265167 ( |

Introduction
to Ultrasound |

William J. Zwiebel, M.D. :
Professor of Radiology ;
University of Utah School of Medicine
Chief, Imaging Service
Department of Veterans Affairs

Medical Center
Salt Lake City, Utah

Roya Sohaey, M.D. |
Assistant Professor of Radiology
University of Utah School of Medicine
Salt Lake City, Utah
Co-Director, Women’s Imaging
Grand Valley Radiology
Holland, Michigan

A Division of Harcourt Brace & Company
Phlladelplua London  Toronto Montreal Sydney Tokya

W.B. SAUNDERS COMPANY |




W.B. SAUNDERS COMPANY
A Division of Harcourt Brace & Company

The Curtis Center
Independence Square West
Philadelphia, Pennsylvania 19106

Library of Congress Cataleging-in-Publication Data
Introduction to Ulirasound / Willlam J. Zwiabel, Roya Sohasy.
p. o cm.
ISBN 0-7216-6847-6

1. Diagnosis, Ultrasonle, L. Sohaey, Roya, [I. Tifle.
[DNLM: 1. Ultrasonography—methods. WN 2082981 1098]

RC78.7.U4795 1998
616.07'543—dc20
DNLM/DLC

INTRODUCTION TO ULTRASOUND

Copyright © 1998 by W.B. Saunders Company.

from the publisher.

Printed in the United States of America,

Last digit is the print number: 9 8 7 6 5 4 3 2

ISBN 0-7216-6947-6

Al rights reserved. No part of this publication may be reproduced or transmitted in any form or by any means, electronic or
mechanical, including photocopy, recording, or any information storage and retrieval system, without permission in writing




Contents

Color figures appear after pages 108, 164, 268, and 532.

Section 1
Basics ...

Chapter 1
Basic Ultrasound Physics and

Instrumentation ...................
William J. Zaviebel

Chapter 2
image Optimization,
Ultrasound Artifacts, and

Safety Considerations .............
William [. Zwiebel

Section 2
The Pancreas ..................

Chapter 3
The Pancreas: Sonographic

Technique and Anatomy .........

William J. Zwiebel

- Chapter 4

Pancreatitis .......................

'_ Chapter 5

“‘Pancreatic Neoplasms ............
" William J. Zwiebel

.......

he Liver: Sonographic
echnique and Anatomy .........
Villlam . Ziwiebel

...........................

Chapter 8

Solid-Appearing Hepatic

Masses ... 81
William J. Zwiebel

Chapter 9

Diffuse Liver Disease ............. o4
Walliam J. Zrwiebel

Chapter 10

Vascular Disorders of

the Liver . ..o, 101
William [: Zuwiebel

Chapter 11

The Spleen ....................... 115
William J. Zuwiebel

Section 4
The Biliary System ........... 121

Chapter 12
The Biliary System:
Sonographic Technique

and Anatomy ... 122
William J. Zuwiebel

Chapter 13

Gallstones and Their Mimics ..... 132
William. J. Zwiebel

Chapter 14 \

Gallbladder Pathology ............ 138
William J. Zwiebel

Chapter 15

Bile Duct Pathology .............. 149
William |. Zuwiebel

Section 5
The Urinary Tract ............ 161

Chapter 16
The Urinary Tract:
Embryology, Anatomy, and

Sonographic Technique .......... 162
William J. Zwiebel




x % Contents

Chapter 17

William J. Zwiebel

Chapter 18

William J. Zwiebel

Chapter 19

William |. Zwiebel
Chapter 20
Solid Renal Masses
William J. Zwiebel

Chapter 21

William J. Zwiebel

Chapter 22

William J. Zwiebel
Chapter 23

Bladder Pathology
William J. Zwiebel

Section 6
Miscellaneous

Chapter 24
William J. Zuwiebel

Chapter 25

William J. Zuwiebel

Normal Variants and
Developmental Anomalies
of the Urinary Tract

..............

Renal Failure and Renal
Vascular Disease ..........

Renal Allografts and
Hemodialysis ..............

Cysts and Cystic Diseases -
of the Kidney ..............

Urinary Tract Infection
and Calculi ................

Abdominal Topics

...........

The Abdominal Wall,
Peritoneal Space, and
Adrenal Glands ...........

The Bowel ................

Chapter 26
Abdominal Arterial

ANEUIYSIMS . viiiieiarcane e 263
William J. Zwiebel

Section 7
The Female Pelvis ........... 275

Chapter 27
Anatomy and Technique for

Female Pelvic Sonography ....... 77T,
‘Wifl_i_am J. Zwiebel

Chapter 28
Pelvic Congenital Anomalies

and Pubertal Disorders ........... 2903
William ]. Taviebel .

Chapter 29
Vaginal and Uterine

Pathology .....ccvovviiiiiiiiinnnn. 300
William J. Zwiebel

Chapter 30
Ovarian Enlargement and

Solid Extrauterine Pathology ...... 308
William J. Zwiebel

Chapter 31
Cystic Extrauterine Pathology .... 314
William |. Zuwiebel

Chapter 32

Infertility ......ccovviiiiiiiiinnn. 329
William J. Zwiebel

Section 8
Obstetric U Itrasound ........ 335

Chapter 33
Obstetric Primer and
Ultrasound Examination

Guidelines ... 336
Roya Sohaey

Chapter 34
Fetal Growth ... 346
Roya Sohaey




263

275

277

293

300

308

314

Chapter 35

Amniotic Fluid and Fetal

Roya Sohaey
Chapter 36

Roya Sohaey
Chapter 37

z
B

Roya Sohaey

Chapter 38
The Fetal Head, Neck,

Roya Sohaey
Chapter 39

Roya Sohaey
Chapter 40

Roya Sohaey

.Chapter 41
- The Fetal Gastrointestinal

Well-Being ...................

