection of global ventricular dysfunction or a 
regional wall motion abnormality may suggest a coro-
nary perfusion defect. If the preoperative evaluation 
identified left ventricular outflow tract obstruction, 
residual subaortic stenosis may occur postoperatively. 
When a Rastelli operation is performed, the postopera-
tive echocardiograms should interrogate for residual 
obstruction from the left ventricle to the aorta via the 
ventricular septal defect patch. Conduit obstruction 
may progress over time.

In addition, the aortic root may become dilated and/
or neoaortic regurgitation may develop. Serial echocar-
diograms over time should include measurement of the 
neoaortic root diameter and assessment of the degree 
of neoaortic regurgitation.

For patients in whom an atrial switch repair (Senning 
or Mustard operation) was performed, postoperative 
echocardiograms should assess for the development or 
progression of systemic and/or pulmonary venous 
pathway obstruction. The Senning and Mustard repairs 
appear echocardiographically similar. The pulmonary 
venous pathway may be visualized from standard api-
cal four-chamber view with flow seen from left to right 
atrium over the systemic venous baffle. With anterior 
and clockwise rotation from this initial position, the 

Fig. 27.6 d-Transposition of the great arteries after arterial 
switch operation with Lecompte maneuver. The ascending aorta 
is seen between the branch pulmonary arteries. RPA right pul-
monary artery; LPA left pulmonary artery; Ao ascending aorta
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superior vena caval pathway can be elongated for opti-
mal Doppler interrogation. The inferior vena caval 
pathway is best seen with posterior and counterclock-
wise rotation. Parasternal short- and long-axis views 
are also useful for evaluating these venous pathways. 
In addition, serial echocardiograms over time should 
evaluate the systemic right ventricular size and func-
tion and degree of tricuspid regurgitation.

Hypoplastic Left Heart Syndrome

Pathology

Hypoplastic left heart syndrome (HLHS) occurs when 
there is a failure of development of left heart structures, 
including the mitral valve, left ventricle, left ventricular 
outflow tract, aortic valve, and aortic arch. In the most 
severe form, the aortic and the mitral valve are atretic 
with a diminutive left ventricle and hypoplastic aortic 
arch (Fig. 27.7). However, each component of the left 
heart anatomy may be underdeveloped or hypoplastic 
to a variable degree. The term HLHS with its variants 
has come to suggest that the left heart is incapable of 
supporting systemic load or sustaining a full systemic 
cardiac output, which would necessitate a “single ven-
tricle palliation” ultimately culminating in the Fontan 

operation. In the newborn, systemic perfusion is depen-
dent on flow via a patent ductus arteriosus, with retro-
grade flow to the ascending aorta and antegrade flow to 
the descending aorta. An atrial communication is 
required to decompress the left atrium in the presence 
of mitral atresia or significant mitral hypoplasia.

Preoperative Evaluation

Careful measurement and Doppler interrogation of 
each left heart structure is necessary. The actual 
Doppler gradient across any structure may not reflect 
the degree of obstruction if there is minimal flow across 
that structure or the cardiac output is reduced. The 
right ventricular function and degree of tricuspid regur-
gitation should be assessed. The patency and size of 
the atrial septal communication and the ductus arterio-
sus must be evaluated.

Surgical Repair

HLHS is considered the paradigm for single ventricle 
palliation. The ultimate objective of repair is to chan-
nel systemic venous flow directly to the low resistance 

a b

Fig. 27.7 Hypoplastic left heart syndrome. (a) Subcostal short-axis view; (b) apical four-chamber view, showing a severely hypoplastic 
left ventricle. RA right atrium; RV right ventricle; LV left ventricle
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pulmonary bed, allowing the single ventricle to func-
tion as the systemic pump. Since the pulmonary resis-
tance of the newborn is not sufficiently low to accept 
passive flow, the palliation is accomplished using a 
stage approach over time. As for other diseases with 
single ventricle physiology, surgery for HLHS includes 
a three-stage palliative surgical strategy.

Stage I or the Norwood operation includes an aor-
topulmonary anastomosis (Damus–Kaye–Stansel), 
aortic arch reconstruction, a Blalock–Taussig shunt 
(approximately 3.5-mm graft from the subclavian 
artery to the pulmonary artery), and creation of a large 
atrial septal communication. Recently a right ventricle 
to pulmonary artery conduit (Sano modification), has 
replaced the creation of a Blalock–Taussig shunt. 
Information is currently being gathered to determine if 
this modification has improved morbidity and mortal-
ity than the standard Blalock–Taussig shunt.

Stage II, or superior vena cavopulmonary connec-
tion, includes takedown of the shunt or conduit and 
anastomosis of the superior vena cava to the right pul-
monary artery.

Finally, the third stage is the Fontan operation or 
total cavopulmonary anastomosis in which the IVC 
flow is directed to the pulmonary artery via a lateral 
tunnel through the atria, or occasional via extracardiac 
conduit. A fenestration may be placed in the baffle as a 
pop-off when the baffle pressure is elevated. This 

allows adequate systemic blood flow at the expense of 
lower systemic arterial saturation.

Postoperative Evaluation

Table 27.1 outlines the important postoperative factors 
to assess by two-dimensional Doppler echocardio- 
graphy, following each stage of palliation (Figs. 27.8– 
27.11).

Shone Syndrome

The original constellation of findings described by Dr. 
Shone included ventricular septal defect, parachute 
mitral valve, supramitral ring, subaortic stenosis, and 
coarctation of the aorta.3 The term has since been 
applied to patients with a combination of multiple left 
heart obstructive lesions. As with HLHS, each left 
heart structure should be evaluated by imaging and 
Doppler to help guide the surgical approach, one-ventricle 
palliation (as above) versus a two-ventricle repair.4 
Progressive or newly developed obstructions may 
occur after presentation, and therefore repeated evalu-
ations of anatomy are required over time.

Table 27.1 Postoperative echocardiographic evaluation for three-stage single ventricle palliation

Stage of palliation Anatomic considerations Recommended views

Stage I – Norwood ASD size SC views
Aortopulmonary anastomosis 

(Damus–Kaye–Stansel))
SC and PSL

Aortic arch reconstruction and distal arch 
anastomosis

SSN (Fig. 27.8)

Systemic ventricular function
Atrioventricular valve function
BTS and PA at insertion site SSN and PSS
Or with Sano modification
RV–PA conduit SC and PSS

Stage II – Bidirectional Glenn 
(BDG)

Same as above, except with shunt or 
conduit takedown

Superior cavopulmonary anastomosis SSN or high RSB for right CPA or 
high LSB for left CPA (Fig. 27.9)Branch Pas

Stage III – fenestrated Fontan Same as for Stage II
Lateral tunnel (intra-atrial baffle) 

obstruction and/or thrombus formation
SCS (Fig. 27.10)

Fenestration patency and mean gradient Apical or PSL (Fig. 27.11)

ASD atrial septal defect; SC subcostal; PSL parasternal long; BTS Blalock–Taussig shunt; PA pulmonary artery; SSN 
suprasternal notch; PSS parasternal short; RSB right sternal border; LSB left sternal border; CPA cavopulmonary anastomosis; 
SCS subcostal short
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Fig. 27.8 Distal aortic arch 
after Stage I palliation for 
hypoplastic left heart 
syndrome. The size 
discrepancy between the 
large neotransverse aortic 
arch and the smaller native 
distal arch and descending 
aorta is seen from supraster-
nal notch view. There is 
mild arch obstruction  
at the distal anastomosis.  
ta transverse arch; da distal 
arch (a) suprasternal notch 
imaging aorta, (b) supra-
sternal notch imaging of 
descending aorta ta, trans 
seveare arch; da, decending 
aorta

Fig. 27.10 Fontan 
pathway (total cavopulmo-
nary anastomosis). 
Subcostal short-axis view 
showing a lateral tunnel 
baffle through the right 
atrium. Asterisk indicates 
lateral tunnel. IVC inferior 
vena cava (a) subcostal 
shad axis view. (b) same 
view with color

Fig. 27.9 Superior 
cavopulmonary anastomosis 
from suprasternal notch 
view. Arrow indicates the 
anastomosis at the superior 
vena cava to the right 
pulmonary artery. SVC 
superior vena cava; RPA 
right pulmonary artery (a) 
suprasternal notch imaging 
in coronal view (b) same 
view with color
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Pulmonary Atresia with Intact 
Ventricular Septum

Pathology

In pulmonary atresia with intact ventricular septum 
(PA/IVS) the pulmonary valve is atretic and usually 
associated with good sized branch pulmonary arteries 
in continuity with a smaller main pulmonary artery. 
The right ventricular size may vary from severe hyp-
oplasia to adequate size. Pulmonary blood flow is sup-
plied by a patent ductus arteriosus.

Right ventricular coronary sinusoids with connec-
tion to the coronary arteries may be present. When the 
coronary artery connections from the aorta are stenotic 
or atretic, the coronary circulation is dependent on the 
sinusoidal flow from a high-pressure right ventricle.

Preoperative Evaluation

The initial echocardiogram should focus on tricuspid 
valve and right ventricular size (Fig. 27.12), examination 

of the MPA length, size of the branch pulmonary arteries, 
and presence of RV coronary sinusoids. RV sinusoids 
can sometime be detected by close echocardiographic 
inspection of the RV myocardium using color Doppler 
enhanced by lowering the Doppler scale. Some authors 
have found a correlation of the tricuspid valve annulus 
size with the presence of right ventricular sinusoids 
and right ventricular coronary circulation5; however, 
coronary artery anatomy and supply is best evaluated 
by coronary angiography.

Surgical Repair

In the absence of right ventricular dependent coronary 
circulation, even when the tricuspid valve and right 
ventricle are hypoplastic, the initial neonatal repair is 
to open the RVOT with a patch. In addition, surgical 
repair includes ensuring an adequate ASD to decom-
press the right atrium and placement of a Blalock–
Taussig shunt for adequate pulmonary blood flow. This 
allows time for right ventricular “growth.” Occasionally, 
pulmonary valve atresia may be amenable to perfora-
tion using radiofrequency ablation in the cathelicatia 

Fig. 27.11 Fenestrated Fontan. Apical four-chamber view 
showing a Fontan baffle in cross-section with fenestration flow. 
Asterisk indicates Fontan baffle; arrow indicates the fenestra-
tion. LA left atrium

Fig. 27.12 Pulmonary atresia with intact ventricular septum. 
Apical four-chamber view showing a hypoplastic tricuspid valve 
and right ventricle. Asterisk indicates tricuspid valve. RV right 
ventricle; LV left ventricle
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laboratory. When antegrade flow through the RV and 
RVOT is thought to be sufficient, the ASD and 
Blalock–Taussig shunt can be closed in the catheter-
ization laboratory. Alternatively, if antegrade flow 
remains limited by a small, noncompliant right ventri-
cle or stenotic tricuspid valve, a so-called one and a 
half ventricle repair could be undertaken. This includes 
an RVOT patch, superior cavopulmonary anastomosis, 
and closure of the atrial septal defect. In essence, the 
cavopulmonary anastomosis decompresses the right 
ventricular flow by approximately one-third, allowing 
flow from the inferior vena cava to be ejected to the 
pulmonary arteries by the right ventricle.

When a right ventricular-dependent coronary circula-
tion is present, placement of an RVOT patch would 
decompress the right ventricle resulting in coronary insuf-
ficiency and myocardial ischemia or infarction. Therefore, 
a single ventricle palliation is performed instead.

Postoperative Evaluation

Following RVOT patch and shunt placement, the degree 
of antegrade flow through the RV should be assessed, 
as well as atrial septal defect size and direction of flow. 
Growth of the right ventricle can be evaluated. As with 
all pre- and postoperative echocardiographic examinations, 
evaluation of the systemic ventricular and atrioventricular 
valve function is of obvious importance.

Tricuspid Atresia

Pathology

In tricuspid atresia, no discernible patency of tricuspid 
valve leaflet tissue is present. A thick membrane overlies 
the right ventricular inlet, and this entity is associated 
with a hypoplastic right ventricular sinus (Fig. 27.13). 
Egress of blood from the right atrium necessitates an 
atrial septal defect or patent foramen ovale, resulting in 
complete mixing with pulmonary venous blood in the left 
atrium. The presence/size of the VSD regulates the 
amount of antegrade flow through the great artery arising 
from the right ventricle. With normally related great arteries, 
a large VSD allows significant flow to the pulmonary 

arteries. This may lead to congestive heart failure, possi-
bly necessitating a pulmonary artery band. Conversely, if 
the VSD is restrictive or absent, severe subpulmonary 
stenosis or atresia results, and the infant will be duct- or 
shunt dependent. With transposed great arteries, a restric-
tive VSD will functionally result in subaortic stenosis, 
often associated with the aortic arch hypoplasia.

Preoperative Evaluation

The preoperative echocardiographic evaluation should 
focus on the relationship of the great arteries, and on 
the presence, size, and degree of restriction of the 
VSD. In addition, size and degree of obstruction at the 
semilunar valve and great artery arising from the right 
ventricle are assessed. Rarely, the atrial septal defect or 
patent foramen ovale is restrictive.

Surgical Repair

The surgical strategy for this form of congenital heart 
disease is a single ventricle palliation. The initial stage 
depends on the relationship of the great arteries and 
the presence and size of the ventricular septal defect 
(Table 27.2).

Fig. 27.13 Tricuspid atresia. This apical four-chamber view 
shows a thick membrane (arrow) overlying the right ventricular 
inlet and an associated hypoplastic right ventricular sinus. RA 
right atrium; RV right ventricle; LA left atrium; LV left ventricle
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Postoperative Evaluation

The postoperative echocardiogram should assess the 
initial palliation. In addition, the cavopulmonary anas-
tomosis and Fontan pathway is evaluated following the 
second and third stages of repair (Table 27.1). The 
assessment of mitral valve and left ventricular function 
is important at all stages of repair.

Double Outlet Right Ventricle

Pathology

Double outlet right ventricle (DORV) occurs when both 
great arteries arise from the right ventricle. In some 
patients one great vessel may override the ventricular 
septum and appear to arise in part from the left ventri-
cle. DORV is diagnosed by some anatomists when this 
overriding great vessel arises primarily over the right 
ventricle. Perhaps a more reliable determinant of DORV 
is when there is absence of continuity between the 
annulus of the overriding great vessel and the mitral 
valve, separated by an elongated intervalvar fibrosa.

The critical factors in DORV are the relationship of 
the great arteries to the VSD and the relative degree of 
pulmonary or aortic obstruction. The VSD may be sub-
aortic, subpulmonary, relate equally to each (“doubly-
committed”), or be uncommitted. When the VSD is 
subaortic with anterior malalignment of the conal sep-
tum, the pathophysiology is that of a large VSD. If 
there is subpulmonary stenosis, the pathophysiology is 
similar to TOF. If the pulmonary artery is posterior with 

a subpulmonary VSD, the pathophysiology is similar to 
d-TGA/VSD. In typical Taussig–Bing DORV there is 
bilateral conus beneath the aorta and the pulmonary 
artery with the possibility of subaortic or subpulmonary 
obstruction. Without subpulmonary obstruction, pul-
monary blood flow will be increased and the patient 
may exhibit congestive heart failure, yet with relative 
cyanosis due to the streaming of desaturated blood to 
the ascending aorta. In such situations, subaortic 
obstruction will exacerbate heart failure. The presence 
of subaortic stenosis or aortic annular hypoplasia is a 
harbinger for aortic arch hypoplasia. Pulmonary or sub-
pulmonary stenosis is associated with decreased pul-
monary blood flow and more profound cyanosis.

When the aorta and pulmonary artery are anterior–
posterior to each other, a large conoventricular septal 
defect may be “double committed.” The pathophysiology 
would again be dependent on the presence of sub-
pulmonary or subaortic or valvar obstruction. When 
the VSD is in the endocardial cushion region or inlet 
septum, the ventricular septal defect is “noncommitted.” 
Such inlet VSDS may be associated with straddling or 
overriding of an atrioventricular valve, rendering VSD 
closure more difficult. Moreover, straddling tricuspid 
valves can be associated with corresponding ventricular 
hypoplasia, obviating the potential for biventricular 
repair.

Surgical Repair

The surgical repair depends on the anatomic type of 
DORV (Table 27.3). For example, the repair of DORV 
with subaortic VSD may consist of simple VSD patch 
closure baffling the aorta to the left ventricle. Associated 
right ventricular outflow tract obstruction is relieved 
similar to TOF repair with either a transannular, or 
nontransannular patch, or conduit. DORV with subpul-
monary VSD is repaired similar to d-TGA/VSD with 
an arterial switch operation and VSD closure. 
Associated subpulmonary stenosis may consist of 
resection of the subpulmonary obstruction if the valve 
is normal or only minimally affected. Severe valvar or 
subpulmonary stenosis may necessitate a Rastelli 
operation with patching of the VSD to the aorta and 
placement of a right ventricle to pulmonary artery con-
duit. Patients with subaortic stenosis may undergo an 
arterial switch operation with resection of subaortic 

Table 27.2 Initial palliation for tricuspid atresia

Anatomy Physiology Initial palliation

NRGV
Large VSD Unrestrictive PBF Pulmonary artery band
Restrictive VSD 

or sub-PS
Subpulmonary 

stenosis
Blalock–Taussig 

(aortopulmonary) 
shunt

TGA
Large VSD Unrestrictive PBF Possible shunt
Restrictive VSD Subaortic stenosis Aortopulmonary 

anastomosis and/or 
aortic arch repair

NRGV normally related great vessels; TGA transposition of the 
great arteries; VSD ventricular septal defect; PBF pulmonary 
blood flow
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tissue. It the native aortic annulus and the ascending 
aorta are hypoplastic the patient may undergo a Stansel 
anastomosis (main pulmonary artery to the ascending 
aorta) and placement of a conduit from the right ven-
tricle to the pulmonary arteries. The VSD is closed 
with a patch from the left ventricle to the pulmonary 
artery such that blood flows from left ventricle to pul-
monary artery to ascending aorta.

When the VSD is uncommitted, it may difficult to 
baffle the aorta to the left ventricle without causing sig-
nificant subaortic obstruction. In those patients in whom 
a two-ventricular repair is not feasible, the patient would 
undergo single ventricle palliation. This consists of three 
operations, as outlined for the hypoplastic left heart 
syndrome. However, the first operation depends on the 
aortic and pulmonary anatomy. If there is unrestrictive 
pulmonary blood flow, the patient will undergo place-
ment of a pulmonary arterial band. Alternatively, if there 
is severe pulmonary outflow obstruction, the patient 
may require placement of a systemic to pulmonary arte-
rial shunt, usually a modified Blalock–Taussig shunt. If 
the patient has significant subaortic stenosis, the repair 
will involve either resection of the subaortic stenosis or 
a Stansel anastomosis with a Blalock–Taussig shunt.

Preoperative Evaluation

Orientation and alignment of the great vessels and their 
relationship to the VSD are best seen from subcostal 
imaging sweeps (Fig. 27.14). Since the type of surgical 

intervention is based on delineation of the anatomy, care-
ful attention must be applied to evaluate for subaortic or 
subpulmonic stenosis or annular hypoplasia. Short-axis 
transthoracic views provide the best imaging for the coro-
nary arteries, especially if a patient is to be considered for 
an arterial switch operation. This plane is important to 
evaluate the anatomy of the semilunar valves and branch-
ing of the pulmonary arteries. A combination of short-
axis and apical four-chamber views provides important 
additional detail as to the anatomy of the atrioventricular 
valves, including straddling or overriding, size of the 
corresponding ventricular chambers, and important 

Fig. 27.14 Double outlet right ventricle. Subcostal long axis 
showing both great arteries arising from the right ventricle with 
subaortic conus, i.e., Taussig–Bing. Arrow indicates subaortic 
conus. RV right ventricle; LV left ventricle; PA pulmonary artery; 
Ao aorta

Table 27.3 Double outlet right ventricle

Anatomy Pathophysiology Surgical repair

Subaortic VSD
No pulmonary outflow obstruction Increased PBF + CHF Patch close VSD with LV to aorta
Pulmonary outflow obstruction Decreased PBF + cyanosis Patch close VSD + correct pulmonary outflow obstruction
Subpulmonary VSD
No subaortic stenosis Increased PBF + CHF Arterial switch + VSD closure
Aortic outflow obstruction CHF and LCO Arterial switch + resect sub AS
Severe aortic outflow obstruction CHF and LCO DKS and shunt
Coarctation or interrupted aortic arch CHF and LCO Same as above and repair arch
Noncommitted VSD
No pulmonary outflow obstruction Increased PBF + CHF PA band, subsequent Fontan or close VSD to aorta or close 

VSD to PA and arterial switch
Pulmonary outflow obstruction Cyanosis Initial shunt + then Fontan or close VSD to aorta and 

correct pulmonary outflow obstruction
Aortic outflow obstruction CHF and LCO DKS and shunt then Fontan, or DKS then close VSD to 

native PA and conduit RV to PA

VSD ventricular septal defect; PBF pulmonary blood flow; CHF congestive heart failure; LCO low cardiac output; DKS Damus–
Kaye–Stansel; PA pulmonary artery; RV right ventricle
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additional views of the ventricular septum. Suprasternal 
notch imaging is used to evaluate for coarctation of the 
aorta or aortic arch hypoplasia. This view is also useful 
for evaluating the branch pulmonary arteries.

Postoperative Evaluation

The follow-up echo evaluation is entirely dependent on 
the initial anatomy and subsequent surgical repairs. For 
example, the echocardiographic evaluation may be for a 
patient that had one of the following operations: (1) 
VSD closure, (2) arterial switch operation with VSD 
closure, (3) Rastelli operation, and (4) serial operations 
for single ventricle physiology. However, persistence of 
a specific problem may occur. The patient may undergo 
a second operation for subaortic stenosis, or reoperation 
for a stenotic conduit, or perhaps for evaluation of aortic 
arch recoarctation. The previous sections outline the 
postoperative evaluation for these specific problems.

Summary

Due to the significant recent advances in medical and 
surgical care, many patients with complex congenital 

heart disease are now reaching adolescence and adult-
hood. Many echocardiographers are requested to eval-
uate these patients, as part of the patient’s clinical 
evaluation. The purpose of this chapter was to present 
the presenting anatomy and pathophysiology of spe-
cific complex congenital heart disease, which serves as 
the underpinnings for the understanding of the serial 
echocardiographic evaluation of these patients as they 
become adults.
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General Principles

Obtaining high-quality echocardiographic images in 
adults with congenital heart disease is often challenging. 
Not only is cardiac anatomy abnormal, but the cardiac 
position within the chest may be abnormal, the patient 
may have undergone previous surgery distorting car-
diac anatomy, and patients with underlying genetic or 
syndromic abnormalities frequently have spinal and 
other skeletal abnormalities. All these features can 
make standard echocardiographic views difficult to 
obtain with the patient in the regular positions. It is 
important to remember that an echocardiographic 
study in an adult with complex congenital heart dis-
ease is likely to be much more time consuming than 
one in an adult with a normally positioned and related 
heart. One must adopt an attitude of flexibility toward 
positioning of the subject and transducer position on 
the chest to obtain the maximal anatomic and func-
tional information. The echocardiographer needs a 
basic understanding of congenital heart disease as well 
as its natural and unnatural history to help anticipate 
the changing echocardiographic features and the late 
complications of congenital heart disease in the adult.

It is of fundamental importance that those requesting 
echocardiography in patients with congenital heart dis-
ease have a sound understanding of the anatomy of con-
genital heart disease as well as its treatment, so that 
adequate details are given to the echocardiographer and it 
can be made clear what clinical questions are being asked. 
Adequate training is often difficult for echocardiogra-
phers and cardiologists alike to obtain because centers 

with large numbers of adults with congenital heart dis-
ease are few in number. It takes considerable experience 
to identify reliably the complications and consequences 
of congenital heart disease and its treatment.

Sequential Segmental Analysis  
and Normal Anatomy

When examining complex congenital heart disease it 
is easy to focus on particular abnormalities while miss-
ing parts of the “bigger picture.” It is often helpful to 
adopt the traditional approach of sequential segmental 
analysis, treating the heart as a series of building 
blocks, each of which can have only a limited number 
of abnormalities. Thus, if one considers the visceroa-
trial situs (including the position of the heart and major 
organs), the anatomy and connections of the great 
veins, then the atriums, the atrioventricular connec-
tions, the ventricles, the ventriculoarterial connections 
and, finally, the great arteries it becomes relatively 
simple to build up a comprehensive picture of even the 
most complex congenital heart disease.

The inferior vena cava should normally be seen on 
the right-hand side of the spinal column and should 
connect directly with the right atrium. The right-sided 
superior vena cava can be identified in the majority of 
adults, along with its connection to the right atrium. 
Persistence of a left superior vena cava (coexisting with 
a right-sided superior caval vein) should be considered 
as a variant of normal anatomy, draining to the coro-
nary sinus, which is usually enlarged. The degree of 
coronary sinus dilatation will depend upon the venous 
return to it, so it is most marked when there are bilateral 
caval veins without an innominate connection between 
the two (so venous return from the left arm and the left 
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jugular vein must drain to the coronary sinus). 
Identification of a left superior caval vein is of particu-
lar relevance in patients who are candidates for perma-
nent pacemaker implantation; the echocardiographer 
should alert the operator, recommending a right-, rather 
than left-, sided approach for electrode implantation.

The normal right atrium can often be identified in 
children by the appearance of its blunt, triangular 
appendage (in contrast to the elongated left atrial 
appendage), but it is rare in the adult to be able to iden-
tify detailed appendage anatomy without the aid of a 
transesophageal probe. The normal connection of the 
right atrium to the tricuspid valve and right ventricle is 
characterized by the morphology of the tricuspid valve 
apparatus, which inserts to both the ventricular septum 
and the free right ventricular wall (in contrast to the 
mitral valve apparatus, which inserts into the paired 
papillary muscles of the free left ventricular wall). In 
addition, the septal leaflet of the tricuspid valve is 
attached slightly more toward the apex than its mitral 
counterpart, producing the normal “offset” of the atrio-
ventricular valves. The right ventricle is more coarsely 
trabeculated than the left and can also be identified by 
its moderator band (a muscular band seen toward the 
apex). Fortunately, even in complex disease these fea-
tures persist; the tricuspid valve almost always retaining 
its normal commitment to the right ventricle (exceptions 
being rare anomalies such as double inlet left ventricle), 
so identification of the tricuspid valve almost always 
leads to identification of the right ventricle. The hall-
marks of normal right ventriculoarterial connection are 
the bifurcating pulmonary artery, which arises almost at 
right angles to the aorta such that when the aorta is 
imaged in short axis, the pulmonary trunk appears in 
long axis, and vice versa. A parallel course of the 
ascending aorta and pulmonary trunk is never normal.

A similar approach can be applied to the left side of 
the heart. Identification of at least two pulmonary veins 
draining to the left atrium is possible in most adults, 
although transesophageal studies might be necessary 
to reliably identify all four in cases of doubt.

The lightly trabeculated left ventricle gives rise to 
the aorta, identified by its lack of bifurcation and its 
continuity into the aortic arch with its innominate, 
carotid, and subclavian branches.

Despite a painstaking transthoracic study, complete 
information may not always be obtainable and addi-
tional imaging modalities such as transesophageal 
echo, magnetic resonance imaging, and cardiac cathe-

terization may need to be employed to define fine 
details of anatomy and function.

Transesophageal Echocardiography

Transesophageal echocardiography has an important 
role when inadequate precordial images are obtained. 
This might be for a variety of reasons such as abnor-
mal position of the heart, skeletal abnormalities, or 
poor echo windows in patients with lung disease. Even 
in patients in whom transthoracic echo produces good 
quality images, transesophageal echo is particularly 
useful in defining the anatomy of certain areas which 
are not well seen on transthoracic echo. These include 
the superior vena cava, the pulmonary veins, the atri-
ums and atrial septum (particularly after intra atrial 
surgery), the ascending and descending aorta, the 
proximal coronary arteries and aortopulmonary as well 
as cavopulmonary shunts.

Transesophageal echo is an invaluable adjunct to 
fluoroscopy during therapeutic catheterization, partic-
ularly during closure of septal defects.

Contrast Echocardiography

Simple agitated saline (9.5 ml of normal saline rapidly 
squeezed back and forth between two 10-ml syringes 
via a three-way tap) rapidly injected into a large upper 
limb peripheral vein will confirm the site of superior 
caval vein connection to the heart, and the presence of 
a left superior caval vein in cases where there is doubt 
about the venous connections. Similarly, contrast into 
a lower limb vein will delineate inferior caval drainage 
to the heart. When the atrial septum cannot be imaged 
clearly, contrast may be seen to appear in the left atrium 
directly after its appearance in the right atrium in 
patients with an atrial septal defect or patent foramen 
ovale (Fig. 28.1). The Valsalva maneuver performed 
simultaneous to the peripheral injection improves the 
ability to detect a right to left shunt through a PFO (it 
is rarely necessary to perform a transesophageal echo 
in this situation if a good precordial contrast study has 
been undertaken). Contrast agents are also useful in 
determining the presence of atrial shunts (defects in 
the intra-atrial baffles used to redirect venous return) 
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in patients who have had Mustards’ or Sennings’ oper-
ations for Transposition of the great vessels. “Designer” 
manufactured echo contrast agents have a limited role. 
They have the benefit of being more echogenic than 
simple agitated saline, but in our experience they may 
sometimes cross the pulmonary vascular bed rapidly in 
some patients, potentially leading to an erroneous 
diagnosis of an interatrial shunt. These agents are prob-
ably best restricted to the purposes they were designed 
for, such as enhancing endocardial wall detection and 
assessing myocardial perfusion.

Atriums and Great Veins

Anomalous Venous Drainage

If the right heart is volume loaded but the atrial septum 
appears intact, the patient may have partial anomalous 
pulmonary venous drainage. Particularly when detected 

in adult life, this condition most commonly occurs in 
association with a sinus venosus defect.

Anomalous systemic venous drainage is rare out-
side the context of complex disease associated with 
atrial isomerism. In cases where organ position is 
abnormal it becomes of particular relevance to assess 
the position and site of drainage of both the systemic 
and the pulmonary veins.

Cor Triatriatum

Subdivision of the left atrium (cor triatriatum) may 
present for the first time in adulthood. The finding can 
be made incidentally during echocardiography for 
other reasons, or the patient may present with breath-
lessness (due to elevated pulmonary venous pressure) 
or rarely with atrial arrhythmias. The membrane is 
well seen by transthoracic echocardiography in the 
parasternal long-axis, parasternal short-axis, and api-
cal views (Fig. 28.2). The membrane is perforated in 
one or more places, and there is almost always restricted 
flow through it, resulting in a situation that is physio-
logically similar to mitral stenosis. There will be a 

Fig. 28.1 PFO contrast study of apical four chamber. Apical 
four-chamber view showing the right atrium and right ventricle 
completely opacified by bubble contrast. A “whiff” of bubble 
contrast can be seen in the left atrium, and a few bubbles in the 
left ventricle, demonstrating flow across a patent foramen ovale. 
LA left atrium; LV left ventricle; RA right atrium; RV right 
ventricle

Fig. 28.2 Cor triatriatum apical four chamber. Apical four-
chamber view demonstrating the cor triatriatum membrane 
(arrowed) dividing the left atrium into two chambers. LV left 
ventricle; RV right ventricle
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continuous color jet of flow through the perforation(s) 
in the membrane (Fig. 28.3). TOE is rarely necessary, 
but will confirm the diagnosis in patients with inade-
quate transthoracic imaging.

Subdivision of the right atrium (cor triatriatum dex-
ter) is exceedingly rare, particularly in adults. 
Eustachian and Thebesian valve remnants may be very 
prominent in normal adults (particularly on TOE); it is 
most important not to mistake these structures for a 
subdividing membrane in the right atrium (Fig. 28.4).

Atrial Septal Defects

Atrial septal defect commonly presents for the first 
time in adulthood. Patients often have few, if any, 
symptoms, and the defect is often picked up after an 
incidental finding of an abnormal chest radiograph or 
on an echocardiogram performed because of an asymp-
tomatic murmur (or breathlessness, palpitations, or 
embolic events in symptomatic patients). Small atrial 
septal defects may occur with small left to right shunts 
which are of little consequence. The hallmark of an 
important left to right atrial shunt is volume loading of 

the right ventricle (dilatation of the ventricle and with 
larger shunts, paradoxical ventricular septal motion) 
(Figs. 28.5 and 28.6). The larger the left to right shunt, 
the higher the flow through the tricuspid and pulmo-
nary valves, with corresponding increase in tricuspid 
inflow and pulmonary outflow velocities. Major eleva-
tion of pulmonary arterial pressure is not a feature of 
atrial septal defects, so in most cases peak velocity of 
tricuspid regurgitation will be near normal. Secundum 
atrial septal defects (i.e., within the confines of the 
foramen ovale) can almost always be visualized 
directly by 2-D transthoracic echocardiography using 
standard views, (Figs. 28.7) but sinus venosus defects 
(the more common superior variety adjacent to the ori-
fice of the superior caval vein, and the rare inferior 
variety rarely adjacent to the orifice of the inferior 
caval vein) and coronary sinus defects (communica-
tions between the coronary sinus and the left atrium) 
can be easily missed on transthoracic echocardiogra-
phy. Transesophageal echocardiography offers advan-
tages in these situations and is particularly good for 
identifying the anomalous return of the right upper 
pulmonary vein associated with sinus venosus defects 
(Figs. 28.8a, b).

It is easy for the inexperienced echocardiogra-
pher to incorrectly diagnose a secundum atrial  septal 

Fig. 28.3 Cor triatriatum color flow. Apical four-chamber view 
demonstrating high-velocity color flow at the site of perforation 
of the cor triatriatum membrane. LV left ventricle; RV right 
ventricle

Fig. 28.4 TOE image of Eustachian valve. Transesophageal 
echo image of a prominent Eustachian valve (single arrow). 
This structure could easily be mistaken for the atrial septum with 
a secundum defect. The atrial septum is clearly seen (double 
arrows). RA right atrium
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defect when the septum is thin but intact. There is 
often signal dropout in the region of the interatrial 
septum, particularly in the apical four-chamber 

view. If there is a genuine defect, color Doppler will 
confirm low-velocity flow from left to right (Fig. 
28.9). Pulsed-wave Doppler also confirms left to 

Fig. 28.5 Dilated right 
heart, M mode. M-Mode 
echocardiogram from 
parasternal short-axis view 
demonstrating significant 
right ventricular dilatation. 
LV left ventricle; RV right 
ventricle

Fig. 28.6 Dilated right heart, parasternal long axis. Parasternal 
long-axis view demonstrating significant right ventricular dilata-
tion. Ao aorta; LA left atrium; LV left ventricle; RV right 
ventricle

Fig. 28.7 Secundum ASD four-chamber view. Apical four-
chamber view demonstrating a large secundum atrial septal 
defect and significant right heart dilatation. LA left atrium; LV 
left ventricle; RA right atrium; RV right ventricle; ASD atrioven-
tricular septal defect
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right shunting with an increase in flow across the 
defect in expiration and decrease in flow during 
inspiration. This relationship helps to differentiate 
between flow through an atrial septal defect and 
caval flow (which has the opposite relationship to 
respiration). Care must be taken to avoid misinter-
preting flow from the superior vena cava as flow 
across the atrial septum. A prominent Eustachian 
valve can be mistaken for the interatrial septum giv-
ing the appearance of an atrial septal defect, particu-
larly in short-axis views.

An estimation of the degree of left to right shunting 
(Q

p
:Q

s
) can be made using a variety of techniques.

About 60% of atrial septal defects can be closed at 
cardiac catheterization. The important echo features 
to assess when deciding on the suitability for tran-
scatheter closure are the number of defects in the sep-
tum, whether the foramen is aneurysmal, and the 
diameter of the defect in short-axis, four-chamber, 
and long-axis views. It is also important to measure 
the proximity of the margins of the defect to adjacent 
structures such as the septal leaflet of the mitral valve, 
the orifice of the coronary sinus, the orifices of the 
right pulmonary veins and the caval veins; normally 
a distance of at least 5 mm is required to anchor a 

a b

Fig. 28.8 (a) Supravalvar aortic stenosis clor flow. TOE image 
of a sinus venosus ASD. Transesophageal echo image of a sinus 
venosus ASD (arrowed). (b) TOE image of a sinus venosus 
ASD with color flow. Color-flow mapping of the sinus venosus 

defect seen in (b). Low-velocity flow can be seen passing from 
left atrium to right atrium. AS atrial septum; LA left atrium; PV 
pulmonary vein; RA right atrium

Fig. 28.9 Secundum ASD four-chamber view color flow. 
Color-flow imaging of the secundum atrial septal defect seen in 
Fig. 28.7, demonstrating low-velocity flow from left atrium to 
right atrium across the defect. LA left atrium; LV left ventricle; 
RA right atrium; RV right ventricle
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device securely (although, for some devices, the mar-
gin to the aorta does not seem to be important). In the 
vast majority of cases these measurements can be 
made with precordial echo alone, transesophageal 
echo only being required to assist at transcatheter 
closure (Fig. 28.10a–f).

