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FOREWORD

The quahty of the M-mode eehocardiogram m more dependent on the -
ability of the individual performmg the. test th any other factor. Un- -
fortunately, failure to-rectignize the importance of the. echo:technologist’s
skill and underestunaﬁon - the timhe and - effort required to attain -that
skill remain critical barners to the universal attamment of .exeellence: in
cardiac ultrasound The. Manual of Echocardiogmphw Techniques is ade-
quate testimony to the: magnitude of knowledge that must be leamed before
this level of competence can be achieved.: .

Ms. Betty Phillips is one of the pmneers among those responbele for o
today’s rapidly advancing state of the art. In. clinical and research laboratories
in the early 1970’s; she was one of the first to. demonstrate that both misuse

--of instrumentation and incorrect transducer angle were important causes of
false-positive and’ false-negaﬁve diagnoses. ‘Yet, although almost 10 years
later the- lessons we learned -then about transducer angle and instrument
control are more lmportant than ever, they still- remam sadly neglected in
the literature; ..

In the Manual of Echocardzographzc Techmques, Ms. Phllllps presents
the technical intricacies of- performing an. echocardlogram both by means of
the written text and by carefully: selected illustrations of tracings. However,
she leaves no question that techmque alone does not suffice in her discussions -
of cardiac anatomy and the dlsease processes that aifect cardlac structure and -
function. a h

Finally, although the amportgnee of techmque and knowledge of cardxac :
anatomy and pathology cannot be. overemphasized; Ms. Phillips so nghtly
presents an additional dimension. in the technologist’s approach to her task.
This dimension is the human aspect alluded to, for example, in her discussion
of patient comfort. We should always remember that an echocardiogram does
not represent simply a cold interaction. between man and machine but also a

'meeting between two human beings, a fact so often forgotten in our age of
ever-mcreasmg technology.. : RN

VINCENT E FRIEDEWALD, JR,; M, D
Honolulu Hawaii



PREFACE

This volume is intended as a textbook for the student of adult echocardi-
ography and as a practical reference handbook for the physician utilizing
" echocardiography for clinical nedicine and for practicing sonographers who
wish to further their knowledge of this technique. It presents the techniques
of conducting the echocardiographic examination to produce accurate
images and methods of interpretation necessary to evaluate the quality of
those images. o :

The sequence of chapters is deliberate. Each topic is dependent upon -
“the oné that precedes it, and the order is that which I have found best suited
to guide the reader to a solid understanding of the basic techniques of the
echocardiographic examination and its important pitfalls.
Repetition is freely used whenever it is felt necessary to emphasize
important topics, especially in overlapping areas or in different contexts.
Chapter 1 provides the reader with the basic concepts and physical
properties that constitute the ultrasound principle. Chapter 2 presents a
detailed account of all that is involved in performing the echocardiographic
examination, and Chapter 3 demonstrates in detail the value of recotding a
simultaneous electrocardiogram. Chapters 4 through 12 deal with the echo-
cardiographic technique of recording the various cardiac structures. Each of
these chapters demonstrates the anatomy of these structures, familiarizing
the reader with the many variations of normal and pathological conditions
and how these variations appear on the echocardiogram.
To these ends, this book emphasizes the technical and diagnostic aspects
of adolt M-mode echocardiography, leaving a discussion of its research uses
to others in the field of investigation. :

BETTY J. PHILLIPS, R.‘D.M..S.
Phoenix, Arizona
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Although it is not necessary for the tech-
nologist to deal with the physical principles
of ultrasonic energy in a quantitative sense,
i.e., with numerical values and formulae, an
understanding of the qualitative or behav-
ioral aspects of this type of energy is essen-
tial. Knowledge of how it is produced, how
it behaves, and how it can be employed in
the clinical setting is fundamental to devel-
oping the techniques and judgments that
yield useful diagnostic information.

Inasmuch as the character of ultrasound
is paramount in this discussion, a rigorous
treatment of its physical principles will not
be attempted. In fact, it may be useful at
times to simplify the concept by thinkingrof
ultrasound as something in between the
light and sound energy familiar to our
senses. An excellent analysis of the subject
has been provided by Wells.!

The goal here is to provide the technolo-
gist with an understanding of how ultrason-
ic energy is generated, what happens to it as
it traverses the biological medium, why it is
reflected, how it is detected, and how it may
‘be used in diagnostic ultrasound.