The First Trimester ............

The Neural Tube .............

and Face ......... ... ... ....

The Fetal Thorax .............

The Fetal Heart ...............

..........................

........................

Confents % xi

Chapter 43
Fetal Musculoskeletal

Diagnosis ... 476
Roya Sohaey

Chapter 44
The Placenta, Umbilical Cord, and

Membranes .................. ... 491
Roya Sohaey

Chapter 45
Glossary of Common Anomalies and

Syndromes ..........ocoiiee 509
Roya Sohaey

Section 9
Superficial Structures ........ 513

Chapter 40
The Thyroid and Parathyroid ..... 514
William J. Zwiebel

Chapter 47

Assessment of Breast Lesions ..... 526
William. J. Zwiebel

Chapter 48

The Scrotum .......ooooiiiininn... 532
William J. Zwiebel

INdex oo




Section 1

Basics

INTRODUCTION

One begins, of course, with the basics. In the field of diagnostic ultrasound, the
basics are physics, instrumentation, and safety, and all three of these subjects are
addressed in this section, Practitioners of diagnostic sonography, by and large, have
limited backgrounds in physics and engineering, and for this reason the two chapters
that make up this section are really basic. *The goal here is to convey fundamental
coneepts about diagnostic ultrasound in such a way that they can be understood by
virtually anyone, including the authors. More sophisticated readers may be disap-
pointed in the content of these chapters, but these individuals will be pleased to know
that numerous highly technical sources exist from which they can obtain additional
information. '




Chapter 1
Basic Ultrasound Physics
and Instrumentation

William ], Zwiebel

2

Ultrasound physics and instrumentation! are

reviewed briefly in this chapter, principally in
the format of captioned illustrations. This is an )
unusual approach for teaching ultrasound phys-
ics, but T feel that this method conveys the con-
cepts of ultrasound physies well and is relatively
painless.

Physicists or engincers reading this chapter

may be horrified to find that only a few mathe-
matical formulas are presented! 1 have avoided
the use of mathematical formulas because the
majority of medical personnel have not been
trained to think in mathematical terms. A mathe-
matical format, therefore, can make ultrasound
physics seem more complicated than necessary.

DEFINITIONS

A few definitions are in order at the outset.

Please review these buiefly now and return to
them as needed as you proceed through this and
the following chapter.

B-mode—Abbreviation for “brightness
modulation mode,” which is the basis for all
ultrasound images. Echoes are converted
info bright dots that vary in intensity (are
modulated} according to the strength of the
echo,

Farfield—The portion of the ultrasound
image distant from the transducer.®

Frame rate—The rate at which the image
on an ultrasound display screen (television
monitor) is renewed. The frame rate must
exceed 20 frames per second to avoid image
“flickering.”

Frequency—The number of ultrasound
waves per second (Fig. 1-1).

Gray seale—The display of various levels of
echo brightness in shades of gray; as opposed

*These terms ate defined here in a general sense. Nearfield and

farfield actually zefer to specific portions of an ultrasound beam,
which is beyond the scope of this chapter,

to a “bistable” display in which only black
and white are shown.

Neayﬁe}d—The i)m‘tion of the ultrasound
image near the transducer.®

Pulse echo sonography—Ultrasound
technique using a single transducer to send
short bursts (or pulses) of ultrasound into the
body and alternately “listen” for echoes.

Pulse repetition frequency—The number
of ultrasound pulses sent into the body per
second, ‘

RADAR—Abbreviation for. “radio detection
and ranging.”

Range—Technical synonym for “distance.”

Real time—Abbreviated term meaning “in
real time”; that is, movement is depicted on
the display screen as it oceurs, without an
appreciable delay.

Scanhead-—The composite of the ultrasound
crystal, its electrical attachments, and its
housing. In short, the entire ultrasound
sending and receiving device that comes into
contact with the patient,

Scanner—The entire ultrasound instrument,
including the scanhead.

SONAR—Abbreviation for “sound navigation
and ranging,”

Sonography—The process of generating
images with ultrasound (analogous to the
term “photography”).

Transducer—A device that converts one
form of energy into another. The ultrasound
crystal is the heart of the transducer. Tt
converts electrical energy to ultrasound
{mechanical energy) and vice versa.
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Two-dimensional image—An image that
has width and height. Photographs and

television images are two-dimensional.

]
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kilohertz).! For medical diagnosis, ultrasound
frequencies of 2.5 to 10 million cycles per
second (2-10 megahertz) are used commonly.

Ultrasound—Sound that exceeds a
frequency level of 2000 cycles per second (2

Wavelength—The distance encompassed by
each ultrasound wave (Fig. 1-1).