When ASDs are closed in childhood right ventricu-
lar dilatation usually resolves rapidly and completely, 
but this is rarely the case in adults after many years of 
chronic volume overload, so some degree of persistent 
right heart dilatation and tricuspid regurgitation is to 
be expected even after successful ASD closure.

a b

c d

e f

Fig. 28.10(a) Secundum ASD chosen for percutaneous clo-
sure. TOE image of a typical secundum ASD chosen for percu-
taneous closure. The defect can be seen between the two 
markers, measuring 2.4 cm. (b) Sizing balloon. A guide wire 
has been passed across the ASD; the sizing balloon has been 
passed over the wire into the left atrium and inflated. It is 
inflated incrementally until it will no longer pass across the 
ASD from left to right. The volume required to inflate the bal-
loon to this degree is carefully noted. The sizing balloon is then 
taken out and ex vivo, inflated with the same volume of liquid 
as was previously noted. This balloon is then compared to a 
sizing plate to guide in the choice of device size. The atrial 

septum is arrowed. (c) Amplatzer sheath across ASD. An 
Amplatz delivery sheath has been passed over the guide wire. 
The delivery sheath can be clearly seen crossing the defect. (d) 
Left atrial disc deployed. The distal disc of the Amplatz atrial 
septal occluder has been deployed. This disc can be seen in the 
left atrium at the end of the delivery sheath. (e) Both discs 
deployed. The proximal disc of the device has now been 
deployed. The device is still attached to the delivery cable. (f) 
Final result. The device has been released from the delivery 
cable, taking up a more satisfactory position. There is no evi-
dence of residual shunting either through or around the device. 
Ao aorta; LA left atrium; RA right atrium
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Patent Foramen Ovale

Patent foramen ovale is a common normal finding in 
infants but often closes in the early years. Estimates of 
the incidence of probe patency of the foramen ovale in 
adults at autopsy range from 9 to 35%. Persistence of 
patency of the foramen ovale usually comes to light as 
an incidental finding during echocardiography, or dur-
ing the investigation of cryptogenic stroke. It is thought 
that the etiology of stroke in some of these patients 
may be paradoxical embolization of thrombi across the 
PFO into the systemic circulation, particularly in the 
presence of an atrial septal aneurysm.

Patent foramen ovale can be detected in subcostal 
views using transthoracic echocardiography alone. A 
small jet of color flow may be seen passing from right 
to left atrium at the site of the fossa ovalis. Sensitivity is 
greatly increased by the use of agitated saline or spe-
cially designed echo contrast agents. The contrast is 
injected into a large peripheral (or central) vein and will 
be seen passing promptly from the right atrium to the 
left atrium in the presence of a patent foramen ovale. 
Sensitivity of detection of shunting right to left through 
a patent foramen ovale is further improved by increas-
ing right atrial pressure by performing the Valsalva 
maneuver at the time of injection of chosen contrast 
agent, or pressing over the liver of patients undergoing 
transesophageal echocardiography, when it is difficult 
to perform the Valsalva maneuver adequately.

Almost all PFOs are technically closeable at cardiac 
catheterization. It is important to report on the anatomy 
of the foramen, not just the presence of shunting; when 
the septum is aneurysmal positioning of a device in the 
foramen can be more difficult and should be performed 
with transesophageal echo. Straightforward, nonaneu-
rysmal PFOs can usually be closed quickly and safely 
without TOE (Figs. 28.11–28.13).

Partial Atrioventricular Septal Defect 
(Ostium Primum ASD)

Ostium primum atrial septal defects are part of the spec-
trum of atrioventricular septal defect, where there is a 
defect in the atrial septum immediately adjacent to the 
atrioventricular junction, the normal offset of the atrio-
ventricular valves is absent and there are shared compo-
nents (bridging leaflets) of the two atrioventricular 

valves (Fig. 28.14). Most primum defects are diagnosed 
in childhood because they are often associated with 
large shunts, but occasionally smaller defects may pres-
ent de novo in adulthood. Similar echocardiographic 
criteria of right ventricular volume overload are used as 
for secundum defects to establish the need for treatment. 

Fig. 28.11 PFO on TOE. Transesophageal echo picture of the 
typical “flap valve” appearance of a patent foramen ovale toward 
the aortic root. Ao aorta; LA left atrium; RA right atrium

Fig. 28.12 PFO color flow on TOE. Transesophageal echo image 
demonstrating color flow from left atrium to right atrium across the 
PFO seen in Fig. 28.10. Shunting from right to left atrium is best 
seen when the right atrial pressure is increased, for example during 
the Valsalva maneuver. LA left atrium; RA right atrium
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Some degree of mitral and/or tricuspid incompetence is 
common both pre- and postoperatively, so it is impor-

tant to assess atrioventricular valve function in addition 
to the secondary effects of the atrial shunt. After repair 
the majority of patients will be left with some degree of 
mitral regurgitation (usually mild), which requires serial 
assessment in the standard manner.

Complete Atrioventricular Septal Defect

Adults with unoperated complete atrioventricular sep-
tal defect (CAVSD) will have pulmonary vascular dis-
ease, rendering the details of their cardiac anatomy 
largely academic (Fig. 28.15). In the presence of 
Eisenmenger’s syndrome right to left shunting will be 
seen at ventricular level (Fig. 28.16), the atrial shunt is 
often bidirectional, and the pulmonary artery will be 
dilated with high-velocity pulmonary regurgitation 
(the modified Bernoulli equation can be used to esti-
mate diastolic pulmonary artery pressure).

Adults with repaired complete AVSD require long-
term follow-up and so will regularly present for serial 
echocardiography. As is the case with repaired partial 
AVSD, most will be left with some degree of tricuspid 
and mitral regurgitation, and on rare occasions either 
one or both valves may be rendered mildly stenotic by 

Fig. 28.13 PFO thrombus. Four-chamber transesophageal view 
showing a large thrombus lodged across a patent foramen ovale. 
Thrombus can be seen prolapsing through both mitral and tricus-
pid valves. LV left ventricle; RV right ventricle

Fig. 28.14 Primum ASD. Apical four-chamber view demon-
strating a small ostium primum defect. Also note the loss of nor-
mal offsetting of the mitral and tricuspid valve. LA left atrium; 
LV left ventricle; RA right atrium; RV right ventricle

Fig. 28.15 Eisenmenger AVSD. Apical four-chamber view 
demonstrating a complete atrioventricular septal defect. Note 
that the right ventricle is dilated and hypertrophied with a promi-
nent moderator band (arrowed), in keeping with high pressure in 
the pulmonary circulation. LA left atrium; LV left ventricle; RA 
right atrium; RV right ventricle
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the repair. There may be residual shunts at ventricular 
or atrial level, and it is not uncommon to detect a small 
jet, arising from a small residual ventricular septal 
defect, directed through the tricuspid valve to the right 
atrium, coinciding with mild tricuspid regurgitation 
and giving an appearance of shunting from the left 
ventricle to the right atrium. This high-velocity jet can 
lead to misdiagnosis of elevated right ventricular pres-
sure. The left ventricular outflow tract is always nar-
rower than normal in atrioventricular septal defects, 
both before and after repair. This is rarely important, 
but discrete subaortic stenosis may occasionally 
develop after repair and may be progressive. Its sever-
ity should be assessed regularly in the same manner as 
acquired ventricular outflow obstruction.

Atrioventricular Valves

Mitral Valve

Congenital mitral stenosis is rare at any age. It may be due 
to obstruction above the valve annulus (a supravalvar 
ring), due to commissural fusion, due to subvalvar obstruc-
tion, or to a combination of any of these. Supravalvar 

stenosis may be very difficult to diagnose, easily being 
mistaken for valvar stenosis, because the obstructing 
membrane may be very closely applied to the valve leaf-
lets; differentiation between the two is of great impor-
tance as the former is usually amenable to conservative 
surgery, while the latter usually requires valve replace-
ment. Color Doppler is sometimes helpful, with aliasing 
and turbulence originating at the level of the annulus 
rather than at the leaflets tips. Subvalvar obstruction is 
usually part of the spectrum of “parachute” mitral valve 
when there is a single papillary muscle to which all the 
chordae tendinae attach. The chordae are also often fused 
to one another to some extent. If there is any doubt what-
ever relating to the level of obstruction transesophageal 
echocardiography is essential.

Congenital mitral regurgitation is most common 
due to leaflet prolapse. It may also occur with a cleft 
anterior mitral leaflet or more rarely in the context of 
double orifice mitral valve. Severity of regurgitation is 
assessed in the usual manner.

Tricuspid Valve

Tricuspid Regurgitation

Ebstein’s anomaly of the tricuspid valve frequently 
presents for the first time in adult life when the devel-
opment of atrial arrhythmias, limited exercise capac-
ity, or cyanosis brings the patient to the attention of 
their physician. The septal attachment of the tricuspid 
valve is displaced a variable distance toward the apex 
of the right ventricle, along with a variable degree of 
tethering of the septal leaflet to the septum (Fig. 28.17). 
The abnormal position of the valve leads it to be 
incompetent. The tricuspid regurgitation is often 
severe, but at low velocity as the right ventricular pres-
sure is normal unless there is associated pulmonary 
stenosis (Fig. 28.18). The right atrium is large, consist-
ing of the “true” right atrium and the atrialized portion 
of the right ventricle. There is usually an associated 
interatrial connection, either a patent foramen ovale or 
a secundum atrial septal defect, with right to left shunt-
ing because of raised right atrial pressure. This is best 
detected by color-flow imaging or injection of agitated 
saline into a peripheral vein. Tricuspid regurgitation is 
the predominant hemodynamic abnormality in these 
patients, although occasionally the valve may also be 

Fig. 28.16 Eisenmenger AVSD color flow. Color-flow imaging 
of the patient seen in fig above. Low-velocity flow is seen at the 
site of the defect indicating equalization of pressures in the two 
ventricles. AVSD atrioventricular septal defect; LV left ventricle; 
RV right ventricle
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stenotic. Congenital tricuspid regurgitation may some-
times be due to leaflet dysplasia without displacement 
of the leaflet attachments.

Atrioventricular Connections

Discordant Atrioventricular Connections

Discordant atrioventricular connections (the left atrium 
connecting to the right ventricle and/or the right atrium 
connecting to the left ventricle) are most commonly 
seen in the context of “congenitally corrected transpo-
sition” (also known as double discordance) when there 
are also discordant ventriculoarterial connections (see 
later). Discordant atrioventricular connections are 
usually part of very complex disease often with numerous 
other abnormalities. The connections may almost 
always be established by using the criteria set out in 
the section on sequential analysis.

Tricuspid Atresia, Mitral Atresia, Double 
Inlet Left Ventricle

When an atrioventricular valve is atretic the respective 
ventricle is almost invariably hypoplastic, and when 
both atrioventricular valves are committed to the left 
ventricle the right ventricle is hypoplastic, such that 
there is effectively only one ventricle. The terms “uni-
ventricular heart” and “single ventricle,” used in the 
past to describe these anomalies, have largely disap-
peared; it is very rare for only one ventricle to be pres-
ent and the echocardiogram will almost always identify 
a second, rudimentary ventricle. The relevance of this 
group of unrepairable anomalies to the adult echocar-
diographer is that they are generally treated in a similar 
manner (“single-pump” surgery) and pose similar 
problems in their long-term echocardiographic follow-
up. It is common with these anomalies to have addi-
tional abnormalities such as discordant ventriculoarterial 
connection, ventricular outflow obstruction, or coarc-
tation which should all be borne in mind by the 
echocardiographer during long-term follow-up. Other 
complex anomalies may fall into the category of 
single-pump palliative surgery such as unbalanced 

Fig. 28.17 Ebstein’s anomaly in short axis. Short-axis view 
demonstrating marked apical displacement of the attachment of 
the septal leaflet of the tricuspid valve. Ao aorta; RA right atrium; 
RV right ventricle; TV tricuspid valve

Fig. 28.18 Ebstein’s anomaly, apical four-chamber color flow. 
Apical four-chamber color-flow view of Ebstein’s anomaly. 
There is a broad jet of tricuspid regurgitation. It can be seen 
originating from the apically displaced tricuspid valve. LA left 
atrium; LV left ventricle; RV right ventricle
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atrioventricular septal defect (one ventricle and/or AV 
valve being hypoplastic) or complex transposition of 
the great arteries unsuitable for “two-pump” repair.

Palliated “Single-Pump” Disease

Pulmonary Artery Banding

Surgical creation of pulmonary trunk stenosis (band-
ing) is used to palliate young patients with complex 
disease and pulmonary hypertension related to large 
left to right shunts at ventricular level. Some patients 
reach adult life still banded (if they are not suitable for 
more definitive palliative surgery). The modified 
Bernoulli equation applied to the peak velocity across 
the band will give a good estimate of distal pressure 
just as it does in naturally occurring pulmonary 
stenosis.

Shunts and the Fontan Circulation

Patients with unrepairable disease associated with low 
pulmonary blood flow are palliated by surgery to 
increase pulmonary blood flow, in the very young usu-
ally with an aortopulmonary shunt. The most com-
monly used shunt is between the subclavian artery and 
the ipsilateral pulmonary artery (the Blalock shunt); 
the Waterston shunt is a direct side-to-side anastomo-
sis between the ascending aorta and the right pulmo-
nary artery, the Potts shunt between the descending 
aorta and the left pulmonary artery. Central shunts are 
fashioned using a short conduit between the ascending 
aorta and the pulmonary trunk. The best echo approach 
to all these shunts is from the suprasternal notch or 
supraclavicular window, but in cases of difficulty 
transesophageal echo can be helpful. Flow through the 
shunt should be continuous and at high velocity, much 
like the flow pattern through a naturally occurring 
restrictive arterial duct. The peak velocity will allow a 
rough estimate of pressure drop across the shunt.

In older children and adolescents pulmonary blood 
flow is increased by fashioning either a cavopulmonary 
shunt (connecting the superior caval vein directly, end 
to side, to the right pulmonary artery) or by redirecting 
both superior and inferior caval return to the pulmo-
nary arteries. The latter is often referred to as the 

Fontan circulation, although there are a number of dif-
ferent ways of achieving it. The classical Fontan oper-
ation involves connecting the right atrium to the 
pulmonary arteries using the atrial appendage (the 
echocardiographic hallmark being marked right atrial 
dilatation) (Fig. 28.19). Newer techniques designed to 
reduce right atrial dilatation (and arrhythmias) involve 
a conduit or tunnel between the inferior caval vein 
(either inside or outside the right atrium) and the pul-
monary artery. All these venous connections are very 
difficult to image clearly with precordial echo, and 
transesophageal echo may be required to establish 
their anatomy and to exclude thrombus in the venous 
pathways (a major complication of this type of sur-
gery). When serially following these patients the 
echocardiographer should also look for residual inter-
atrial shunts and obstruction at anastomotic sites; it 
may also be useful to image the hepatic veins, which 
are always dilated to some extent, particularly in the 
presence of obstruction in the systemic venous path-
way. A rare complication of the Fontan circulation, if 
hepatic venous effluent has not also been redirected to 

Fig. 28.19 Fontan for tricuspid atresia. Transthoracic image 
from the standard apical four-chamber position. The right atrium 
incorporating the Fontan circuit can be seen to be dilated. There 
is tricuspid atresia and a rudimentary right ventricle only. LA left 
atrium; LV left ventricle; MV mitral valve; RA right atrium
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the pulmonary arteries, is the development of multiple 
pulmonary arteriovenous fistulae (these also occur 
after the classical Glenn shunt – end-to-end anastomo-
sis of the superior caval vein with the right pulmonary 
artery). These fistulae cannot be directly seen on 
echocardiography, but intravenous injection of contrast 
will demonstrate very rapid transit of bubbles to the 
left atrium.

Ventricles

Ventricular Septal Defect

Ventricular Septal defects are usually detected in 
childhood, but the occasional adult will present de 
novo. Most ventricular septal defects diagnosed in 
adulthood will be small and hemodynamically unim-
portant (Fig. 28.20). Hemodynamics are assessed 

using the same methods as in children (outlined in 
previous chapters). Most ventricular septal defects 
can be imaged using transthoracic echocardiography. 
Transesophageal echocardiography is only required to 
assess fine detail when complications have arisen such 
as aortic regurgitation due to prolapse of the aortic 
valve cusp into the defect, development of subaortic 
stenosis or suspected endocarditis. Ventricular septal 
defects which have closed spontaneously during child-
hood may still be in evidence; adherence of tricuspid 
valve tissue to the defect may close it completely but 
leave an appearance of a ventricular septal “aneu-
rysm” (Fig. 28.21). Occasionally an adult may still 
have an important left to right shunt through a modest 
sized VSD without having elevated pulmonary artery 
pressure, causing chronic left ventricular volume 
loading. Progressive left ventricular dilatation may 
occur, necessitating closure of the defect.

If a large ventricular septal defect is not closed in 
childhood, the excess pulmonary blood flow may lead 
to pulmonary vascular disease and eventually to full-
blown Eisenmenger’s syndrome, with high pulmonary 
artery pressures and reversal of the shunt direction at 
the level of the VSD (Figs. 28.22 and 28.23).

Fig. 28.20 Restrictive VSD color flow. Apical four-chamber 
view demonstrating a narrow high-velocity jet of flow across a 
restrictive ventricular septal defect from left ventricle to right 
ventricle. Both ventricles are normal size. LA left atrium; LV left 
ventricle; RA right atrium; RV right ventricle

Fig. 28.21 VSD septal aneurysm. This patient originally had a 
CAVSD. Tissue from the tricuspid valve has formed an aneu-
rysm of the ventricular septum (arrowed), closing the ventricu-
lar septal component. There is a residual primum ASD. LA left 
atrium; LV left ventricle; RA right atrium; RV right ventricle
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Left ventricular Outflow Obstruction

Congenital abnormalities of the aortic valve commonly 
present for the first time in adulthood, when the valve 

becomes sufficiently damaged to cause an audible 
murmur bringing it to the attention of the patient’s 
physician. Congenitally abnormal aortic valves are 
likely to degenerate prematurely because of abnormal 
shear stresses in the presence of abnormal cusp mor-
phology. Aortic valve disease is dealt with comprehen-
sively in Chap. 7. However it is important to remember 
that not all stenosis is valvar – stenosis at supravalvar 
or subvalvar level may present in adulthood and may 
coincide with valvar stenosis or regurgitation.

Transesophageal echo is an important adjunct in 
patients with poor echo windows and is mandatory if 
there is any doubt as to the exact nature of left ven-
tricular outflow obstruction. In some cases of discrete 
membranous subaortic stenosis the membrane may 
be so close to the valve that it may be missed unless 
the echocardiographer’s index of suspicion is high. 
Misdiagnosis is disastrous as it may lead to valve 
replacement when a conservative operation might 
have been possible. Subvalvar stenosis may recur, 
even after a very satisfactory initial operation. It is 
often associated with some degree of aortic regurgita-
tion due to leaflet damage caused by systolic turbu-
lence. Subaortic stenosis may occasionally be caused 
by more diffuse fibromuscular obstruction rather than 
a membrane; this may sometimes be very difficult to 
differentiate from hypertrophic cardiomyopathy 
(Figs. 28.24 and 28.25).

It is worth bearing in mind that coarctation of the aorta 
is often associated with congenital aortic valve anoma-
lies; a proper evaluation of any young adult with aortic 
valve disease should include examination of the descend-
ing aorta. It is also wise to assess the ascending aortic 
dimensions; post stenotic dilatation is commonly seen, 
but progressive ascending aortic dilatation may occur 
(particularly if the valve is bicuspid) along with a risk of 
dissection. Pulmonary valve assessment is also important 
because some patients (particularly young women) will 
be candidates for a Ross procedure (replacement of the 
aortic valve with the patient’s own pulmonary valve and 
pulmonary valve replacement with a homograft), rather 
than traditional aortic valve replacement.

Supravalvar stenosis is often associated with 
Williams Syndrome; when it is not it may be familial 
and there may also be multiple peripheral pulmonary 
artery stenoses. When supravalvar stenosis is progres-
sive it usually requires surgical treatment during child-
hood, so it is rare to find important obstruction at this 
level in adults (Figs. 28.26 and 28.27).

Fig. 28.23 Tricuspid regurgitation in Eisenmenger’s syndrome. 
Continuous-wave Doppler recording through the tricuspid valve 
in the patient seen in Fig. 28.21. There is high-velocity tricuspid 
regurgitation; the maximum velocity is over 4 m/s, indicating 
that the estimated right ventricular systolic pressure is easily in 
excess of 80 mmHg

Fig. 28.22 Eisenmenger VSD. Apical four-chamber view dem-
onstrating a large ventricular septal defect. There is associated 
dilatation and hypertrophy of the right ventricle indicating high 
pulmonary artery pressures. LA left atrium; LV left ventricle; RA 
right atrium; RV right ventricle
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Right Ventricular Outflow Obstruction

If valvar pulmonary stenosis has remained mild with-
out treatment or after treatment during childhood it 

rarely becomes severe during adult life. Cross-sectional 
imaging of the valve itself is often unhelpful; even 
with severe stenosis, the valve leaflets may not appear 

Fig. 28.24 Subaortic stenosis in parasternal long-axis view. 
Parsternal long-axis view demonstrating an area of narrowing of 
the left ventricular outflow tract well below the aortic valve itself. 
Ao aorta; LA left atrium; LV left ventricle; RV right ventricle

Fig. 28.25 Color-flow image of subaortic stenosis. Color-flow 
image of the patient seen in Fig. 28.23. Aliasing can be seen to 
start well below the level of the aortic valve leaflets indicating that 
the level of obstruction is subvalvar. Ao aorta; LV left ventricle

Fig. 28.26 Supravalvar aortic stenosis. Transesophageal image 
from a patient with severe supravalvar aortic stenosis. The 
fibrous ridge can be clearly seen well above the mobile aortic 
valve leaflets. Ao aorta; LA left atrium; LV left ventricle

Fig. 28.27 Supravalvar aortic stenosis color flow. Color-flow 
image from the patient seen in Fig. 28.27. The aliasing can be 
clearly seen to originate at the level of the fibrous ridge and not 
at the level of the valve leaflets. Ao aorta; LA left atrium; LV left 
ventricle
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particularly abnormal (although calcification often 
occurs in middle age), but color Doppler will show tur-
bulence in the proximal pulmonary trunk. The paraster-
nal short-axis view is standard, although the subcostal 
approach is particularly useful in patients with poor 
precordial windows (Figs. 28.28 and 28.29).

Just as for left ventricular outflow obstruction, 
obstruction is not always at valve level. When it is sub-
valvar it is usually dynamic, due to hypertrophied 
infundibular muscle. In such cases there is often a typi-
cal dynamic pressure drop across the outflow tract, with 
a gradual increase in flow velocity as systole progresses 
(as seen in hypertrophic cardiomyopathy in the left side 
of the heart). Supravalvar stenosis is rare in isolation, 
but when there are multiple stenoses in the branches of 
the pulmonary arteries the heart itself usually is structur-
ally normal. Multiple pulmonary artery stenoses may 
occur in association with supravalvar aortic stenosis 
(often familial, or in Williams syndrome).

The severity of obstruction is assessed in the usual 
way by continuous-wave Doppler (best with a dedi-
cated transducer). The modified Bernoulli equation 
gives a good estimate of the pressure gradient in cases 
of discrete obstruction but becomes less reliable when 
there are multiple sites of obstruction or long segment 
stenosis. It is important to ensure that increased pul-
monary flow velocity is indeed due to stenosis and not 
merely the consequence of increased pulmonary blood 
flow due to a left to right shunt (for example an atrial 
septal defect). This is particularly important in cases 
where the maximum forward flow velocity is only 
modestly increased. The peak velocity of tricuspid 
regurgitation will give an accurate estimate of right 
ventricular pressure, and simple imaging of the right 
ventricle is useful as a semiquantitative measure of the 
degree of right ventricular hypertrophy.

Tetralogy of Fallot and Pulmonary Atresia 
with Ventricular Septal Defect

Survival of a patient with unoperated tetralogy of Fallot 
well into adulthood is not unknown, but almost all 
adults under follow-up will have had surgical repair. 
The term “repair” is a misnomer as the heart is never 
normal postoperatively. Many adults with repaired 
tetralogy or with pulmonary atresia with ventricular 
septal defect (an extreme form of tetralogy) run into 
problems in later life, particularly related to chronic 

Fig. 28.29 Pulmonary stenosis color flow. Parasternal short-
axis view showing high-velocity color flow through the stenosed 
pulmonary valve seen in Fig. 28.28. Ao aorta; PA pulmonary 
artery; RA right atrium; RV right ventricle

Fig. 28.28 Pulmonary stenosis in short axis. Parasternal short-
axis view showing calcific degeneration of a congenitally abnor-
mal pulmonary valve (arrowed). Note the acoustic shadows cast 
by the calcification in the valve. Ao aorta; PA pulmonary artery; 
RA right atrium; RV right ventricle
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pulmonary regurgitation, sometimes with residual 
stenosis or hypoplasia of the pulmonary arteries. It is 
rare for pulmonary stenosis to recur after a satisfactory 
repair, but where it has been necessary to implant a con-
duit between the right ventricle and pulmonary trunk 
late conduit stenosis and calcification is common. 
Conduits are, understandably, much more commonly 
employed in repair of pulmonary atresia with ventricu-
lar septal defect. Conduit obstruction is assessed in the 

usual way using continuous-wave Doppler; but assess-
ment of severity of stenoses in the branch pulmonary 
arteries is less reliable due to difficulties aligning with 
flow. The tricuspid regurgitant jet will give the best 
overall assessment of the severity of outflow obstruc-
tion (Figs. 28.30 and 28.31).

Pulmonary regurgitation, if severe, will cause some 
increase in flow velocity not necessarily wholly attribut-
able to true pulmonary stenosis (Fig. 28.32). Pulmonary 

Fig. 28.30 Tetralogy dilated RV. Parasternal short-axis view 
from a patient with previously repaired tetralogy of Fallot, dem-
onstrating marked dilatation of the right ventricle, compared to 
the left ventricle. LV left ventricle; RV right ventricle

Fig. 28.31 Tetralogy dilated RV color. Color-flow imaging of the 
patient seen in Fig. 28.30, showing significant pulmonary regurgi-
tation into the dilated RV. LV left ventricle; RV right ventricle

Fig. 28.32 Pulmonary 
stenosis/pulmonary 
regurgitation. Continuous-
wave Doppler through the 
pulmonary valve of the 
patient seen in Figs. 28.30 
and 28.31. Note the 
increased forward flow 
velocity of almost 3 m/s, and 
the steep deceleration slope 
of reverse flow in diastole 
indicating severe pulmonary 
regurgitation
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regurgitation can be difficult to quantify accurately, but 
in severe pulmonary regurgitation the regurgitant jet 
will show rapid deceleration because of early equaliza-
tion of the pulmonary artery and right ventricular dia-
stolic pressures. Pulmonary regurgitation, even when 
severe, is often remarkably well tolerated for many 
years, but eventually may lead to progressive right 
ventricular dilatation and then to systolic dysfunction 
with progressive functional tricuspid regurgitation. 
When there has been extensive right ventricular outflow 
tract muscle resection, and/or a transannular patch, the 
right ventricular outflow tract can become aneurysmally 
dilated.

Residual ventricular septal defect around the mar-
gins of the patch used to close the original defect are 
common and are usually of no hemodynamic conse-
quence. The jets are often in an unusual direction but 
can be picked up on color-flow imaging in parasternal 
long-axis, parasternal short-axis, and apical views. 
Continuous-wave Doppler across the ventricular septal 
defect demonstrates a high-velocity jet, unless the right 
ventricular pressure is elevated because of residual 
pulmonary stenosis.

Aortic Root Enlargement and Aortic 
Regurgitation

Some degree of aortic root dilatation is usually pres-
ent both before and after repair of tetralogy (along 
with secondary aortic regurgitation) which requires 
serial echocardiographic follow-up. Fortunately it is 
rare for either to become sufficiently severe to require 
surgery. The aortic regurgitation is assessed in the 
usual ways.

Pulmonary Atresia with Multifocal 
Aortopulmonary Collaterals

The majority of patients with pulmonary atresia with 
ventricular septal defect are extreme forms of tetral-
ogy, the outflow tract (and sometimes the pulmonary 
trunk) being atretic rather than stenosed. In a small 
proportion of cases, however, the pulmonary arteries 
fail to develop or are severely hypoplastic, and the pul-

monary blood supply is derived from major aortopul-
monary collateral vessels (MAPCAs). The echo will 
usually fail to identify any central pulmonary arteries, 
although some collateral vessels may be visible arising 
from the thoracic aorta (particularly with color 
Doppler). These patients may not be amenable to repair 
and therefore retain the intracardiac features of tetral-
ogy (a large ventricular septal defect with overriding 
aorta and dilated aortic root) into their adult lives.

Ventriculoarterial Connections

Transposition of the Great Arteries

Most patients born within the last two decades with 
transposition of the great arteries have undergone the 
arterial switch operation (Jatene procedure). Adult sur-
vivors of the arterial switch operation are beginning to 
appear, but the majority of current adult survivors are 
of an earlier generation treated with an “atrial switch” 
procedure, either Mustard’s or Senning’s operations. 
The Mustard operation involves removal of the atrial 
septum and redirection of systemic venous inflow from 
the vena cava to the mitral valve orifice by a surgically 
created baffle formed from pericardium or synthetic 
material. Senning’s procedure produces a similar effect 
without the use of extraneous tissue, using the tissue of 
the atrial septum and the atrial appendage to redirect 
systemic venous return to the mitral valve and pulmo-
nary venous return to the tricuspid valve. The right 
ventricle therefore remains at systemic pressure, while 
the left ventricle remains at low pressure (unless there 
is coincident left ventricular outflow obstruction). This 
produces a typical appearance of a “squashed,” left 
ventricle with a dilated and hypertrophied right ven-
tricle. The posterior displacement of the ventricular 
septum by this reversal of the normal ventricular pres-
sure relationship sometimes produces subpulmonary 
obstruction, detectable by turbulence in the left ven-
tricular outflow tract. Late complications of inflow 
redirection include systemic (right) ventricular dys-
function, systemic atrioventricular (tricuspid) valve 
regurgitation, residual shunts through the intra atrial 
baffles, stenoses of the venous pathways within the 
heart and conducting system abnormalities (Figs. 
28.33–28.35).
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One of the tasks of the echocardiographer in any 
situation is to assess ventricular function. While there 
are various methods of assessing left ventricular func-
tion, reproducible measurement of right ventricle func-
tion is very difficult and most assessments tend to be 
made by “eyeballing” on long-axis and four-chamber 
views. Serial measurements of the right ventricular 
diameter at the level of the tricuspid valve may show 
serial increases, but this is a very crude surrogate for 
function; there are no validated standard methods to 
estimate ejection fraction or fractional shortening. 
Recently there has been research interest in assessment 
of long-axis right ventricular function, but these meth-
ods have not come into everyday use. The severity of 
tricuspid regurgitation is assessed in the same manner as 
mitral regurgitation in the normally connected heart.

Small residual shunts through the intra-atrial baffles 
can be seen in some patients. The direction of the shunt 
will depend upon the relative patency of the intracar-

Fig. 28.33 Mustard operation for TGA. Apical four-chamber 
view delineating the systemic venous atrium in continuity with 
the mitral valve and left ventricle, and the systemic venous 
atrium in continuity with the tricuspid valve and right ventricle. 
LV left ventricle; RV right ventricle; PVA pulmonary venous 
atrium; SVA systemic venous atrium

Fig. 28.35 Mustard operation for TGA showing baffle leaks. 
Apical four-chamber view demonstrating baffle leaks at two 
positions within the venous baffles (arrowed). LV left ventricle; 
RV right ventricle

Fig. 28.34 Mustard operation for TGA, color flow. Apical 
four-chamber view showing mild regurgitation through the tri-
cuspid (systemic AV) valve. LV left ventricle; RV right ventricle
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diac systemic and pulmonary venous channels. When 
systemic to pulmonary venous shunts are detected it 
should prompt the echocardiographer to look for sys-
temic venous pathway obstruction. Baffles formed 
with synthetic materials (rather than autologous tissue) 
are particularly prone to develop calcification and nar-
rowing. The best images of the venous channels are 
usually obtained from the apical four-chamber and 
subcostal views. Patency of the venous pathways is 
assessed by examining their caliber, and color-flow 
imaging will identify areas of turbulence. These areas 
can then be interrogated using pulsed-wave or contin-
uous-wave Doppler which will show increases in peak 
flow velocity at the site of stenosis, although severe 
stenosis may be associated with only modest increases 
in velocity (analogous to the small changes in peak 
mitral flow velocity in mitral stenosis). It is useful to 
be specific about the site of stenoses or residual shunts 
as both may be amenable to transcatheter treatment 
(when transesophageal guidance of intervention can be 
invaluable).

In contrast to the Mustard or Senning operations, 
late complications after the arterial switch operation are 
few. Stenosis at the pulmonary artery anastomosis or at 
the pulmonary artery bifurcation was relatively com-
mon in early surgical series, but aortic anastomotic 
stenosis is exceedingly rare. The pulmonary anastomo-
sis may be very difficult to image (due to the pulmo-
nary artery being positioned more anteriorly than 
normal). The suprasternal approach may be useful for 
imaging and Doppler of the proximal right and left pul-
monary arteries, with the tricuspid regurgitant jet being 
the best indicator of overall increase in right ventricular 
pressure. Dilatation of the aortic root and aortic regur-
gitation may also occur but fortunately it is rare for 
either to become important. The theoretical risk of 
coronary artery anastomotic stenosis has not proved 
important in practice (yet!). Transesophageal echo will 
allow inspection of the proximal coronary arteries as 
well as their sites of anastomosis to the aorta.

Congenitally Corrected Transposition of 
the Great Arteries

In congenitally corrected transposition there is both 
atrioventricular and ventriculoarterial discordance. 
Thus systemic venous return enters the right atrium 

through the superior and inferior caval veins, passes 
through the mitral valve to the left ventricle, and then 
through the pulmonary valve to the main pulmonary 
artery. Pulmonary venous return enters the left atrium, 
passes to the right ventricle via the tricuspid valve, and 
then through the aortic valve to the aorta. Because 
blood flow is physiologically normal this condition can 
lie undiagnosed until adult life when the patient may 
present with heart block, an incidental finding of dex-
trocardia or, rarely, right ventricular failure. Pulmonary 
and subpulmonary stenosis, ventricular septal defect, 
and dextrocardia are common related features.

The diagnosis is often first considered if there is dif-
ficulty obtaining a standard parasternal long-axis view. 
This is because the interventricular septum lies in a 
more anteroposterior plane than normal, resulting in the 
ventricles appearing to lie side by side. Sequential anal-
ysis will establish the ventricular morphology, the right 
ventricle being identified by its trabeculation, its mod-
erator band, by the septal attachment of the tricuspid 
chordae, and by the more apical attachment of the septal 
leaflet of the tricuspid valve. The aorta arises from the 
morphologic right ventricle and lies anterior and to the 
left of the pulmonary artery which arises from the mor-
phologic left ventricle, the two valves lie in the same 
plane and orientation in short axis, and the proximal 
great arteries run with parallel courses (Fig. 28.36).

Dysfunction of the systemic (morphologic right) 
ventricle and regurgitation of the systemic AV (tricus-
pid) valve are common in these patients in adult life. 
As for patients who have undergone the Mustard or 
Senning operations, standard methods of echo assess-
ment of left ventricular function cannot be applied to 
the morphologic right ventricle. The degree of regur-
gitation of the systemic atrioventricular valve is 
assessed in the usual ways using color-flow imaging 
and continuous-wave Doppler.

The Great Arteries

Patent Ductus Arteriosus

The occasional adult will have a patent ductus arte-
riosus diagnosed for the first time either when a typi-
cal machinery murmur is noted, or as an incidental 
finding on echocardiography. The parasternal short-
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axis view of the pulmonary artery will demonstrate a 
continuous jet into the distal main pulmonary artery 
near the junction with the left pulmonary artery, but 

it is rare to be able to image the duct itself clearly. 
The jet usually hugs the wall of the pulmonary artery 
and is directed toward the pulmonary valve (Fig. 
28.37). The jet may also be seen in suprasternal 
views of the aortic arch. If there is a substantial shunt 
the pulmonary arteries and left-sided chambers may 
be dilated. Pulmonary artery pressure may be esti-
mated from the peak velocity of the ductal jet (Fig. 28.38). 
In the presence of pulmonary vascular disease flow 

Fig. 28.36 Congenitally corrected transposition of the great 
vessels. Apical four-chamber view in a patient with congenitally 
corrected transposition. The main pulmonary artery can be seen 
arising from the morphologic left ventricle, which itself arises 
from the right atrium. A moderator band can be seen in the right 
ventricle. LV left ventricle; RV right ventricle; RA right atrium; 
MPA main pulmonary artery; LPA left pulmonary artery; RPA 
right pulmonary artery

Fig. 28.37 Adult duct. Parasternal short-axis view at the level 
of the pulmonary artery showing a jet of color flow into the main 
pulmonary artery. Ao aorta; PA pulmonary artery; PDA patent 
ductus arteriosus

Fig. 28.38 Duct continuous wave. Continuous-wave Doppler showing high-velocity continuous flow from the high-pressure aorta 
to low-pressure pulmonary artery through the patent ductus arteriosus seen in Fig. 28.36
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will often be bidirectional, from pulmonary artery to 
aorta in systole and from aorta to pulmonary artery 
in diastole. Sometimes a very small, unsuspected 
duct will be detected on echocardiography when 
there is no murmur. These are often referred to as 
“silent” ducts. The general consensus view is that 
these do not pose a risk for endocarditis and do not 
require closure. Ducts in adults do not require sur-
gical treatment; they can invariably be closed at 
cardiac catheterization, when precordial echocar-
diography is useful to confirm the occlusion device 
position and will demonstrate any residual shunt. 
Transesophageal echo is of little use in the diagnosis 
or closure of the arterial duct.