DIAGNOSTIC ULTRASOUND
SYSTEMS ’

There are two types of ultrasound that are
useful in clinical medicine, the Doppler
system and the pulse-echo system. In both
types, ultrasonic energy is generated by a

Chapterflv

PHYSICAL
PROPERTIES OF

ULTRASOUND

transmitting transducer* that is placed in
physical contact with the biological me-
dium (body tissue).

Transmitted energy enters and traverses
the body tissue until it encounters a reflec-
tive component (an organ or skeletal
member). At the point of encounter, a por-
tion of the transmitted energy is reflected
back to a receiving transducer. The balance
of the transmitted energy may subsequently
encounter other reﬁectiVe' components, giv-
ing rise to additional transmitted and re-
flected signals (Fig. 1-1). Reflected energy
returns through the biological medium until
it reaches the point at which it is sensed
(detected) by a receiving transducer. The
ultrasonic energy of both the Doppler and
the pulse-echo systems behaves in this
manner. The two techniques differ primar-
ily in the way in which the transducers are
excited and in the means used to process
the return information. (Fig. 1-2).

Doppler Uitrasound

With Doppler ultrasound, the transmitter
is continuously excited with a single high

*A transducer, in the broad sense, is any device that
converts energy from one form to another. The ultra-
sound transducer converts electrical energy to ultra-
sonic energy (transmitting transducer), or it converts
ultrasonic energy into electrical energy (receiving
transducer). The transmitter and the receiver may be
the same device or two separate instruments.

1



2 PHYSICAL PROPERTIES OF ULTRASOUND

Figure 1-1. Reflections. Sopnd waves can be reflected more than once before returning to the
transducer. In this M-mode recording of the mitral valve (MV), an inverted image of the mitral valve
(arrows) is seen behind the posterior heart wall (PHW). This is not an uncommon occurrence in thin-

- chested individuals, as some of the returning echoes from the mitral valve are reflected off two other
structures, such as the chest wall and sternum, betore returning to the transducer (IVS = interventricu-

lar septum).

Transducer

Figure 1-2. The sound beam. In the near
Near field field, the beam width remains equal to the di-
ameter of the transducer. In the far field, beam

divergence occurs (arrows).

Far field




PHYSICAL PROPERTIES OF ULTRASOUND 3

frequency. The frequency of the returned
energy differs from the frequency of the
transmitted energy, and that difference is
proportional to the velocity of the reflecting
component encountered. In clinical prac-
tice, the reflecting component is most com-
monly blood flowing,in arteries or veins, so
the frequency change (Doppler shift) is in-
dicative of blood velocity. Since the trans-
mitting transducer is continuously generat-
ing ultrasonic energy, it is common to
employ a second transducer as a receiver.

Puise-Echo Ultrasound

With pulse-echo ultrasound, the transduc-
er is excited at intervals, and energy is trans-
mitted in short bursts. Since the speed of
ultrasonic energy is relatively uniform in
biological tissue, the time elapsed from
transmission of the burst (pulse) to recep-
tion of the reflection (echo) is representative
of the distance between the transducer and
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the reflective component (Fig. 1-3). Since
the transducer is transmitting only in bursts,
the same device can be used for receiving
the echo. Thus, it is common to employ only
a single transducer with pulse-echo ultra-
sound. Less than one half of 1/100 of one
second is required for the generation, trans-
mission, reflection, and return of ultrasonic
energy. Therefore, it is possible to apply the
pulse-echo sequence (energy generation,
transmission, reflection, echo detection) fre-
quently, thus determining the position of an
internal organ with time.