Ultrasound
Crystal
Compression Rarefaction Compression Rarefaction
< v o

—Wavelength————>

[N N\

<€—— One Wave or Cycle —>»

Cycles
Frequency = —_—
Second

~ Figure 1-1—Illusiration of an Ultrasound Wave. As the ultrasound crystal (upper left) vibrates, it
sends an ultrasound wave into the body that consists of alternating compression and rarefaction zones (that is,
the tissues are altemnately compressed and stretched as the wave passes through).

The ultrasound wave can be illustrated as a graph, as seen in the midportion of this figure. Each complete
“wave” or cycle contains one compression and one rarefaction zone, and each wave is represented on the graph
as one peak and one valley. The wavelength is the distance between consecutive peaks (as shown here),
onsecutive valleys, or consecutive crossings of the bascline.

The frequency is the number of waves (or cycles) per second. The term herfz® is commonly used when
referring to frequency. One eycle per second equals 1 hertz (Iiz); therefore, 1000 cycles per second equals a
“kilohertz (KHz) and 1,000,000 cycles per second equals a megahertz (MHz). When we say that a certain

ltrasound transducer operates at 5 megahertz, we are using shorthand meaning that it operates at 5 million
yeles per second.

"+ *Itis term honors a famous German physicist named Hertz (not the car rental company).
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Figure 1-2—Ultrasound Production. Ultrasound is produced by the vibration of a synthetic crystal
that possesses piezoelectric propertics. When an electrical potential is applied to a piezoelectric crystal, it either
expands (A) or contracts (B), depending on the polarity of the electrical connections. Ultrasound is generated
when a rapidly alternating electrical potential causes the crystal to vibrate (C).
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Echo

Crystal

Figure 1-3—Ultrasound Reception, Ultrasound “echoes” reflected from objects within the body are
detected by the same piezoelectric crystal that produced the ultrasound waves. The returning waves deform the

. crystal, generating a minute electrical potential that is sensed by the instrument and recorded electronically.
This electrical potential is exceedingly weak and could not possibly light a light bulb, as facetiously shown here.
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Crystal Ultrasound
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é Reflectos -
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| Reflector
)

Time B
(2x Time A)

Figure 1-4—Pulse-Echo
Sonography. For most medical
apphcations, the piezoelectric crystal is
stimulated electrically for only very short
periods and produces, therefore, brief
“pulses” of ultrasound (A). The
ultrasound crystal then “listens” for
echoes from structures within the body
(B). Ultrasound pulses are very short;
and the listening period is about 1000
times longer than the sending period.

For a businessperson, time is money,
but for an ultrasound instrument, time is
distance; that is to say, distance is
measured as the transit time of the
ulirasound pulse—from the ultrasound
crystal to a reflector and then back to
the crystal (Time B in part B). The
longer the transit time, the greater the
distance from the erystal to the reflector.
To calculate distance, the instrument
assumes that ultrasound travels through
soft tissues at a uniform velocity of 1540
meters per second.? Transmission
velocity actually is not uniform for all
soft tissues, but image distortion
resulting from velocity variation usually
is insignificant.
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Crystal

gure 1-5—Reflecting Interfaces. Ultrasound is reflected only at boundaries, or -z'nfe:\faces, between
two materials that have different acoustic properties. (A) Ultrasound pulses transmitted thronghout the ocean
e reflected when they stitke a ship, since the steel from which the ship is made has vastly different acoustic
ropeérties than the adjacent water, (B) If ultrasound pulses traveling through the ocean do not encounter a
hip, or anything other than water, they will travel outward until they fade from existence (from frictional
rees), and they never will return to the transducer.
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Figure 1-6—Echo Strength, Factor 1. A major factor affecting echo strength is the degree to which
the acoustic properties differ for materials making up a reflecting interface {or boundary). This difference is
called the acoustic impedance mismatch. The greater the mismatch, the greater the reflection, and the Jess
ultrasound penetrates the interface. For instanee, as shown in (A), strong echoes are generated at the boundary
between the liver and perinephric fat {arrows} because the acoustic properties of these tissues are different.
The acoustic impedance mismatch is not so great as to block ultrasound transmission entirely, however, and
deeper structures are clearly visible. (B) In contrast, virtually all the ultrasound energy is reflected at a bone/
soft tissue boundary (arrow) because the acoustic mismatch between bone and soft tissue is very great. An
“acoustic shadow” occurs distal {deep} to the bone since virtually all the ultrasound is reflected.

A N

Figure 1-7—Echo Strength, Factor 2. The
strength of an ultrasound echo also is governed by the
inherent strength of the ultrasound beam. A powerlul
ultrasound pulse {A) generates stronger reflections than a
weak pulse (B). It might seem that the strongest possible
ultrasound beam should be used to enhance image
quality, but three factors necessitate the restriction of
beam strength: (1) if echoes are too strong they will
“overwhelm” the ultrasound receiver, causing “white out”;
(2) excessive beam strength (ultrasound power) can cause
tissue damage; and (3) excessive beam strength could
B generate heat perceptible by the patient.
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igure 1-8—Echo Sirength, Factor 3. The strength of a reflection also is affected by the angle at
vhich the ultrasound beam strikes a reflecting interface. In technical jargon, this angle is called the angle of
. cidence. As is the case with light, the angle of incidence of an ultrasound beam equals the angle of reflection.
[ A) Maximum reflection back to the transducer, hence the strongest echo, occurs when the angle of incidence
5€ 90°% that is, when the reflector s perpendicular to the ultrasound beam. (B) The strength of the echo wanes