Coronary Arteries

Congenital coronary artery anomalies are rare but 
may present in adults. Children born with anoma-
lous origin of the left coronary artery from the pul-
monary artery may go undiagnosed during childhood 
because of the development of extensive collateral 
flow from the right coronary arterial system. 
Collateral flow does not, however, prevent myocar-
dial ischemia in the long term as there is usually a 
steal phenomenon due to the left coronary artery 
emptying retrogradely into the pulmonary artery in 
diastole. Patients may present with functional mitral 
regurgitation (despite well-preserved global left 
ventricular function), or with poor left ventricular 
function. When there are extensive collaterals the 
proximal right coronary artery is usually visibly 
dilated on the echocardiogram, and the diagnosis is 
confirmed by the finding of diastolic flow into the 
pulmonary trunk from the left main coronary artery 
(Figs. 28.39 and 28.40).

Congenital coronary artery fistulae are usually 
detected in childhood (presenting with a continuous 
murmur) and may become important in adulthood as 
the fistula enlarges, the shunt increases, and a coronary 
steal syndrome may develop. The fistulae may arise 
from any branch of either coronary system and may 
drain to any intracardiac site (the right atrium most 
commonly) or even to the pulmonary artery. They may 
be multiple. On echocardiography the affected vessel 
is seen to be dilated and color Doppler will usually 
identify the site of drainage.

Fig. 28.39 Anomalous LCA parasternal long axis. Parasternal 
long-axis view showing the marked dilatation of the proximal 
right coronary artery in a patient with an anomalous left coro-
nary artery arising from the pulmonary artery. Ao aorta; LA left 
atrium; LV left ventricle

Fig. 28.40 Anomalous LCA color flow in the PA. Short-axis 
view at the level of the pulmonary artery demonstrating reverse 
flow in the tortuous left coronary artery where it empties into the 
pulmonary artery. Ao aorta; PA pulmonary artery
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Coarctation of the Aorta

Coarctation of the aorta may present for the first time 
in adult life with hypertension, with or without an 
associated murmur. Echocardiography in hypertensive 
patients must include suprasternal views of the aortic 
arch as well as continuous-wave Doppler recording of 
flow velocity in the descending aorta. Imaging of the 
aortic arch in adults is often not sufficiently clear to 
identify the precise anatomy of coarctation, but color 
Doppler will show turbulence at its site (Figs. 28.41 

and 28.42); continuous-wave Doppler will show high-
velocity flow with delayed flow deceleration when the 
obstruction is important (Fig. 28.43a, b). Severity of 
obstruction is more reliably assessed by the degree of 
delay in flow deceleration rather than the peak flow 
velocity alone. Doppler parameters of obstruction may 
be misleading if there is a well-established collateral 
circulation. The degree of left ventricular hypertrophy 
is also a useful indicator of need for treatment. 
Transesophageal echo is rarely helpful as image qual-
ity of the distal aortic arch is usually poor.

Fig. 28.41 Aortic coarctation. 2-D image of coarctation from 
the suprasternal notch. The site of coarctation can be seen distal 
to the origin of the left subclavian artery. ARCH; DAo descend-
ing aorta

Fig. 28.42 Aortic coarctation color flow. Color-flow imaging 
of the coarctation seen in Fig. 28.40. Aliasing can be seen aris-
ing from the site of the coarctation. ARCH; DAo descending 
aorta

a b

Fig. 28.43(a, b) Continuous-wave Doppler aortic coarctation. 
Continuous-wave Doppler through the coarctation seen in Fig. 
28.40 demonstrates an increase in maximum flow velocity to 4.3 
m/s. Note there is continuous flow well into diastole in this 

patient indicating significant coarctation. Compare this with the 
CW Doppler in (b). Although the maximum flow velocity is 
increased at 3.8 m/s, there is no diastolic tailing in this patient 
indicating a relatively mild coarctation
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Even after satisfactory repair of coarctation, Doppler 
will usually reveal mildly elevated flow velocity in the 
descending aorta. A peak velocity of, say, up to 3 m/s is 
acceptable if there is no delay in deceleration and there 
are no other indicators of obstruction. When recoarcta-
tion occurs the same techniques are used for assessing 
severity as for unoperated coarctation. Late aneurysm 
formation at the site of the repair is a rare but well-
described complication of treatment and can be difficult 
to detect or exclude with echo alone. The association of 
coarctation with aortic valve anomalies and progressive 
ascending aortic dilatation dictates that these structures 
should be also assessed as part of routine, serial, follow-
up echocardiograms. Careful, regular follow-up of these 
patients is particularly important during pregnancy (and 
before embarking on it), because of the increased risk of 
dissection during pregnancy. Magnetic resonance imag-
ing is superior to echocardiography for imaging the site 
of coarctation repair itself.

Common Arterial Trunk

Truncus arteriosus (a single great artery arising from 
the heart, usually overriding the ventricular septum and 
giving rise to both the aorta and the pulmonary artery) 
is normally repaired in infancy. The aortic (originally 
truncal) valve is invariably abnormal, often with four or 
more cusps and is often stenotic and incompetent to 
some degree. The aortic root (the proximal part of the 
original common trunk) is inherently abnormal, and 
root dilatation is common, but not necessarily progres-
sive. A conduit is used to connect the right ventricle to 
the pulmonary arteries when they have been discon-
nected from the common trunk; the conduit always 
becomes stenotic with age (but at very variable age; 
some last for many years), and either direct measure-
ment of peak flow velocity or estimation of right ven-
tricular pressure from the tricuspid regurgitation jet will 
give a good guide to the severity of obstruction.

Double Outlet Right Ventricle

Double outlet right ventricle is deemed to be present 
when more than 50% of the origins of both great arter-
ies arise from the right ventricle. It is commonly asso-

ciated with tetralogy of Fallot, when it is usually 
repaired by appropriate positioning of the patch used 
to close the ventricular septal defect, with similar post-
operative echo appearances to “ordinary” tetralogy. 
When an isolated phenomenon it is treated in the same 
manner as a large ventricular septal defect, but the 
relative positions of the great vessels in relationship to 
the ventricular septal defect will govern what form sur-
gical intervention will have taken. In some cases repair 
is not possible, when “single-pump” surgical palliation 
is undertaken (see above) (Figs. 28.44 and 28.45).

Endocarditis

The typical echo findings of vegetations and associ-
ated progressive valvar dysfunction are the same as 
those seen in cases of endocarditis in structurally nor-
mal hearts. Vegetations may form at the site of a 
restrictive ventricular septal defect, on the tricuspid 
valve because of a jet through a ventricular septal 
defect, at the pulmonary artery end of a patent ductus 

Fig. 28.44 Double outlet right ventricle. Transthoracic echo 
image demonstrating the large VSD, transposed and parallel 
great vessels. Pacing wires can be seen (arrowed). Ao aorta; LV 
left ventricle; PA pulmonary artery; RV right ventricle; VSD ven-
tricular septal defect
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arteriosus, or within an aortopulmonary shunt, or an 
implanted conduit. In those whose congenital heart 
disease has led to impairment of systemic ventricular 
function, a further decline in this function is often seen 
because of the effects of generalized sepsis. Patients 
with right to left shunting have a risk of systemic 
embolization of right-sided vegetations. Any pros-
thetic material used in previous cardiac surgery is lia-
ble to infection in the event of bacteremia, particularly 
shortly after surgery, likewise intra-aortic stents used 
in the balloon dilatation of recoarctation, and percuta-
neous closure devices for atrial septal defects, patent 
foramen ovale, and patent ductus arteriosus.

Pregnancy

Echocardiography aids the assessment of the female 
adult congenital heart disease patient who wishes to 

embark upon a pregnancy. Certain conditions, for 
example pulmonary hypertension and other cyanotic 
heart disease, carry such a high maternal and/or fetal 
risk that pregnancy in these patients is mostly actively 
discouraged regardless of parameters of ventricular 
function. For the remainder the assessment which must 
be made prior to a pregnancy includes cardiac function 
and ventricular dimensions to aid in assessment of how 
the heart is likely to cope with the hemodynamic 
changes of pregnancy, bearing in mind that the heart 
will be expected to deliver a 30–50% rise in cardiac 
output, a 20% rise in heart rate, to cope with a 40–50% 
rise in plasma volume, and a reduction in both sys-
temic and pulmonary vascular resistance. At delivery 
there is a sudden fall in systemic vascular resistance 
and often significant blood loss, both leading to signifi-
cant hypotension. Stress echocardiography to examine 
the response of the heart to increased loading condi-
tions in a controlled situation prior to them embarking 
upon a pregnancy in women with doubtful cardiac 
reserve can be very helpful. A heart which has good 
biventricular function, only mild to moderate valvar 
dysfunction, normal pulmonary artery pressure, nor-
mal chamber sizes, and modest degrees of left to right 
shunting is likely to tolerate an uncomplicated preg-
nancy with little difficulty. These features can all be 
assessed by standard echocardiographic examination. 
Once any patient with congenital heart disease becomes 
pregnant regular clinical and echocardiographic review 
is mandatory.
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Intraoperative echocardiography (IOE) is an important 
component in the management of patients undergoing 
cardiac surgery. It provides information about valve 
structure and function, ventricular size and function, 
and hemodynamics that is crucial to contemporary 
management decisions in modern heart surgery. 
Although IOE is used to monitor cardiac patients in 
the setting of noncardiac surgery, that topic is outside 
the scope of this chapter. Intraoperative echo is an 
essential element in basic procedures such as valve 
repair, and also contributes substantially in cases where 
the surgical mission is more challenging or the patient’s 
perioperative risk is higher.

Epicardial vs. Transesophageal 
Echocardiography

Transesophageal echo (TEE) is the chosen modality 
for IOE because it does not interrupt cardiac surgery, 
and is performed by someone other than the surgeon, 
usually a cardiologist or anesthesiologist. Epicardial 
echocardiography can be performed using a standard 
transthoracic transducer placed directly on the heart. 
Sterility is maintained by placing the probe within a 
sterile sheath, with ultrasonic gel to eliminate the air. 
This method was the primary mode of IOE in the mid 
1980s, but was displaced in the last 20 years by 
transesophageal echocardiography (TEE). Epicardial 
echo is still a useful option in instances when TEE is 
unable to provide adequate imaging, more common 

for anterior structures, ascending aortic atheroma, and 
left ventricular (LV) outflow tract obstruction. 
Epicardial echo is also the procedure of choice in a 
situation where the surgeon prefers to do the trans-
ducer work, or esophageal abnormalities abriate TEE.

Essentials of the IOE Exam

It is essential that the echocardiographer be well versed 
in the process of cardiac surgery, the hemodynamic 
effects of anesthesia and the heart–lung machine, as 
well as the diagnostic elements of echocardiography 
and Doppler echocardiography. It is important to have 
equipment available which is of sufficient quality to 
achieve the diagnostic agenda. In addition, the best 
method of image storage is digital format, which is 
easier to retrieve for later comparison. It is essential to 
generate a report from the diagnostic IOE study, so 
that the results can be factored into the patient’s subse-
quent clinical management.

In most cases, cardiac surgery utilizes cardiopulmo-
nary bypass. Exceptions include off-pump coronary 
bypass and pericardial stripping. Therefore, most IOE 
is done in two portions, the prepump and the postpump 
examinations. Each has its purposes (Table 29.1).

Prepump IOE

It is important to have the patient fully evaluated prior 
to entering the operating room. IOE should not be a 
substitute for good preoperative clinical and imaging 
evaluation. An exception to this is extremely emergent 
surgery, where death hangs in the balance of minutes, 
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such as aortic dissection with impending tamponade or 
acute aortic or ventricular rupture. Therefore, it should 
be a rare circumstance where the prepump IOE is 
relied upon as the sole determinant of the cardiac oper-
ation. However, IOE does provide a last-minute update 
on the status of the heart and cardiovascular hemody-
namics in the operating room. It can provide a substan-
tial “quality control,” especially in cases where some 
of the patient’s pathology was not understood fully 
preoperatively.

Many patients come to the operating room without 
transesophageal echo done preoperatively, and TEE is 
a more sensitive tool for defining many intracardiac 
abnormalities. Additional diagnostic features leading 
to changes in the operative mission are found from 6 to 
19% of the time.

Particular care should be paid to the difference 
between ambulatory hemodynamic conditions and the 
anesthetic state. Compared to “street conditions,” the 
anesthetized patient may have less sympathetic tone, 
altered intravascular volume status, interval treatment, 
or different heart rate and rhythm. Many patients have 
less mitral or tricuspid regurgitation on the prepump 
TEE than was found in the echo lab or the cath lab. 
Quantitative Doppler techniques to accurately measure 
the severity of the regurgitation are very feasible with 
high-quality TEE images (Fig. 29.1).

Whenever the prepump IOE makes a substantive 
change in the surgical plan, the patient’s clinical physi-
cians should be contacted to discuss the proposed 
changes in light of preoperative impressions. Tricuspid 
regurgitation, dynamic LV outflow tract obstruction, 
and myocardial ischemia are the most common examples 

where loading conditions can erroneously suggest that 
certain goals of surgery need to be altered.

Postpump IOE

The TEE study after cardiopulmonary bypass is a 
golden opportunity to evaluate the success of the surgi-
cal missions and provide a “safety net” for its objec-
tives. It allows the surgical team to determine if the 
elimination of valve dysfunction is complete and if 
new valvular or other complications have developed. It 
also provides an immediate evaluation of both overall 
and segmental myocardial function, and to check for 
intraoperative ischemia or infarction at a time when 
additional bypass surgery can be done. New or residual 
intracardiac shunts can be identified and defined.

It is unwise to ignore the information defined by 
postpump intraoperative echo. Residual valve dysfunc-
tion on postpump echo has been associated with sub-
stantially higher early post op complications (86 vs. 
15%) and higher mortality rate (43 vs. 5%) when these 
findings are not corrected.

Table 29.1 Objectives of intraoperative echocardiography

Prepump TEE
Redefine primary surgical target(s)
Severity, mechanism of valve dysfunction
Evaluation of other valves, unexpected lesions
Define ventricular function
Baseline under anesthesia
Global and segmental wall motion
Assist with cannulation, instrumentation
Atheroma, thrombi, anatomic variants
PostPump TEE
Safety net on results
Define success of primary surgery
Evaluation for residual regurgitation or stenosis
Assess complications of surgery
Assess intraoperative myocardial ischemia/infarction
Assess residual intracardiac shunting

Fig. 29.1 Midesophageal long-axis view at 125° multiplane 
angle of a patient with severe mitral regurgitation (MR) from 
anterior leaflet prolapse, with the jet deflected posteriorly, show-
ing the measurement of a 1.2-cm aliasing radius (R) within the 
flow convergence zone (measured between the black dots). Note 
that the aliasing velocity (V

a
), is 60 cm/s. Using the formula to 

calculate regurgitant orifice area (ROA) of 2πR2V
a
/V

max
, and 

knowing that the maximum MR velocity (V
max

) by continuous-
wave Doppler was 5.4 m/s, the calculated ROA is 1.0 cm2. An 
ROA over 0.4 cm2 is considered severe for MR
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Our guidelines for doing further surgery during a 
second run of cardiopulmonary bypass, a second 
pump run, are as follows: When there is no residual 
valve regurgitation or stenosis or it is mild (1+ on a 
scale of 4+), no further surgery is done. When there is 
moderately severe to severe (3+ to 4) residual valve 
regurgitation or stenosis after attempted repair, then 
further repair or replacement during a second pump 
run is done. When there is moderate (2+) residual 
valve dysfunction, further surgery should be done if 
there is no contraindication. In this latter case, we 
often try to observe the situation for a few minutes 
without decannulating or giving protamine. In many 
circumstances, this time provides the opportunity to 
observe the amount of valve dysfunction further, while 
allowing transient myocardial problems to resolve. In 
this circumstance, we often challenge the patient to 
unmask latent regurgitation, increasing blood pressure 
to a mean pressure of 100–110 mmHg, using 100 mcg 
boluses of intravenous phenylephrine, and using vol-
ume loading.

Process and Completeness  
of the IOE Study

It is important to approach the echo examination 
with efficiency and completeness. In evaluating a 
patient with a single abnormality, we first look at the 
valve or structure in question, the one that will be 
addressed by the operation. This has been called 
“Willie Sutton’s law, going for the money.” If the 
patient suddenly becomes unstable thereafter, at least 
the most important questions have been answered. 
Both structural imaging (black and white) and color 
Doppler images of that structure are recorded from 
multiple long-and short-axis views. Because each 
structure has three-dimensional anatomy, a single 
plane with often miss important structural or flow 
patterns that will be covered by using numerous 
orthogonal planes. After addressing the most impor-
tant questions for that case, a complete echo survey 
is done, looking at all four chambers, all four valves, 
pulmonary and systemic veins and arteries. A digital 
or video tape record is made of each structure, for 
later side-by-side comparison with the postpump 
images, useful particularly if there are new 
abnormalities.

Indications for Intraoperative Echo

The most common uses of IOE are listed in Table 29.2. 
The most important patients to use intraoperative echo 
are those in whom the study leads more commonly to 
changes in the surgical or anesthetic management. In 
valve repair, the most common prepump contribution of 
the IOE is the detailed understanding of the mechanism 
of the valve dysfunction, based on the echo (Fig. 29.2), 
which is key to knowing what specific surgical maneu-
vers are needed to correct the problem.

IOE in Mitral Valve Repair

The most common indication for IOE is valve repair 
for mitral regurgitation (MR). The prepump echo eval-
uates the structure and flow abnormalities of each 
component of the mitral valve (annulus, leaflets, chor-
dae, papillary muscles, left ventricle, and left atrium) 
in multiple midesophageal planes, and a short-axis 
view from a transgastric probe position. Each plane is 
imaged in color and 2D echo (Fig. 29.3a, b). Pulsed- 
and continuous-wave Doppler is used to characterize 
the antegrade velocity profile. Pulsed Doppler of pul-
monary vein velocity is also useful to assess for veloc-
ity waveforms, especially systolic reversal, a common 
finding in severe MR (Fig. 29.4).

Table 29.2 Indications for intraoperative echo

Repair of any valve
Mitral, aortic, or tricuspid valve repair
Left ventricular function; global and segmental
Location and persistence of ischemia
Complex congenital heart surgery
Complex infection - abscess, prosthetic endocarditis
Periprosthetic regurgitation
Dissection, aortic root surgery
especially with aortic valve resuspension
Myectomy-hypertrophic cardiomyopathy
Ongoing
Cardiac tumor
Minimally invasive procedures (MIP)
Hemisternotomy, port access,
Offpump coronary bypass (OPCABG)
Alternative valve replacements (stentless and transcathetor)
Homograft, Ross procedure, stentless bioprosthesis
Implantable LV assist devices
High-risk coronary bypass
Guidance in cannulation (atheroma)



572 W.J. Stewart and R.M. Savage

BookID 128962_ChapID 29_Proof# 1 - 16/3/2009 BookID 128962_ChapID 29_Proof# 1 - 16/3/2009

Fig. 29.2 Composite diagram of 
seven types of mitral regurgitation 
(MR) mechanisms based on mitral 
leaflet motion and jet direction 
(see arrows), determined by echo 
imaging and color Doppler 
imaging, respectively. Each pair 
indicates leaflet and jet character-
istics in long-axis (left) and 
short-axis (right) images.  
(a) Posterior prolapse or flail.  
(b) Anterior prolapse or flail.  
(c) Bileaflet prolapse of flail.  
(d) Commissural chordal 
elongation or papillary muscle 
disruption. (e) Restricted leaflet 
motion. (f) Relative restriction and 
apical tethering of normal leaflets 
caused by left ventricular 
enlargement and dysfunction.  
(g) Leaflet perforation or 
congenital cleft

a b

Fig. 29.3 Mid-esophageal long-axis view at 0° multiplane 
angle of a patient with severe mitral regurgitation (MR). Left: 
posterior leaflet flail (arrow), within the left atrium (LA). Right: 

the jet is deflected posteriorly and there is a large flow conver-
gence (arrow), also called the proximal isovelocity surface area 
(PISA)

In particular, which leaflet is abnormal is deter-
mined in various long-axis views, such as the 
midesophageal transverse view of the mitral valve at 
0° multiplane angle, and the midesophageal long-axis 

view of the mitral valve at 120–150°. The midesopha-
geal intercommissural view of the mitral valve at about 
60°, aligned parallel to the line between the medial and 
lateral commissures, is particularly helpful in learning 
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the medial-versus-lateral locations of the structural 
and flow abnormalities of the most involved leaflet. In 
addition, three dimensional echo imaging during sur-

gery this helps to distinguish which scallop of the pos-
terior leaflet is abnormal. The transgastric short-axis 
view of the mitral valve also helps to determine the 
medial versus lateral aspects of mitral valve pathology 
and flow (Fig. 29.5).

IOE in Left Ventricular Outflow  
Tract Surgery

In aortic valve disease and dynamic LV outflow tract 
obstruction, a similar approach is made using imaging 
and color Doppler views from multiple imaging planes. 
The short axis of the aortic valve is best viewed from a 
midesophageal view at about 35–60°. The long-axis 
view of the aortic valve and LV outflow tract should be 
evaluated at an angle of about 125–140°, approximately 
90° from where the short-axis view was ideal. Antegrade 
aortic valve velocity is recorded using the deep 
transgastric views, aligning the cursor through the  

Fig. 29.4 Pulsed-wave Doppler spectrum (gray-scale con-
tours) recorded by TEE from the left upper pulmonary vein in a 
patient with MR, showing reversal of systolic flow (RSF), indi-
cating that the MR is severe. Superimposed is a directly measure 

left atrial pressure (thin line waveforms), illustrating, on a scale 
of 0–40 mmHg large 45 mm “V” waves during each ventricular 
systole, which transiently exceed pulmonary parenchymal pres-
sure, causing the flow reversal

Fig. 29.5 Transgastric short-axis view of the mitral valve at 0° 
multiplane TEE angle, showing the various parts of mitral leaflet 
anatomy, corresponding to those labeled in the inset diagram
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flow convergence in the LV outflow tract seen on the 
color image. Most patients with aortic valve disease 
undergo aortic valve replacement, for which IOE is less 
essential because the likelihood of changes in operative 
management based on IOE is low. For the patient with 
severe aortic regurgitation (AR), valve repair is feasible 
if the mechanism of dysfunction (definable by IOE) is a 
prolapsing noncalcified bicuspid aortic valve (Fig. 29.6a, 
b). The maneuver needed to correct the AR is triangular 
exclusion of a portion of the conjoined leaflet edge. This 
reduces the length of its edge to the length equal to that 
of the nonconjoined leaflet. The pledgetted commissural 
sutures at the commissures bring the suspension points 
of the valve inward to enhance coaptation. After repair, 
detecting residual regurgitation is the most common 
abnormality.

Myectomy for hypertrophic cardiomyopathy is an 
important role for IOE. On the prepump TEE we define 
the thickness of the septum in the location of the myec-
tomy, and the farthest point of contact of the mitral 
systolic anterior motion (SAM) with the septum. This 
helps the surgeon to know the location and extent of 
resection, as the thickness of the septum cannot be 
determined by the surgeon through the aortotomy. In 
addition, it is important to distinguish mitral regurgita-
tion resulting from SAM, versus MR resulting from 
intrinsic disease of the mitral valve such as prolapse or 
flail. The LV outflow gradient can often be recorded by 
TEE using a deep transgastric view for continuous-
wave Doppler. If not, epicardial echo (Fig. 29.7) may 

be useful to record the highest velocity at the point of 
SAM-septal contact. After myectomy, we look for per-
sistent SAM and MR, or a persistent gradient of over 
40 mmHg at rest or with Isoproterenol infusion, which 
is the most common reason mandating a second run of 
cardiopulmonary bypass. Although unusual, we also 
look for a new ventricular septal defect at the location 
of the myectomy.

a b

Fig. 29.6 Midesophageal long-axis view of the aorta (AO) at 124° 
multiplane angle, in a patient with severe aortic regurgitation (AR). 
Left: prolapse of the conjoined right–left cusp of a noncalcified 
bicuspid valve. Right: color Doppler image, showing that the AR jet 

is deflected posteriorly within the left ventricular (LV) outflow tract. 
Note the large flow convergence (arrow), allowing calculation of 
regurgitant orifice area by the proximal isovelocity surface area 
method. An ROA over 0.3 cm2 is considered severe for AR

Fig. 29.7 Color flow image recorded by epicardial imaging in 
a patient with hypertrophic cardiomyopathy undergoing myec-
tomy to relieve dynamic subaortic obstruction. A transthoracic 
transducer within a sterile sheath is used to place a continuous-
wave Doppler cursor (dashed line) directly through, and parallel 
to, the high-velocity flow located at the point of apposition of the 
mitral valve (MV) leaflets against the hypertrophied interven-
tricular septum
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IOE in Coronary Atherosclerosis

In any patient undergoing cardiac surgery, but espe-
cially in those with significant coronary disease, we 
look for segmental abnormalities of the left (and right) 
ventricles. Prior to surgery, we store a digital clip of 
each standard view of the left ventricle, including 
midesophageal views from multiplane angles of 0, 60, 
and 120° (Fig. 29.8), and transgastric short- and long-
axis views, at 0 and 90°, respectively. After surgery 

these same views can be obtained and juxtaposed with 
the prepump images to accurately diagnose new isch-
emia or infarction.

One of the most common and devastating complica-
tions of coronary bypass surgery is atherosclerotic 
embolization to the brain, kidneys, liver, etc. This 
occurs more commonly in patients with atheroma of 
the thoracic aorta (Fig. 29.9). Because it is very sensi-
tive to detection of atheroma, it would be ideal to do 
epicardial echo on all at risk patients undergoing car-
diopulmonary bypass, to help define the location and 
method of arterial cannulation. Transesophageal 
echocardiography is not as good for imaging atheroma 
in the ascending aorta because it is in the far field, and 
partly hidden in the blind spot for TEE, where the tra-
cheal bifurcation blocks the imaging access. However, 
in practice epicardial echo is used more selectively for 
this purpose, favoring cases when there are clinical sus-
picions of severe ascending atheroma, known severe 
carotid disease, or heavy aortic knob calcification by 
chest X-ray. When a TEE is done for another purpose 
prior to cannulation for cardiopulmonary bypass, infor-
mation about the presence and severity of atheroma of 
the thoracic aorta may be the reason for deciding to do 
epicardial echo for ascending atheroma. It is known 
that atheroma typically get worse as one proceeds dis-
tally, so severe mobile atheroma are unlikely in the 
ascending aorta if they are not found distally.

Fig. 29.8 Diagrams of typical coronary artery perfusion beds 
as they are distributed in standard TEE image planes, midesoph-
ageal images at zero (four chamber), 60 (two chamber), and 120 
(long axis) degrees multiplane angle, and the transgastric image 
plane at 0° multiplane angle. The shadings depict the left ante-
rior descending (LAD) territory with a checkered pattern, the 
circumflex (Cx) territory in a striped pattern, and the right coro-
nary artery territory in a plain white pattern. Individual patients’ 
coronary distributions vary substantially

Fig. 29.9 Transesophageal echo image at 0° multiplane angle 
of the aortic arch in a patient with severe protruding atheroma. 
When these are large and/or mobile, the likelihood of emboliza-
tion increases, especially with more manipulation of the aorta 
during heart surgery
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IOE in Other Cardiac Conditions

In congenital heart disease, the primary goal is to 
define the location and size of septal defects and 
exclude additional abnormalities. The challenge of 
very little babies is the unavailability of TEE probes 
that are small enough. One solution is to use intracar-
diac echo (ICE) probes either in the esophagus or on 
the surface of the heart. We utilize intravenous contrast 
echo frequently after shunt surgery to verify the elimi-
nation of the septal defect. Continuous-wave Doppler 
from the epicardial window is useful for determination 
of LV and RV outflow tract obstruction.

In endocarditis, and especially periprosthetic regur-
gitation and perivalvular abscesses, IOE is an essential 
element for planning the degree of resection as well as 
the location of infection-related fistulas. After surgery, 
excluding periprosthetic leakage is similar to other 
valvular lesions, but there is the additional issue of 
determining the exclusion of persistent fistula. The use 
of the aortic homograft is an essential surgical tool in 
periaortic infection. After implantation of a homograft 
(Fig. 29.10a, b), Ross procedure, or stentless valve, the 
postpump echo is important in verifying competency 
and determining that the leaflets are suspended well 
without prolapse.

A similar set of statements can be made about 
patients undergoing aortic valve surgery together with 

surgery for an ascending aortic aneurysm. The pre-
pump IOE is helpful in defining if the aortic valve leaf-
lets are inherently abnormal, and the diameters of the 
aortic annulus, sinuses, and sinotubular junction. If the 
valve is resuspended using a supracoronary conduit, or 
with a David procedure, the post-pump TEE is used to 
look for residual aortic regurgitation.

Lastly, with the advent of minimally invasive and 
robotic surgery done through a limited thoracotomy, 
IOE is important to make up for some limitations 
caused by a less optimum access to the heart by the 
surgeon. Most patient who undergo repair or replace-
ment of a single valve (aortic or mitral) are operated via 
a hemisternotomy. However, this smaller incision 
induces some limitations on the operative team. It is 
harder to follow heart size and therefore to judge the 
adequacy of volume filling from the pump. In addition, 
intracardiac air is more difficult to remove, because the 
LV apex cannot be lifted up for needle deairing. IOE 
helps to optimize management of these issues.

Complications of Heart Surgery 
Definable by IOE

Persistence of valvular regurgitation is the most common 
problem encountered on the postpump intraoperative 
echocardiogram. However new valvular regurgitation of 

a b

Fig. 29.10 Midesophageal short-axis views of the aortic 
valve in endocarditis. Left: Prepump TEE image showing a 
periaortic abscess, causing regurgitation adjacent to an aortic 
prosthesis. Right: Post-pump TEE image shows a normal aor-

tic homograft, with a concentric double density with a thin 
clear space (arrows) between the donor aortic annulus 
(homograft inclusion cylinder) and the recipient’s aortic annu-
lus. RA right atrium
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a valve not previously abnormal is a problem that occurs 
occasionally. The most common surprise is new MR 
resulting from worsened LV enlargement. Periprosthetic 
regurgitation (Fig. 29.11), after a new prosthesis is 
implanted, is not uncommon, particularly in patients 
with perivalvular infection or a calcified mitral annulus. 
A stitch from the mitral prosthesis placed all the way 
through to the aortic valve is a rare complication of which 
to be aware. A new atrial septal defect has been found on 
some postpump IOE studies, especially when the mitral 
valve is approached via the right atrium and the inter-
atrial septum. Iatrogenic aortic dissection is a rare result 
of aortic cannulation, the aortic vent, or a proximal vein 
graft anastomosis.

Pitfalls of IOE

The most important problem encountered in the prac-
tice of intraoperative echo is inexperience, see Table 
29.3. It is a daunting task to apply all the diagnostic 
acumen needed for accurate outpatient TEE to the 
operating room environment. It is challenging to have 
persons on hand who have sufficient echo experience 

who also are familiar with and available in the opera-
tive environment. It is recommended that the practitio-
ner of IOE have at least level 2 training in TEE as 
defined by the American Society of Echocardiography. 
This includes training under supervision for at least 
300 echo studies. This educational agenda is therefore 
long and difficult to accomplish without a concentrated 
period of fellowship in a formal training environment.

The persons doing intraoperative TEE studies are 
often cardiology or cardiothoracic anesthesiology phy-
sicians. Each has a substantial learning curve, that is 
often not facilitated in a standard fellowship without 
personal initiative. For example, a cardiology fellow 
may lack experience with the process of cardiac surgery, 
or be uncomfortable engaging in diagnostic studies in 
the operative environment, with changing hemodynamic 
conditions. The anesthesiology fellow often has inade-
quate exposure to ultrasound technology, intracardiac 
anatomy, and the diagnostic process inherent in imaging 
and flow analysis.

In many hospitals, the ideal IOE team includes both 
cardiologists and anesthesiologists, working together 
to provide coverage of the various patients presenting 
for cardiac surgery. The team also involves the echo 
competence of the cardiac surgeon(s). Even if the sur-
geon does not perform the study, understanding the 
flavor of the information of the imaging and flow anal-
ysis takes a substantial learning curve, which should 
be included in the agenda of cardiac surgical training.

Summary

Care of the patient undergoing cardiac surgery is 
enhanced substantially by a careful and selective program 
of intraoperative echocardiography. This enhances patient 
outcomes by giving up to the minute information about 
the patient’s cardiac performance before and after the 
corrective procedure.

Table 29.3 Intraoperative echo pitfalls

Inexperience
Inadequate study
Imaging time too short
Imaging planes too few
Coupling (sleeving, contact)
Hemodynamic instability: hypotension, hypovolemia
Interference to imaging
Electronic (electrocautery, environment)
Room lights on

Fig. 29.11 Midesophageal view of the left atrium and left ven-
tricle at 117° multiplane angle, early after mitral valve replace-
ment showing very mild 1+ periprosthetic mitral regurgitation, 
with the color jet located anterior and superior to the mitral sew-
ing ring. Note that the Nyquist (color aliasing limit) was pur-
posely set to 28 cm/s, to create a larger spatial distribution of the 
periprosthetic MR, to localize it better. This Nyquist is lower 
than our usual practice of setting it at 50–60 cm/s for most spa-
tial mapping of color jets. The amount of periprosthetic MR 
often improves after giving protamine. This patient did not have 
a second pump run, and had no MR murmur after surgery, with 
no periprosthetic MR by transthoracic echo
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Introduction

The use of contrast in echocardiography is not new. In 
1968 Gramiak and Shah first described the utilization 
of hand-agitated saline as an ultrasound contrast agent. 
The technique of injecting agitated saline containing 
very small air bubbles is still used regularly today and 
has become a standard technique for identifying shunts 
through a patent foramen ovale or small atrial septal 
defects. Furthermore, contrast agents are used in 
almost every medical imaging technology to enhance 
image quality and provide new information. Therefore, 
it is not surprising that they should have found an 
emerging and important role in ultrasound imaging of 
the heart and other organs in the body.

This chapter describes the important interaction 
between contrast microbubbles and ultrasound. It 
explains how that interaction can be utilized to provide 
sensitive contrast detection so that the technique can 
be utilized in a variety of different clinical settings.

Basic Principles

Types of Contrast Agent

In order to provide efficient ultrasound backscatter, 
ultrasound contrast agents must contain microbubbles 
which have a very different acoustic density to the sur-
rounding blood. Therefore, these contrast agents contain 
a gas, which has a much lower density than blood. Hand-

agitated saline contains small bubbles of air, suspended 
in saline, which are not designed to cross the pulmonary 
capillary bed. Indeed, the presence of contrast bubbles 
within the left heart, following an intravenous injection, 
suggests an intra-cardiac shunt with a right to left com-
ponent. However, commercially produced agents are 
specifically designed to cross the cross the lungs, opac-
ify the left heart and, more recently, the myocardium.

To do this, they require a number of specific character-
istics. These include the ability to survive transpulmonary 
passage and the ability to behave physiologically within 
the circulation. This means that they must have a shell 
and contain gas which is physiologically inert and a 
size comparable to that of red blood cells.

These demands place a number of constraints upon 
the design of ultrasound contrast agents. In order to 
survive transpulmonary passage, the contained gas 
within the contrast microspheres must be prevented 
from dissolving in blood. This objective can be 
achieved by either using a thick microbubble shell to 
prevent diffusion, or a high molecular weight gas, 
which is not soluble in blood. Contrast agents contain-
ing air or nitrogen, which are highly soluble in blood, 
require a thick, impermeable shell. However, agents 
with a thin shell require a high molecular weight gas 
such as sulfur hexafluoride or perfluorocarbon. Figure 
30.1 illustrates the basic principles involved in the 
design of microbubbles for ultrasound contrast agents.