In practice, the equipment is designed to
produce approximately one pulse-echo se-
quence per millisecond. Velocity as well as
positional information are therefore avail-
able with pulse-echo ultrasound. For exam-

- ple, suppose that the elapsed time of a

pulse-echo sequence indicated the position
of a mitral valve leaflet to be 8.20 cm from
the transducer (skin surface). Suppose that
the elapsed time of the pulse-echo se-
quence one millisecond later indicated the

A-MODE

<\

Wez—
pulmonary

S =)

posterior atrial wall

Figure 1-3. A-mode signal representation of the cardiac structures. Ultrasound echoes are dis-
played on the oscilloscope as individual peaks directly related to their anatomical location and their

reflector strength. Key: Ant. VW = anterior ventricular wall; RV = right ventricle; Ant. AR =

antericr

aortic root; AV = aortic valve; Post. AR = posterior aortic root; LA =Jeft atrium; Post. AW = posterior

_anterior wall



4 PHYSICAL PROPERTIES OF ULTRASOUND

same leaflet to be 8.24 cm from the trans-
ducer. The positional change from 8.20 cm
to 8.24 = 0.04 cm, which divided by the
time interval between pulses (0.001 sec)
vields the velocity (40 cm per sec). The fact
that the leaflet was more distant during the
second pulse-echo sequence indicates the
direction of motion to be -away from the
transducer (mitral valve closing).

GENERATION OF ULTRASONIC
ENERGY

Although it is beyond the range of human
hearing, ultrasonic energy is sound energy
in the true sense, and it is generated in
much the same way as audible sound. In
essence, a structure in mechanical vibration
establishes regions of compression and rar-
efaction in the medium that it contacts. The
speaker of a radio, for example, vibrates and
creates sound energy in the air surrounding
it. Ultrasonic energy is generated in pre-
cisely the same manner, but at a much
higher vibratory rate. While vibrating cycles
for audible sound occur from 30 to 15,000
times per second, medically useful ultra-
sound employs vibratory cygles occurring
from two to five million times per second. It
is primarily this higher frequency of vibra-
tion that causes the behavioral difference
between ultrasound and audible sound.
The structure establishing vibration is
termed the sound source and is usually a
transducer.

HOUSING

ULTRASOUND TRANSDUCERS

The speaker of a radio is an audio-sound
transducer. It converts electrical energy, via
vibratory motion, into sound energy. While
not normally used as such, a radio speaker
can also convert vibratory motion into elec-
trical energy. The mass and size of a radio
speaker prohibit vibrations much beyond 20
thousand cycles per second (20 kHz).

The high frequencies of ultrasound are
produced by piezoelectric crystals, which
form the basis of all ultrasound transducers.
The piezoelectric effect is the unique quali-
ty of a material to deform under the in-
fluence of electrical excitations or, likewise,
to create electrical signals when it is me-
chanically deformed. Quartz crystals have
this quality, but the substance most com-
monly used in medical applications is the
synthetic piezoelectric material PZT (lead-
zirconate-titanate). For use in a transducer,
both sides of a PZT disc are coated with
metal (usually silver), which is then con-
nected with the electronic equipment.
When an electrical potential is created be-
tween the two metal layers, the piezoelec-
tric disc deforms, causing its center to
“bulge” out of the plane of the periphery (as
the diaphragm of a drum). The direction of
the bulge is determined by the polarity of
the electrical potential, and the extent of the
bulge is determined by the magnitude. It is
easy to see, then, that when the disc is
placed in contact with the skin, electrical
potentials can be applied to the metal layers

Figure 1-4. The ultra-
sound transducer. The prin-
cipal element of the trans-
ducer is a disc of piezoelec-

55%&2%"?!?)'&5 ?ric s:eramic pf)sitioned
immediately behind the
lens. The piezoelectric .

crystal has the innate double
property of (1) producing
. ultrasonic pulses from vol-

BACKING

PIEZOELECTRIC

CRYSTAL tages applied to it through
the electrical connections
from the machine cable and
(2) converting the returning

LENS ultrasound pulses to elec-

trical impulses that repre-
sent the echo on the oscil-
loscope (see Figure 1-3).

The sound waves generated back into the transducer are absorbed by an insulating material within the

transducer housing.
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either to push against the skin or to pull
away from it. In practice, a metal-coated pi-
ezoelectric disc is mounted on a plastic ma-
terial through which the ultrasound vibra-
tions are conveyed to the skin. This is done
to electrically isolate and mechanically pror
tect the fragile piezoelectric disc. The disc
- and the plastic sound conductor are encased
in a structure that is easily held and that
provides strain relief for the electrical wires
leading to the energy source. While it has
numerous mechanical characteristics, the
ultrasound transducer is essentially a metal-
coated piezoelectric disc with a plastic rod
connecting it acoustically to the medium,
electrical wires connecting the metal coat-
ings to the energy source, and a casing de-
signed for protection and ease of handling.
The basic structure of a pulse-echo ultra-
-sound transducer is shown in Figure 1-4.
The vibrations of a radio speaker, particu-
larly at low frequency, can be seen and felt.
As the vibrations increase in frequency, the
speaker diaphragm motion is less percept-

ible because the excursions are shorter and .