angle of incidence decreases. {C) At some poinf, the ultrasound beam is deflected away from the crystal
echo is recorded.
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Specular Reflector
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Figure 1-9—FEcho Strength, Factor 4. The size of the reflector significantly affects the strength of an
ultrasound reflection. Reflecting interfaces fall into two classes: (A) specudar reflectors, which are large
compared with the ultrasound beam and produce high-intensity, unidirectional reflections, and {B) scatéerers, or
tiny, punctate reflectors that scatter a small portion of the ultrasound beam in virtually all directions, (A chip in
an automobile windshield acts as a scatterer when struck by the beam of an oncoming headlight.) (C) Specular
reflectors provide the broad outlines of organs, whereas scatterers provide the “sonographic texture” within the
organs. This texture actually arises from a phenomenon called speckle, as discussed in Chapter 9. Early
ultrasound instruments could display only strong specular reflections; therefore, they could display only the
outlines of large anatomic structures.
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Figure 1-10—The B-Mode Display. All standard ultrasound images ave brightness modulated, or “B-
mode” images, Bright dots or pixels (short for picture elements) make up the picture, and the brightness of
each pixel (illustrated here by the size of the circle) is modulated (adjusted) in proportion to the strength of
each echo (illustrated by the height of the spikes).

A One-Dimensional Display B Two-Dimensional Display

gure 1-11—One- and Two-Dimensional Displays. (A) The B-mode display from a single

sound erystal is 2 one-dimensional series of bright dots. This is the ultimate “ice-pick” or “searchlight” view
he world. (B) Multiple “ice-pick” views are assembled to form a two-dimensional (width and height) image,
llustrated here with a Tincar array transducer. With linear array devices, multiple “ice-pick” views ave lined
de-by-side, like the teeth of a comb. .
' array transducer contains multiple elements that can be fired singly or in groups. The elements of a linear
are fired beginning at one end and proceeding to the other. The result is a series of “echo lines” that
tively are called a frame. When the frame is complete, it is displayed on a television screen, and the
cess of accumulating a new set of echo “lines” begins all over.
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Figure 1-12—Sector Images. Pie-shaped finages resembling a sector of a circle are used commonly in
medical sonography. These images are produced in two ways: {A) A curved array may be used. Such arrays
operate in the same way as linear arrays, but the transducer elements are oriented on a curved surface. (B) A

second technique for creating a sector image involves a mini-linear array in which the elements are fired in a

certain way to generate a series of radially oriented ultrasound heams (see subsequent figures). With either
system, multiple one-dimensional lines of echo information are obtained and stored for subsequent asserbly as

a two-dimensional image.
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Figure 1-13—Electronic Beam Formation, Steering, and Focusing, Many ultrasound instruments

utilize a “phased array” ultrasound crystal to create, steeor, and focus the ultrasound beam. Each crystal element
produces a “wavelet,” or little ultrasound wave. The wavelets merge at 2 short distance from the crystal to form
2 unified “wavefront.” (A) If all the array elements are fired simultaneously, the resultant wavefront maves
straight cutward from the crystal. (B) 1t each,sueceeding crystal element is fired a little later than the next,
then each wavelet is out of phase with the adjacent wavelet (i.e., the peaks and valleys do not line up). This
lack of synchronization causes the wavefront to deviate from a straight path. By changing the element firing
delay, the wavefront may be made to deviate a little or a lot. (C) For sector image formation (as shown in
Figure 1-12B), the firing delay is altered sequentially, causing the ultrasound beam to sweep through a sector
of a circle. As the beam sweeps through its arc, multiple pulses of ultrasound are sent out along different lines
of sight and ultrasound echoes are acquired for each of these lines. These echo lines are stored for display as a
two-dimensional image. (D) The firing delay mechanism also may be used to focus the beam. This feature is
operator controlled, permitting the focal zone to be placed in areas of interest. An analogous method is used to
* “return focus,” or to enhance crystal sensitivity for echoes that arise from specified depths within the body.

\ Reflected Waves

\%% -Reﬂected Waves \

: £ 2
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Figure 1-14—Doppler Ultrasound Principles. The Doppler effect refers to the change in frequency

occurs when ultrasound is reflected from moving objects. (A) If the objects (e.g., red blood cells) are

ng away (relatively) from the transducer, then the reflected (returning) waves have a longer wavelength

a lower frequency than the incident (outgoing) waves. (B} If the reflecting objects are moving toward the
icer, then the reflected waves have a shorter wavelength and a higher frequency than the incident waves.

frequency difference between the, incident and reflected wave is called the Doppler shift. The size of the

ler shift is directly proportionate to the velocity of the reflectors. In essence, Doppler ultrasound provides

vieces of information: (1) the direction of the Doppler shift (increase or decrease) indicates the direction of

d flow; and (2) the size of the shift indicates the velocity of blood flow.
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A Droppler — g‘f’idam *d Reflected
Frequency Shift — trasound  —  Ultrasound
Frequency Brequency
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2x Incident* , Blood
B Doppler Frequency ~ Velocity
Frequency Shift =

Constant

C Doppler Angle @

)'5! ‘\ Flow
\__ Direction =~

*

Dopplér Line
of Sight

* The incident frequency refers to the ultrasound beam sent into the body.