Contrast Microbubble Response to 
Ultrasound

Figure 30.2 demonstrates the very important ratio 
between the incident or transmitted ultrasound 
energy and the backscattered or reflected energy. 
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Although this ratio is described by a very complex for-
mula, with a number of important components, the 
most important factor determining the magnitude of 
the backscattered signal is the bubble size. As previ-
ously stated, the contrast microbubbles must have a 
size not greater than red blood cells so that they behave 
physiologically within the microcirculation. In prac-
tice, this means that the modal diameter is approxi-
mately 4 microns (4u). Using a diameter of 4u and 
standard values for the other parameters described in 
Fig. 30.2, the difference in backscattered ultrasound 
intensity between a typical ultrasound contrast agent 
and blood is approximately 100 million.

Although this difference is extremely large and 
therefore contrast microbubbles are very powerful 
scatterers of ultrasound, in practice there are a num-
ber of important factors which limit the ability of an 
ultrasound scanner to image contrast microbubbles 
efficiently. As shown in Fig. 30.3, the behavior of a gas 
microbubble in an ultrasound field varies with the 
changing intensity of the incident ultrasound. At nor-
mal diagnostic ultrasound intensities, most contrast 
microspheres will fracture, implode, and be destroyed. 
This gives rise to a swirling appearance of contrast 
within the cardiac chambers as blood containing 
destroyed contrast mixes with undestroyed contrast. 
This is most apparent near the left ventricular apex, 
when an apical imaging window is used, because the 
ultrasound intensity is at its greatest in the near field.

The proportional blood volume within the myocar-
dium is significantly lower than within the ventricular 
cavities. The blood also moves much slower within the 
myocardium; therefore, a lower concentration of con-
trast microbubbles is exposed to ultrasound for a lon-
ger time than within the ventricles, and consequently it 
is more likely to be destroyed. Furthermore, the back-
scattered signal from myocardial tissue is significantly 
higher than that from blood. All these factors mean 
that it is much more difficult to detect and image con-
trast microbubbles within the myocardium than within 
the blood-filled cavities. Therefore, with conventional 
ultrasound imaging techniques, evaluation of myocar-
dial perfusion is not possible. One potential solution to 
this problem may be to administer a larger volume of 
contrast so that the concentration of microbubbles 
within the blood, and hence the myocardium, is 
increased. However, if the microbubble concentration 

Fig. 30.1 In order to survive transpulmonary passage and per-
sist in the circulation, the gas within contrast agents must be 
prevented from diffusing into blood. This is achieved either by 
using a thick, impermeable shell or by using a high molecular 
weight, insoluble gas

Fig. 30.2 Formula describing the ratio between incident and 
backscattered ultrasound intensity from a free gas bubble. One 
of the most important components is the bubble size.  The mag-
nitude of the backscattered signal intensity is proportional to the 
6th power of the radius

Fig. 30.3 As incident ultrasound power increases, the microbubble 
will resonate, generate harmonics and finally implode, releasing 
the encapsulated gas which quickly dissolves
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is increased, this results in attenuation of the ultra-
sound signal as the microbubbles form an impenetrable 
barrier to ultrasound transmission. This phenomenon 
is frequently seen within the right ventricular cavity 
where the microbubble concentration is higher before 
transpulmonary passage. However, it can also be visu-
alized in the left ventricle as the delivered contrast vol-
ume is increased.

Although conventional ultrasound imaging modali-
ties can demonstrate contrast opacification of the car-
diac cavities, to reliably detect contrast microbubbles 
within the myocardium, and therefore evaluate myo-
cardial perfusion, it is clear that alternative ultrasound 
imaging techniques need to be utilized. Fortunately, 
gas microbubbles have very different acoustic proper-
ties to those of myocardial tissue. Therefore, it is pos-
sible to use a range of imaging techniques which are 
very sensitive to contrast microbubbles, but not sensi-
tive to tissue. So the backscattered contrast signal is 
enhanced and the tissue signal suppressed, signifi-
cantly increasing the contrast signal-to-tissue ratio. 
This is not just important for evaluating myocardial 
perfusion, but is also useful for enhancing endocardial 
border detection during left ventricular opacification 
studies.

The main difference in acoustic property between 
contrast microbubbles and tissue is that, as shown in 
Fig. 30.3, microbubbles will resonate and behave in a 
nonlinear fashion within an ultrasound field. Figure 
30.4 illustrates the formula that describes the resonant 
frequency of a free gas bubble. If we use a microbub-
ble diameter of 4u (the modal diameter of most con-

trast agents) and standard values for the other 
parameters in the equation, the resonant frequency is 
approximately 2 MHz. This frequency very conve-
niently falls within the bandwidth of ultrasound fre-
quencies used in echocardiography and essentially 
means that contrast microbubbles, unlike tissue, will 
resonate within the ultrasound field. They resonate in a 
nonlinear fashion and generate harmonics. As previ-
ously mentioned, contrast specific imaging techniques 
utilize these nonlinear, resonant properties of microbub-
bles to significantly increase the detection sensitivity 
for contrast and suppress the tissue signal.

Destructive Imaging Techniques

Contrast-specific imaging technologies conveniently 
separate themselves into methods that rely on or cause 
microbubble destruction and those techniques that aim 
to preserve the microbubbles – nondestructive imag-
ing. Table 30.1 illustrates some of the currently avail-
able contrast-specific imaging techniques.

As a general rule, destructive imaging techniques 
use an MI (mechanical index or output power) >1.0, 
whereas nondestructive techniques need to use an MI 
< 0.3 in order to limit contrast destruction.

At higher MIs the nonlinear resonance of contrast 
microbubbles within the ultrasound field results in the 
generation of harmonic signals and then destruction of 
the microbubble. Typically these harmonics will occur 
at multiples of the transmitted (fundamental) fre-
quency, with the strongest response occurring at the 
second harmonic.

Although there is also a tissue signal at the second 
harmonic frequency, it is lower in amplitude than the 

Fig. 30.4 Formula describing the resonant frequency of a free 
gas bubble. Using standard parameters and a bubble radius of 
2µ, the resonant frequency is approximately 2MHz.  This conve-
niently falls within the bandwidth of diagnostic ultrasound

Table 30.1 Destructive and nondestructive contrast-specific 
imaging modalities

Destructive contrast imaging techniques
Second harmonic imaging
Ultraharmonics
Pulse Inversion
Harmonic power doppler (Angio)
Nondestructive contrast imaging techniques
Low MI real-time methods
Power modulation
Power pulse inversion
Cadence contrast imaging
Contrast pulse sequencing
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contrast signal. So if the frequency receive filters on 
the scanner are set to only receive the second harmonic 
frequency (twice the transmitted fundamental fre-
quency) then the contrast signal amplitude will be 
greater than that of the tissue. Therefore, the all-impor-
tant contrast to tissue signal ratio is increased. At even 
higher harmonics, the tissue signal will be negligible 
but there will still be a contrast signal. These tech-
niques are called ultraharmonics and essentially rely 
upon receiving selected higher frequencies. However, 
the received contrast signal amplitude is still very 
small at these higher harmonics – making them sus-
ceptible to noise and artifacts. In addition, specially 
constructed broad-bandwidth transducers have to be 
utilized to detect these higher harmonics. In sum-
mary, these high MI destructive techniques cause 
high-amplitude resonance of the microbubbles, gen-
eration of harmonics and, of course, bubble destruc-
tion. Although these techniques are sensitive for 
microbubble detection, they have to be used in an 
intermittent imaging mode. This is to allow time for 
contrast microbubbles to replenish the myocardium 
following each destructive frame. In practice, this 
means that a frame is acquired every 1, 2, 3, or up to 
10 cardiac cycles. Intermittent imaging is more  
difficult to use and this is considered a significant 
disadvantage by many.

Pulse inversion and harmonic power Doppler are con-
sidered to be high MI Doppler techniques in that they 
cause microbubble destruction, but they actually measure 
the change in backscattered signal from one pulse to 
another. Using these techniques, one pulse is sent down a 
scan line and a reflected signal is derived from both 
microbubbles and myocardium. However, this same 
pulse causes microbubble destruction so that when a 
second pulse is transmitted down the same scan line, 
shortly after the first, the reflected signal is generated 
from myocardium alone. The ultrasound scanner ana-
lyzes the difference between the backscattered/reflected 
signal from these two pulses. A significant difference is 
taken to indicate the presence of contrast microbubble 
destruction, and a corresponding signal is displayed upon 
the image. This technique is very similar to that utilized 
in color-flow Doppler – essentially a moving target indi-
cator. It is extremely sensitive for contrast destruction. 
However, it has a limited dynamic range meaning that it 
is effectively an all-or-nothing technique.

Pulse inversion Doppler is again very similar but uti-
lizes two pulses which are 180° out of phase with each 
other. The contrast microbubbles respond differently 

depending on the phase of the pulse; this difference in 
the backscattered signal again indicates the presence 
of contrast. However, the relative high MI at which this 
technique works also causes microbubble destruction 
and intermittent imaging is again needed.

Nondestructive Imaging Techniques

As previously mentioned, the need to utilize intermit-
tent imaging does make destructive imaging techniques 
more difficult to use. Also the absence of any wall 
motion information is considered by many to be an 
important disadvantage. In order to provide wall 
motion information, the frame rate needs to be 
increased from one frame every few cardiac cycles to a 
minimum of 20 frames a second. If the frame rate is to 
be increased without causing bubble destruction then 
the MI needs to be decreased significantly and usually 
needs to be <0.3.

A low MI will minimize microbubble destruction, 
but will generate only a very weak backscattered signal. 
Therefore, more sensitive contrast detection methods 
have to be used, which at the same time will suppress 
the tissue signal. These low MI methods are called real 
time because the higher frame rates allow evaluation of 
wall motion and perfusion simultaneously.

Essentially these techniques work on similar prin-
ciples. They all send multiple, low-amplitude pulses 
down each scan line. Each pulse varies from the pre-
ceding one in either amplitude, phase, or a combina-
tion of both. Different manufacturers use one or more 
of these methods for their low MI real-time methods, 
and some of the proprietary names for these techniques 
are listed in Table 30.1.

Figures 30.5 and 30.6 illustrate the basic principles 
utilized in Power Modulation, which is one of the low 
MI real-time methods. With this methodology, multiple 
pulses are transmitted down each scan line; however, 
each alternate pulse is of 50% amplitude. The ultra-
sound scanner receive circuitry doubles the received 
signals from the 50% amplitude pulses and then sub-
tracts that from the received signal from the 100% 
amplitude pulses. This means that in theory backscat-
tered signals from a linear reflector such as myocardial 
tissue should cancel each other out, thereby suppress-
ing the myocardial signal. However, contrast microbub-
bles are nonlinear reflectors and so the doubled 
backscatter signal from the 50% amplitude pulse does 
not cancel the signal created by the 100% amplitude 
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pulse. The remaining signal indicates the presence of 
contrast within the scan plane.

In theory and usually also in practice, the only image 
signals seen when utilizing low MI nondestructive 
real-time imaging are those derived from contrast 
microbubbles and tissue signals are completely suppressed. 
At low contrast microbubble concentrations, there may 
be insufficient contrast within the myocardium to 
cause any enhancement, and the only contrast that can 
be seen is within the LV cavity. Since the myocardium 

will be black and the cavity bright, this results in excel-
lent endocardial definition. Frame rates of >25 Hz can 
be achieved and this is quite satisfactory for use during 
stress echocardiography. Furthermore, the absence of 
contrast destruction allows much better visualization 
of the left ventricular apex than when conventional 
high MI second harmonic imaging is used with con-
trast. High MI second harmonic imaging also creates a 
significant tissue signal, and this can make it more dif-
ficult to determine the endocardial boundary. If second 

Fig. 30.5 Power modulation uses varying amplitude ultrasound 
pulses where alternate pulses are 50% in amplitude of the  
preceding one. When scattering occurs from a linear tissue 
reflector, the 50% amplitude pulse creates a 50% amplitude 
backscattered signal.  This received signal is doubled in amplitude 

and then subtracted from the signal received from a full ampli-
tude pulse.  This effectively means that the backscattered signals 
from linear reflectors such as myocardial tissue cancel each 
other out, suppressing the tissue signal 

Fig. 30.6 Contrast microbubbles are non-linear scatterers, therefore the backscattered signals from the doubled 50% amplitude pulses 
and the full amplitude pulses do not cancel each other out when subtracted. This leaves a signal representing the presence of contrast
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harmonic imaging is to be used with contrast for left 
ventricular opacification then it is sensible to reduce 
the MI < 0.4 to limit the tissue signal and contrast 
destruction.

As the contrast microbubble concentration is 
increased in the blood, either by increasing the bolus 
volume or infusion rate, then sufficient microbubbles 
will appear within the myocardium to cause myocar-
dial enhancement. The myocardial contrast signal 
intensity is directly proportional to the number of 
microbubbles within a unit volume of myocardium 
and this equates to the myocardial blood volume. As 
previously mentioned, the great advantage of this 
type of contrast imaging technique is that it poten-
tially permits evaluation of both left ventricular wall 
motion with excellent endocardial definition and 
myocardial perfusion through evaluation of myocar-
dial blood volume.

Enhancement of Doppler Signals

Modern echocardiographic imaging systems have 
extremely sensitive Doppler processing and the need for 
enhancement is limited. However, enhancement can be 
performed using contrast microbubbles. Even after the 
microbubbles have collapsed and only shell fragments 
are left in the circulation, considerable spectral Doppler 
enhancement occurs. This means that contrast-enhanced 
Doppler recordings can be performed at the end of a 
conventional contrast LV opacification or perfusion 
study, when there is no visible contrast left in the cavi-
ties. Shell fragments will still be circulating and these 
act as excellent Doppler scatterers.

An example of spectral Doppler enhancement 
using contrast is seen in Fig. 30.7. In this case, consid-
erable enhancement of the continuous-wave Doppler 

Fig. 30.7 Enhancement of spectral Doppler recordings using the Contrast agent Optison. This was obtained at the end of a conven-
tional LVO contrast study when very little contrast was visible, however the Contrast shell fragments still generate a strong Doppler 
signal and show enhanced visualisation of mitral, tricuspid and pulmonary vein flow
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signal from mitral and tricuspid regurgitation is seen. 
In addition, pulsed-wave analysis of pulmonary vein 
flow is also improved.

Contrast Administration: Bolus  
or Infusion?

Generally speaking, most commercially available con-
trast agents can be administered using either using 
bolus or infusion administration methods.

Bolus injections are usually considered satisfactory 
for left ventricular opacification studies. They have the 
advantage of being easy and quick to set up and they usu-
ally result in less contrast usage. However, as shown in 
Fig. 30.8, bolus injections result in a shorter time period 
during which the contrast signal intensity is at an appro-
priate level without significant attenuation. Since the con-
trast concentration is constantly changing during a bolus 
injection it is not possible to quantify myocardial blood 
flow as described later. However, relatively underperfused 
myocardial segments can often be appreciated for a tran-
sient period during the decay phase of the bolus.

The microbubbles used in most commercial con-
trast agents usually settle out quite rapidly and rise to 
the top of the solution in which they are suspended. 
This means that it is necessary to constantly agitate 
the syringe containing the contrast to keep the 
microbubbles suspended. During an infusion this 
may be even more difficult. Some infusion pumps 

have been developed which help to keep the contrast 
suspended by constantly rotating the syringe contain-
ing the microbubbles. With some agents, settling out 
of the contrast microbubbles is less of an issue, and 
they can be effectively administered by dilution with 
saline and using a conventional intravenous drip.

The main advantage of contrast infusion is that the 
infusion rate can be precisely adjusted so that the con-
trast concentration falls between the detection thresh-
old and attenuation zones, allowing for a long useful 
imaging time window, as illustrated in Fig. 30.9. Once 
set up, an infusion requires less operator intervention 
and could reduce the number of operators required for 
a contrast study. Infusions can be used for both LV 
opacification and perfusion studies. If quantification of 
myocardial blood flow is to be performed (as described 
later) then a constant contrast infusion is mandatory. 
However, an infusion inevitably results in use of 
increased volumes of contrast, and this of course adds 
to the cost of the study. Nevertheless, contrast delivery 
via an infusion confers so many advantages that it has 
become the most common method of administration 
for cardiac applications.

Left Ventricular Opacification

The American Society of Echocardiography and 
European Association of Echocardiography position 
papers on Contrast Echocardiography have recom-

Fig. 30.8 During a bolus contrast injection, there is a limited 
time window on the decay part of the concentration curve where 
the contrast concentration is below the attenuation level but 
above the detection threshold

Fig. 30.9 With a constant infusion of contrast, the infusion rate 
can be adjusted so that contrast concentration is at a level which 
is above the detection threshold but below the attenuation level.  
This results in a prolonged imaging window but results in higher 
contrast usage and increased associated costs
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mended the use of a contrast agent to improve endo-
cardial definition when two or more segments are not 
visualized adequately. This situation can arise in 
patients who have a poor imaging window because of 
lung/rib artifacts or obesity. Patients who are ventilated 
also frequently have very poor quality echo images, 
and the use of contrast may make a transesophageal 
echo to evaluate left ventricular function unnecessary. 
Stress echocardiography requires excellent endocar-
dial definition on a segmental basis, often under diffi-
cult imaging conditions. Contrast echo has become a 
vital tool during stress, as described later.

As previously mentioned, conventional second har-
monic imaging can be used for left ventricular opacifi-
cation studies. However, this requires a relatively low 
MI setting to avoid contrast destruction and minimize 
tissue harmonics. In addition, the receive filters on the 
ultrasound system need to be adjusted to endure exclu-
sion of the tissue fundamental signal. Most modern 
echo systems have a manufacturer’s preset which will 
optimize the machine settings for this type of study 
and use of this, if it is available, is recommended.

Low MI nondestructive real-time imaging methods, 
as described previously, are considered optimal for 
left ventricular opacification studies. Again, these can 
usually be accessed through a preset and if available, 
should always be used.

LV Thrombus and Masses

In patients with suboptimal echo windows, identification 
of left ventricular thrombi or masses can be challenging. 
The left ventricular apex is the most common site for 
thrombus formation, and it can be the most difficult area 
to visualize because of near-field artifacts on conven-
tional fundamental or harmonic imaging. Standard echo 
techniques to help clarify the diagnosis include identifi-
cation of associated wall motion abnormality, use of 
higher imaging frequencies with harmonics, adjustment 
of the focal point to the depth of interest, and use of 
color-flow Doppler with a low velocity scale (low PRF) 
to see if there is flow across the area of the image where 
thrombus is being questioned.

In a substantial number of patients, these techniques 
will still leave the question of possible LV thrombus 
unresolved and contrast can be extremely useful. Again, 
we would advocate the use of low MI real-time imag-
ing, if available. Thrombus will appear as a dark filling 
defect adjacent to the akinetic myocardium. In many 
patients with scar or with reasonable myocardial perfu-
sion, the myocardial intensity may be greater than that 
of the thrombus. An example of an apical LV thrombus 
that could not be satisfactorily delineated using conven-
tional echo techniques is shown in Fig. 30.10. 

Fig. 30.10 Zoomed apical 4 chamber views in a patient who 
had an anterior infarct and a conventional echocardiogram (left) 
suggestive of a large apical thrombus. A contrast study using 
Power Modulation demonstrates that the structure previously 

thought to represent a thrombus is probably a false tendon.  
However, there is a small filling defect at the apex which 
was subsequently confirmed at surgery to represent a small 
thrombus
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More rarely, intracardiac masses may represent 
tumors. Here contrast echo, using low MI real-time 
imaging, can demonstrate vascularized or malignant 
tumors and differentiate them from thrombus or stromal 
tumors. A thrombus or stromal tumor will not opacify 
with contrast, whereas a vascularized or malignant 
tumor will. The use of flash destruction/reperfusion low 
MI imaging, as described later, may also help verify the 
degree of vascularization, although there have been 
very limited data published on this.

Other pathologies where contrast left ventricular 
opacification has helped with the diagnosis include 
noncompaction cardiomyopathy where visualization 
of the deep myocardial recesses and trabecullation is 
essential and apical hypertrophic cardiomyopathy. In 
the latter condition, the small and almost obliterated 
apical left ventricular cavity can be difficult to see 
without contrast enhancement.

Global and Regional LV Function

Assessment of left ventricular function is the most 
common reason for performing an echocardiogram in 
the adult patient population. Yet, as we know, image 
quality is frequently suboptimal, and the accuracy and 
reproducibility of echo measurements of left ventricu-
lar volumes and ejection fraction can be poor.

When performing a resting contrast study for evalu-
ating LV function we would again advocate the use of 
low MI real-time imaging. Alternatively, use the con-
trast harmonic preset on the scanner which will auto-
matically select a relatively low MI and optimize the 
receive filters to improve contrast enhancement.

Use conventional tissue harmonic imaging to adjust 
the scanplanes, starting with apical views to minimize 
the effects of contrast attenuation. Activate the contrast 
preset as previously discussed. Adjust the gain to obtain 
very low background noise, move the focal position to 
mitral valve level, and reduce the sector width until a 
frame rate >25 Hz is obtained. Bolus injections of con-
trast (followed by saline flush) or an infusion may be 
used for this type of study. Images may be stored on 
video tape, although digital acquisition will provide best 
quality and single beat loops will usually suffice.

If inadequate contrast opacification is obtained then 
a larger bolus volume or higher infusion rate should be 
tried. If attenuation occurs and far-field objects are 
obscured, then reduce the bolus volume or infusion 

rate. Alternatively, or in addition, a few frames (5–10) 
at high power (impulse or flash function) will destroy 
contrast within the LV cavity and myocardium, reduc-
ing attenuation and improving endocardial definition.

An example of a contrast LV opacification study is 
shown in Fig. 30.11. This study was performed in an 
ITU patient where the only other way of assessing left 
ventricular function satisfactorily would have been to 
perform a transesophageal echo.

In the case shown in Fig. 30.11 a qualitative, visual 
assessment of LV function was deemed adequate for 
further clinical management. However, quantitative 
information such as LV volumes or ejection fraction is 
often needed, and the improved endocardial definition 
afforded by contrast allows more precise tracing of the 
endocardial border for calculation of volumes etc. 
Although contrast undoubtedly increases the accuracy 
and reproducibility of these types of measurements, it 
should go without saying that the basic rules of ensur-
ing precisely defined scan planes, avoiding foreshort-
ened views and careful tracing of the endocardial 
border, still apply as they do in noncontrast studies.

Automatic endocardial border detection systems have 
the potential to improve quantitative analysis by remov-
ing the need for manual tracing of the LV border. However, 
these systems are also limited by poor image quality. If 
the endocardium is poorly defined, then the software will 
have as much difficulty following the endocardial 
boundary as will the human eye. Some ultrasound system 
manufacturers have adapted their automatic endocardial 
border detection systems to work with contrast, so that 
the LV cavity is recognized as having a bright, high 
intensity signal from contrast, whereas the myocardium 
is recognized as being dark. The high contrast change 
from the bright cavity to dark myocardium provides an 
easy boundary for the software to follow and LV volumes 
can be calculated on a frame-by-frame basis, which is 
impractical during manual tracing. This allows calcula-
tion of more sophisticated parameters of LV function and 
application to a wider patient population, including those 
with suboptimal windows. An example of this technol-
ogy is shown in Fig. 30.12.

Similar technology can also be used to study regional 
left ventricular function as shown in Fig. 30.13. Here, 
the automatic boundary detection system again detects 
the border between the contrast-filled cavity and the 
dark myocardium. As the border moves in during sys-
tole, a colored band is overlaid on the image every 35 or 
40 ms. Thicker bands represent more excursion of 
the endocardium, whereas very thin bands represent 
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Fig. 30.12 Evaluation of global left ventricular function 
during a continuous contrast infusion of Sonovue and using 
the Contrast CK software from Philips Medical Systems. The 
left frame shows a bright contrast filled LV cavity and a dark 
myocardium. The LV endocardium is tracked (orange) on a 
frame by frame basis and LV volume within the blue region of 

interest is calculated using the method of discs. In the right 
hand frame a graph displaying LV volume changes during one 
cardiac cycle and the first derivative (dV/dt) is seen.  
Automatically generated calculations such as end-diastolic 
and end-systolic volumes together with ejection fraction etc 
are also displayed

Fig. 30.11 Apical 4 chamber view using tissue harmonic imag-
ing (on left) in an ITU patient with very poor imaging windows.  
The patient had been recovering slowly post cardiac surgery and 
the request was to assess LV function. Image quality was so poor 
that no comment could be confidently made about LV function.  
Before proceeding to perform a transesophageal echo a contrast 
study was performed using a 0.3 ml injection of Optison through 

an existing IV line and Power Modulation low MI contrast imag-
ing (right frame).  Evaluation of the LV endocardial border was 
significantly enhanced, especially at the apex and the lateral 
wall, allowing an accurate assessment of LV function without 
needing to proceed to a transesophageal echo. The improvement 
in image quality was even more evident on real-time images 
than on these still frames
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akinetic or hypokinetic segments. These images can 
be segmented, as shown in Fig. 30.13, and the regional 
contraction (fractional area change) calculated and 
compared for all segments. It is really only the advent 
of contrast that has made it possible to quantify regional 
LV function in a wide variety of patients, including 
those with poor echo windows.

Stress Echocardiography

Although stress echocardiography has a high sensitivity 
and specificity for the detection of coronary disease and 
evaluating myocardial viability it is the most demanding 
and difficult echo technique to perform and interpret. 
This is because image quality can often be very poor at 
peak stress, irrespective of whether pharmacological or 
exercise stress has been performed. High image quality 

with excellent endocardial definition is essential for the 
performance and analysis of stress echo studies. It is 
important to be able to visualize all myocardial seg-
ments and detect subtle wall motion or thickening 
abnormalities. For these reasons, contrast agents have 
become an almost mandatory component of most stress 
echo laboratories. In our own department, contrast is 
used in virtually every stress echo study because it is 
difficult to predict, based upon the baseline images, how 
much image quality will deteriorate by the time peak 
stress is reached, and it can be very difficult to compare 
noncontrast baseline images with contrast-enhanced 
peak stress images. Therefore, this author advocates the 
use of contrast in most stress echo cases.

Contrast can be administered via bolus injections if 
necessary. However, as described previously, contrast 
infusions do confer several advantages and can 
reduce the number of personnel required in the stress 

Fig. 30.13 Quantitative Contrast Colour Kinesis (Philips 
Medical Systems) images showing an apical 4 chamber view at 
the top left with contrast in the LV cavity and coloured bands 
overlaid on the image representing systolic excursion of the 
endocardium. Thicker colour bands represent more systolic 
excursion of the corresponding segments. The scan plane has 

been semi-automatically segmented into six segments (top right) 
and the fractional area change calculated in each segment. The 
fractional area changes for all six segments are plotted in the 
bottom diagram and allow comparison of contraction between 
segments. In this example, the apical segments show reduced 
fractional area change
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lab. For the reasons previously mentioned, low MI 
real-time imaging is the preferred contrast specific 
imaging modality to use. Apical destruction of contrast 
at high MI can really limit the detection of localized api-
cal wall motion abnormalities, limiting the sensitivity of 
the test. Since low MI real-time techniques often have 
lower frame rates, it may be necessary to reduce the 
sector width by 20–30° in order to ensure that the frame 
rate is greater than 25 Hz. It is obviously very important 
at high heart rates to maintain a reasonable imaging 
frame rate, and this is one of the limitations of many of 
the low MI techniques. Nevertheless, unless the LV cav-
ity is very large it is usually possible to reduce the sector 
width enough to get an adequate frame rate.

It is very easy to incorporate contrast into a standard 
stress protocol, especially when pharmacological stress 
is being performed and an IV line is already in place. If 
a three-way tap is connected to the end of venous can-
nula then the contrast should not be administered 
through the side arm or the top port of the cannula. This 
is to minimize contrast destruction by avoiding the shear 
forces associated with a 90° turn. We prefer to use a Y 
connector with a narrow bore connection for the con-
trast to avoid microbubbles settling out, which can hap-
pen in a three-way tap. Contrast infusion pumps usually 
have narrow bore connection tubing for the same rea-
son, and this should always be used.

Figure 30.14 illustrates a suggested protocol for 
using contrast during dobutamine stress echo. This can 
be adapted for either bolus injections or infusions. 
Bolus injections are usually performed approximately 

20–30 s before images are acquired. On the other hand, 
infusions take a little longer to reach a steady state and 
45-s lead-in is usually necessary. The infusion can and 
should be discontinued between imaging stages; in 
fact, once the apical views have been obtained there 
will be sufficient contrast left in the circulation to allow 
parasternal images to be obtained. As shown in the 
protocol, it is preferable to collect apical images first 
and then the parasternal images so that the contrast 
level has fallen and the chances of attenuation mini-
mized. Contrast attenuation is less of a problem with 
low MI imaging techniques, and Fig. 30.15 illustrates 
contrast-enhanced parasternal short-axis images with 
minimal attenuation. However, it is prudent to try and 
modify the imaging window to avoid the right ventricle 
as much as possible. The high contrast concentration 
in the RV may result in attenuation. If parasternal win-
dows are unobtainable because of attenuation or some 
other reason, then the apical three chamber view may 
be substituted for the parasternal long axis and the 
short axis omitted since all segments will be seen in 
other views.

As previously described for resting LV opacifica-
tion studies, the contrast bolus dose or infusion rate 
should be adjusted so that attenuation is minimized 
and far-field structures are clearly seen. During the 
peak of a bolus, some attenuation is inevitable and it is 
important to wait until the optimal part of the decay 
curve before acquiring images. A transient reduction 
in contrast concentration can be achieved by using 
the “flash” or “impulse” function which will destroy 

Fig. 30.14 Suggested protocol for combining contrast with a 
dobutamine stress echo protocol. Imaging is performed at base-
line, low dose, intermediate dose and at peak. Imaging sequence 
commences with apical views to minimise the effects of attenu-
ation.  Contrast bolus injections are administered approximately 

30 seconds before each imaging acquisition sequence and 
repeated if necessary. Infusions would need to be re-started 
approximately 45 seconds before imaging and can be stopped 
after apical views have been obtained
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contrast, especially in the myocardium, and usually 
creates excellent endocardial definition in the few 
beats following destruction.

This section has concentrated on the use of contrast 
for improving endocardial definition during stress echo 
studies. This currently represents the major licensed 
application for contrast agents and is undoubtedly the 
appropriate starting point for introducing contrast into 
the echo lab. In the next section, the use of contrast is 
extended into the evaluation of myocardial perfusion. 
In the future, this role will become as important as 
improving endocardial definition.

Myocardial Perfusion

Stress Myocardial Perfusion

The classical ischemic cascade, as illustrated in Fig. 
30.16, demonstrates that one of the first indicators  
of an imbalance between myocardial oxygen demand 
and supply is a reduction in myocardial perfusion. 
MCE has the ability to demonstrate both myocar-
dial blood volume and velocity on a regional basis.  

The combination of these two parameters has been 
shown to represent myocardial blood flow, and we 
can assume that this is directly proportional to myo-
cardial perfusion. Therefore, stress MCE has the 
potential to facilitate evaluation of stress-induced 
changes in myocardial perfusion. Since we know that 
these occur early in the ischemic cascade, they should 
be more sensitive markers than chest pain, ECG 
changes, or regional wall motion/thickening abnor-
malities. In addition, the excellent spatial resolution 
of MCE affords significant advantages over nuclear 
techniques. Cost, availability, and patient preference 
also means that stress MCE has the potential to be a 
more appropriate investigation than Stress CMR in 
the evaluation of reversible ischemia.

The intensity of backscattered ultrasound (i.e., 
video intensity) from a unit volume of myocardium is 
directly proportional to the number of scattering inter-
faces within that volume of myocardium. During MCE 
studies, those interfaces will consist of tissue struc-
tures and contrast microbubbles. Most contrast-spe-
cific imaging modalities suppress tissue signals so that 
the backscattered ultrasound signal intensity is mainly 
due, and proportional, to the number of contrast 
microbubbles within the unit volume of myocardium. 

Fig. 30.15 Using low MI imaging, contrast attenuation is minimised and so parasternal views (as shown here) can usually be used.  
Good endocardial definition is seen at all stages of dobutamine stress and some myocardial enhancement is also evident, allowing 
appreciation of myocardial thickness



594 M.J. Monaghan

BookID 128962_ChapID 30_Proof# 1 - <Date> BookID 128962_ChapID 30_Proof# 1 - <Date>

Since the contrast microbubbles are entirely contained 
within the vascular volume, the number of microbub-
bles, and hence backscattered signal intensity, is pro-
portional to the blood volume within the myocardium 
being imaged. Hence the video intensity of the contrast 
signal we measure or see on the screen is directly pro-
portional to myocardial blood volume.

Ischemia, as generated during stress in myocardial 
segments subtended by epicardial coronary vessels 
with flow-limiting lesions, results in a relative reduc-
tion in myocardial blood flow. Myocardial blood flow 
is directly proportional to the product of blood volume 
and velocity. Both these parameters can be readily 
evaluated and appreciated during stress MCE, using a 
variety of techniques, as described later.

An important variable in the methodology for stress 
MCE is the choice of stress agent. The choice is really 
between a positive inotrope such as Dobutamine, or a 
coronary vasodilator such as Dipyridamole or Adenosine.

These two classes of drugs work in different ways, 
and they have their own advantages and disadvantages. 
The inotropes work by increasing myocardial oxygen 
demand, and this in turn causes an increase in myocar-
dial blood flow. However, in myocardial segments sup-
plied by vessels with poor coronary flow reserve, flow 
is unable to increase and, in order to maintain adequate 
coronary perfusion pressure, capillary derecruitment 
occurs. This autoregulation mechanism means that 
myocardial blood volume effectively decreases in 
these segments and, therefore, the backscatter contrast 
signal intensity decreases as explained previously.

Coronary vasodilators work by using the “coronary 
steal” phenomenon. Myocardial blood flow increases 
substantially in perfusion beds supplied by coronary 
vessels with normal flow reserve and no flow-limiting 
lesions. However, a drop in perfusion pressure occurs 
across flow-limiting coronary lesions, and blood flow 
is diverted toward normal perfusion territories. The 
reduced perfusion pressure means that capillary dere-
cruitment occurs in ischemic territories. This capillary 
derecruitment results in reduced myocardial blood vol-

ume and reduced reperfusion rates following destruc-
tion. As previously explained, both these parameters 
can be evaluated from the myocardial contrast signal.

As previously discussed, real-time low MI imaging 
techniques provide excellent endocardial definition at 
adequate frame rates. Myocardial perfusion informa-
tion can also be simultaneously obtained and is there-
fore incremental to the wall motion data. This 
methodology provides an excellent starting point for 
performing stress MCE studies.

The principle of performing stress perfusion imag-
ing with a contrast bolus is illustrated in Fig. 30.17. 
During the decay portion of the contrast bolus, the 
contrast concentration in the myocardium falls through 
a critical level, where it is possible to differentiate 
ischemia-induced differences in myocardial blood vol-
ume. This is usually visualized initially in the suben-
docardium as a dark rim, while the subepicardium 
remains bright. As the contrast concentration decays 
further, the entire transmural extent of the myocardium 
becomes dark. Spatial variations in contrast enhance-
ment during the bolus decay phase are critical aids to 
recognizing ischemic segments. A homogeneous, trans-
mural decay in contrast intensity (mirrored in other 
segments at the same image depth) simply represents 
contrast decay, while heterogeneous opacification and 
especially a dark subendocardium is highly suggestive 
of stress-induced ischemia.

Myocardial segments that remain unopacified dur-
ing the entire contrast administration usually represent 

Fig. 30.17 Diagram illustrating the principle of using bolus 
injections during stress MCE studies. During the wash-out phase 
of the bolus, the contrast concentration falls through a critical 
level where it is possible to visualise spatial differences in myo-
cardial blood volume secondary to ischemia. During the peak of 
the bolus, the myocardium is saturated with contrast and during 
the tail, the contrast concentration is insufficient to cause myo-
cardial opacification. The available imaging time window, dur-
ing which the critical concentration occurs, is fairly short

Fig. 30.16 The classical ischemic cascade demonstrating the 
sequence of events that occur during stress induced ischemia.  
Abnormalities in myocardial perfusion occur earlier than 
mechanical or ECG changes. Therefore, methods which are able 
to detect stress induced perfusion abnormalities should have 
good sensitivity for diagnosing reversible ischemia
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infarcted and irreversibly ischemic tissue. This is espe-
cially the case if a significant resting wall motion 
abnormality is present.

Although it is sometimes useful to record baseline 
myocardial contrast studies at rest, we know that even in 
the presence of an epicardial coronary stenosis <80%, 
resting myocardial blood flow will be normal. Therefore, 
if resting wall motion and thickening is normal in an indi-
vidual segment, one can usually assume that perfusion 
will be normal and a contrast study at this point may be 
superfluous. If myocardial contrast opacification is absent 
in a normally contracting segment at rest then this rep-
resents an artifact due to attenuation or inadequate gain/
ultrasound penetration. During stress, we would expect 
changes in perfusion to be evident before wall motion 
abnormalities. Therefore, the stress MCE images can be 
taken, if required, at a submaximal stage.