more rapid. The vibrations of the piezoelec-
tric material are imperceptible to the human
senses because the excursions are many
times smaller than in a radio speaker. Nev-
“ertheless, the action 'is essentially the
same. ) '

NATURE OF ULTRASONIC
ENERGY

The pushing and pulling of the transduc-
er against the biological medium sets up
disturbances called regions of compression
and rarefaction. Sinee cells of tissue are in-
terconnected, the disturbances (vibrations)
are transferred through the tissue, and, at
each point along the path, the vibratory mo-
tions are the same as those experienced by
the transmitting transducer. That some in-
ternal point is set into vibratory motion is
evidence that energy is entering and tra-
versing the medium. Ultrasonic energy trav+
els by wave motion and is governed by the
applicable physica! principles. ..

‘Velocity

Thé velocity-of ultrasonic energy" is con-

trolled by the medium through which it

~

travels. In biological material, for example,
ultrasonic energy travels at an approximate
velocity of 1500 meters per second (M/sec).
While the material itself does not experi-
ence any net motion, the position of a com-
pressive disturbance will change. An analo-
gy can be drawn to the toy intercom made of
tin cans and a string. The string does not
experience any net motion, but energy ob-
viously travels’through the stiing from tin
can to tin can. The concepts of importance

‘are (1) that ultrasound energy travels

through a medium without the medium ex-
periencing net motion and (2) that the ve-
locity of travel is dependent solely on the’
qualities of the medium.

.

The Uitrasound Beam

Unlike the sound energy from a radio
speaker, ultrasonic energy does not travel
away from its source in all directions.*It
travels more like a beam of light, and only a
slight beam spreading (divergence) is exhi-
bited (see Figure 1-2). This “beam” quality
of ultrasonic energy derives from the rela-
tive dimensions of the souice (transducer)
and the wavelength of the ultrasound. Since
wavelength is inversely related to frequen-
cy, the very high frequencies of ultrasound
are accompanied by very short wave-
lengths. A wavelength can be imagined as
the distance between adjacent regions in
compressive disturbance. Obviously, the -
time between adjacent compressive regions
is determined by the vibratory frequency of .
the transducer. i

If the velocity with'which the disturbance
travels away from the transducer is known,
then the distanceWeen adjacent disturb- -
ances can be determined. Suppose a piezoe-
lectric disc with a diameter of 1 cm were -
used to generate sound or ultrasonic enéergy.
With the disc vibrating at 1000 Hz, the re-

~ sulting wavelength 'in the ‘biological tissue.

would be 200 cm — 2000 times the source
dimension, and significant divergénce could
be expected. At 2000 Hz, however, the
wavelength would be only 1 mm, or 0.1 of

‘the source dimension, and little beam diver

gence would result. - L
Just as a beam of light can be focused, the

. ultrasound beam can be concentrated. This

is accomplished by forming a concave syr-
face in the sound-coupling material of the
transducer where it contacts thxe skin. The
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important concept here is that the high fre-
quencies of ultrasound mitigate energy
spreading (or divergence), so that ultrasonic
energy travels through the medium as a
beam.

Resolution

Generation of an energy “beam” is not
the only reason for employing high-
frequency ultrasound as a diagnostic tool.
As previously stated, a portion of the trans-
mitting energy is reflected and returned to
the transducer, where it is processed to pro-
vide positional information. Physical con-
traints dictate that a sizable portion of the
returned energy wavelength be received
simply to identify its presence. A sizable
portion of the 22-cm wavelength of a 1000-
Hz signal might represent 40 cm of distance
and would not provide useful information.
Knowing the position of an internal organ
within 0.2 of the l1-mm wavelength of a
2-MHz signal, however, is significant. As a
general observation, then, the high frequen-

VS IS

MV,

Figure 1-5. The near gain control (not visible)

cies of ultrasound are commensurate with
higher resolution (positional certainty).