Cosine @

A

Figure 1-15—The Doppler Formula. (A) The Doppler frequency shift is the frequency difference
between the incident (outgoing) ultrasound beam and the returning echoes. (B) The Doppler {requency shift
may be predicted using the Doppler formula, which is Hlustrated here. Since the incident frequency and the
constant are known, the Doppler frequency shift is proportionate to two unknown variables: the velocity of the
reflector (blood), and the Doppler angle. {C) The Doppler angle is illustrated with the Greek letter theta (8).
The Doppler angle can be determined with modern ultrasound instruments, permitting the Doppler equation
to be solved (electronically) for the only remaining variable, the reflector velocity (the velocity of blood flow).
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Figure 1-16—Duplex Sonography. The term duplex sonography refers to the simultaneous display of
an ultrasound image and Doppler information. The display screen typically shows the following information:

B-mode image—-A two-dimensional, B-mode image of the area of interest is shown at the top of the display.

Sample volume—The region where Doppler information is obtained is ealled the sample volume. This is
shown by parallel lines on the B-mode image {arrowhead).
Doppler angle~-the Doppler angle (see Figure 1-15C) is visible on the B-mode image and also is displayed
numerically (0 = 51 degrees, upper left corner of display}.

Flow direction—Flow away from the transducer is shown above the spectrum haseline, and flow toward the
transducer is shown below the baseline, (In this case, all flow is away from the transducer; ie., above the

baseline.)

Velocity distribution—the 7z axis, or the brightness of the spectral display elements, and the width of the
spectrum, correlate with the distribution of velocities ({frequency shifts) in the sample volume. To better
understand the z axis, imagine that the spectrum display is made up of tiny pixels, or picture elements, with
each corresponding to a specific moment in time aug a specific velocity (frequency shift). At the moment In
time indicated by arrow A, the picture elements corresponding to 50 em/sec are black, indicating that no
blood cells are moving at 50 em/sec. At the same moment, pixels corresponding to 75 em/sec (arrow B) are
gray, indicating that a moderate number of blood cells are moving at that velocity. Picture elements
corresponding to arrow C are white, indicating that a large proportion of bload cells are moving at about 50
cm/sec at that moment in time, Note also that the spectrum is very narrow (just a thin line) at G, indicating
that at that moment in time most of the blood is moving at the same velocity. In contrast, the spectrum is
much thicker (broader) at B, indicating that the range of velocities is much wider at moment B. Note alsa
-that a wide range of velocities is present throughout diastole, as indicated by a broad diastolic spectrum

(open arrow?),
Moment-by-moment velocity data—The vertical arrow at the bottom of the spectrum display represents a
moment in time. The numbers at the top right of the display show the maximum velocity (PKe VEL), the
average velocity (AVG VEL), and velacity range {(BW 50%) within the sample volume at the moment

indicated by the vertical arrows.




16 % Basic Ultrasound Physics and Instrumentation

Transducer

~

’
J

Amplitude
\S\}}J\\ Information Only
"""'--..____\ Oy \\ -
Ny f} Doppler Shift

Information

/
/
VYT e A A I T T TTTITd

B

Figure 1-17—Principles of color Doppler sonography. (A) Color Doppler sonography refers to the
representation of blood flow in color on a two-dimensional ultrasound image, as shown here. See this figure in
the Color Plates. (B) Color Doppler images are produced as follows: Stationary reflectors generate echo
amplitude information but do not generate a Doppler shift. Stationary reflectors, therefore, are shown in shades
of gray. Flowing blacd generates a Doppler shift in addition to amplitude information, and all Doppler-shifted
echoes are shown in color. The direction of flow is shown by the color hue. For instance, red may represent
flow in one direction (relative to the transducer), and blue may represent flow in the opposite direction. The
velocity of blood flow is represented by the shade of color. For instance, lower velocities might be dark red,
and higher velocities pink. Note the color wheel in the left upper corner of part A. This whee! indicates the
coding for flow direction and velocity. (See Color Figure 1-17A following page 108.)
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Chapter 2

Image Optimization,
Ultrasound Artifacts, and
Safety Considerations

This chapter provides instruction on how o
adjust an ultrasound instrument to produce the
clearest and most informative ultrasound images.
It also provides information on corumonly en-
countered ultrasound artifacts that can be bene-
ficial or problematic diagnostically. Finally, this
chapter considers the bioeffects of ultrasound
and ultrasound safety. Many of the terms used in
this chapter are defined in the preceding chapter,
and the reader should refer to these definitions
as needed.

IMAGE OPTIMIZATION

Computerized automation has made it rela-
tively easy to adjust ultrasound instruments;
nonetheless, sonographers must be familiar with
basic principles of ultrasound physics and instru-
mentation to optimize the function of diagnostic
ultrasound devices. Many instruments now are
equipped with preset power, gain, and echo-pro-
cessing parameters that are tailored to specific
applications, such as obstetric or abdominal diag-
nosis. In spite of these conveniences, it remains
necessary to “fine tune” the image repeatedly in
the cowrse of most sonographic examinations.

Six steps are suggested for image optimization:

1. Select a scanhead (see definition in preceding
chapter) with an ultrasound frequency appro-
priate to the depth of operation.