This technique can be utilized successfully during 
conventional dobutamine stress echo, since at low 
doses, dobutamine does act as a coronary vasodilator 
and during stress ischemia, changes in myocardial 
blood volume will occur, as described previously. The 
fact that this methodology can be used during dobu-
tamine stress further underlines its suitability as a start-
ing point for performing these types of studies.

If a contrast infusion is used in combination with 
low MI real-time imaging it is best to use a destruc-

tion-reperfusion technique for evaluating perfusion. 
The contrast infusion rate is set at a level which pro-
vides adequate myocardial opacification without con-
trast attenuation. Again, good endocardial definition is 
nearly always obtained, although if the myocardium is 
very bright, it can be difficult to differentiate it from 
the left ventricular cavity.

The low MI imaging methodology typically uses an 
output MI of <0.3, and often <0.1 (depending on the 
contrast agent characteristics). If a few frames (usually 
5–10) of high output power (MI > 1.0) are fired using 
the “impulse,” “burst,” or “flash” function, then contrast 
microspheres will be destroyed. This usually results in 
the myocardial contrast effect disappearing, whereas the 
left ventricular cavity remains bright because the con-
trast concentration is significantly greater in the cavity. 
The wash-in of contrast into the myocardium, following 
destruction, can then be observed.

Careful adjustment of contrast infusion rate and 
machine settings is critical to ensure that complete con-
trast destruction in the myocardium occurs, without sig-
nificant cavity destruction. Offline analysis of the images 
allows for a region of interest to be positioned within 
individual myocardial segments. The contrast signal 
intensity can then be plotted as a reperfusion curve, as 
illustrated in Fig. 30.18. As previously described, the 
slope of the curve is proportional to blood flow velocity 

Fig. 30.18 Diagram illustrating the basic principles of low MI 
real-time perfusion imaging with flash/impulse contrast destruc-
tion.  Following the destruction frames, contrast re-perfuses into 
the myocardium. A = the plateau portion of the re-perfusion 

curve and is proportional to myocardial blood volume. B = the 
initial slope of the curve and is proportional to blood flow velocity. 
R(t) is proportional to myocardial blood flow
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and the plateau to blood volume. The product of both 
parameters is proportional to absolute blood flow, which 
will be reduced in ischemic zones. A comparison before 
and after stress (especially vasodilator) will permit an 
assessment of coronary blood flow reserve.

However, a semiquantitative approach can also be 
taken by direct observation of the number of cardiac 
cycles taken for an individual segment to reperfuse. 
Delayed reperfusion (>3–4 cycles at rest), especially 
in the subendocardium, is highly suggestive of isch-
emia. During stress, increased myocardial blood flow 
should mean that an individual segment will reperfuse 
more quickly than at rest, and this should occur in one 
cardiac cycle post destruction.

There is a naturally occurring cyclic variation in  
the myocardial contrast effect and this, together with 
segmental motion, can make interpretation of these 
images in a real-time mode difficult. Therefore, it is 

often easier to use a triggered capture mode on the 
ultrasound system, so that only end-systolic or end-
diastolic frames are stored. Subsequent analysis of 
these frames, without the confounding effects of cyclic 
intensity variations and wall motion, is often easier.

Again this methodology can be used with both ino-
tropic or vasodilator stress, as previously outlined. In 
practice, it is most commonly utilized with vasodilator 
stress since it is perfusion alone, rather than perfusion 
and wall motion data that are being analyzed. However, 
in Fig. 30.19 the use of this technique during dobu-
tamine stress, demonstrating both perfusion and wall 
motion abnormalities, is seen.

As previously mentioned, high MI imaging causes 
destruction of contrast microspheres within the myo-
cardium (second harmonic imaging, pulse inversion 
imaging). In addition, the destruction and subsequent 
disappearance of the microspheres paradoxically 

Fig. 30.19 Contrast destruction-reperfusion study during dobu-
tamine stress echo in a patient with 70% mid LAD lesion and 
severely diseased RCA with a 90% lesion. Panels A and B are end-
systolic apical 2 chamber views at rest (a) 3 beats post destruction 
and at peak stress (b) 1 beat post destruction. A significant suben-
docardial defect is seen in the anterior, apical and inferior walls.  

Panels C and D are both apical 4 chamber views at peak stress. 
Panel C is 1 beat post destruction and shows an apical and septal 
subendocardial defect. It also demonstrates and aneurysmal “pouch-
ing” of the apex which was even more evident on real-time images. 
Panel D is 3 beats post destruction and the subendocardial defects 
have filled in although the apical shape distortion is still evident
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enables their detection with harmonic power Doppler 
methodology. Due to contrast destruction, these meth-
ods are utilized with intermittent imaging, and there-
fore no wall motion data are available.

By varying the triggering interval from one frame 
every cardiac cycle to up to one frame every ten cycles 
it is possible to obtain data on myocardial blood flow. 
It is important to step through an acquisition sequence 
where the triggering interval is varied and increased in 
a stepwise fashion. Software on some ultrasound sys-
tems permits the creation of a triggering sequence 
which simplifies and standardizes image acquisition.

During long triggering intervals it can be difficult to 
maintain a constant scan plane, since the echocardiog-
rapher has no moving landmarks. It is possible on 
some ultrasound systems to utilize low MI real-time 
imaging (“monitoring mode”) between the high MI 
destructive frames, and this certainly makes perform-
ing intermittent imaging much easier.

The other important issue during this type of stress 
MCE imaging is to decide which part of the cardiac 
cycle should be used for the trigger acquisition point. 

Although there is no absolute rule, end-systole is most 
commonly utilized because the myocardium is thicker, 
the left ventricular cavity is small, and contrast attenu-
ation is limited. Setting up the instrument controls for 
this type of imaging requires considerable experience 
in order to avoid artifacts caused by wall motion, con-
trast attenuation, or incomplete contrast destruction.

Since myocardial blood flow increases during stress 
we would expect that reperfusion will occur with 
shorter trigger intervals than at baseline. For example, 
during vasodilator stress using either dipyridamole or 
adenosine, the normal coronary flow reserve response 
results in blood flow increasing by a factor of four. 
Therefore, at rest it may take a trigger interval of four 
cardiac cycles for an individual segment to reperfuse. 
However, under maximum coronary vasodilation, rep-
erfusion should occur in one cycle. So we can compare 
baseline images with a trigger interval of four cycles to 
stress images acquired with a one-cycle interval.

An example of this technique is shown in Fig. 
30.20. This study was performed using intermittent 
harmonic power Doppler imaging and a continuous 

Fig. 30.20 (a) Sestamibi and MCE (Ap4c) scans obtained at 
rest and during dipyridamole stress. End-systolic contrast MCE 
images were obtained using a contrast infusion and intermittent 
harmonic power Doppler imaging. Resting MCE images were 
acquired with a 4 beat trigger interval whereas a 1 beat trigger 
interval was used at peak stress to compensate for increased 
myocardial blood flow. A reversible defect is seen in the basal 

septum, apex and apical lateral wall. This correlates well with 
the Sestamibi scans and the coronary anatomy demonstrated in 
figure 20b. (b) Coronary angiograms from the patient shown in 
figure 20a. The LCX is occluded but has collaterals. Previous 
angioplasty has been performed in the LAD and RCA. In addi-
tion, the postero-basal LV segments were hypokinetic on the 
resting echocardiogram.
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infusion of a contrast. The baseline images are acquired 
using a four-beat triggering interval and demonstrate 
relatively homogeneous perfusion in all segments. 
However, during dipyridamole stress, the images 
acquired at a one-beat interval demonstrate a revers-
ible perfusion defect in the basal septal, apex, and api-
cal lateral segments. These defects correlate well with 
the coronary anatomy and the stress Sestamibi scan 
obtained at the same time.

Although this form of stress MCE is usually per-
formed with vasodilator stress, it can also be utilized 
with inotropic stress. As previously mentioned, coro-
nary physiology dictates that during stress-induced 
ischemia, relative reductions in myocardial blood 
volume, secondary to capillary derecruitment, will 
result in slower reperfusion into ischemic territories. 
Therefore, at short triggering intervals during stress, 
a perfusion defect may be visualized. Increased wall 
motion, due to the inotropic effect, may result in more 
wall motion artifacts when this type of stress is used. 
Consequently, harmonic power Doppler is more com-
monly used in combination with vasodilator stress.

A relative reduction in myocardial perfusion is one 
of the earliest consequences of reversible myocardial 
ischemia. MCE can detect myocardial contrast param-
eters which are directly related to perfusion at both rest 
and stress. This technology therefore has the potential 
to increase the diagnostic sensitivity for the detection 
of reversible ischemia over and above that already 
established for conventional stress echo. Since stress 
MCE can be used in combination with conventional 
stress echo techniques and can provide enhanced wall 

motion plus perfusion data, it should also increase our 
diagnostic confidence.

Acute Coronary Syndromes

Following acute myocardial infarction, the aim of treat-
ment must be to salvage as much myocardium as possi-
ble using some form of reperfusion therapy. It is important 
to know if patency has been restored to the infarct-related 
artery and if microvascular perfusion has been achieved. 
The demonstration of microvascular perfusion implies 
microvascular integrity and therefore myocardial viabil-
ity. As discussed in the forthcoming section, demonstra-
tion of microvascular integrity is correlated with a 
reduction in infarct size, prevention of remodeling, and is 
a predictor of reduction in major cardiac events.

As previously discussed, contrast microbubbles 
remain entirely within the intravascular space and pro-
vide important information on regional myocardial 
perfusion. Despite restoration of coronary artery pat-
ency, prolonged ischemia may cause sustained micro-
vascular damage and absence of microvascular 
perfusion. This is known as the low-reflow or no-reflow 
syndrome. Therefore, in the setting of acute myocar-
dial infarction, contrast echo should be able to provide 
information on infarct size, patency of the infarct-
related artery, and myocardial viability.

In Fig. 30.21 an apical 4-chamber power modula-
tion contrast perfusion image is seen in a patient with 
an acute anterior myocardial infarction treated with 
thrombolysis. At the apex a perfusion defect is seen 

Fig. 30.21 Ap4c power modulation contrast perfusion 
image in a patient with an acute anterior myocardial infarc-
tion treated with thrombolysis. At the apex a perfusion defect 
is seen which is almost completely transmural (no-reflow). 

Whereas the septum demonstrates patchy perfusion and a 
subendocardial rim of poor perfusion (low-reflow). The 
patient proceeded acutely to angiography and stenting of a 
99% LAD lesion
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which is almost completely transmural (no-reflow), 
while the septum demonstrates patchy perfusion and a 
subendocardial rim of poor perfusion (low-reflow). 
The patient proceeded acutely to angiography and 
stenting of a 99% LAD lesion.

We know that the size of a perfusion defect late 
after a destruction-reperfusion sequence corresponds 
to the ultimate infarct size and that the rate of replen-
ishment predicts collateral flow. The image seen in 
Fig. 30.21 was obtained >10 beats following destruc-
tion, and we can see a fairly large perfusion defect that 
has clearly failed to replenish. We know therefore that 
there is a fairly extensive area of myocardium at jeop-
ardy which is unsupported by collaterals. Furthermore, 
the near transmural extent of the apical defect implies 
failure of thrombolysis to achieve infarct-related artery 
patency. Hence the decision in this case to proceed to 
urgent percutaneous intervention. Post restoration of 
patency, it is probably sensible to wait >3 h before 
repeating contrast perfusion studies because the pres-
ence of postischemic hyperemia may cause an under-
estimation of ultimate infarct size.

Contrast echo is well placed to evaluate myocardial 
status post acute infarction at the bedside. Perfusion 
parameters in the infarct zone have been shown to cor-
relate with important clinical and angiographic data. 
They may be used to guide acute management and 
help achieve the ultimate goal of myocardial salvage.

Myocardial Viability Studies

As previously mentioned, the presence of contrast 
opacification of the myocardium implies an intact cor-
onary microvasculature. Intact coronary microvascula-
ture is a prerequisite for maintaining myocardial 
viability. When viable myocardium is not present, the 
microcirculation collapses and therefore contrast 
opacification will be reduced, patchy, or absent.

Ito demonstrated in 1992 that in 25% of their 
patients with myocardial infarction and no myocardial 
contrast opacification, despite a patent infarct-related 
artery, regional and global LV function were worse at 
1-month follow-up, compared to those showing opaci-
fication in the infarct bed.

An example of a patient with no opacification in the 
infarct bed is shown in Fig. 30.22. The lack of micro-
vascular integrity in this thin infarct bed implies no 
myocardial viability. A low-dose dobutamine study 
confirmed lack of contractile reserve in the same area, 

and revascularization of an occluded LAD lesion was 
not attempted. It appears that contrast echo may have a 
higher sensitivity but lower specificity than dobu-
tamine stress echo for predicting recovery of function 
in this setting. Therefore it may be reasonable to also 
perform a dobutamine stress if contrast opacification is 
not seen. However, there are a number of technical fac-
tors that may contribute toward this apparent lack of 
specificity, especially early after acute myocardial 
infarction. These include dynamic changes in the myo-
cardium, reactive hyperemia, and the fact that suben-
docardial infarction can render the myocardium 
akinetic, despite viable myocardium existing in the 
epicardial layers. Furthermore, if improvement in 
function post revascularization is taken as the “gold 
standard” for viability, then we may be missing an 
important group of patients, where prevention of 
remodeling would be just as important.

Myocardial blood flow velocities may be very low 
in akinetic but viable myocardial segments; therefore, 
it may take >10 beats post destruction for a segment to 
reopacify with contrast following destruction. So it is 
important to wait for between 10 and 15 beats before 
making a judgment on microvascular integrity. In Fig. 
30.23, late opacification of the distal akinetic septum 
was seen in this patient with previous anteroseptal 
infarction. Follow-up echo studies post revasculariza-
tion demonstrated a significant improvement in wall 

Fig. 30.22 Apical 4 chamber views at rest (left) and during low 
dose (20 µg/kg/min) dobutamine stress (right) in a patient with 
extensive anterior myocardial infarction. Simultaneous low-MI 
contrast perfusion imaging has been performed and demon-
strates no contrast opacification in the apical segments but rela-
tively good opacification of the septum and lateral wall. This 
implies lack of microvascular integrity in the apical myocardium 
and this same territory also failed to demonstrate any contractile 
reserve during low dose dobutamine
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motion. Although this patient also had a low-dose dob-
utamine stress echo to demonstrate contractile reserve, 
the demonstration of viability by contrast really made 
this superfluous. It may be that contrast studies will 
replace dobutamine stress echo and other techniques 
for assessment of myocardial viability in the future. 
Certainly, cost, accessibility, spatial resolution, lack of 
ionizing radiation, and the fact that it is a bedside tech-
nique confers many advantages over more traditional 
methods of assessing this phenomenon.

Future of Contrast Echo

Drug Delivery

An interesting and very promising use of contrast 
appears to be in the area of drug delivery or gene ther-
apy. When a contrast microbubble is destroyed by 
ultrasound it appears that extreme shear forces are cre-
ated around the bubble. These shear forces may open 
up pores in the vessel endothelium and/or cell mem-
brane. If a drug or relevant DNA is attached to the 
bubble by binding, electrostatic charge, or by incorpo-

rating it within the bubble structure then it has been 
shown bubble disruption significantly enhances trans-
fection of the carried material into the vessel wall or 
cell matrix.

This has the potential of allowing high concentra-
tion local delivery of drugs or genes to a specific area 
of interest in an organ, without exposing the whole 
body to potentially toxic levels of the material. Contrast 
microbubbles can be designed to have a critical fragil-
ity so that they can be visualized in the circulation at a 
low MI or certain imaging frequency without destruc-
tion. Then they can be destroyed/disrupted at a desired 
location by applying one or more focused ultrasound 
beams which have a power or frequency designed to 
exceed the bubble fragility limit. Potential applications 
of this technology include treating thrombus, ischemia/
infarct, infection, neoplasm, gene delivery, and angio-
genesis. In addition contrast agents have also been 
shown in the experimental setting to enhance thrombus 
lysis and also to enhance the detection of endothelial 
dysfunction by adhering to inflammatory endothelial 
extracellular matrix.

While these techniques have yet to be applied clini-
cally, experimental studies are extremely promising 
and the applications of contrast echo will undoubtedly 
be further expanded in the future.

3D Contrast Studies

Real-time 3D echocardiography offers significant advan-
tages in the analysis of left ventricular volumes, ejection 
fraction, regional wall motion, and shape over conven-
tional 2D echo techniques. However, 3D suffers from the 
same degradations in image quality that beset 2D echo. 
In particular, lung and rib artifacts can significantly 
degrade endocardial definition on 3D studies. Contrast 
agents can improve 3D image quality and endocardial 
definition to the same extent that they improve 2D 
images. However, since “whole volume” 3D images are 
usually acquired over several cardiac cycles, it is prefer-
able to use a contrast infusion rather than a bolus.

Real-time 3D echo is emerging as a useful technique 
during stress echocardiography, and again contrast is 
proving to be an invaluable tool to enhance analysis of 
wall motion and thickening during these studies.

Preliminary attempts to demonstrate myocardial 
perfusion using real-time 3D echo have been extremely 

Fig. 30.23 End-systolic parasternal long axis view during low-
MI contrast perfusion imaging in a patient with an anteroseptal 
infarct. The distal septum is thin compared to the basal septum 
and it was akinetic however it did opacify late with contrast, 
implying microvascular integrity. Furthermore, subsequent low 
dose dobutamine stress study demonstrated contractile reserve 
in this territory. PTCA was performed to a high grade proximal 
LAD lesion and a follow-up echocardiogram at 2 months demon-
strated only minor antero-apical hypokinesia
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encouraging, although this is a research technique at 
the time of writing. The potential of being able to cal-
culate precisely, in 3D, infarct size of volume of isch-
emic myocardium, etc. is very exciting.

Conclusion

Contrast echo has proved itself an invaluable technique 
for the enhancement of endocardial borders in patients 
with suboptimal images and during stress studies. In 
addition, the delineation of intracardiac masses and the 

enhancement of cardiac Doppler signals is also prov-
ing an important application, although not as widely 
used. However, the major clinical utility of ultrasound 
contrast agents in the heart is in the evaluation of myo-
cardial perfusion. Whether used for demonstrating 
reversible ischemia, myocardial viability or following 
acute myocardial infarction, contrast agents can sig-
nificantly enhance diagnosis at the bedside and posi-
tively influence patient management. They have also 
been shown in several studies to reduce the need for 
further investigations in patients with poor echo win-
dows and therefore are highly cost effective.
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Although two-dimensional echocardiography (2DE) 
was a major step forward for the noninvasive assess-
ment of cardiac structure and function, the diagnosis of 
complex disorders remained a difficult mental concep-
tualization process. In addition, the measurement of 
left ventricular volume and function, the most com-
mon referral reason for echocardiography, required 
important geometric assumptions about its shape caus-
ing inaccuracy and significant variability. Also, quanti-
tative assessment of the right ventricle and left atrium 
with their peculiar shape continued to be elusive. 
Consequently, imaging methods to display cardiac 
structures in relationship to each other in the three spa-
tial dimensions were investigated soon after the intro-
duction of 2DE in the 1970s.

Three-Dimensional Imaging Techniques 
(Table 31.1)

The initial approach to three-dimensional echocardiog-
raphy (3DE) was the offline reconstruction of a volu-
metric dataset using an external positional locator 
(mechanical, acoustic, optical, or electromagnetic) 
linked to the transducer for recording the spatial coor-
dinates of each individual image.1-4 This method 
allowed free hand transthoracic scanning from one or 
multiple acoustic windows (Table 31.1). An intersec-
tional line or an image plane (usual a long-axis view) is 
used as a reference for the position and orientation of 

all other recorded imaging planes.5 Gated end-respira-
tory end-diastolic and end-systolic LV contours were 
obtained and manually traced to produce a wire-frame 
or surface-rendered reconstruction of the LV cavity. 
The whole procedure was tedious and time consuming, 
the images static, and there was no tissue information. 
Consequently, this approach has not been clinically 
successful. However, the LV volume and mass quantifi-
cation from these LV reconstructions in both symmetri-
cal and aneurysmatic ventricles proved to be more 
accurate and reproducible than from 2DE.6,7

The next generation of 3DE techniques was based 
on an internal coordinate system in which a continuum 
of 2D images is captured by a stepwise computer-con-
trolled transducer motion (linear, fan-like, or rota-
tional).8-11 To realize dynamic imaging, a steering logic 
algorithm, which considers the heart cycle and respira-
tion phase, controls the stepwise image acquisition. 
A workstation is used to input the images for Cartesian 
coordinate conversion and the reconstruction of a vol-
umetric dataset. Rendering algorithms provide cavity 
and tissue information with the aid of computer inter-
polation. Paraplane analytic methods provide multiple 
equidistant parallel short-axis planes allowing a sys-
tematic cross-sectional review of the 3D dataset. The 
transthoracic reconstruction approaches have not been 
widely accepted because of the frequent artifacts and 
the marginal image quality for making diagnostic deci-
sions. The method has been used mainly in combina-
tion with transesophageal echocardiography using 
rotational transducer motion.

Rotational techniques to shorten the acquisition time 
have been proposed. Fast continuous rather than step-
wise rotational scanning allows scanning of the LV and 
rapidly provides the basic 2D images for 3D reconstruc-
tion and LV volume calculation.12,13 Acquisition can 
only be performed from an apical transducer position.

Chapter 31
Three-Dimensional Echocardiography

J.R.T.C. Roelandt

J.R.T.C. Roelandt 
Department of Cardiology-BD-589, Erasmus MC,  
Dr. Molewaterplein 40, 3015 GD Rotterdam,  
The Netherlands
e-mail: j.r.t.c.roelandt@erasmusmc.nl

P. Nihoyannopoulos and J. Kisslo (eds.), Echocardiography, 603 
DOI: 10.1007/978-1-84882-293-1_31, © Springer-Verlag London Limited 2009



604 J.R.T.C. Roelandt

BookID 128962_ChapID 31_Proof# 1 - <Date> BookID 128962_ChapID 31_Proof# 1 - <Date>

The transesophageal rotational approach has made 
major contributions. The advantages of dynamic 3D 
imaging for analyzing complex pathomorphology and 
sectioning structures at various levels (paraplane) and 
angulations (anyplane), together with the “en face” visu-
alization of pathology from any perspective, were amply 
documented (Fig. 31.1). It was also shown that the quan-
tification of LV and RV volumes and function is more 
accurate and more reproducible than with 2DE by over-
coming the problem of cavity foreshortening and avoid-

ing the need of geometric assumptions (Table 31.2).14-22

A quantum leap forward in 3DE was the develop-
ment of matrix-array transducers which with more 
powerful microelectronics allows the real-time acquisi-
tion and rendering of pyramidal volumetric datasets 
from a transthoracic fixed transducer position. ECG 
and respiratory cycle gating as well as motion artifacts 
resulting from misregistration of images due to trans-
ducer or patient movement during the long acquisition 
time of the reconstructive techniques are now avoided.

In an earlier RT3DE system developed at Duke 
University, a sparse matrix phased-array transducer of 
512 elements to scan 60° × 60° pyramidal volume was 
used.23 Parallel processing was applied to permit the 
reception of 16 lines for each transmitted signal, which 
allows an imaging rate of 17 pyramidal volumes/s with 
a depth of 16 cm. This system was mainly used for the 
simultaneous display of two perpendicular long-axis 
views or three views orthogonal to the long axis in 
selected orientations (C-scans).24 However, the image 
quality was rather poor which has limited its wide-
spread application.

Another approach was used in real-time triplane 
3DE. In this system, three equally spaced long-axis 
views are simultaneously acquired with the matrix-array 
transducer from the same heart beat. Surface-rendered 

LV cavities are reconstructed after tracing the endocar-
dial contours.

The second generation RT3DE systems is based on 
a complex matrix array, which contains around 3,000 
miniature elements. Each of these elements is elec-
tronically controlled by a microbeam former incorpo-
rated in the transducer head to achieve multidirectional 
beam steering through a pyramidal volume of 30° × 
60°. To capture a dataset large enough to encompass 
the whole (dilated) LV from the apical transducer posi-
tion, four or seven consecutive ECG triggered real-
time volumes of 20° × 93° are acquired during held 
respiration and electronically “stitched” together in a 
composite pyramidal dataset of 80° × 90°.

Powerful microelectronics process multiple data 
streams in the transducer and the cardiac structures are 
reconstructed and rendered in the ultrasound system 
memory. This process is extremely fast and allows the 
real-time display of the rendered images (Fig. 31.2). 
Real-time 3D color Doppler flow has been integrated 
in the volumetric images and allows the combined dis-
play of blood flow and tissue data (Fig. 31.2). This pro-
vides hemodynamic information from RT3DE studies. 
The origin, direction, and size (volume) of the jet can 
be directly appreciated. Quantification of jets is cur-
rently being investigated.25

Anyplane and paraplane sectioning of the dataset 
and cropping away parts of the pyramidal dataset allow 
online assessment of the relationship, orientation, and 

Table 31.1 Three-dimensional echocardiography: approaches

Reconstruction techniques
External reference system (nonsystematic image acquisition or 

free-hand scanning)
Mechanical arm1

Acoustic (spark gap) locator2

Optical sensor3

Electromagnetic sensor4

Internal reference system (systematic image acquisition by 
predetermined transducer motion)

Linear transducer motion8

Fan-like transducer motion9

Rotational transducer motion (stepwise or continuous)10-13

Real-time three-dimensional acquisition

Fig. 31.1 “En face” image of the tricuspid and mitral valves 
seen from an apical perspective. Am anterior mitral valve leaflet; 
at anterior tricuspid leaflet; pm posterior mitral leaftlet; pt poste-
rior tricuspid leaflet; s septal tricuspid leaflet
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motion of any structure and blood flow from different 
perspectives in a fashion similar to magnetic resonance 
imaging. Optimal cross-sectional planes can be recon-
structed for accurate measurement of various dimen-
sions and surface areas of cavities, defects, and diseased 
valves. The “en face” views uniquely allow to under-
stand the morphology of these surface areas. A zoom 
mode permits focusing in on a specific structure.

Image quality is the most important aspect of any 
imaging system and is crucial for quantitative analysis 
of RT3DE. The rapid developments in microelectron-
ics have increasingly contributed to improved image 
quality and the method continues to evolve rapidly.

A major step forward has recently been made with 
the introduction of broadband (1–5 MHz) monocrystal 
transducer technology. The electromechanical efficiency 

of these monocrystals is 80–100% better than that of 
the currently used piezoelectric crystals making them 
twice as sensitive. This results in better penetration, 
resolution, and a better signal-to-noise ratio. These 
transducers allow high-resolution harmonic imaging 
with improved cavity delineation. They also offer 
advantages when left heart contrast agents are needed 
in patients with less than optimal image quality as the 
tissue/contrast echo separation is better handled. 
However, continuous contrast infusion or contrast 
agents, which are more resistant to ultrasound pres-
sure, must be used since acquisition of LV full-volume 
data requires several heart cycles.

The first clinical results with a transthoracic phased-
array monocrystal transducer for 2DE and a pediatric 
matrix-array monocrystal transducer for RT3DE are 

Table 31.2 Left ventricular volume and function measurement by reconstruction 3DE in comparison with 
magnetic resonance imaging

Author/reference Object n r SEE Mean diff. ± SD

Stepwise acquisition
Gopal et al7 EDV 15 0.92 7 ml

ESV – 0.81 4 ml
Iwase et al16 EDV 30 0.93 −17 ± 23 ml

ESV – 0.96 −4 ± 18 ml
EF – 0.85 −2 ± 6%

Buck et al17 EDV 23 0.97 14.7 ml −10.7 ± 14.5 ml
ESV – 0.97 12.4 ml −3.4 ± 12.9 ml
EF – 0.74 5.6% −2.5 ± 6.7%

Altmann et al18 EDV 12 0.98 8.7 ml −14.2 ± 8.3 ml
ESV – 0.98 5.6 ml −3.4 ± 5.5 ml
EF – 5.3% −4.4 ± 5.3 ml

Nosir et al19 EDV 46 0.98 −1.4 ± 13.5 ml
ESV – 0.98 −1.5 ± 10.5 ml
EF – 0.98 0.2 ± 2.5%

Kim et al20 EDV 18 6.4 ± 20 ml
(patients) ESV –

EF – 0.0 ± 13.3 ml
1.4 ± 3.5 %

(volunteers) EDV 10 −3.1 ± 4.9 ml
ESV – −1.4 ± 2.2 ml
EF – 0.5 ± 1.8%

Poutanen et al21 (children) EDV 21 0.80 4.0 ± 19.6 ml
ESV – 0.88 0.4 ± 13.0 ml
EF – 0.20 1.7 ± 15.1%

Mannaerts et al22 EDV 17 0.74 −13.5 ± 13.5%
ESV – 0.88 −17.7 ± 23.9%
EF – 0.89 −1.8 ± 5.8%

Krenning et al13 EDV 15 0.98 13.4 ml −22.7 ± 27.2 ml
ESV – 0.99 8.7 ml −12.6 ± 19.8 ml
EF – 0.97

3DE three-dimensional echocardiography; n number of subjects; r correlation coefficient; SEE standard error 
of estimate; diff. difference; SD standard deviation; EDV end-diastolic volume; ESV end-systolic volume; EF 
ejection fraction
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already available (Fig. 31.3). The image quality and the 
resolution are excellent and competitive with MRI. The 
advantages over MRI in babies and small children is 
that no sedation is needed during the examination. 
Transesophageal monocrystal matrix transducers for 
RT3DE will become available since the higher effi-
ciency allows the construction of a much smaller matrix 
transducer with good imaging performance. Clearly, 
the improved image quality will have a major impact 
on the diagnostic performance and automated quantita-
tive analysis for global and segmental function.

Clinical Uses (Table 31.3)

An examination protocol for a systematic 3DE exami-
nation has been proposed.26 The real-time “en face” 
display of structures in relation to each other has sig-
nificant advantages for the assessment of valvular 
disease.

However, most of the advantages of 3DE for valvu-
lar assessment and management have already been 
documented with reconstruction 3DE and are now fur-
ther confirmed with RT3DE27-31 (Figs. 31.4–31.8). The 
major advantage is that the data are now obtained from 

a precordial rather than transesophageal approach, but 
the success rate of adequate images is less.32

RT3DE provides a dynamic view from any perspec-
tive of the surgical anatomy of the diseased valve giv-
ing the surgeon an advanced look on what he will 
encounter intraoperatively (Figs. 31.9 and 31.10). This 
is crucial for the decision to repair or replace the valve. 
Anyplane and paraplane analysis of the stenotic valve 
helps to find the cutplane through the smallest area for 
accurate planimetry (Fig. 31.10). Zamorano et al33 
showed in a series of 29 patients that the planimetered 
orifice area from RT3DE had the highest accuracy 
when compared to invasive methods.

Xie et al34 showed in their study a good correlation 
between RT3DE valve area and pressure half-time. In 
mitral valve prolapse the exact location and the extension 

Fig. 31.3 An image from a real-time 3D study with a monocrys-
tal matrix-array transducer of a newborn infant (3 kg) with a 
double inlet left ventricle. IVC inferior vena cava; LA left atrium; 
LV left ventricle; RA right atrium; RV right ventricle. (Courtesy: 
J. Simpson, Guy’s Hospital, London)

Fig. 31.2 Image obtained from a real-time 3DE study of a 
patient with tricuspid regurgitation. The dilated right atrium 
with the color Doppler regurgitant jet is seen

Table 31.3 Three-dimensional echocardiography: clinical uses

Current applications
Analysis of complex (patho) morphology
Valvular heart disease
Congenital heart disease
Quantification of cavity volumes and function (LV, RV, and LA)
Planning and guiding interventions
Future applications
Multiparametric imaging
Virtual reality, holographic display
Innovative research
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of the bulging leaflet(s) are clearly visualized which is 
most useful when the pathology is complex.32,35,36 
Pseudoprolaps are also more easily recognized37 and 

the origin, direction, and distribution of the regurgitant 
jet(s) are now better evaluated with the dynamic color 
flow volumetric display.

Fig. 31.4 Reconstruction 3DE systolic and diastolic images of a normal aortic valve (a, b) and of a patient with severe aortic steno-
sis (c, d). Note the small stenotic orifice. LCA and RCA left and right coronary arteries

Fig. 31.5 Reconstruction 3DE images of a bicuspid aortic valve in systole (a) and in diastole (b) seen from above (surgical view). 
The mouth-like orifice and the raphe (arrow) are visualized
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In congenital heart disease, RT3DE is particularly 
useful by better visualization of complex spatial rela-
tionships. Valvular abnormalities, location of defects 
as well as their size, shape, and neighboring structures 
are readily appreciated (Figs. 31.11 and 31.12). “En 
face” views are particularly useful and allow accurate 
measurement of the dimensions of a defect and the 

surrounding tissues which is crucial for planning inter-
ventional procedures.38-41 Most children and young 
adults have good image quality. In newborns and 
babies, the new high-frequency transducers allow 
excellent imaging which makes it the superior imaging 
modality in that age group (Figs. 31.3 and 31.13). The 
real-time 3D display also offers significant advantages 

Fig. 31.7 Mitral stenosis. (a) The 3D dataset is sliced in a 
long-axis view and shows the dilated right ventricle (RV) 
and left atrium (LA). The bulging stenotic mitral valve is 

seen. (b) Short-axis view on the stenotic mitral valve from 
an apical perspective. The orifice size and the shape are 
visualized

Fig. 31.6 Reconstruction 3DE images of a mitral valve pro-
laps seen from an atrial perspective (surgical view). The pro-
lapsing scallops of the anterior (aortic) leaflet and lateral 
commissural leaflets are bulging into left atrium in systole 

(a). Note lack of cooptation between the mitral leaflets 
(arrow). The aortic valve (AV) is open in systole and closed 
in diastole (b). A anterior (aortic) mitral leaflet; P posterior 
mitral leaflet
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for guiding intracardiac interventions (e.g., endocar-
dial biopsy).42

Sophisticated software is available for quantita-
tive analysis of LV ventricular function from 3D 
echo data. The 3D dataset is automatically sliced 
into several equiangular 2D planes after indicating a 
few anatomical landmarks. A semiautomated blood-
endocardial interface detection algorithm allows the 
instantaneous calculation of cavity contours and a 
display of their changes during the cardiac contrac-
tion cycle. A surface-rendered cavity cast of the LV, 

RV, or LA is then constructed of which the volume is 
computed without geometric assumptions directly 
from the voxel counts (Fig. 31.14). This process is 
automatically repeated every 40 ms (imaging rate 25 
datasets/s) throughout the cardiac cycle and is pre-
sented in a volume vs. time plot (Figs. 31.15a and 
31.16). The calculation of LV volume and function is 
rapid, more accurate, and reproducible than with 2D. 
Accuracy is similar to MRI, although the variability 
may be higher as a result of varying image quality43-54 
(Table 31.4). The availability of the cavity shape 

Fig. 31.9 Reconstruction 3DE surgical view from a right 
atrial perspective of a patient with a flail anterior tricuspid 
valve leaflet (aTL) due to a ruptured papillary muscle. (a) The 
open tricuspid valve in diastole and (b) the flailing aTL and 
part of the papillary muscle in the right atrium in systole 

(arrow) are seen. The intraoperative photo (c) shows the rup-
tured papillary muscle and confirms the three-dimensional 
echo findings. Note the closed aortic valve cusps in diastole 
(a) and open in systole (b). IAS interatrial septum, RAA right 
atrial appendage

Fig. 31.8 Diastolic 3DE reconstruction images from a study of a patient with an aortic valvular vegetation (arrow) seen in the left 
ventricular outflow tract from an apical perspective. IVS interventricular septum; LA left atrium; LV left ventricle; RV right ventricle
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allows to extract additional quantitative information 
in patients with LV dysfunction (3D sphericity index) 

and to study the LV remodeling process after myo-

cardial infarction.