Attenuation

If it is true that higher frequency is ac-
companied by low ulirasound beam diver-
gence and high resolution, then why not use
frequencies even higher than the 2 to 4
MHz commonly employed? The reason for
limiting the frequency is to reduce attenua-
tion. As ultrasonic energy travels through
the body, it is absorbed amd scattered by
minute surfaces. Because the degree of ab-
sorption and scattering is proportional to
frequency, an increase in ultrasound fre-
quency will increage the attenuation.

The overall attenuation also depends on
the distance that the ultrasonic energy trav-
els entering and returning from the body.
Attenuation combined with the fact that
only a small portion of incident energy is

reflected from internal organs results in an

exceedingly faint echo at the receiving
transducer. At 2.5 MHz, echoes from organs

» #

-
\‘—‘ ‘4

b RY

. )
-
b d y

-~ Y

is properly positioned in the area designated A dur-

ing the first two beats; as a result, the full interventricular septum (IVS) and the mitral valve leaflets
(MV) are clearly seen. In the area designated B, following the second beat, the delay (attenuation) is
incorrectly adjusted, and the septum and mitral valve leaflets are poorly visualized.
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proximal to the transducer may return only
0.25 per cent of the transmitted energy.
Since echoes from distal surfaces are
many times smaller than echoes from prox-
imal reflection sites, greater amplification is
required for distal echoes. Commercially

available ultrasound instruments provide a
time-gain control for this purpose. Since

distal echoes occur later in time, the tech-
nologist may select the amplification that
will produce the most meaningful informa-
tion. Such controls normally provide for se-
lecting both the time at which the amplifica-
tion increase will start after each ultrasonic
energy burst and the rate of increase once
amplification increase has commenced. If,
for example, the internal structure of in-
terest lies between-5 cm and 12 cm below
the body surface, the technologist would set
the amplification increase to begin at a-time
representing 5 cm. The rate of amplification
increase would then be selected so that
echoes from the 12 cm surface would be
intelligibly amplified. Echoes from beyond
the 12 cm depth, then, would not be pro-
nounced, owing to attenuation. While the
time-gain controls are conceptually quite
simple, they provide the technologist with a
powerful tool for eliciting the desired infor-
mation (Fig. 1-5).

Reflections

The various components of the body (tis-
sue, muscle, bone, blood, and so on) have a
property called acoustic, or charaéteristic,
impedance. Although the property is a
measure of the components’ ability to con-
duct ultrasound waves, it is sufficient here
to understand its relationship to echoes (re-
flections). When an -ultrasound beam en-
counters the surface between two media of
different characteristic impedances, a por-
tion of the incidental energy is reflected
from the interface surface back into the first
medium, and the balance enters the second
medium. (see Figure 1-1). The amount of
energy reflected depends on the difference

in the characteristic impedances. The por-
tion of incident energy reflected from the
interface surface increases as the difference
in characteristic impedance between the
two media increases. Except for bone, most
biological materials have nearly equal
characteristic impedance. For this reason,
echoes from an interface surface are gener-
ally small. For example, the surface be-
tween the heart and the blood reflects only
about 1 per cent of the incident energy.
Bone, however, has a very high characteris-
tic impedance, as does air. A muscle-bone
interface reflects nearly 50 per cent of the
incident energy. This is the fundamental
reason that the intercostal spaces must be
used to view the heart — otherwise, the rib
bones would return most of the energy im-
mediately to the transducer and impede any
echoes that did derive from the heart itself.
Several biological components, in order of
increasing characteristic impedance, are:
fat, brain, blood, kidney, tissue, spleen, liver,
muscle, and bone. A stronger echo would be
expected from the fat-epicardium interface
than from the endocardium-blood interface
just beyond. Echoes do not occur without a
homogeneous material. Therefore, no
echoes would be expected from the area
between the epicardial and endocardial sur-
faces.

As with light, the angle of reflection and
the angle of incidence of the ultrasound
beam are equal. In practice, however, it is
not necessary to have the ultrasound beam
strike a surface at right angles. While the
echo will be stronger with orthogonal in-
cidence, surfaces are sufficiently rough to
reflect some energy back to the transducer,
To derive the best echo from the surface of
interest, the technologist may compromise
orthogonal  incidence for beam path
length. :

REFERENCE
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Chapter 2
THE

ECHOCARDIOGRAPHIC

EXAMINATION

Most patients approach any type of medi-
cal test with some degree of apprehension.
Even an individual who feels certain that he
is healthy may be concerned, particularly
when he is undergoing a test that is not

~familiar to him. A great deal of strain can be
relieved if the technologist simply presents
a confident and friendly appearance.