9. Choose the appropriate preprogrammed in-
strument setup (e.g., abdomen, pelvis, super-
ficial structures).

3. Adjust the field of view to encompass the arca
of interest.

4. Adjust the focal depth.

5. Adjust the gain and power settings to provide
a uniform level of echoes throughout the im-
age.

6. Select pre- and postprocessing settings as

needed, to enhance specific image features.

William J. Zwiebel

For convenient reference, these six steps are
listed in Table 2-1. Each of the six steps will be
considered in turn.

Scanhead Selection

Each scanhead contains a piezoelectric crystal
that produces a range of ultrasound frequencies,
but this range is limited. Different scanheads
are requived, therefore, for different ultrasound
tasks. For example, a 7.5- or 10-MHZ scanhead

 isideal for examining the thyroid gland, but these

scanheads would be useless for examining the
liver or kidneys. At most, a scanhead may be
designed to function at three frequencies (e.g.,
2.5, 35, and 5 MHzg); therefore, the need to
switch from one scanhead to another is inevita-
ble. Image resolution with higher ultrasound fre-
quencies, such as 5 to 10 Milz, generally is
superior to resolution with lower frequencies (2
to 4 MHz), but high-frequency ultrasound can-
not penetrate deeply into the body since the
ultrasound beam is attenuated (weakened) more

Table 2-1. Ultrasound Instrument Adjustment Protocol

1. Scanhead
Select a scanhead with a frequency appropriate to the
depth of examination.

9. Programmed Setup
Select the appropriate preprogrammed instrument
setup.

3. Field of View
Adjust the field of view such that the display screen is
filled with usefu! information.

4. Focal Depth
Place the focal region in the area of maximum
interest.

5. Time-compensated Gain (TCG) and Output Power
First adjust the TCG, and then adjust the output
power Lo produce a uniformly bright image and
optimal echo strength,

6. Pre- and Postprocessing
Select the pre- and postprocessing settings to enhance
areas of interest,
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readily than a low-frequency beam. In choosing
a scanhead, therefore, a compromise must always
be struck between resolution and attenuation.
Generally, 7.5- to 10-MHz scanheads are used
for very superficial structures, such as the thyroid
gland or breast; 5.0-MHz scanheads are used for
intermediate depths; and 3.0-MHz scanheads are
used for deeper- structures, such as the abdomi-
nal conlents. In some cases, even lower frequen-
cies (2 to 2.5 MHz) are useful for abdominal
examination in large patients, particularly when
Doppler information is desired.

The shape of the ultrasound image also must
be considered in scanhead selection. Sector sean-
heads with a small “footprint,” or area of skin
contact, are desirable for working in close con-
fines, such as between the ribs. In contrast, a
broad nearfield, as provided by a linear or curved
array, is advantageous for examining superficial
structures such as the thyroid.

The final factor to be considered in scanhead
selection is the inherent resolution of a particular
scanhead design. In general, linear array scan-
heads offer better resolution than curved arrays,
and curved arrays offer better resolution than
sector scanheads. When high resolution is de-
“ sired (e.g., obstetric imaging), the sonographer

should take advantage of the superior resolution
.of linear arrays wherever possible.

Programmed Settings

he instrument settings that are optimal for
erent ultrasound examinations vary widely.
or example, fetal echocardiography reguires the
lowing: (1) a high pulse repetition frequency
nd frame rate, needed for visualizing rapidly
oving structures; (2) a high-contrast, “edge-
nhanced” gray scale image to visualize minute
ovascular structures; and (3) a color Dop-
velocity range appropriate for intracardiac
hese instrument settings are vastly differ-
tom those that optimize abdominal images;
(1) a relatively low pulse repetition fre-
¢y and {rame rate (abdominal viscera do not
ast); and (2) a broad gray scale image that
lances “tissue texture” resolution.
use it can be quite difficult to arrive at
ight combination of instrument settings for
ination, ultrasound instrurnents are
ammed for specific applications, such as
al sonography, peripheral vascular exam-
bstetric sonography. The sonogra-

eded. It is important to use the proper
djustment package for the examination
se image quality may suffer greatly.
programs do not fit the needs of a

k and choose among these applica-.

»,
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given ultrasound department, then they can be
modified as needed, or entirely new programs
can be created for specific applications. The
manufacturer can provide assistance and recom-
mendation for such program meodifications.

Field of View

The image size should always be adjusted so
that the display screen is filled with useful infor-
mation, as illustrated in Figure 2-1. Do not be a
“postage starper,” who scrunches a tiny image
into the corner of the displayl Conversely, do not
magnify the image so greatly that orientation is
impossible.

Focus

The term “focus” is used broadly, since ultva-
sound “focusing” involves electronic techniques
that may be quite different from optical focusing,
Nevertheless, two important points must be
made concerning ultrasound focusing: First,
maximum resolution occurs in the focal zone,
and resolution may decrease significantly at a
distance from the focal zone—therefore, the fo-
cal zone should always correspond to the area of
maximum diagnostic interest (Fig. 2-2). Second,
if a broad field of resolution is desirable, multiple
focal areas should be used rather than a single
focal zone; the trade-off, however, is a reduetion
of frame rate.