Fig. 31.10 Reconstruction 3DE of a fibroelastoma (arrows) of the aortic valve seen in systole (a) and diastole (b). (c) It also shows 
the mass lesion from above (surgical view) and (d) the intraoperative photo. RCA right coronary artery (Courtesy: R. Erbel)

Fig. 31.11 “En face” visualization of atrial septal defects of the 
secundum type. The early diastolic image before opening of the 
tricuspid valve (TV) (a) and late diastolic image after atrial 

emptying (b) illustrate the dynamic change in size of the defect 
during the cardiac cycle. (c) An atrial septal defect with a mus-
cular bridge (arrow)
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The feasibility and accuracy of 3DE for RV volume 
calculation has been demonstrated both in experimen-
tal studies and in humans.55-57

Because the left atrium is an asymmetrical cavity 
and its enlargement is not evenly distributed in all 

planes, 3DE is the best reproducible method to measure 
left atrial volume and function and is more sensitive to 
detect small volume changes than other echocardio-
graphic approaches for serial follow-up studies.58-61 Left 
atrial size is an important predictor of cardiovascular 

Fig. 31.12 Images of a patient with tetralogy of Fallot. (a) is a 
view from the right ventricle and shows the aortic valve (AV) 
through the ventricular septal defect. The arrows indicate the 
rim of the interventricular septum. (b) A systolic image from 

above through the aortic valve in which overrides the interven-
tricular septum (IVS) by approx. 50%. Ao aorta; mitral valve; 
PV pulmonary valve; RV right ventricle; RVOT right ventricular 
outflow tract; TV tricuspid valve

Fig. 31.13 (a) An “en face” 
view from the left ventricle 
(LV) on the muscular ventricu-
lar septal defect (VSD) in a 
5-kg infant (4 months old) with 
a tricuspid atresia studied with 
a monocrystal matrix trans-
ducer. (b). Sagittal view on the 
VSD which is sliced in the 
middle. LA left atrium; LV left 
ventricle. (Courtesy: J. 
Simpson)
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Fig. 31.15 Principles of quantitative global and segmental 
left ventricular function assessment. (a) An end-diastolic and 
end-systolic cavity (smallest volume) cast of the left ventricle 
rendered from semiautomated calculated cavity contours of a 
3D dataset are shown. The cast volumes of all 3D datasets 
acquired during a cardiac cycle are calculated from the voxel 
counts and plotted against time yielding a volume vs time 
curve. (b) The casts are automatically segmented into 16  
segments and their volume relative to the center of gravity  

(or centerline in the 17 segment model) is calculated. This is 
done for all 3D datasets recorded in the cardiac cycle. The 
volume vs. time curve of each color-coded segment indicated 
in the “bull’s eye” view is represented in the lower left panel. 
The minimal volumes of all segments occur at about the same 
moment in the cardiac cycle indicating normal synchronous 
contraction. The right panel shows dispersion of the timing of 
the minimal volumes indicating dyssynchrony in a patient 
with diseased LV.

Fig. 31.14 Surface-rendered 
casts of the left ventricle (LV) 
and left atrium (LA) in diastole 
(a) en systole (b). Cavity 
volumes are calculated from the 
voxel counts every 40 ms and 
provide a volume vs. time curve 
of the LV or LA during a cardiac 
cycle. Ejection fraction is 
calculated from the end-diastolic 
and end-systolic volumes. (Data 
for Figs. 31.14–31.17 are kindly 
provided by TomTec Imaging 
GmbH)
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risk and is more sensitive than left atrial diameter and 
surface area.

More user interaction is required to identify the epi-
cardial (and right ventricular septal) contours for the 
calculation of LV mass.62-66 However, 3DE has accuracy 
similar to MRI in most patients but is less expensive 
and more practical (Table 31.5).

For the analysis of segmental wall function the sur-
face-rendered LV cavity casts are automatically subdi-
vided into 16 segments after indicating a few anatomical 
landmarks. Then the volume of each individual seg-
ment relative to the LV center of gravity is calculated 
(some programs use a 17-segment model and calculate 
the individual segment volume relative to the LV cen-
ter line). This is done for all the datasets and a volume 
vs. time curve of each segment is then plotted through-
out the cardiac cycle (Fig. 31.15b). It is assumed that 
the segmental volume change reflects segmental wall 
function. Theoretically, RT3DE stress echocardiogra-
phy has advantages over 2D stress echocardiography 
since the four standard views used for segmental analysis 

are obtained from the same full-volume dataset (four 
or seven consecutive heartbeats) rather than from mul-
tiple sequential transducer positions. This is currently 
being investigated, but the temporal resolution remains 
a serious limitation with the current generation of 
systems.67,68

The segmental volume vs. time plots allow the 
measurement of temporal differences in segmental 
wall contraction or LV dyssynchrony. This technique 
has promise for identifying patients who are suitable 
for cardiac resynchronization therapy (CRT) and for 
the immediate evaluation of procedural results and 
follow-up.69 Minimal volume (maximal contraction) 
normally occurs at about the same moment in systole 
for all segments. In dyssynchrony, there is dispersion 
in the timing of reaching the minimal volume as the 
diseased segments achieve their contraction later 
(Fig. 31.15b). This can be expressed as a systolic dys-
synchrony index.70 The value of RT3DE for assess-
ment of intraventricular dyssynchrony is currently 
being investigated.

Fig. 31.16 Quantitative analysis of the right ventricle. Three 
planes are selected from the dataset and semiautomatically con-
toured over a complete cardiac cycle: a coronal plane (a), a four-
chamber plane (b), a sagittal plane through the apex and right 

ventricular outflow tract. An RV cavity cast in reconstructed  
(d and e) and their volume is calculated every 40 ms represented 
as a volume vs. time plot (f) ejection fraction is calculated from 
end-diastolic and end-systolic volumes
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Table 31.4 Left ventricular volume and function measurement by real-time 3DE in comparison with 
magnetic resonance imaging

Author/reference Object n R SEE Mean diff. ± SD

Shiota et al43 EDV 28 0.97 27 ml −43 ± 65 ml
ESV – 0.94 29 ml −37 ± 67 ml
EF – 0.98 0.04% 1 ± 4%

Schmidt et al44 EDV 25 0.88
ESV – 0.82
EF – 0.72
Vol. – 0.91 28.0 ml −16 ± 36 ml

Qin et al45 Vol. 13 −13 ± 18 ml
(controls)
(aneurysms) Vol. 16
Lee et al46 EDV 25 0.99 11.28 ml −28 ± 25 ml

ESV – 0.99 10.21 ml
EF – 0.92 0.06

Zeidan et al47 EDV 15 −6 ± 11 ml
ESV – −4 ± 9 ml
EF – 2 ± 5%

Jenkins et al48 EDV 50 −4 ± 29 ml
ESV – −3 ± 18 ml
EF – −0 ± 7%

Kuhl et al49 EDV 24 0.98 −13.6 ± 18.9 ml
ESV – 0.98 −12.8 ± 20.5 ml
EF – 0.98 0.9 ± 4.4%

Caiani et al50 EDV 14 0.97 17 ml −4.1 ± 29 ml
ESV – 0.97 16 ml −3.5 ± 33 ml
EF – 0.93 6% −8 ± 14%

Chan et al51 EDV 30 0.90 26.9 ml −10.4 ± 26.4 ml
ESV – 0.94 16.9 ml −0.9 ± 18.8 ml

Sugeng et al52 EDV 31 0.94
ESV – 0.93
EF – 0.93

Nikitin et al53 EDV 64 0.96 1 ± 28 ml
ESV – 0.97 3 ± 22 ml
EF – 0.93 −1 ± 10%

Jacobs et al54 EDV 50 0.96 −14 ± 17 ml
ESV – 0.97 −6.5 ± 16 ml
EF – 0.93 −1 ± 6%

3DE three-dimensional echocardiography; n number of subjects; r correlation coefficient; SEE stan-
dard error of estimate; diff. difference; SD standard deviation; EDV end-diastolic volume; ESV end-
systolic volume; EF ejection fraction

Table 31.5 Left ventricular mass measurement by real-time 3DE in comparison with 
magnetic resonance imaging

Author/reference n r SEE (g) Mean diff. ± SD

Qin et al62 27 0.92 29 −9 ± 33 ml
Mor-Avi et al63 19 0.90 – −4 ± 17 ml
Oe et al64 20 0.95 20 −14.1 ± 29.1 ml
Van den Bosch et al65 20 0.98 9.8 2 ± 20 ml
Caiani et al66 19 0.96 10.5 −2.1 ± 11.5 ml

3DE three-dimensional echocardiography; n number of subjects; r correlation coefficient; 
SEE standard error of estimate; diff. difference; SD standard deviation; EDV end-diastolic 
volume; ESV end-systolic volume; EF ejection fraction; g grams
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Parametric images using a color scheme represent-
ing timing differences in segmental contraction can be 
generated in a “bull’s eye” display, which is a practical 
tool for online identifying and localizing LV dyssyn-
chrony (Fig. 31.17).

Conclusion

Proven benefits of RT3DE compared with 2DE are the 
more accurate and reproducible calculation of cavity 
volumes, LV ejection fraction, and mass. The results 
are comparable to MRI. Since RT3DE is more widely 
available and less expensive it will become the tech-
nique of choice for these applications in many clinical 
scenarios. When images are suboptimal in quality one 
should move to MRI for clinical decision making, but 
this is not possible in several clinical settings. Its use in 
stress procedures for detecting ischemia and for diag-
nosing LV dyssynchrony and testing CRT results 
remains investigational. However, with the availability 
of newer sensitive transducers and the next generation 

of high-speed processors, the spatial and temporal res-
olution will continually increase and RT3DE is likely 
to become the most practical test to detect ischemia, 
LV dyssynchrony and to monitor CRT procedures.

The direct visualization of structure relationships 
and direct views of dynamic pathomorphology make 
RT3DE unique for the assessment of valvular and con-
genital heart disease. The advantages of RT3DE for 
guiding interventional procedures are increasingly 
reported.

Virtual reality, the immersive environment created 
by ultrafast computers, is another important frontier 
which will be opened by RT3DE. Virtual reality allows 
the cardiologist to interact with cardiac data and her-
alds a revolution for medical diagnosis, internet-based 
distance learning and treatment (e.g., remote robotic 
interventions).

RT3DE will not replace 2DE but will become an 
integral part of a complete echo examination, includ-
ing M-mode (high time resolution for intervals and 
specific motion patterns), 2D imaging (accurate 
dimensional measurements), and quantitative Doppler 
hemodynamics.

Fig. 31.17 Time to peak contraction of a segment can be mea-
sured and represented using a color scheme on a “bull’s eye” display. 
Peak contraction is the moment of reaching minimal volume. Blue 
color indicates early/normal contraction while red color indicates 

delayed contraction or asynchrony. This is present in segments 11, 
14, and 15 before cardiac resynchronization therapy (Pre-CRT). 
Post-CRT, the blue color becomes more homogeneous which 
means that the dyssynergic segments are normalized
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Keypoints

•	 3DE	provides	a	realistic	portrayal	of	cardiac	(patho)
morphology.

•	 Unique	 “en	 face”	 views	 give	 incremental	 qualita-
tive and quantitative information for assessment.

•	 3DE	 allows	 accurate	 and	 reproducible	 quantifica-
tion of all cardiac chambers volumes, function, and 
LV mass.

•	 3DE	offers	new	directions	for	clinical	research	(new	
parameters and multiparametric imaging).
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Introduction

Cardiac ultrasound has been one of the most important 
advances in noninvasive cardiac imaging and is cur-
rently the most widely used and cost-effective diag-
nostic imaging tool in cardiology.1 Since it is often the 
best or even the only applicable method, it has largely 
supplanted other imaging modalities in a wide variety 
of health care environments. Miniaturization and digi-
tal techniques recently resulted in the development of 
high-resolution battery-powered small hand-held ultra-
sound devices with excellent gray-scale and color 
blood-flow imaging capabilities.

These devices are referred to in the literature with 
various names: hand-held ultrasound or hand-carried 
cardiac ultrasound devices (HCU), personal ultrasound 
imagers (PUI), small personal ultrasound devices 
(SPUD), point-of-care echocardiography, ultrasound 
cardioscopes or ultrasound stethoscopes, and hand-
held scanners. These instruments can be used anytime 
anywhere just like a conventional stethoscope and aug-
ment significantly the yield of the physical examina-
tion. Since stethoscopy stands for “seeing the heart,” 
the term ultrasound stethoscope (from the Greek words 
stethos = chest and skopein = see) seems to be the most 
appropriate term describing these instruments in 
Cardiology, while the standard stethoscope should be 
named a “stethophone” (phone = sound).

Seeing the invisible pathology strengthens its diag-
nostic accuracy and provides valuable quantitative 
information for patient management. These devices 
will be useful in the emergency room and critical care 

environment where the diagnosis or exclusion of some 
life-threatening conditions will shorten delays in ther-
apy. Better indications and more targeted referrals for 
expensive imaging technologies will lead to significant 
cost savings. “Focused” or goal-oriented echocardio-
graphic examinations with these devices allow to 
answer specific questions, to follow-up common con-
ditions, and to test the effect of therapy at the bedside 
or in office practice.

A Historical Perspective

In 1904, W. Rollins described the “Seehear,” a device 
combining a fluoroscope with a standard stethoscope 
extending the clinical perception of the auscultation 
with seeing. In 1978 an ultrasound stethoscope 
(Minivisor™, Organon Teknica) was developed by the 
Thoraxcenter group2 and in 1988, a hand-held sector 
scanner (ScanMate™, Damon Corp) was introduced by 
the Rochester group. However limited imaging perfor-
mance and reimbursement issues did not stir the enthu-
siasm of cardiologists who were confronted in those 
days with the rapidly expanding capabilities and appli-
cations of the high-end ultrasound systems. Now, tech-
nology allows to construct small hand-held ultrasound 
systems with excellent structure and blood-flow 
imaging.

The Equipment

In 1978, the first small hand-held ultrasound device 
was constructed by Ligtvoet et al and introduced as 
part of the physical examination by Roelandt et al in 
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Rotterdam (Fig. 32.1).2,3 However, the concept was 
ahead of its time and the combination of poor image 
quality, practical limitations, and reimbursement issues 
discontinued its further development.

Today, miniaturization and digital technology has 
led to the development of the following ultrasound 
stethoscopes (Fig. 32.2):

•	 The	SonoHeart	SonoSite™	(Plus,	Elite	and	 ilook) 
(SonoSite Inc., Bothell, WA, USA) and the 
OptiGo™ (Philips Medical Systems, Eindhoven, 
NL). They make use of phased-array transducers 
providing high-resolution two-dimensional dynamic 
grey-scale tissue imaging combined with color 
Doppler flow imaging (directional for the 
SonoHeart™ system).

•	 The	upgraded	SonoHeart	Plus™	device	features	
second harmonic imaging and has integrated 
M-mode and pulsed-wave Doppler capabilities 
as well as an electrocardiographic reference lead. 
SonoHeart Elite™ has the additional feature of 
continuous-wave Doppler.

•	 The	SonoSite™	ilook which is presently the small-
est all-digital ultrasound platform in the world.

•	 The	 latest	 development	 is	 the	 SonoSite	 Titan™	
(Fig. 32.3) which has the same features as SonoHeart 
Elite™ but has a laptop screen.

•	 The	 ultrasound	 stethoscopes	 operate	 on	 a	 recharge-
able battery or AC current and have linear measure-
ment calipers. The internal memory of the SonoHeart™ 

allows storage up to 120 images (up to 75 for the 
SonoSite™ ilook), which can be downloaded into a 
PC, and there is a video output, which can be connected 

Fig. 32.1 Photograph of the Minivisor™ developed in 1978

Fig. 32.2 Photographs of the (from the top to the bottom) hand-
held ultrasound devices SonoHeart™ Elite, OptiGo™ (Philips), 
and SonoHeart i look™
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to a monitor or to a VCR for permanent recording.
•	 The	OptiGo™	allows	images	to	be	documented	on	

a CompactFlash card. Table 32.1 gives an overview 
of the available ultrasound stethoscopes and their 
technical characteristics.

•	 The	 Micromaxx™	 (SonoSite)	 (Fig.	 32.4) and the 
Vivid i ™ (General Electric) (Fig. 32.5) are the lat-
est most complete laptop-like ultrasound stetho-
scopes that provide additional the possibility for 
contrast imaging, Tissue Doppler Imaging and 
transesophageal studies.

A variety of high-quality broadband transducers 
designed for hand-held ultrasound devices have been 
produced (SonoSite Inc) enabling their use practically 
in every medical field where ultrasound is used as a 
diagnostic imaging tool. Thus, they are used in obstetrics/ 

Fig. 32.3 Photographs of the newer hand-held ultrasound 
device TitanTM (SonoSite)

Table 32.1 Overview of the characteristics of the available ultrasound stethoscopes

Devices
Weight 
(kg) 2-D

Second 
harmonic

Color-flow 
Doppler

Pulsed 
Doppler

Continuous 
Doppler M-Mode

Archiving/
saving 
images

Video 
output

Contrast 
imaging

Tissue 
Doppler 
Imaging

Transeso 
Phageal

SonoHeart™-
Plus

2.6 Yes Yes Directional 
Color 
power 
Doppler

Yes No Yes Yes Yes No No No

SonoHeart™-
Elite

2.6 Yes Yes Directional 
Color 
power 
Doppler

Yes Yes Yes Yes Yes No No No

SonoSite-
ilook 15

1.4 Yes Yes Yes No No Yes Yes Yes No No No

OptiGo™ <3.36 Yes No Yes No No No Yes No No No No
SonoSite 

Titan
Yes Yes Yes Yes Yes Yes Yes Yes No No No

SonoSite 
Micro-
maxx

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Vividi Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Fig. 32.4 Photographs of one of the latest hand-held ultrasound 
devices MicromaxxTM (SonoHeart)
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gynecology, neonatal and pediatrics, emergency medi-
cine, surgery, orthopedics, radiology, and vascular 
medicine.

The small ultrasound devices should not be con-
fused with the portable desktop systems which are 
full-featured systems. Ultrasound stethoscopy is a fast 
developing field. Pocket-sized ultrasound stethoscopes 
are already being developed and will soon emerge into 
the market of hand-held ultrasound devices.

Clinical Uses

More Reliable Examination

The physical examination remains the cornerstone of 
the initial evaluation of a patient with suspected car-
diovascular disease. One could argue that the intro-
duction of echocardiography at the bedside could 
weaken the importance of the physical examination 
and auscultation in particular. However, it was 
echocardiography that brought out the limitations of 
physical examination in many cardiac conditions and 
also exposed human auditory limitations.4 Although 
auscultation entered a modern era with the introduc-
tion of electronic stethoscopes, physicians rely on 

more sophisticated technology. Inadequate training 
and time pressure due to increasing work load of 
patients in combination with the availability of 
advanced technologies are the reasons of poor auscul-
tatory proficiency seen in recently trained physicians 
particularly in developed countries. Nevertheless, 
direct observation such as seeing is more accurate for 
cardiac diagnosis than indirect observation such as 
hearing. “Visualizing the heart” with the ultrasound 
stethoscope as part of the physical examination pro-
vides additional qualitative and quantitative informa-
tion beyond what we can perceive with inspection, 
palpation, and auscultation. Sounds or abnormal 
movements can be directly related to anatomic or flow 
abnormalities, and a definitive diagnosis can be made 
(valve disease, shunt, cavity dilatation, hypertrophy, 
pericardial effusion, mass lesion, wall motion abnor-
mality, valvular vegetation) in a variety of clinical set-
tings (Fig. 32.6), (Tables 32.2 and 32.3).5,6 “Seeing” 
enables the detection of “presymptomatic” disease 
and pathologies that are beyond the perception of 
physical signs, e.g., small mass lesions (Fig. 32.7, 
Table 32.4). It has been shown that the use of ultra-
sound stethoscopy at the point of care leads to the diag-
nosis of unanticipated clinically significant abnormalities 
in approximately 20% of patients (Figs. 32.8 and 32.9) 
and enhances significantly the diagnostic accuracy of 
expert physical examination.7-10 Furthermore is shown 
that the incorporation of ultrasound stethoscopy in 
the physical examination during cardiac consultation 
rounds in noncardiac departments provides with effi-
cient instant information resulting in immediate 
management of patients and leading to cost savings 
(Fig. 32.10).11,12

The routine physical cardiovascular examination 
can be extended by imaging and by obtaining limited 
quantitative measurements of the inferior vena cava, 
liver, spleen, and abdominal aorta. The loss of inspira-
tion narrowing of the inferior vena cava is a reliable 
and sensitive marker of elevated central venous pres-
sure and right heart failure (Fig. 32.11).

On the basis of normal structure and functional 
findings, in the absence of blood-flow turbulence, all 
of which can be tested in a limited number of imaging 
views, a cardiac disorder can be excluded with a high 
degree of certainty. This high negative predictive value 
is ideal for rapid screening to avoid referral of normals 
and for a more cost-effective use of our expensive 
diagnostic imaging facilities

Fig. 32.5 Photographs of one of the latest hand-held ultrasound 
devices and Vivid i™ (GE)
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Point of Care for Faster Decisions

Standard echocardiography involves a comprehensive 
examination with complex equipment by an operator 
with considerable training and experience. However, 
the diagnosis and follow-up of many cardiac condi-
tions requires only a fraction of the potential of these 
expensive facilities, and a specific clinical question can 
often be answered FASTER by limited examination 

Fig. 32.6 Apical four-chamber view of a patient with an atrial 
septum defect of the secundum type. Both atria are dilated and 
the left-to-right shunting blood flow through the defect is visual-
ized (OptiGo™)

Table 32.3 Clinical settings where the ultrasound stethoscope 
can be used

Emergency department, CCU, and ICU
Hospital ward rounds
Outpatient clinic
Surgical theatre
Cardiac catheter lab
Private office practice

Table 32.2 Additional information with the ultrasound 
stethoscope as part of the physical examination

Higher diagnostic specificity and sensitivity
Early (preclinical) diagnosis
Functional assessment
Blood-flow information
Inferior vena cava collapse
Quantitative information
Abdominal aorta measurement

Fig. 32.7 Apical four-chamber view of a patient with a mass in 
the left ventricular apex (SonoHeart™)

Table 32.4 Cardiac abnormalities diagnosed with the use of 
the ultrasound stethoscope

Source of murmurs
Dilated heart
Pericardial effusion, emergent tamponade
Pulmonary embolus
Valvular disease
Mass lesion
Wall function
Dilatation abdominal aorta/aneurysm

Fig. 32.8 Apical four-chamber view of a 25-year-old female 
with systemic lupus erythematosus and shortness of breath. The 
referral diagnosis was: pericarditis? The patient has regurgitant 
jets of aortic regurgitant (a) and mitral regurgitation (b), but no 
pericarditis (OptiGo™)
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protocols. The ultrasound stethoscope is suitable for a 
“focused” or “goal-oriented” examination.

•	 The	 resolution	 of	 a	 pericardial	 effusion	 after	 a	
pericardiocentesis (Fig. 32.12),

•	 Cardiac	 dimensions	 and	 left	 ventricular	 (LV)	
function, which are important parameters in the 
follow-up of many patients, are rapidly assessed 
at the bedside.

•	 LV	 hypertrophy	 is	 considered	 an	 independent	
potent marker of cardiovascular risk in arterial 
hypertension. Early detection can initiate therapy 
and improve outcome. Physical examination and 
electrocardiography can easily miss this pathol-
ogy, whereas it can be instantly and reliably 
detected with the use of echocardiography. 
However, echocardiography is not considered 
cost effective, and the World Health Organisation-
International Society of Hypertension (WHO-
ISH) does not recommend echocardiography in 
all hypertensive patients. Ultrasound stethoscopy 
may broaden the indication of echocardiography 
allowing focused examinations in all hypertensive 
patients. A very good agreement between standard 
echocardiography and ultrasound stethoscopy in 

Fig. 32.9 Parasternal long-axis view of a 46-year-old woman 
with a history of cancer. She was referred for preoperative evalu-
ation. The left ventricular end-diastolic dimension is 69 mm. 
The EF was visually estimated to be<35%. The patient has 
dilated cardiomyopathy

Fig. 32.10 (a) Imaging of a vegetation on the tricuspid valve 
(arrows) in the apical four-chamber view (OptiGo™).(b) A 
severe tricuspid regurgitation is visualized

Fig. 32.11 Imaging of the inferior vena cava (IVC) through the 
liver during expiration (a) and inspiration (b). The caliper function 
allows measurement of the IVC dimension during expiration (2.6 
cm) and during inspiration (1.9 cm). A collapse of less than 50% 
indicates an elevated right-sided filling pressure37 (OptiGo™)
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diagnosing LV hypertrophy is reported (of 93% 
for left ventricular mass/body surface area and 
90% for left ventricular mass/height) (Fig. 
32.13).13 The incorporation of ultrasound stethos-
copy to the physical examination will provide the 
clinician with immediate, valuable information 
about prognosis and risk classification, assisting 
him in his decision of therapy. Thus, in patients 
with borderline hypertension, the presence of LV 
hypertrophy could mark the initiation of antihy-
pertensive drug therapy (Fig. 32.14). Furthermore, 
the success or failure of the antihypertensive 
treatment can be assessed by repeated wall 

thickness and left ventricular mass measure-
ments in office practice.

Critical Care Environment

The ultrasound stethoscope can effectively assist in the 
initial evaluation and rapid diagnosis of potentially 
life-threatening conditions in the intensive care envi-
ronment or in situations where quick decision making 
is essential. It is a fact that physical examination in an 
emergency department is further limited due to the 

Fig. 32.12 Long-axis views of patients with pericardial effusion (PE). (a) A small PE postoperatively and (b) a large PE of a patient 
with clinical signs of tamponade (SonoHeart™)

Fig. 32.13 Agreement of the LV mass (LVM) indexed by BSA (a) and by height (b), measured by the hand-held device and the 
standard echocardiographic system
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existing pressure, time constraints, and due to extrane-
ous noise. It has been shown that even after limited 
training, a single echocardiographic view (parasternal 
long-axis view) has better diagnostic accuracy in iden-
tifying cardiac abnormalities than physical examina-
tion. However, standard echocardiography or other 
imaging methods are not rapidly available. The ultra-
sound stethoscope due to its ultraportability enables an 
echocardiographic evaluation anywhere, anytime and 
provides data inaccessible by clinical examination 
allowing to immediately diagnose or exclude an emer-
gent tamponade, a dilated heart, or a valvular pathology 
(e.g., calcific aortic stenosis in low output state)  
(Figs. 32.15 and 32.16).

Studies using a prototype ultrasound stethoscope in 
critically ill patients reported that although it provided 
important anatomic information, it missed clinical 
findings in half of the patients.14 The main reason was 
the lack of sensitivity of the color power Doppler fea-
ture, the lack of spectral Doppler, and image-quality 
problems. However, Table 32.5 shows the results of a 
more recent study using a newer generation devices in 
the critical care overcoming the earlier-mentioned lim-
itations.15 The bedside ultrasound examination led to 
changes in the diagnosis in 39.8% of patients and to 
changes in the management in 20.8% of patients. This 
is an example of the fact that ultrasound stethoscopes 
are continuously evolving and improving their techni-
cal capabilities resulting in better performance results.

Newer studies with the use of ultrasound stetho-
scope from critical care physicians have shown the real 
value in the critical care environment.16,17

Fig. 32.14 Long-axis views of patient with hypertrophic car-
diomyopathy (SonoHeart™). The arrow indicates the increased 
septal thickness

Fig. 32.15 Parasternal long-axis view of a 54-year-old patient 
with a calcified aortic valve (a) and turbulent flow (b) in the 
outflow tract in systole. The high flow velocity through the valve 
can be appreciated (c). The patient had no history of cardiac 
disease and was referred for progressive dyspnea to the outpa-
tient cardiology clinic



32 Ultrasound Stethoscopy 627

BookID 128962_ChapID 32_Proof# 1 - 14/3/2009

•	 Pericardiocentesis	 can	be	guided	 and	 the	 effects	
of acute interventions (e.g., fluid challenge in 
hemodynamically compromised patients, inotro-
pic drugs) monitored through estimation of cavity 
dimensions (Fig. 32.17), ejection fraction, and 
wall dynamics.

•	 Right	ventricular	involvement	in	acute	myocardial	
infarction and the mechanical complications of a 
myocardial infarction are readily diagnosed in the 

coronary care unit (Fig. 32.18). Moreover, echocar-
diography of the right heart is of great value in 
patients with acute pulmonary embolism. The dem-
onstration of right ventricular dilatation and para-
doxical septal motion in patients clinically suspected 
raises the level of suspicion significantly while their 
absence does not exclude pulmonary embolism. On 
the other hand, many conditions that clinically 
mimic pulmonary embolism are rapidly identified.

Fig. 32.16 Apical four-chamber view of a 45-year-old male with dilated cardiomyopathy. (a) A mitral regurgitant jet is visualized 
(SonoHeart™). The imaging quality of the hand-held device can be appreciated against that of a standard echocardiographic system 
(HP, Sonos 5000™)

Table 32.5 Ultrasound stethoscopes in the critical care environment

Number of changes in principal diagnosis out of 133 after initial evaluation (%)

Shift of likelihood

Positive Negative Secondary Diagnosis

Total changes 
(%)

New DX Minor Major Minor Major Total New Excluded

Heart failure 28(21.1) 1  9 4 10 4 27 – –
Pericardia effusion 11(8.3) 1  1 –  6 3 10 – –
RV dysfunction 5(3.8) 1 – –  3 1  4 – –
Drug toxicity 1(0.8) – – – – 1  1 – –
Aortic stenosis 5(3.8) 1 – 1  1 2  4 – 1
Myocardia infarction 1(0.8) – – –  1 –  1 – –
Mitral regurgitation 1(0.8) – – –  1 –  1  5 1
Tricuspid 

regurgitation
1(0.8) – – 1 – –  1  7 –

Thrombus – – – – –  1 –
Aortic regurgitation – – – – –  8 2
LV Hypertrophy – – – – –  1 –
Total 53(39.8) 4(3.0) 10(7.5) 6(4.5) 22(16.5) 11(8.3) 49(36.8) 22 4

LV left ventricular, RV right ventricular, DX diagnosis
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•	 In	the	trauma	emergency	care,	immediate	echocar-
diographic assessment in the emergency room has 
proven to considerably shorten the time to diagnosis 
of penetrating cardiac injury and to improve the 
chances of survival. Furthermore, hand-held ultra-
sound devices enable reliably focused assessment 
with sonography for trauma (FAST) in patients with 
penetrating abdominal trauma in level-I urban 
trauma centers and during helicopter transports of 
casualties.

•	 Hand-held	 ultrasound	 devices	 can	 be	 used	 in	 the	
neonatal intensive care nursery allowing the rapid 
diagnosis of common neonatal problems and 
enabling the continuous evaluation of critically ill 
neonates.

Fig. 32.17 Principle of systolic (a) and diastolic (b) mea-
surements of the left ventricle in the parasternal long-axis 
view. A caliper function allows to measure the left ventricu-

lar dimensions in end-diastole (5 cm) and end-systole  
(3.45 cm) (c) M-Mode and Pulsed Doppler features 
(SonoHeart™)

Fig. 32.18 Measurement of right ventricular and right atrial 
end-diastolic dimension in a four-chamber view (SonoHeart™)
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Screening

The ultrasound stethoscope can be used for screening 
and identifying cardiac disorders in selected risk 
groups or in the general population.

Abdominal Aortic Aneurysm Screening

Patients with abdominal aortic aneurysm rupture 
experience high perioperative mortality rate (50%) in 
contrast to patients undergoing elective aortic surgery 
(2–3%). It is therefore recommended that patients at 
risk are screened by ultrasound and undergo prophy-
lactic surgery if the diameter exceeds 55 mm (UK 
small aneurysm trial). Male gender, smoking, elderly 
age (>65 years), hypertension, coronary artery dis-
ease, and family history are high-risk parameters. 
Physical examination is notably insensitive in moder-
ately enlarged aneurysmata and obese patients. 
Recently, the multicenter aneurysm screening study 
(MASS) provided evidence of benefit from a popula-
tion-based screening program for abdominal aortic 
aneurysm in men aged 65–74. Furthermore, results 
from a “quick-screen” ultrasound program for 
abdominal aortic aneurysm suggest screening in all 
males above the age of 60 as essential and cost effec-
tive. Such screening programs could be most effec-
tively applied with the ultrasound stethoscope. 
Abdominal aortic diameter measurements with ultra-
sound stethoscopy compare well to those obtained 
with standard equipment and are obtained in a few 
minutes during a routine physical examination (Figs. 
32.19 and 32.20).18-20

LV Dysfunction Screening

Ischemic LV dysfunction is the main cause of conges-
tive heart failure, which is associated with high morbid-
ity and mortality and high health care costs. However, 
clinical diagnosis of LV dysfunction with the existing 
conventional criteria is often difficult and inaccurate. 
Appropriate management of these patients can delay if 
not prevent the development of chronic heart failure. 

Echocardiography is known to be the screening 
method of choice for LV dysfunction assessment but 
is considered not cost effective as a screening tool, 
especially in the community with a low probability of 
cardiac dysfunction. Furthermore its availability is 
often limited in the different clinical settings. Brain 
natriuretic peptide is a sensitive marker of increased 
intracardiac pressure of any cause and has been intro-
duced as a new simple and cost-effective screening 
tool for LV dysfunction by the European Society of 
Cardiology. However, the major advantage of 
echocardiography is that it allows etiologic diagnosis 
of LV dysfunction and follow-up examinations. 
Today, ultrasound stethoscopy brings echocardiogra-
phy into the community setting for the first time. 
Studies have shown that ultrasound stethoscopes 
compare well with standard echocardiographic 
devices in identifying LV dysfunction (Table 32.6)21,22 
and that the combination with physical examination 
improves the diagnostic evaluation of this disorder. 
However, a discordance rate of 10% for ultrasound 
stethoscopy versus SE LV function evaluation has 
been reported when using a broad range of LV func-
tion classification (EF <40%, 40–54%, 55–70%).23 
Borderline EFs can be misclassified even by experi-
enced echocardiographers. It is obvious that this limi-
tation does not only apply to the ultrasound 
stethoscopes but also to the standard echocardio-
graphic systems and proves that echocardiography is 

operator dependent.
Ultrasound stethoscopes can be potentially utilized 

in chest pain clinics for rapid screening to exclude wall 
motion abnormalities in the context of acute chest pain 
and a nondiagnostic electrocardiogram.

Mitral Valve Prolapse Screening

Diagnosis of mitral valve prolapse may be difficult 
with auscultation and is often suspected in otherwise 
asymptomatic individuals. Echocardiography can 
accurately conform or exclude this disorder by a single 
parasternal long-axis view. Ultrasound stethoscopy 
has proven reliable in detecting this abnormality 
(Fig. 32.21) and may allow screening programs in 
primary care with little time and cost.
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Screening of Athletes

Potentially dangerous conditions can be identified in 
preparticipation screening of athletes. Hypertrophic 
cardiomyopathy, a dilated ascending aorta (Marfan’s 
disease) (Fig. 32.22), and valvular abnormalities 
(bicuspid valve, mitral valve prolapse) are the most 

common disorders and are reliably detected by experi-
enced examiners.

Studies have shown that abnormal findings are 
detected during such preparticipation screening strategies 
in otherwise asymptomatic individuals. A limited echocar-
diographic screening program reported that in 10.4%  
of the screened athletes, prophylaxis for endocarditis  

a

b

Fig. 32.19 (a) Bland-Altman plot, demonstrating the magni-
tude of the difference between the measurements of the abdomi-
nal aorta with the two techniques (differences plotted against 
their mean average). 2 SD = 2 standard deviations of the mean 
difference in the measurements of the two devices.18 (b) 
Correlation between ultrasound stethoscope versus standard 

echocardiography for measurements of the abdominal aorta20 In 
both studies using the standard echo as the gold standard, the 
sensitivity and the specificity of the ultrasound stethoscope for 
screening of the presence of Aortic abdominal aneurysm were 
calculated as well as the positive predictive value (PPV), nega-
tive predictive value (NPV), and accuracy
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was recommended after the echocardiographic examina-
tion proving the importance of such programs.

However, screening for cardiac disorders in young 
athletes and asymptomatic individuals involves a high 
risk of a false-positive diagnosis and should be per-
formed by well-trained and experienced clinicians.

Screening for LV Hypertrophy

Ultrasound stethoscope allows to screen for LV hyper-
trophy and to follow the effect of antihypertensive 
treatment in office practice.

Discrepancies between study results may, however, 
be due to the use of earlier versions of ultrasound 

Fig. 32.20 Transverse image of the aneurysm of the abdominal 
aorta (56 mm in diameter) which contains a large thrombus 
(TR). Dotted line represents the caliper used for measurements 
of the diameter of the aneurysm

Table 32.6 Agreement of regional of regional wall motion analysis (RWMA) between an ultrasound Stethoscope and a 
standard echocardiographic device

(A)
RWMA (SE)

Abnormal Normal
RWMA (Ultrasound stethoscope) Abnormal 16 8
RWMA (Ultrasound stethoscope) Normal 1 57

(B)
Standard examination 
(no RWMA)

Standard examination 
(single territory)

Standard examination 
(multiple territories) Total

HCU (no RWMA) 22 5 7 34
HCU (single territory) 5 20 27 52
HCU (multiple territories) 0 7 31 38
Total 27 32 65 124

(C) Agreement of global left ventricular function between an ultrasound stethoscope and a standard echocardiographic device

LVEF (SE) Abnormal Normal
LVEF-(Ultrasound stethoscope) Abnormal 17 1
LVEF-(Ultrasound stethoscope) Normal 2 62

Agreement = 90%, kappa = 0.80
No. of patients: 34
No. of segments: 204. The numbers inside the table express the number of segments
SE = Standard echocardiographic device
Vourvouri et al. J Am Soc Echocardiogr. 2002
Number of patients = 394
Agreement for presence or absence of RWME between HCU and SE = 86.3%
Agreements for the assessment of the mumber of coronary artery territories involved and their location = 60%
HCU = Hand-carried ultrasound device
Burce et al. Am J Cardiol 2002
Number of patients = 82
Agreement = 96%, Kappa = 0.89
Sensitivity = 89% (95% Cl:0.72 1/N 0.94)
Specificity = 98% (95% Cl:0.93 1/N 0.99)
PPV = 94% (95% Cl:0.76 1/N 1.0)
NPV = 97% (95% Cl:0.92 1/N 0.98)
LVEF = left ventricular ejection fraction.
The LVEF was estimated visually with the ulrasound stethoscope.
The SE 1/N LVEF derived by the Simpson’s biplane method.
A LVEF <40% represented LV dysfunction
SE = standard echocardiographic device
Vourvouri et al. Eur J Heart Faill. 2003.
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stethoscopes that do not reflect their current or future 
technical performance. Furthermore, it is important to 
consider not only the sensitivity of a hand-held device 
for identifying or excluding a specific condition but 
also the competence of the examiner.