For the patient who has never had an
echocardiogram, the basic procedure
should be explained, emphasizing that the
examination is safe and painless and that
the knowledge gained from the test will as-
sist the physician in the evaluation of the
patient’s heart. It is also advisable that the
technologist explain that this information
will be taken from a graphic recording (not
an actual picture of the heart), which is care-
fully measured and interpreted by a physi-
cian. By informing the patient of such de-
tails, the technologist will gain his
confidence and interest and will facilitate
the performance of the examination.

A further consideration is the patient’s
modesty, which is particularly important for
the female patient. The examiner should
leave the room while the patient is chang-
ing for the examination or provide a
screened changing area. A hospital gown
worn with the opening in the front will af-
ford the technologist sufficient space in
which to position the transducer and still
maintain the patient’s modesty.

Some patients, especially elderly per-
sons, become easily chilled. It is therefore a
good practice to keep either an extra sheet
or a blanket at hand, as warmth is essential
to relaxation.

8

Finally, the attitude of the technologist
can also have a significant effect on the
quality of the echocardiographic examina-
tion. A positive, confident approach to even
the most difficult situation will reduce ten-
sion and can contribute significantly to the
successful performance of the examination.

PATIENT POSITIONING

Technically superior recordings are most
often obtained with the patient positioned
on his left side. When this position is not
possible, the patient should lie supine. In
either position, the patient should be en-
couraged to make himself as comfortable as
possible. When the patient is comfortable,
he will not tire as easily, and the incidence
of echocardiographic artifact due to muscle
tension will be lessened (Fig. 2-1).

OBSERVERS

The number of persons observing each
examination should be kept to a minimum.
When observers are present, it is important
to introduce. these people to the patient.
Only the person actually performing the test
should communicate with the patient, as
unnecessary talking can be disruptive and
distressing. Questions or opinions voiced
by observers can be misconstrued by the
patient as an indication that he has some
cardiac problem. All discussion should
therefore be reserved until the examination
is complete and the patient has left the areg.
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Figure 2-1. The comfort of both the technologist and the patient is an important factor in produc-
ing an echocardiographic recording of good technical quality. The following features illustrate this.
The patient is rasting comfortably on his left side, thereby lessening the incidence of echocardio-
graphic artifact due to muscle tension. The proximity of the technologist to both the patient and the
ultrasound unit enables her to manage transducer placement with ease and, at the same time, to make
the necessary control adjustments without disturbing the position of the transducer. The arm holding
the transducer is resting on a rolled-up towel. In addition to relieving arm and shoulder tension, this
also serves to stabilize management of the transducer.

The patient must never be placed in the
position of feeling that he is a teaching ob-
ject.

PATIENT DATA

Prior to the performance of an echocardio-
graphic examination, the technologist
should learn as much as possible about the
patient. Knowledge of the reason the physi-
cian ordered the test allows the technologist
to pay particular attention to the area of con-
cern. For example, if the physician has
noted a mid-systolic click, particular atten-
tion to the motion of the mitral leaflets dur-
ing mid- and late systole may be critical.

In the case of the hospitalized patient,
data can be obtained easily from the medi-
cal record. This will provide the technolo-
gist with a review of the patient’s history
and physical examination, the physician’s

progress notes, nurse’s notes, and, in many
cases, electrocardiographic and catheteriza-
tion data. This information will usually pro-
vide an indication of what specific disorders
the physigan suspects if they are not stated
on the echocardiogram order sheet. For ex-
ample, it will be indicated if the patient has
had a history of rheumatic fever, coronary
disease, cardiac murmurs, or pericardial
friction rub. _

In the case of an out-patient for whom
there is insufficient information on the pre-
scription, the referring physician should be
contacted. The technologist should learn
what diagnoses the physician is consider-
ing. In the event that the physician cannot
be consulted, tactful questioning of the pa-
tient may reveal why the test was ordered,
but this approach should be a last resort.

In summary, the technologist should
make every effort to see that the patient is
relaxed and comfortable and to learn the