Time-Compensated Gain

As an ultrasound beam travels through the
body, two processes diminish the strength or
“intensity” of the beam: (1) the beam is attenu-
ated, meaning that mechanical energy (vibration)
is converted to heat; and (2) the beam becomes
dispersed or spread out as it is reflected and
refracted at acoustic interfaces, Bscause of atten-
uation and dispersion, distant ultrasound echoes
are much weaker than near echoes; therefore,
distant echoes must be amplified much more
than near echoes to produce an .image that is
uniformly bright from the nearfield to the farfield
(from top to bottom}) (Fig. 2-3). The term “time-
compensated gain” describes the process of am-
plifying distant echoes more than near echoes.
Stated literally, the gain (amplification) is in-
creased to compensate for the effects of transit
time. Since distance equals time in ultrasound
parlance, we also could say that gain is increased
to compensate for distance from the scanhead.

Ultrasound attenuation varies markedly as the
scanhead is moved from one position to another
in the course of an ultrasound examination, and
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Figure 2-1—Field of View Adjustment.
(A} The field of view is larger than necessary and, as a
result, the portion of the image below the line is wasted,
(B) The field of view 3s so small that orientation is
difficult. (C) With proper adjustment, the area of
interest fills the field of view,

Figure 2-2- Effects of Focal Zone Adjustment. (A) The focal zone {bracket at left of image) is too high, and as a
result the superior pole of the kidney (K} is indistinct. (B) With the focal zone properly positioned, the upper pole of the

Kdney (K) is clearly seen.
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time-compensated gain (TCG*) must therefore

be adjusted repeatedly to maintain uniform im-

age intensity. Proper TCG adjustment is par-

ticularly important in the pelvis to insure clear
. visualization of the female reproductive organs
- through the distended bladder. -

Power

- The strength, or power, of the ultrasound
“beam sent into the patient may be adjusted by
‘the sonographer, The power of the beam is mea-
ured in absolute terms as watts per square centi-
“meter. Ultrasound power also is measured with
relative term called the decibel (dB), and this
erm is particularly important since it typically is
ed for instrument power settings. The decibel
2 ‘logarithmic expression that compares the
wer of two ultrasound beams. If two beams
in intensity by 1 dB, then the power differ-
tenfold; that is, one beam is ten times
owerful than the other. Thus, 2 dB
es-to a 100-fold difference in power, and 3
tes to a 1000-fold difference, and so on.
power controls om ultrasound instru-
requently are calibrated in dB, relative fo
mum or minimum output of the instru-
scanhead in use. The texm “relative” is
ks the power output settings of one instru-
t equate to those of another instru-
he output of one scanhead does not
1at of another scanhead. The actual
ut .may vary greatly from one instru-
nhead to another, Many instruments
grammed to prohibit output power levels

ns TCG, for time-compensated gain, and TGC, for
m, are equivalent and inay be used interchange-
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Figure 2-3—Time-Compensated Gain. (A} In this image, the TCG is improperly set, resulting in poor viswalization
of the posterior portion of the liver (L) and the aoria {Ao). (B} With proper TGG adjustment, the liver (L) and the aorta (Ao)

above certain limits, per the requirements of the
United States Food and Drug Administration,

Image quality is affected significantly by out-
put power, but it is not necessarily true that more
power equates to superior image quality. Output
power must be tailored to match the scanhead
and the echo processing components. It is best,
therefore, to begin with the power setting that is
preprogrammed for a specific diagnostic applica-
tion. If visualization of deep structures is limited
even though TGC is maximized, then it may be
advisable to increase the output power (Fig, 2-
4). If an increase in output power merely fills
the image with noise, then no benefit is derived,
and it may be preferable to switch to a lower
frequency scanhead to reduce ultrasound beam
attenuation,

Preprocessing and
Postprocessing

N

The echo information that retwns from the
patient is processed in two ways before the im-
age is assembled on the display screen. First,
the “raw” echo signal from the transducer is
“preprocessed,” prior to storage of the echo in-
formation; second, the stored echo information
is “postprocessed,” prior to display on the image
screet.

Preprocessing principally determines which
echoes are saved and which are discarded, on
the basis of echo strength, For example, with one
preprocessing program, high—intensity echoes are
stored and low-intensity echoes are discarded.
With another program, only the low-intensity
echoes are saved, and with yet another program,
echoes are retained over a wide range of intensi-
ties,
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Figure 2-4—Effects of Output Power Adjustment. (A} T
posterior aspect of the liver and the diaphragm are poorly seen because autput power is low. (B

he TGC has been maximized in this example, yet the
} With increased output

power, and readjustment of the TGG, the posterior aspect of the liver is seen clearly.

Postprocessing concerns the selection of
stored echoes for display on the image monitor.
This selection process is based on echo ampli-
tude or gray scale level. To understand postpro-
cessing, consider that a television monitor may
display 32 shades of gray but that a much broader
range of echo intensities exists in storage. A deci-
sion must be made as to which echoes are shown
on the display and which are not. One option
might be to show the entire range of echoes
but to compress them into 32 gray shades. The
resultant image would have wide latitude, but
subtle gray scale differences would be lost. An-
other option might be to show primarily the
low-level echoes. This approach woild enhance
subtle tissue “texture” differences, but the image
might be “noisy” and indistinct. Finally, high-
intensity echoes might be displayed while the
low-intensity echoes are ignored. The latter ap-
proach would emphasize stractural borders, such
as the edges of blood vessels, but gray scale
“texture” might be lost. The potential effects of
postprocessing are illustrated in Figure 2-5.