Cost Effectiveness

Since most of the patients are referred for echocar-
diography to answer a single clinical question, a new 
strategy of limiting echo services has been introduced 
in daily clinical practice. It is shown that a limited 
echocardiographic imaging protocol can reduce the 
time of examination and lead to cost savings. A full SE 
is suggested only when an abnormality is discovered. 
However, it is documented that a limited echocardio-
graphic protocol is cost effective in young outpatients 
rather than in older patients since the prevalence of 
cardiovascular abnormalities in the latter group is 
higher. Ultrasound stethoscopy, being ultraportable 
and easy to use, is a perfect candidate for a limited, 
goal-oriented echo examination. In addition, many of 
these devices have the potential to proceed to a more 
complete examination whenever this is considered 
necessary.

Like all technological breakthroughs, ultrasound 
stethoscopy had to be evaluated in financial terms as 
well as by clinical effectiveness in order to gain wide 
acceptance. The capital investment of such a device is 
economical (~1/12th of the cost of a SE) and the main-
tenance costs are low.

It is demonstrated that the ultrasound stethoscope 
provides the physician in 78.5% of patients with effi-
cient instant information making a further SE or other 
imaging examination redundant and leading to a cost 
reduction of 33.4%. Furthermore, it is reported that the 
presence of an abnormal initial limited echocardio-
graphic examination at the emergency department has 
the consequence of a significant hospital stay length 
(i.e., >2 days). This stresses the importance of such an 
initial examination at the point of care.

Ultrasound stethoscopy leads to cost savings not 
only by reducing the number of referrals for SE but 
also by reducing the time required for performing an 
ultrasound examination at the bedside. It is demon-
strated that the time saved for acute ultrasound assess-
ment at the bedside using an ultrasound stethoscope 

Fig. 32.21 Apical four-chamber view of a 45-year-old patient 
with prolapse of the posterior mitral leaflet and eccentric jet 
toward the interatrial septum. The patient was referred for the 
evaluation of palpitations and was known to have a systolic 
murmur

Fig. 32.22 Long-axis view of an 18-year-old female with the 
phenotype of Marfan. A dilatation of the ascending aorta mea-
suring 4.2 cm is seen (OptiGo™)
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compared to a mobile system is considerable.24 Saving 
time translates into cost savings, more time for other 
patients, and potentially into the saving of lives.

Ultrasound stethoscopy has been proven to be suit-
able for screening for various cardiac pathologies. 
However, unlike a diagnostic test, a screening test is 
performed in apparently healthy people, which raises 
unique ethical and reimbursement issues. The follow-
ing factors are therefore important regarding the initia-
tion of a screening test (1) the effectiveness of the test 
in detecting the screened abnormality, (2) the cost of a 
test, (3) the prevalence of disease, and (4) the potential 
therapeutic or survival benefit of an early detection and 
treatment.

The prevalence of disorders like abdominal aortic 
aneurysm, LV dysfunction, and LV hypertrophy in 
high-risk patients is high and screening for these disor-
ders is worthwhile and cost effective in terms of thera-
peutic benefit to the patients and in terms of reducing 
the cost of lifetime management. Ultrasound stetho-
scopes, having proven reliable in detecting these disor-
ders and being of low cost, seem to be the perfect 
screening tool bringing furthermore echocardiography 
to the patient and into the community.

Training Requirements Using 
Ultrasound Stethoscopy

No doubt that training is required to use an imaging 
device. Recently the American Society of 
Cardiology25 published guidelines regarding the use 
of ultrasound stethoscopes recommending Level I of 
training (Table 32.7) as an absolute minimal level 
required. However, recent studies have shown that it 
is possible to train physicians and students for the 
detection of significant pathologies in a short period 
of time (Table 32.8). It seems that identifying the 
basic major cardiac disorders limited training may 

be sufficient.

Future Directions

The idea of a “personal” ultrasound stethoscope (Table 
32.9) is certainly appealing and in combination with its 
low cost it is clear that in future larger number of 

physicians and not just cardiologists will have access 
to these devices. Training of non-echocardiographers 
may become an important issue and should focus on 
criteria of normalcy and identifying both major and 
acute cardiac disorders. In fact, the device should be 
used in a way comparable to auscultation; whenever 
there is doubt, further echo/Doppler examination 
should follow. Training programs and continuing med-
ical education including performance testing can be 
organized with modern electronic means. Moreover, 
introducing the ultrasound stethoscope into the medi-
cal school curriculum like the stethoscope will result 
in physicians capable of using these devices as an 
extension to physical examination. The use of ultra-
sound stethoscopes by general practitioners can lead to 
early diagnosis and management of patients and hospi-
tals will benefit from the lower rate of inappropriate 
referrals.

In the future, advances in telecommunications and 
software will allow for diagnostic support from experi-
enced laboratories or intensive care units. In pediatrics, 
telemedicine consultations have already successfully 
started in terms of remote assessment of heart mur-
murs sent as e-mail attachments to cardiologists in 
specialized centers.

Furthermore, immediate feedback from the echocar-
diographic examination leads to improvement of our 
clinical skills and especially of our auscultation skills. 
It should be remembered that the real value of any 
imaging technology is intimately dependent on our 
intellectual contribution and individual responsibility.

With the impressive progress in other imaging 
modalities such as computed tomography (CT) and 
magnetic resonance imaging (MRI) it is likely that the 
more complicated clinical questions and scenarios will 
be directed to such, giving to the ultrasound stetho-
scope the role of the everyday available imaging tool 
in our pocket.

Conclusion

Ultrasound stethoscopy is a fast developing field in 
cardiology. Physicians should embrace this innovation 
and add it to their physical examination. This will 
result in better patient care and cost savings since a 
definitive diagnosis is made in the majority of patients 
leading to their instant management.
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Duration of training
Cumulative duration 
of training

Minimal additional 
No. of examinations

Cumulative No. of 
examinations

TEE and special 
procedures

Level 1 3 months 3 months 150a 150a No
Level 2 3 months 6 months 150a 300 No
Level 3 6 months 12 months 450a 750 Yes

Table 32.7 Core Cardiology Training in adult cardiovascular medicine (COCATS). Task Force 4: training in echocardiography

TEEtransesophageal echocardiography

From Ryan et al26

aPerformance and interpretation of the study

Table 32.9 Overview over peer-reviewed published clinical studies/reviews in cardiology performed with ultrasound stethoscopy 
stressing it’s widely acceptance and future perspectives

Author Title of study Journal published

Roelandt et al The ultrasound cardioscope: a hand-held scanner for 
real-time cardiac imaging

J Clin Ultrasound. 1980;8:221-225

Schwarz et al Experience rounding with a hand-held two-dimensional 
cardiac ultrasound device

Am J Cardiol. 1988;62:157-159

Bruce et al Personal ultrasound imager: abdominal aortic aneurysm 
screening

J Am Soc Echocardiogr. 2000;13:674-79

Vourvouri et al Abdominal aortic aneurysm screening using a hand-held 
ultrasound device

Eur J Vasc Endovasc Surg. 
2001;22:352–354

Spencer et al Physician performed point-of-care echocardiography using 
a laptop platform compared with physical examination 
in the cardiovascular patient

J Am Coll Cardiol. 2001;37:2013-2018

Goodkin et al How useful is a hand-carried bedside echocardiography in 
critically ill patients?

J Am Coll Cardiol. 2001;37:2019-2022

Rugolotto et al Rapid assessment of cardiac anatomy and function with a 
new hand-carried ultrasound device (OptiGo): a 
comparison with standard echocardiography

Eur J Echocardiogr. 2001;2:262-269

Table 32.8 Overview over published clinical studies/reviews in cardiology regarding the training for the use of ultrasound 
stethoscopy

Author Title of study Journal published

Alexander et al Training and accuracy of noncardiologists in simple use of point  
care echo: a preliminary report from the Duke limited echo 
assessment project (LEAP)

Thoraxcenter J. 2001;13:105-110

Bruce et al Utility of hand-carried ultrasound devices used by cardiologists  
with and without significant echocardiographic experience in the 
cardiology inpatient and outpatient settings

Am J Cardiol. 2002;90:1273-1275

Zamorano et al Echocardiography performed by physicians outside echo labs: Is it 
possible?

Eur Heart J. 2002;23:908-909

DeCara et al The use of small personal ultrasound device by internists without 
training in echocardiography

J Am Soc Echocardiogr. 2001;14: 
P3-P40 (abstr)

Croft et al The echo stethoscope: is it ready for prime time for medical students? J Am Coll Cardiol. 2002 (Suppl 
A);39:448A (abstr)

Harish et al Is it possible to train medical students to perform and interpret 
diagnostic limited echocardiograms performed with a 
minimachine?

J Am Soc Echocardiogr. 2001;14;P3-
42 (abstr)

Kimura et al Usefulness of a hand-held ultrasound device for bedside examination 
of left ventricular function

Am J Cardiol. 2002;90:1038-1039

Wittich et al Teaching cardiovascular anatomy to medical students by using a 
hand-held ultrasound device

JAMA. 2002;288:1062-1063

Seward et al Hand-carried cardiac ultrasound (HCU) device: recommendations 
regarding new technology. A report from the echocardiography 
task force on new technology of the nomenclature and standards 
committee of the American Society of Echocardiography

J Am Soc Echocardiogr. 2002;15: 
369-373

(continued)
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As it is ultraportable it can go into the community 
and be used in larger populations for screening pur-
poses of pathologies like abdominal aortic aneurysm 
and LV dysfunction. Their early detection can play a 
live saving role and is long term cost effective.
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Introduction

The performance of complex percutaneous noncoro-
nary interventional procedures has increased dramati-
cally over the past several decades, with numerous 
devices and procedures designed to close atrial septal 
defects and patent foramen ovale, perform complex 
mitral valve repair, and implant percutaneous aortic 
valves. As these procedures evolve toward an increas-
ingly complex, anatomically based approach, the use of 
real-time echocardiography for guidance has become 
essential to their success. Traditionally fluoroscopy and 
angiography have been utilized for procedural guid-
ance in the catheterization and electrophysiology labo-
ratory, but significant limitations exist. Fluoroscopy is 
unable to identify important anatomic structures such 
as the cardiac valves and annular structures, as well as 
the atrial septum, coronary sinus ostium, vena cava, and 
pulmonary veins. Angiography offers some improve-
ment over fluoroscopy, but cannot delineate complex 
anatomical structures, and the relationship between two 
structures that do not share a common cardiac chamber, 
requires the use of radiographic contrast agents, and 
cannot be performed continuously in real time during 
the procedure. Furthermore targets of therapy such as 
the mitral and aortic valves, and the fossa ovalis are 
complex three-dimensional structures, and therapeutic 
devices must be deployed in a precise anatomic fashion 
for proper function. During percutaneous noncoronary 
interventions, echocardiographic guidance assists the 
interventional cardiologist in the performance of trans-
septal catheterization, in monitoring guide wire, delivery 

sheath, and balloon or device position, as well as in the 
evaluation for thrombus, pericardial effusion, and other 
procedural complications. This chapter will review 
the echocardiographic modalities (transthoracic 
echocardiography, transesophageal echocardiography, 
real-time 3D echocardiography, and intracardiac echo-
cardiography) used to guide these procedures in the 
catheterization laboratory.

ACC/AHA/ASE Guidelines for the Clinical 
Application of Echocardiography

In 2003 the American College of Cardiology, American 
Heart Association, and American Society of 
Echocardiography Practice Guidelines were updated, 
and these guidelines are designed to provide a frame-
work for the use of echocardiography in a wide variety 
of clinical settings.1 The routine use of transthoracic 
echocardiography (TTE) and transesophageal echocar-
diography (TEE) is covered extensively in these guide-
lines; however to date, they do not specifically address 
real-time 3D echocardiography or intracardiac echocar-
diography (ICE). Recommendations for use of TTE 
and TEE in specific clinical settings are based on the 
strength of evidence in the medical literature. Wherever 
applicable, this chapter will note the task force recom-
mendations in the sections that follow. An American 
Society of Echocardiography writing group publica-
tion designed to specifically address echocardiographic 
guidance of percutaneous noncoronary procedures is 
in press and includes ICE.
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Echocardiographic Modalities Used to 
Guide Interventional Procedures

Echocardiographic guidance of interventional proce-
dures can be accomplished with a variety of echocar-
diographic modalities, each with unique advantages 
and disadvantages (see Table 33.1). TTE is widely 
available, inexpensive, and can be easily performed in 
the catheterization laboratory by a sonographer or 
echocardiographer, and as such it has been described 
to guide a wide variety of interventional procedures. 
Common procedural uses of TTE include echo-guided 
pericardiocentesis, percutaneous balloon mitral valvu-
loplasty for mitral stenosis, and alcohol septal ablation 
in patients with hypertrophic obstructive cardiomyo-
pathy. TTE has also been described as an adjunctive 
imaging modality, to supplement ICE during percuta-
neous ASD closure in patients with deficient atrial septal 
rims,2 or to supplement TEE during percutaneous 
mitral valve repair with the edge-to-edge clip repair 
system.3 TTE is limited by its image resolution, which 
can be problematic in patients who are obese, have 
underlying lung disease, or who are being mechani-
cally ventilated, and in patients who are supine for the 
procedure and cannot be positioned appropriately. 
TEE and ICE offer improved image resolution; how-
ever, they are more invasive and expensive, require 
additional expertise, and have been described to facilitate 

the deployment of percutaneous ASD and PFO closure 
devices, perform percutaneous valvuloplasty, as well 
as to guide more complex, noncoronary interventions 
such as transseptal catheterization, percutaneous mitral 
repair, placement of LAA occlusion devices, and 
placement of stented aortic valves. TEE requires addi-
tional sedation (either conscious sedation or general 
anesthesia) and the presence of an expert echocardiog-
rapher, whereas ICE does not require any additional 
sedation and can be performed by the interventional 
operator when suitable expertise exists. ICE has addi-
tional vascular risk as does any intracardiac catheter, 
and the single-use catheters are expensive. ICE requires 
additional operator expertise and training as well. 
Risks of TEE include aspiration, and esophageal 
trauma, and risks of ICE are low (<1–2%) but include 
vascular trauma, hematoma, retroperitoneal bleed, 
cardiac perforation, and arrhythmia.

TTE-Guided Pericardiocentesis

In the early 1980s, TTE-guided percutaneous pericar-
diocentesis was described by Seward et al, and 20 
years later they described the outcome of this proce-
dure performed in 1,127 patients since their initial 
report.4,5 Echo-guided pericardiocentesis has been 
listed as a Class IIa indication in the ACC/AHA/ASE 
task force guidelines on the use of echocardiography.

Prior to the procedure, TTE allows an assessment 
of the size and location of the pericardial effusion, can 
determine whether the effusion is free flowing, locu-
lated, or organized; and transvalvular Doppler assess-
ment provides physiologic evidence for increased 
intrapericardial pressure and tamponade physiology.6-10  
With increasing intrapericardial pressure, exaggerated 
respirophasic variation in right- and left-sided inflow 
and outflow velocities develops as a result of abnormal 
ventricular interdependence.7 Increased intrapericar-
dial pressure is present when mitral and aortic velo-
cities vary by more than 30% with respiration, and 
tricuspid and pulmonic velocities vary by more than 
50%. With frank tamponade diastolic collapse of the 
right ventricle is typically seen, and this finding has 
a greater than 80% specificity for tamponade phys-
iology. Clearance for traditional subxiphoid pericardi-
ocentesis is assessed by determining the distance 
between the epicardial and parietal pericardial surfaces 

Table 33.1 Procedures guided by echocardiography

Pericardiocentesis

Transseptal catheterization
Percutaneous balloon valvuloplasty
Percutaneous transcatheter closure of septal defects
Alcohol septal ablation in hypertrophic obstructive 

cardiomyopathy
Placement of percutaneous left ventricular support devices
Percutaneous repair of mitral regurgitation with the edge to 

edge repair system (evalve)
Percutaneous repair of mitral regurgitation with the coronary 

sinus devices
Placement of LAA occlusion devices
Placement of stented valve replacement
Echocardiographically guided RV and LV biopsies
Laser lead extraction of pacemaker and defibrillator leads
Congenital heart disease applications such as completion of 

Fontan, coarctation repair
Electrophysiologic procedures such as pulmonary vein 

isolation for atrial fibrillation, sinoatrial node modification 
for inappropriate sinus tachycardia, and ablation of LV 
ventricular tachycardia
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at the apex of the heart, traditionally assessed in the 
subcostal views.

Some centers use echocardiography to select the 
optimal entry point for the needle (parasternal vs. apical 
vs. subcostal), while others use traditional anatomical 
landmarks and perform pericardiocentesis via a stan-
dard subcostal approach, using echocardiography to 
confirm that the pericardium has been appropriately 
cannulated.11 With either approach, care must be taken 
to avoid contamination of the sterile field. As the  needle 
tip (or sheath) used for cannulation may not be easily 
visualized on TTE, after a small amount of fluid (i.e., 
10 cc) is withdrawn, confirmation that the needle or 
sheath is in the pericardial space is achieved by the 
injection of a small amount of agitated saline mixed 
with air to form contrast bubbles that are easily imaged 
by TTE.12-15 If a nonpericardial space has been cannu-
lated, the needle or smaller sheath is removed prior to 
placing any additional catheters, thus avoiding the risk 
of perforation. Once confirmation by contrast injection 
that the pericardial space has been appropriately can-
nulated, a larger drainage catheter is placed to evacuate 
the pericardial fluid. TTE also allows confirmation of 
the adequacy of drainage, as well as changes in the 
hemodynamic effect of the effusion may be obtained 
to guide further therapy.

TTE-guided pericardiocentesis can be performed 
portably and rapidly, and as such it can be performed at 
the bedside in unstable patients. The necessary equip-
ment is widely available, and the technique is appli-
cable to a wide variety of clinical conditions including 
malignancy and inflammatory effusions. When combined 
with extended catheter drainage and intermittent aspi-
ration to drain the effusion “dry,” it offers distinct 
advantages over traditional fluoroscopic guidance 
when performed by experienced operators.

Transseptal Catheterization

Transseptal catheterization is performed whenever 
diagnostic or therapeutic access to the left atrium is 
required. Its use is increasing with the performance of 
percutaneous mitral valve repair, as well as ablation of 
atrial fibrillation and other left atrial arrhythmia. 
Although imaging is not invariably required for trans-
septal catheterization, it offers advantages over tradi-
tional fluoroscopic approaches.16-20 Anatomic variation 

in the position and orientation of the fossa ovalis and its 
surrounding structures may present specific challenges 
to even the most experienced interventionalists, and 
imaging with echocardiography offers increased safety, 
with lower risk of cannulating other spaces adjacent to 
the fossa. Similarly, imaging can decrease the time 
required for the transseptal to be performed, as well as 
minimizing the amount of fluoroscopy required, reduc-
ing radiation exposure.21-24 Imaging may also assist in 
shortening the “learning curve” for those operators 
without significant transseptal experience.17,25

TTE does not offer sufficient imaging resolution to 
guide transseptal catheterization, and as such is rarely 
used solely for this purpose. Typically TEE and more 
recently ICE have been used. As ICE imaging can be 
performed without additional sedation or general anes-
thesia, as well as with minimal additional patient risk 
and discomfort, ICE is becoming the preferred modality 
if imaging is required.21-24

Percutaneous Balloon Valvuloplasty

Echocardiography can be used in the guidance of 
percu taneous balloon valvuloplasty of stenotic valves, 
to assess the adequacy of the result, and monitor for 
complications during the procedure.26,27 The greatest 
experience with echocardiographic guidance of valvu-
loplasty has been in percutaneous balloon mitral 
valvuloplasty. In the updated ACC/AHA/ASE guide-
lines, echocardiography has been given a Class I indi-
cation for use in guiding percutaneous mitral balloon 
valvuloplasty. Both TTE and TEE are typically used to 
evaluate the anatomic suitability for PBV and exclude 
LAA thrombus. TTE often provides acceptable image 
quality for assessment of the mitral valvuloplasty score 
(see Table 33.2), and may provide suitable information 

Table 33.2 Mitral valve scoring by echocardiography prior to 
PBVa

The extent and severity of valvular and subvalvular deformity 
can be assessed by assigning a score of 0–4 for each of the 
following

Degree of leaflet rigidity
Amount of leaflet calcification
Severity of leaflet thickening
Extent of subvalvular thickening and calcification
a The maximum score is 16; higher scores indicate more severe 
anatomic disease and reduced likelihood of success
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for procedural guidance, but cannot exclude atrial 
thrombus. TEE can also be used to calculate the mitral 
valvuloplasty score if TTE images are not of diagnos-
tic quality, assess for significant preprocedural mitral 
regurgitation, and most importantly is required to 
exclude left atrial or left atrial appendage (LAA) 
thrombus that may preclude the procedure,28-30 as LA 
or LAA thrombus is a relative contraindication due to 
the risk of embolic stroke. The mitral valvuloplasty 
score is used both to identify appropriate anatomical 
candidates for the procedure, as well as to identify 
those at risk for development of severe mitral regurgi-

tation after valvuloplasty.31

Interventionalists performing PBV who are highly 
expert in transseptal catheterization may not require 
any additional echo imaging to perform this part of the 
procedure. Early on, real-time TTE was attempted to 
assist the transseptal puncture, although the resolution 
of TTE limits its utility in many cases. More often 
TEE and ICE are used when imaging is required for 
transseptal catheterization during mitral PBV16,20,25,32,33 
(see Fig. 33.1).

Once left atrial access is achieved, both TTE and 
TEE can be used to assess balloon position, estimate 
mitral valve gradients and mitral valve area after bal-
loon inflation, as well to monitor for an increased 
mitral regurgitation that may preclude subsequent bal-
loon inflation27,34-42 (see Figs. 33.2–33.5). Typically 

long-axis or 4-chamber views are used to measure 
Doppler gradients and to assess for mitral regurgita-
tion. The pressure half-time method for mitral valve 
area estimation may not correlate with the hemody-
namically derived mitral valve area estimate using the 
Gorlin formula immediately following balloon valvu-
loplasty if a transseptal approach is used due to the 
creation of an ASD with left to right shunting,43-45 and 
our practice is to measure the pressure half-time MVA 

Fig. 33.1 Transesophageal echocardiogram from the midesoph-
agus demonstrating the Brockenbrough needle position in the 
right atrium (RA) at the fossa ovalis, prior to entry into the left 
atrium (LA)

Fig. 33.2 Transesophageal echocardiogram from the midesoph-
agus demonstrating a calcified and rheumatically deformed 
mitral valve (MV) prior to balloon valvuloplasty. LA left atrium; 
RA right atrium; AV aortic valve

Fig. 33.3 Transesophageal echocardiogram from the midesoph-
agus demonstrating the valvuloplasty balloon beginning to 
inflate, initially distally in the left ventricle. LA left atrium
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prior to removal of the system from the atrium (while 
the shunt flow is blocked by the catheters), and also to 
rely upon peak and mean gradients to assess the adequacy 
of the result. If a retrograde (nontransseptal) approach 
is used, the Doppler-derived pressure half-time method 
is accurate. Planimetry of the mitral valve in short-axis 
views can also be used to estimate mitral valve area as 
well. Short-axis views of the mitral valve at the com-
missural level may also provide information as to the 
mechanism of improvement in stenosis immediately 

after valvuloplasty, as well as determining whether 
additional commissural separation is required for an 
adequate result. TTE and TEE can also be used to 
monitor for complications such as left atrial or cathe-
ter-associated thrombus, pericardial effusion and tam-
ponade, left ventricular or left atrial perforation, and 
severe mitral regurgitation. Similarly TEE can assess 
the hemodynamic impact of the residual atrial septal 
defect resulting from the transseptal puncture. TEE 
may be of particular benefit when attempting to mini-
mize the fluoroscopic exposure during the entire pro-
cedure (i.e., in pregnancy), or when initial attempts at 
fluoroscopically guided transseptal puncture are unsuc-
cessful. As of this writing, there are no studies to sug-
gest that TEE or ICE can reduce overall complications 
associated with PBV.

ICE has recently been used to guide mitral valve 
PBV.46-48 ICE offers advantages over TEE in that it does 
not require any additional sedation (or general anes-
thesia) and thereby improves patient comfort. With ICE, 
the transseptal catheterization can be monitored in real 
time, thereby potentially reducing the risk of complica-
tions. With ICE assessment of balloon position, mitral 
gradients, and severity of MR is feasible, and as such 
some operators have begun using this imaging modality 
during PBV (see Figs. 33.6–33.9). Direct comparison 
to TTE or TEE is lacking and requires further study to 
determine whether it provides sufficient advantage to 
justify its additional cost.

Fig. 33.5 Transesophageal echocardiogram from the midesoph-
agus demonstrating full inflation of the valvuloplasty balloon

Fig. 33.6 Intracardiac echocardiographic view from the high 
right atrium (RA), with slight anterior flexion, demonstrating 
rheumatically deformed posterior and anterior MV leaflets (PL, 
AL), prior to percutaneous balloon valvuloplasty. CS coronary 
sinus; LV left ventricle

Fig. 33.4 Transesophageal echocardiogram from the midesopha-
gus demonstrating the valvuloplasty balloon inflation, both distally 
in the left ventricle and proximally in the left atrium (LA)
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Alcohol Septal Ablation in Hypertrophic 
Obstructive Cardiomyopathy

In the management of hypertrophic obstructive cardio-
myopathy (HOCM), surgical myomectomy is indi-
cated to relieve symptoms of severe mechanical 
outflow obstruction. As an alternative nonsurgical pro-
cedure for reducing the left ventricular outflow tract 
gradients, percutaneous transluminal septal myocardial 

ablation by alcohol-induced septal branch occlusion 
has been described.49-53 TTE and TEE can be used 
in alcohol septal ablation for patients with hypertro-
phic obstructive cardiomyopathy, to confirm that the 
selected septal perforator is an optimal site for abla-
tion, as well as assess the adequacy of the hemody-
namic result with Doppler (see Figs. 33.10–33.14). 
Echocardiographic views typically used include the 
long-axis views, which is used to determine the maxi-
mum region of septal hypertrophy, as well as the con-
tact point between the interventricular septum and the 
systolic anterior motion of the anterior mitral valve 
leaflet (SAM contact point). Similarly, 3- and 5-cham-
ber views offer similar anatomic delineation of the left 
ventricular outflow tract, as well as offering the ability 
to measure left ventricular outflow tract gradients by 
continuous-wave Doppler interrogation. Caution must 
be used to avoid measuring the signal from any asso-
ciated mitral regurgitation, as this may result in an 
overestimation of the LVOT gradients. As with peri-
cardiocentesis, the injection of a small amount of agit-
ated saline mixed with saline-air microbubbles or 
other echocardiographic contrast agent or radiographic 
contrast agent, into the septal perforator vessel with 
balloon occlusion, allows confirmation that the abla-
tion site will incorporate the region of maximum septal 
hypertrophy and involve the SAM contact point. In 
rare cases opacification of the medial papillary muscle 
or the left ventricular posterolateral free wall may be 

Fig. 33.9 Intracardiac echocardiographic view from the high 
right atrium (RA), with slight anterior flexion, demonstrating 
improved posterior and anterior MV leaflet mobility (PL, AL), 
immediately following percutaneous balloon valvuloplasty. CS 
coronary sinus; LV left ventricle

Fig. 33.7 Intracardiac echocardiographic view from the RV 
imaging through the interventricular septum (IVS), demonstrat-
ing the left ventricle (LV) as well as rheumatically deformed 
anterior mitral valve leaflet (arrow) with the classic “hockey 
stick deformity” typical of rheumatic mitral stenosis

Fig. 33.8 Intracardiac echocardiographic view from the high 
right atrium (RA), with slight anterior flexion, demonstrating 
full inflation of the valvuloplasty balloon across the mitral valve. 
CS coronary sinus; LA left atrium
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seen, suggesting that an alternate ablation target vessel 
should be sought,50 thus avoiding potentially fatal 
complications due to induction of a necrosis of myo-
cardium distant from the septal target area. Post abla-
tion, gradients may be remeasured, although post 
ablation edema may result in an elevated gradient for 
several weeks following ablation. As harmonic imag-
ing can be used for detection of ultrasound contrast 

agents in myocardial perfusion studies, superharmonic 
imaging has been recently used to differentiate treated 
and nontreated myocardium in HOCM ethanol abla-
tion.54 This technique detects the third, fourth, and fifth 
harmonics which are not created in tissue, resulting, 
hence, in a high contrast-to-tissue ratio. Whether this 
technique offers advantages in the real-time guidance 
of these procedures is not known.

Fig. 33.10 Transthoracic echocardiographic view from the 
parasternal long axis demonstrating inflation of an occluder bal-
loon in the first septal perforator to confirm position prior to 
alcohol septal ablation for hypertrophic obstructive cardiomyo-
pathy. LV left ventricle; LA left atrium

Fig. 33.12 Transthoracic echocardiographic view from the 
parasternal long axis demonstrating inflation of an occluder bal-
loon in the first septal perforator as well as injection of left ven-
tricular contrast (Optison) to confirm position prior to alcohol 
septal ablation for hypertrophic obstructive cardiomyopathy. LV 
left ventricle; LA left atrium; AV aortic valve

Fig. 33.11 Continuous-wave Doppler velocity profile prior to alcohol septal ablation for hypertrophic cardiomyopathy confirming 
left ventricular outflow tract obstruction, with a resting 36-mmHg predicted gradient (each of the vertical markers represents 1 m/s 
velocity)



644 F.E. Silvestry

BookID 128962_ChapID 33_Proof# 1 - <Date> BookID 128962_ChapID 33_Proof# 1 - <Date>

As with MV PBV, procedural complications can also 
be monitored for, including pericardial effusion and 
tamponade. Some centers prefer TEE for performance 
of septal ablation over TTE, although measurement of 
the LVOT gradients is more challenging due to differ-
ences in alignment in the transducer with the direction 
of flow in the LVOT.55 Limited studies exist examining 
the role of TEE in guiding alcohol septal ablation in 
HOCM. Although ICE guidance of septal ablation is 
possible as well, this has not been systematically evalu-
ated and compared with other modalities directly.

Transesophageal Echocardiography  
in ASD and PFO Closure

Preprocedural transesophageal echocardiographic 
(TEE) measurement of the size and location of ASD 
and PFO has been helpful in the selection of the appro-
priate patients for PTC as well as selecting the appro-
priate device to use. In addition, TEE can be used to 
guide the procedure in real time, an approach that may 
eliminate the need for fluoroscopy.46,47 The insertion of 
more than one device to close multiple ASDs is safe 
and effective; and both two- and three-dimensional 
TEE has been shown to be particularly helpful when 
multiple devices are used.4 TEE provides an accurate 
assessment of atrial septal anatomy and assists in guide-
wire placement, transseptal puncture (if necessary), 

closure device sizing and deployment. Furthermore, it 
gives immediate information regarding the adequacy 
of closure.4,46-49 Drawbacks of TEE are potential patient 
discomfort and the risk of aspiration in the supine 
patient with prolonged esophageal intubation. As a 
result, TEE-guided PTC is often performed under gen-
eral anesthesia with endotracheal intubation, which 
requires the expertise of an anesthesiologist and adds 
to the time and cost of the procedure.50

TEE may be supplemented by TTE in patients with 
attenuated or deficient anterior septal rims and unusual 
septal morphology as was shown in a small number of 
patients undergoing PTC.51

TEE in Complex MV Procedures

A percutaneous mitral valve repair system has been 
developed as an alternative to surgical repair, using the 
concepts of the edge-to-edge technique developed by 
Alfieri, but performed with a percutaneous endovascular 
repair system. The endovascular mitral repair system 
(EvalveTM Menlo Park, CA) uses a steerable guide cathe-
ter to position a two-armed V-shaped clip to approximate 
the leaflet tissue near the midline of the valve, thus reduc-
ing or eliminating mitral regurgitation. This system is 
currently being evaluated in phase II randomized trial. 
Patients with either functional or degenerative MR are 
under investigation, when the MR originates from the 
central portion of the valve, at the A2 and P2 segments. 
Patient selection is critically important to the success of 
this procedure, and TEE plays a critical role in identify-
ing patients who may be treated. TTE is used to assist 
in evaluating MR severity prior to entry into the trial.  

Fig. 33.14 Post ablation gradients are now normal, with each 
of the small vertical markers representing 20 cm/s velocity

Fig. 33.13 With injection of contrast the region to be ablated 
becomes increasingly echogenic, with prominent shadowing 
noted over the mitral valve
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The delivery of this clip has five major steps that require 
echocardiographic guidance: transseptal catheterization, 
alignment of the clip delivery system perpendicular to 
the plane of the mitral valve and centered with reference 
to the line of coaptation, alignment of the approximation 
implant device with the open arms perpendicular to the 
coaptation line of the mitral valve, closing of the arms 
and approximation of the tips of the mitral valve, and 
release of the implant device. Transesophageal echo 
(TEE) and supplemental transthoracic echo (TTE) have 
been used to guide the entire procedure, and most 
recently real-time 3D TEE has been used. TEE monitor-
ing also allows an assessment of the degree of mitral 
regurgitation (MR) and the assessment of transmitral 
gradients before the procedure, prior to clip removal, and 
immediately after the device was deployed.3

Newer percutaneous mitral annuloplasty and ven-
tricular remodeling devices are also being developed 
to perform a percutaneous mitral repair, thereby reduc-
ing mitral regurgitation by enhancing mitral coapta-
tion.56 Echocardiography will play a crucial role in 
patient selection, procedure guidance, and in assessing 
results after the procedure has been performed.

Intracardiac Echocardiography

ICE is a newer modality that can also provide excellent 
imaging of the atrial septum and associated struc-
tures.50 It utilizes a single-use ICE catheter and requires 
additional 8–11 French venous access. Benefits in 
using ICE for radiofrequency ablation of atrial fibrilla-
tion and more recently for transcatheter septal closure 
procedures have been demonstrated.53,54 An advantage 
over TEE is that ICE obviates the need for additional 
sedation or general anesthesia, as well as additional echo-
cardiography support, since the operator performing 
the percutaneous closure can also perform the ICE 
imaging. In some centers, however, additional echocar-
diography expertise is employed to assist in the ICE 
examination during the procedure.

There are three currently available ICE systems for the 
guidance of PTC. Each has unique features. The Boston 
Scientific UltraICE utilizes mechanically rotating radial 
ICE imaging, is not steerable, and is presently limited to 
2D imaging. Both Siemens AcuNav and the newer Philips 
EP Medsystems ImageMate are steerable and deflectable, 
and have 2D, Color, and spectral Doppler capabilities.

Other advantages of ICE in the guidance of PTC 
when compared to TEE include shorter procedure and 
fluoroscopy times, and as such it is emerging as the 
standard imaging modality for guiding PTC.55-58 ICE 
can be used as the primary imaging modality, without 
supplemental TTE or TEE. Recently, ICE has been 
shown to offer comparable cost to TEE-guided PTC, 
when general anesthesia is used for TEE-guided 
procedures.57

In guiding PTC of ASD and PFO, images are typi-
cally obtained from the midright atrium (See Figs. 
33.15–33.31). In the case of the steerable and deflect-
able catheters, posterior and rightward tilting of the 
transducer away from the IAS provides excellent imag-
ing of the septum and surrounding structures. The devices 
currently in use are typically double-disc devices with 
or without a self-centering mechanism. The method 
of implantation is variable and unique to each device. 
The mechanism of closure of all devices ultimately 
involves stenting the defect, with subsequent thrombus 
formation and neoendothelialization.

The preprocedural assessment of the interatrial 
septum by ICE includes evaluation of the entire inter-
atrial septum. PFO is defined as a right to left commu-
nication through the fossa ovalis, and a stretched PFO 
is defined as the same anatomical defect with resting or 
intermittent left to right flow by color Doppler imaging. 
Right to left shunting is typically demonstrated by the 
injection of agitated saline at rest and with provocative 
maneuvers such as Valsalva. An atrial septal aneurysm 

Fig. 33.15 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating left to 
right color Doppler flow (arrow) through a stretched patent 
foramen ovale. LA left atrium; Dao descending thoracic aorta



646 F.E. Silvestry

BookID 128962_ChapID 33_Proof# 1 - <Date> BookID 128962_ChapID 33_Proof# 1 - <Date>

is defined as 15 mm of total movement of a 15-mm 
base of atrial septal tissue.

ASD type (ostium secundum, ostium primum, sinus 
venosus, coronary sinus), maximum ASD diameter, 
and defect number if multiple defects are present. 
Presently only ostium secundum atrial septal defects 
are amenable to PTC. Defects up to 38 mm in diameter 

have been closed successfully via PTC, as well as 
multiple atrial septal defects, and those associated with 
atrial septal aneurysm. Associated abnormalities of the 
pulmonary veins, IVC, SVC, coronary sinus, and AV 
valves should be excluded. Consideration of the size of 
the atrial septal rim of tissue surrounding the defect is 
important in evaluating patients for successful PTC, 

Fig. 33.16 M-mode recording through the interatrial septum demonstrating increased mobility (greater than 1.5 cm) consistent 
with atrial septal aneurysm

Fig. 33.18 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating the 
delivery sheath (arrow) crossing through a patent foramen ovale 
into the left atrium (LA). Ao aorta; PA pulmonary artery; Dao 
descending thoracic aorta

Fig. 33.17 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating guide 
wire (arrow) crossing through a patent foramen ovale into the 
left atrium (LA). Ao aorta; PA pulmonary artery; Dao descending 
thoracic aorta
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and a rim of 5 mm is generally considered adequate. 
The inferior and superior rims may be particularly 
important for successful PTC, although small series 
have reported success in patients with deficient rims. 
Balloon sizing of the ASD can be achieved with a bal-
loon by one of two methods:

A “pulling technique” where a sizing balloon is 
inflated in the left atrium to a size larger than the ASD 
and pulled toward the defect until it occludes it (docu-
mented by color Doppler on either TEE or ICE).  

The balloon is then deflated until it moves from the left 
atrium to the right atrium. The amount of fluid inside 
the balloon at the time the balloon crosses the defect is 
measured, and once removed compared with a sizing 
plate that corresponds to the diameter of the defect.

Alternatively, the simpler “stationary balloon dila-
tion,” involves the use of a low-pressure balloon that is 
placed across the ASD and inflated. Imaging with TEE 
or ICE, as well as fluoroscopy monitor the inflation, 
and when the defect is completely occluded there will 

Fig. 33.20 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating a 
CardioSeal closure device with its upper arms now appropriately 
positioned such that they are compressing against the PFO tun-
nel (arrow) in the left atrium (LA)

Fig. 33.19 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating a 
CardioSeal closure device with its upper arms malpositioned 
such that they are folding within the PFO tunnel (arrow). LA left 
atrium; Ao aorta; Dao descending thoracic aorta

Fig. 33.21 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating a 
CardioSeal closure (arrow) with both sides of the disc fully 
deployed. The device is still attached to the guiding cable. LA 
left atrium; Ao aorta; Dao descending thoracic aorta

Fig. 33.22 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating a 
CardioSeal closure after release from the guiding cable. LA left 
atrium; Dao descending thoracic aorta
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be no color Doppler flow shunting seen, and a waist 
appears in the balloon contour. The balloon waist 
diameter is measured by echocardiography or fluoros-
copy, and this size corresponds to the stretched diameter 
of the atrial septal defect.

The balloon is then removed leaving the guide wire 
in place, and the proper-sized device delivery sheath is 
passed over the wire into the left upper pulmonary vein 
(for stability) under echocardiographic guidance. The 
closure device is then delivered through the sheath into 

Fig. 33.24 Intracardiac echo image from the mid right atrium 
(RA) with posterior and rightward tilting demonstrating the 
guide wire crossing the atrial septal defect into the left atrium 
(LA)

Fig. 33.23 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating a mod-
erate size ostium secundum atrial septal defect. LA left atrium; 
Dao descending thoracic aorta

Fig. 33.26 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating the 
guiding sheath (GS) crossing the defect into the left atrium (LA)

Fig. 33.25 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating a sizing 
balloon (arrows at balloon waist) across the atrial septal defect. 
Color Doppler is used to ensure stoppage of flow, thus confirming 
that the balloon fully occludes the defect
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the left atrium. The individual insertion technique var-
ies at this point, but typically employs opening the left 
atrial disc or arms, and pulling them back to the inter-
atrial septum. Once the LA aspect of the device is in 
position, the RA aspect is opened thereby “sandwich-
ing” the septum. The arms of the device rest on the 
rims of atrial tissue surrounding the defect, and as such 
in ASDs associated with deficiencies in these rims, a 

stable position can be more difficult to achieve. A stable 
device position for certain devices (i.e., Amplatzer 
Septal Occluder) is confirmed by moving the connecting 
cable (and thus the device attached to it) forward and 
backward.

When the device is confirmed to be in a satisfactory 
position, surrounding structures are evaluated. Large 
devices may threaten the patency of the right upper 

Fig. 33.27 Intracardiac echo image from the midright atrium 
(RA) with posterior and rightward tilting demonstrating the left 
atrial disc of an Amplatzer septal occluder opening

Fig. 33.29 After both discs are deployed a push pull maneuver is 
performed to confirm a stable position without risk of dislodg-
ment prior to release. The device is being pulled on in this image

Fig. 33.30 Prior to release, the device is shown appropriately 
positioned

Fig. 33.28 The Amplatzer septal occluder is pulled back to the 
interatrial septum (IAS) in the left atrium (LA), prior to opening 
the right atrial (RA) disc
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pulmonary vein, superior vena cava, inferior vena cava, 
coronary sinus, and occasionally the function of the 
tricuspid and mitral valves. The device is then released, 
and reimaged with echocardiography to assess for 
immediate ASD closure, as its position often changes 
once the traction of the connecting cable is no longer 
present.

Percutaneous Transcatheter Aortic 
Valve Replacement

Recently, percutaneous transcatheter aortic valve 
replacement (TAVR) has been described and initial 
studies are presently being performed with two distinct 
biologic valves mounted on stents, which are crimped 
onto a balloon and delivered via a valvuloplasty 
technique.58-61 TAVR can be performed via a retrograde 
transaortic approach, or via a direct surgical transapi-
cal approach.62 Echocardiography plays a critical role 
in patient selection, and in particular in choosing the 
appropriate size of the prosthesis to be implanted. 
Measurement of the aortic annular diameter is impor-
tant in determining correct prosthesis size.63 Small dif-
ferences in aortic annular diameter and geometry have 
been recently demonstrated between TTE and TEE.63 
During the procedure, TEE has been used to ensure 

appropriate positioning of the prosthesis and to assess 
for paravalvular regurgitation after the valve has been 
implanted. Real-time 3D TEE has also been described 
during this procedure, but its exact role and incremen-
tal value when compared with standard 2D TEE is not 
fully known at this time.

Real-Time 3D Echocardiography

Newer imaging modalities that are either available com-
mercially or in development include on line real-time 
three-dimensional TTE and TEE (RT3D) and real-
time 3D ICE, which offers the potential for additional 
advantages in the guidance of percutaneous noncoronary 
interventions. Real-time 3D ICE is presently not commer-
cially available. These modalities offer the advantage 
of being able to delineate the complex relationships 
between intracardiac anatomy, physiology, and device 
function, although have not been systematically evalu-
ated in these settings.64-78 Initial experience with RT3D 
TEE has been favorable in its ability to identify anatomic 
issues in procedural and device selection in patients 
undergoing ASD and PFO closure, as well as percuta-
neous repair of mitral regurgitation.

Interventional Echocardiographic 
Collaboration

As echocardiographically guided percutaneous inter-
ventions become increasingly complex, collaboration 
between the interventional cardiologist and echocar-
diographer becomes even more vital to the success of 
these procedures. Communication must be facilitated to 
ensure both operators are speaking “the same language” 
and referring to the same anatomic landmarks. The time 
required for performing complex procedures such as 
percutaneous mitral valve repair is significant and 
requires commitment on the part of the echocardiogra-
pher to be present for the duration of the procedure, 
unlike prior experience in the operating room where the 
echocardiographer performs two discrete examinations 
(before and after interventions). Echo-guided interven-
tions are truly iterative and require real time moment-
by-moment, movement-by-movement imaging. Finally, 
future goals for advanced echocardiography training 

Fig. 33.31 Following release of the guiding cable, the device 
typically migrates as it is no longer under tension from the guiding 
cable. RA right atrium; LA left atrium; IAS interatrial septum
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should include an interventional echocardiographic sub-
specialty, with training in all modalities used to guide 
procedures, including ICE. Currently training in ICE is 
available only as part of interventional and electrophysi-
ology training in centers that have suitable expertise, as 
well as commercially by vendors that market and sell 
ICE systems.
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common arterial trunk, 562
complete atrioventricular septal defect (CAVSD), 
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contrast echocardiography, 540–541
coronary artery, 560
cor triatriatum, 541–542
discordant atrioventricular connection, 549
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pulmonary arterial hypertension, 235
simple (see also Simple congenital heart disease)
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cardiac anatomy, 511
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Constrictive pericarditis
atrial fibrillation, 308
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clinical features, 304
echocardiographic findings

composite of, 305
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tissue Doppler, 306–307

pathophysiology and etiologies, 303–304
restriction, 307
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volumetric flow, 20
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contrast-specific imaging modalities, 591
coronary vasodilators activity, 592
destruction-reperfusion technique, 592
real-time low MI imaging, 592, 593
stress agent, MCE, 591
stress perfusion imaging, 592
vasodilator stress and reversible ischemia, 595

ultrasound and contrast microbubble response
acoustic property, 581
contrast opacification, 580–581
size, 580
wave intensity, 580

Conventional transthoracic echocardiography, 79
Coronary artery disease (CAD)

acute coronary syndromes (ACS), 321
acute myocardial infarction (AMI)

echocardiographic assessment, 319–321
transmural extent, 319
treatments, 318

anatomy and echocardiography
bulls-eye plot, 317
coronary angiogram, 315–316
epicardial arteries, 314
regional wall motion abnormalities, 317
17-segement model, 316

endocardial definition
apical 4-chamber, 323
automated endocardial border tracking, 322–324
color coding, 323–324
harmonic imaging, 321–322
left ventricular opacification (LVO), 322

regional wall motion assessment, 318
RWMA mechanism

acute coronary artery occlusion, 313–314
ischemic cascade, 314
parasternal short axis, 315
wall motion vs. systolic wall thickening, 314

D
Depth compensation, 8
Dilated cardiomyopathy

cardiac toxins, 423–424
Doppler echocardiography

intracardiac flow and embolization risk, 422
LV pressures, 421–422
mitral regurgitation, 421

idiopathic (primary)
causes of, 419–420
Doppler echocardiography, 420–422
family screening, 423
tissue Doppler imaging, 422–423

isolated left ventricular noncompaction, 425
myocarditis, 423
pregnancy and parturition, 424

Dipyridamole, 327
Dobutamine stress echocardiography (DSE), 326,  

363–364
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Doppler echocardiography
aortic stenosis

Bernoulli equation, 63–64
pressure gradient, 64–65

aortic stenosis valve gradient, 252
assessment

pulmonary arterial mean and diastolic pressure, 
241–243

systolic pulmonary arterial pressure, 240–241
cardiac output, 51
continuity equation

aortic regurgitation, 52–53
aortic stenosis, 53–56
mitral regurgitation, 52
mitral stenosis (MS), 53
principle, 51–52

continuous-wave (CW), 19–22
hemodynamic assessment

mitral stenosis, 66–68
pulmonary stenosis, 65–66
tricuspid valve stenosis, 68

high PRF PW, 24
methods

color-flow Doppler, 130–131
pulsed and continuous-wave Doppler, 131–132

principles, 18–19
Proximal Isovelocity Surface Area (PISA) method, 56

aortic regurgitation, 58–60
mitral regurgitation, 56–57
mitral stenosis (MS), 60
principle, 56
tricuspid regurgitation (TR), 57–58

pulsed wave (PW), 22–24
strain

advantages, 87–88
applications, 89–91
limitations, 91
requirements, 87

stroke volume, 50–51
transvalvular pressure gradient, 63

Doppler index, 243
2-D sector image, 5–6

E
Ebstein’s anomaly, 217
Echo-guided intervention

alcohol septal ablation and hypertrophic obstructive 
cardiomyopathy (HOCM)

harmonic and superharmonic imaging technique, 639
septal hypertrophy region determination, 638

ASD and PFO closure
drawbacks, 640
size and location measurement, 640

clinical application guidelines, 633
complex MV procedures

mitral valve repair system, 640
real-time 3D guidance, V-clip delivery, 641

intracardiac echocardiography (ICE)
advantages, 641
atrial septal aneurysm, 641–642

balloon removal and positioning, ASD, 644–646
balloon sizing technique, ASD, 643–644
cardiologist and echocardiographer collaboration, 

646–647
interatrial septum assessment, 641
percutaneous transcatheter aortic valve replacement 

(TAVR), 646
PTC guidance, 641

percutaneous balloon valvuloplasty (PBVa)
intracardiac echocardiography (ICE) assesment, 637
mitral regurgitation assessment, 636
TTE evaluation, 635–636

procedure guidelines, modalities, 634
transseptal catheterization, 635
TTE-guided pericardiocentesis

cannulation, 635
effusion assessment, 634

Ehlers–Danlos syndrome, 475
Eisenmenger’s syndrome, 551–552
Embolus

cardiac assessment, 488–489
epidemiology, 487
fibrinous strands/lambl’s excrescences, 500–501
left atrium (LA)

anatomy, 490–493
appendage (LAA) Doppler, 493
echocardiographic assessment, 493–495
myxoma, 497–498
spontaneous echo contrast (SEC), 496, 497
thromboembolism and atrial fibrillation, 495–496
tumor, 497

left ventricular (LV) thrombus
embolization risk, 498–499
transthoracic echocardiography (TTE), 498

mitral annular calcification (MAC), 502
mitral stenosis (MS), 501–502
mitral valve prolapse, 502
papillary fibroelastoma, 501
PFO and ASA

anatomy, 502–503
embolic event association, 504–505
risk factors, 505
stroke, potential mechanism, 504
transesophageal echocardiography (TEE), 503–504
treatment, 505–506

potential cardiovascular sources, 487–489
prosthetic valve, 500
thoracic aortic atheroma

aortic manipulation and emboli, 507
echocardiographic assessment, 506–507
management and impact of, 508
and stroke, 507

transthoracic echocardiography (TTE)
comprehensive examination, 490
left atrium examination, 490–493

transthoracic vs. transesophageal echocardiography, 
489–490

valvular vegetation
associated factors, 500
echocardiographic feature, 499

Eosinophilic myocarditis, 221
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F
Familial hypercholesterolemia (FH), 121
Fontan circulation, adult congenital heart disease, 550–551
Free wall rupture (FWR), MI

echocardiographic findings, 386–387
pathology specimen, 385–386
TEE and AMI complications, 387–388
transgastric, short-axis view, 387
transgastric TEE view, 387

Frequency (Doppler) shift (f 
D
), 47

Functional mitral valve anatomy
anatomic segments, 148
nomenclature

A-mode and M-mode, 151–152
proper orientation, 148–149
transesophageal approach, 150–151

G
Gray scale, 11

H
Harmonic imaging technique, 15–16
Hemodynamic assessment

aortic stenosis, 63–65
mitral stenosis, 66–68
pulmonary stenosis, 65–66
transvalvular pressure gradient, 63
tricuspid valve stenosis, 68

Hypertrophic cardiomyopathy (HCM)
aortic valve, 410
characteristics, 404
definitions, 399–400
diagnosis, 401
diagnostic difficulties

angulated (sigmoid) septum, 408
athletes, 409–410
cardiac amyloidosis, 409
misdiagnosis causes, 407
troponin T mutation, 407
ventricular hypertrophy, 409

Doppler echocardiography
diastolic events, 411–412
intraventricular flow velocity, 412–414
mitral regurgitation, 414–415

electrocardiogram, 401
genetic heterogeneity, 400
LV hypertrophy patterns, 404–406
mitral apparatus, 410
M-mode echocardiogram, 401–402
myocardium, hstology, 400
pathology, 399
pathophysiology, 399–401
prognosis predictors, 418–419
short-axis parasternal view, 403
tissue Doppler imaging (TDI)

athlete’s heart, 417–418
longitudinal function, assessment, 416–417
mitral annular velocities, 415–416
myocardial velocity gradient (MVG), 417

radial LV function, 417
two-dimensional echocardiogram, 402

Hypoplastic left heart syndrome (HLHS)
Fontan pathway, 532
pathology and preoperative evaluation, 530
postoperative evaluation, 531–533
surgical repair, 530–531

I
Increased flow acceleration, 68
Increased proximal velocity, 69
Increased viscous friction, 68
Infective endocarditis (IE)

computed tomography (CT), 293–294
diagnosis

comparison, 284
definition, 283
modified Duke criteria, 284

echocardiographic evidence
abscess formation, 287–288
characteristics, 285
complications, 291–292
cost effectiveness, 291
dehiscence, 290
fistula formation, 288–289
guide therapeutic decision making, 291–292
intracardiac device vegetation, 286
Lambl’s excrescence, 287
Libman-Sacks endocarditis, 287
mitral valve and aortic valve vegetations, 286
myocardial wall, 286
overuse, 290–291
perforation, 289
role, 290
systemic embolization, vegetation size, 292
transthoracic echocardiography, 285
TTE vs. TEE, 291
valvular regurgitation, 289

intracardiac-device-related infections, 293
magnetic resonance imaging (MRI), 293–294
mitral vegetation, 200
multiple echocardiographic evaluations, 293
oscillating masses, 198–199
prosthetic valve endocarditis (PVE), 292
right-sided IE, 292–293
surgical intervention, 201
TEE role, 107
TR etiology, 216–217

Inflammatory aortitis, 130
Interventricular septal shift, 238–239
Intracardiac echocardiography (ICE)

advantages, 641
atrial septal aneurysm, 641–642
balloon removal and positioning, ASD, 644–646
balloon sizing technique, ASD, 643–644
cardiologist and echocardiographer collaboration, 646–647
interatrial septum assessment, 641
percutaneous transcatheter aortic valve replacement 

(TAVR), 646
PTC guidance, 641
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Intracardiac masses
left ventricular (LV) thrombi

and acute myocardial infarction (MI), 465
characteristics, 467
contrast agent, 466–467
mitral stenosis, 467
mobile and immobile thrombus, 466
multilobulated mass, 468
short-term anticoagulation, 466
transesophageal echocardiography (TEE), 467

limitation, echocardiographic examination, 470
malignant tumor, 470
myxomas

occurrence, 468–469
transthoracic and transesophageal echocardiography, 468

rhabdomyomas, 469–470
scanning technique, 470

Intracardiac pressures assessment
left atrial pressure, 69
left ventricular end-diastolic pressure (LVEDP), 69–72
pulmonary artery pressures, 75–76
right ventricular pressure, 74–75
tissue Doppler imaging (TDI), 72–74

Intracardiac shunts. See Congenital heart disease
Intramural hematoma

characteristics and clinical significance, 480
imaging, 477–480

Intraoperative echocardiography (IOE)
congenital heart disease, 574
coronary atherosclerosis, 573
efficiency and completeness, 569
endocarditis, 574
epicardial vs. transesophageal echo (TEE), 567
essential requirement, 567
identification, 574–575
indications, 569
left ventricular outflow tract surgery

antegrade aortic valve velocity, 571–572
aortic regurgitation (AR) and myectomy, 572

mitral regurgitation (MR), 570
pulsed-wave Doppler spectrum, 571
types, composite diagram, 570

objectives, 568
pitfalls, 575
postpump examination

guidelines, 569
residual valve dysfunction, 568

prepump examination
ambulatory hemodynamic conditions vs. anesthetic 

state, 568
preoperative impression, 568

L
Lateral gain compensation (LGC), 40–41
Left atrium (LA)

examination, 105
myxoma

location, 204
M-mode technique, 204–206
pathology, 201–203

Left parasternal window
long axis, 32
short axis, 32–34

Left ventricular aneurysm (LVA), 394–396
Left ventricular end-diastolic pressure (LVEDP), 69–72
Left ventricular opacification (LVO), 322
Left ventricular pseudoaneurysm (LVP)

apicolateral pseudoaneurysm (PAN), 389
echocardiographic diagnosis, 388–389
intramyocardial rupture, 389
LV aneurysm, 388

M
Marfan’s syndrome, 474, 475
McCallum’s patches, 187
Micromaxx™ and Vivid i™ ultrasound stethoscopy, 617
Mitral annular calcification (MAC)

cardiac embolism, 502
characteristics, 195–197
parasternal long-axis image, 197–198

Mitral prolapse
Doppler assessment, 182–183
A

2
 leaflet prolapse, 187–189

P
2
 leaflet prolapse, 184–187

type I and II, 183
type III, 183–184
visualization

bioprosthesis, 189–191
catheterization-based insertion, 191–193

Mitral regurgitation (MR), 260–263
comprehensive evaluation, 156–158
congestive heart failure, 193–195
jet severity calculations, 158
spectral Doppler relationships, 159–160
timing relationships, 158–159

Mitral stenosis (MS), 66–68, 255, 257–260, 467
diastolic movement, 175–176
Doppler patterns, 176
mean mitral gradient, 178
orifice planimetry, 176–178
pressure half-time method, 178–182
three-dimensional images, 172–174

Mitral valve
examination, 104–105
spatial movement

cyclical type, 152–153
normal Doppler, 154–155

Mitral valve disease. See also Cardiac anatomic relationships
annular calcification, 195–198
color-flow Doppler controls

altered Nyquist, 165
color gain use, 161–165
differentiating flows, 160–161
excess image gain, 165–167
frame rate effect and persistence, 165
jet duration, 167–170
spectral Doppler hints, 170–172
system setting variability, 167

congenital anomalies
Alfieri stitch procedure, 210
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disease characteristics, 207–208
hypoplastic left heart syndrome, 210–213
incorrect diagnosis, 209–210

functional anatomy
anatomic segments, 148
nomenclature, 148–152

infective vegetative endocarditis, 198–201
left atrial myxoma

location, 204
M-mode technique, 204–206
pathology, 201–203

mitral prolapse
Doppler assessment, 182–183
functional classification, 183–189
visualization, 189–193

mitral regurgitation (MR)
comprehensive evaluation, 156–158
congestive heart failure, 193–195
jet severity calculations, 158
spectral Doppler relationships, 159–160
timing relationships, 158–159

mitral stenosis (MS)
diastolic movement, 175–176
Doppler patterns, 176
mean mitral gradient, 178
orifice planimetry, 176–178
pressure half-time method, 178–182
three-dimensional images, 172–174

spatial movement
cyclical type, 152–153
normal Doppler, 154–155

M-mode display, 6–8
Mustard and Senning’s operation, 556, 557
Myocardial abscess formation, 287–288
Myocardial contrast echocardiography (MCE), 362–363
Myocardial infarction (MI). See also Acute myocardial 

infarction
clinical and echocardiographic findings, 385–386
free wall rupture (FWR)

echocardiographic findings, 386–387
pathology specimen, 385–386
TEE and AMI complications, 387–388
transgastric short-axis view, 387
transgastric TEE view, 387

left ventricular pseudoaneurysm (LVP)
apicolateral pseudoaneurysm (PAN), 389
echocardiographic diagnosis, 388–389
intramyocardial rupture, 389
LV aneurysm, 388

LVA and thrombus formation
definition, 394
echocardiographic features, 396
endoventricular repair, 395

papillary muscle rupture (PMR)
AMI, 393
echocardiographic findings, 393–394

ventricular septal rupture (VSR)
color-flow Doppler, 390
complications, 389
3D echocardiography, 392–393
intracardiac echocardiography (ICE), 390

transesophageal echocardiography, 391–392
transgastric view, 2D echocardiography, 391

Myocardial viability implications
chronic reversible ischemic dysfunction

animal models, 356
extracellular matrix, 354
hibernating cardiomyocytes, 355–356
inotropic reserve, 353
inotropic stimulation, 353
microcirculation, 353
myocardial flow reserve, 352
myocyte alterations, 353–354
perfusion-contraction matching, 352
rest myocardial blood flow (MBF), 352

clinical identification
characteristics, 359
dobutamine, inotropic response, 360
working hypothesis, 359–360

echocardiography role
diastolic wall thickness, 361
identification, 360–361
myocardial contrast echocardiography (MCE), 362–363
stress echocardiography, 363–364
ultrasonic tissue characterization, 361–362

history, 351–352
physiological spectrum

chronic ischemic dysfunction, patterns, 356–357
dobutamine, inotropic response, 357–359

revascularization, 351
Myxomas

and embolus, 497–498
occurrence, 468–469
transthoracic and transesophageal echocardiography, 468

N
Noncoronary heart disease, 349
Non-Doppler tissue velocity. See Speckle tracking 

echocardiography (STE)
Normal cardiac anatomy, 32

O
Occult LV dysfunction, 261
OptiGo™, 617
Outflow-to-aortic velocity index, 125

P
Papillary muscle rupture (PMR), 393–394
Parallel processing images, 13–15
Parasternal long axis

dilated left atrium, 136–138
mitral valve position, 138–140
right ventricular trabeculation, 135–136

Parasternal short axis, 140–142
Patent foramen ovale (PFO)

anatomy, 502–503
embolic event association, 504–505
intracardiac shunts, 109
risk factors, 505



664 Index

Patent foramen ovale (PFO) (cont.)
stroke, potential mechanism, 504
transesophageal echocardiography (TEE), 503–504
treatment, 505–506

Pericardial effusion
constrictive pericarditis

atrial fibrillation, 308
chronic obstructive lung disease, 307–308
clinical features, 304
echocardiographic findings, 304–307
pathophysiology and etiologies, 303–304
restriction, 307

CT and MR imaging, 308–309
diseases

congenital absence, 297
pericardial cyst, 297–298
tumors of, 297–298

effusive-constrictive disease, 308
parietal and visceral pericardium, 297–298
and tamponade

clinical features, 298–299
diastolic collapse, 300
diastolic right atrial inversion, 300
echo-guided pericardiocentesis, 301–303
etiologies, 298
hemopericardium, 300
mitral and tricuspid inflow velocity profile, 301
pleural effusion, 303
pulmonary and hepatic venous flow velocities, 301
swinging heart, 299

P
2
 leaflet prolapse, 184–187

Power mode (amplitude) imaging method, 29–30
Pressure gradients (PG), 122–123
Pressure half-time method

advantages, 180–182
valve area determination, 178–180

Pressure waves, 3–4
Primary amyloidosis, 89–91
Prosthetic valve endocarditis (PVE), 292
Proximal Isovelocity Surface Area (PISA)

aortic regurgitation, 58–60
mitral regurgitation, 56–57
mitral stenosis (MS), 60
principle, 56
tricuspid regurgitation (TR), 57–58

Pulmonary hypertension
clinical classification, 230–231
definition, 231
detecting complications, 245–247
echocardiographic diagnosis

management, 235
pulmonary vascular resistance estimation, 233–234
right ventricular dysfunction, 233

estimation
Doppler assessment, 240–243
left ventricular function assessment, 244
right ventricular function assessment, 243–244
two-dimensional and M-mode echocardiography, 

237–240
etiology

causes, 236

congenital heart disease, 235
left heart disease, 235–236

modalities, 247–249
pathophysiology, 229–230
prognosis, 231
serial echocardiographic monitoring, 244–245
tricuspid regurgitation role, 232

Pulmonary stenosis (PS)
pulmonic valve disease, 223–224
transvalvular pressure gradient, 65–66

Pulmonic regurgitation (PR), 224–227
Pulsed-wave (PW) Doppler

aliasing effect, 22–24
clinical applications, 24
quantitative flow methods, 131–132
TR severity, 220–221
ultrasound examination, 44–46

Q
Quantitative flow methods. See Pulsed-wave  

(PW) Doppler

R
Real-time 3-D imaging, 17
Regional wall motion abnormalities (RWMA), 313–315
Replacement heart valves

annulus, 268
dehiscence, 270–271
designs of, 267
forward flow, 271
history, 266
normal variability and technical difficulties, 270
obstruction and regurgitation, 269
occluder, 271
retained posterior leaflet, 270
stentless valve, 270

Restrictive cardiomyopathy
cardiac amyloidosis, 426–427
constrictive pericarditis, 430–431
eosinophilic endomyocardial disease

definitions, 427–428
echocardiography, 428–430
pathophysiology, 428

idiopathic (primary) type, 430
physiology, 430
types of, 426

Reverberations, 8–10
Rheumatic valvular disease

characteristic findings, 119
in tricuspid regurgitation, 217–218

Right artrium examination, 106
Right ventricular outflow tract obstruction (RVOTO). See 

Complex congenital heart disease

S
Scale factor. See Altered Nyquist
Second harmonic imaging method, 29
Shone syndrome, 531
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Shunts/septal defect, simple congenital heart disease
atrial septal defect, 513

anatomy and physiology, 511–512
echocardiographic evaluation, 512–513

atrioventricular septal defect (ASD)
anatomy and physiology, 513–514
echocardiographic evaluation, 515

patent ductus arteriosus (PDA)
anatomy and physiology, 517
echocardiographic examination, 517–518

ventricular septal defect
anatomy and physiology, 515–516
caution, 516–517
echocardiographic evaluation, 516

Simple congenital heart disease
shunts/septal defect

atrial septal defect, 511–513
atrioventricular septal defect (ASD), 513–515
cardiac anatomy, segmental approach, 511–512
patent ductus arteriosus (PDA), 517–518
ventricular septal defect, 515–517

valvular abnormalities
aortic stenosis, 519–520
coarctation of the aorta, 520–521
Ebstein anomaly of the tricuspid valve, 521–522
pulmonary stenosis, 518

SonoHeart SonoSite™, 616
SonoSite™, 616
Speckle tracking echocardiography (STE)

advantages, 95–96
applications, 96
limitations, 96–98
normal values, 93–95
postprocessing analysis, 92–93
principle, 91–92
requirements, 92
validation, 92

Spectral Doppler analysis, 48, 50
Spontaneous echo contrast (SEC), 496, 497
Stress echocardiography

accuracy
CAD diagnosis, 341–342
clinical factors, 341
exercise vs. pharmacologic stress, 342
optimal pharmacologic stress selection, 342

acquisition, 329–330
harmonic and contrast imaging, 328
image acquisition, 328–330

comparison
exercise ECG, 342–343
magnetic resonance imaging, 345
perfusion scintigraphy, 344
scintigraphy, 344–345
standard exercise testing, 343
stress-imaging approaches, 343–344

interpretation
exercise and pharmacologic stress, 331
ischemic response, 332–334
left ventricular wall motion, 338
multivessel ischemia detection, 335
qualitative interpretation, 334

quantitative interpretation, 336–341
resting function, 331–332
semiquantitative interpretation, 330–331
standard performance, pitfalls, 334, 336
strain-rate imaging application, 339–340
stress echo report contents, 336
structured review, 331
tissue Doppler imaging, 338
wall thinning, significance, 332

myocardial viability
detection of, 345–346
diagnostic accuracy, 363–364
dobutamine stress echocardiography (DSE), 363–364
functional recovery, 345
outcomes and limitations, 364
protocol, 363

myocardial viability detection, 345–346
pathophysiology, 325
prognostic value

LV dysfunction, 346
myocardial infarction, 347–348
negative stress echocardiogram, 347
perioperative cardiac risk, 348
positive stress echocardiogram, 347

stress testing
dobutamine, 326
dose-limiting and side effects, 327
exercise echo tests, 325
exercise stress, 326
pharmacological stress, 326–327

valvular heart disease, 349
Subcostal window, 35–36
Suprasternal window, 36

T
Tamponade, pericardial effusion

clinical features, 298–299
echocardiographic features, 299–301
echo-guided pericardiocentesis, 301–303
etiologies, 298
pleural effusion, 303

Tetralogy of fallot (TOF)
pathology, 523
postoperative evaluation, 524
preoperative evaluation, 523–524
surgical repair, 524

Thoracic aortic atheroma
aortic manipulation and emboli, 507
echocardiographic assessment, 506–507
management and impact of, 508
and stroke, 507

Three-dimensional echocardiography (3DE)
clinical uses

congenital heart disease assessment, 604–607
LV ventricular function analysis, 605–609
LV volume, function and mass measurement, 610
segmental wall function/LV dyssynchrony analysis, 

609–611
valvular disease assessment, 602–606

enface view, 601, 607



666 Index

Three-dimensional echocardiography (3DE) (cont.)
global and segmental LV function assessment principle, 608
image quality, 601
internal coordinate system approach, 599
matrix-array transducer, 600
monocrystal transducer technology, 601–602
offline reconstruction approach, 599
real-time (RT3DE) matrix array, 600
rotational technique, 599–600
vs. magnetic resonance imaging, 601

Thrombus formation and LVA
definition, 394
echocardiographic features, 396
endoventricular repair, 395

Time-gain compensation (TGC). See Depth compensation
Tissue Doppler echocardiography

advantages, 81
applications

acute ischemia, 83–84
diastolic function assessment, 83
in dilated cardiomyopathy, 84
hypertrophic cardiomyopathy, 84–85
Mitral Annular motion, 81–83

limitations, 85–87
postprocessing analysis, 80–81
principles and modalities, 79
requirements, 79–80

Tissue Doppler imaging (TDI)
athlete’s heart, 417–418
longitudinal function, assessment, 416–417
mitral annular velocities, 415–416
mitral annulus assessment, 72–73
myocardial velocity gradient (MVG), 417
radial LV function, 417
ultrasound examination, 27
ventricular fi lling pressure determination, 72–73

Transesophageal echocardiography (TEE), 101, 291
AMI complications, 387–388
aortic valve, 105
clinical applications

aortic diseases, 108–109
atrial fibrillation, 108
cardiac masses, 109
cardioembolic strokes, 107–108
congenital heart diseases and intracardiac shunts, 109
critical care patients, 109–110
infective endocarditis, 107
perioperative procedures, 110
prosthetic valves evaluation, 107

complications, 112–113
left atrium (LA), 105
left ventricle, 102–103
mitral valve, 103–104
patient preparation and instrumentation, 101–102
pitfalls, 111–112
pulmonary artery (PA), 106–107
right atrium (RA), 106
right ventricle, 105–106
thoracic aorta, 107
tricuspid valve, 106

Transesophageal imaging, 16–17

Transesophageal standard imaging planes, 36–38
Transthoracic echocardiography (TTE), 291
Transthoracic standard imaging planes, 32–34
Transvalvular pressure gradient, 63
Tricuspid regurgitation (TR)

assessment of TR severity
color Doppler, 218–220
continuous-wave Doppler, 220
pulsed Doppler, 220–221
two-dimensional criteria, 218

etiology
Ebstein’s anomaly, 217
functional, 215–216
infective endocarditis, 216–217
miscellaneous etiologies, 218
rheumatic heart disease and carcinoid, 217–218

severity, 243–244
Tricuspid valve (TV)

physiology, 215
severity assessment, 221–222
stenosis

etiology, 221
hemodynamic assessment, 68
pulmonic valve, 223

Two-dimensional and M-mode echocardiography
interventricular septal shift, 238–239
left ventricular size and function, 240
patent foramen ovale, 240
pericardial effusion, 237
right atrial enlargement and pressure, 237–238
right ventricular size and function, 238

U
Ultrasound beam, 4–5
Ultrasound stethoscopy

abdominal aortic aneurysm screening
Bland-Altman plot, 626
multicenter aneurysm screening study (MASS), 625

athletes screening, 626–627
cardiac abnormality diagnosis, 619
clinical setting usage, 619
clinical uses

acute myocardial infarction diagnosis, 623, 624
cardiac abnormality diagnosis, 619
clinical setting usage, 619
focused or goal-oriented examination, 620–621
for inaccessible clinical examination, 622
pericardiocentesis guidance, 623, 624
principal diagnosis change, 622–623
reliable physical examination, 618
trauma and neonatal intensive care, 625

cost effectiveness
cost and time saving, 628–629
economical capital investment, 628
screening test initiation factors, 629

equipment
characteristics, 617
Micromaxx™ and Vivid i™, 617
OptiGo™, 617
SonoHeart SonoSite™, 616
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SonoSite™, 616
upgraded SonoHeart Plus™, 616

LV
dysfunction screening, 625, 627
hypertrophy screening, 627–628

mitral valve prolapse screening, 625
Seehear device, 615
training requirement, 629–630

V
Valve area, AS, 252–253
Valvular abnormalities, simple congenital heart disease

aortic stenosis
anatomy and physiology, 519
echocardiographic evaluation and cautions,  

519–520
coarctation of the aorta

anatomy and physiology, 520
echocardiographic evaluation, 521

Ebstein anomaly of the tricuspid valve
anatomy and physiology, 521
echocardiographic evaluation, 521–522

pulmonary stenosis
anatomy and physiology, 518
echocardiographic evaluation, 518

Ventricular septal rupture (VSR)
color-flow Doppler, 390
complications, 389
3D echocardiography, 392–393
intracardiac echocardiography (ICE), 390
transesophageal echocardiography, 391–392
transgastric view, 2D echocardiography, 391

W
Wall motion score index (WMSI)

ischemia severity indication, 318
semiquantitative analysis, 373–374

Williams-Beuren syndrome, 121
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