¥rom a pracﬁcal perspective, it is best to begin
pre= and postprocessing adjustments with the
programmed settings provided by the manufac-
tuver. Preprocessing generally is left at the pro-
grammed setting, and only postprocessing is
adjusted to enhance specific components of the
image. Postprocessing is particularly useful since
frozen images can be postprocessed “after the
fact” to emphasize areas of interest.

IMPORTANT ULTRASOUND
ARTIFACTS

As noted earlier, several commonly occurring
ultrasound artifacts affect ultrasound interpreta-

tion, either positively or negatively. There is a
vast atray of ultrasound artifacts, but we will
consider only the most important ones; namegr,
enhanced through-transmission, acoustic shad-
owing, lateral edge shadows, reverberation arti-
facts, slice thickness artifacts, and “side lobe”
artifacts.'-1

Enhanced
Through-Transmission

Earlier in this chapter, we considered the need
to adjust the time-compensated gain (TCG) so
that weaker echoes from deeper structures are
amplified more than stronger echoes from near
structures. The TCG adjustment assumes that
altrasound attenuation is relatively uniform
throughout the tissues imaged, but attenuation
actually vaiies considerably from one point to
another in most clinical applications. If the ultra-
sound beam passes through an avea of unex-
pectedly low attenuation, deeper structures
receive stronger ultrasound pulses and produce
stronger echoes than the gain settings anticipate.
As a consequence, echoes from the deeper struc-
tures are overamplified and are much brighter
than other echoes at a similar depth (Fig. 2-6).
The resultant artifact is called “enhanced through-
transmission,” since ultrasound transmission is
enhanced in the low-attenuation area.'”

Erthanced through-transmission is a crucial di-
agnostic feature of fluid-flled structures such as
cysts and abscesses. A mass should be regarded
as fluid-filled only if enhanced through-transmis-
sion is evident. A low-attenuation mass that does
not show enhancement may be a homogeneous
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it the o £ T - it e
Pt Figure 2-5—Effects of Postprocessing. (Subject: pelvic cyst.) (A) Postprocessing is adjusted to display a wide range
of echo intensities that makes the image somewhat cluttered. (B) Postpracessing is adjusted to display only high-level echoes,
which produces a sharper, “edge-enhanced” image, but low-level echoes are lost.
ere is a
we will
namely, solid mass (e.g., lymphoma), rather than a fluid-  or highly attenuating structure, Acoustic shadows
o« shad- filled structure. can hinder visualization of important structures,
ion arti- but they also can be of great diagnostic value, as
le lobe” Acoustic Shadowing 1?1 the case with gaﬂstones. They are an es§ellhf;\l
; agnostic feature of gallstones, and an object in
- The converse of enhanced through-transmis-  the biliary tree should not be regarded as a
fon is acoustic shadowing™ 7 In this case, a  gallstone if it does not produce an acoustic
hiy reflective or highly attenuating area blocks ~ shadow.
ransmission of the ultrasound beam, leading to
or absent distal echoes (Fig. 2-7). The
the need ¢ It s a hypoechoi(_: or echo-frelae area, ca]l.ed
TCE) so 1 acoustic shadow, distal to the highly reﬂephve
ures are
‘o near
mes that
uniform
enuation
point to
e ultra-
of unex-
tructures
produce
nticipate.
ser struc-
~ hrighter
Tig. 2-6).
{ through-

pission 1s

nced Through-Transmission, A
ty echoes (arrows) is present distal to a
tensity of these echoes is greater than
similar depths because the
Henuated very little as it traverses the

Figure 2-7—Acoustic Shadow. A distinet shadow
{arrows) is seen distal to a gallstone impacted in the
gallbladder (GB) neck. The shadow is caused by virtually
complete deflection of the ultrasound beam by the
gallstone.
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Lateral Edge Shadows

Acoustic shadows may occur distal to the walls
of well-encapsulated lesions, as a result of reflec-
tion and refraction of the ultrasound beam in the
lesion wall (Fig. 2-8). These shadows, which are
called lateral edge shadows, 7 are a useful diag-
nostic feature of cysts but are seen only when
high-frequency, high-resolution instruments are
used. Lateral edge shadows are not specific for
cysts, for such shadows also occur with well-
encapsulated solid lesions.

Reverberation Artifacts

Reverberations are common and annoying arti-
facts that ocour in the form of parallel lines
oriented perpendicular (more or less) to the ul-
trasound beam®® (Iig. 2-9). They are generated
when an ultrasound beam bounces back and
forth between strong specular reflectors, or be-
tween a specular reflector and the transducer.
The net result is an increase in the time required
for the ultrasound beam to get back to the trans-
ducer (remember, time is distance in ultrasound).
Several features serve to identify reverberation
artifacts: (1) they usually are multiple; (2) they
are parallel and repeat at regular intervals; (3)
one or more strong specular reflectors often can
be identified as the source of the artifact; and (4)
succeeding reverberations become weaker, since
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the beam is attenuated as it bounces back and
forth between the reflectors.

Comet Tail Artifacts

Reverberations also may oceur within small,
very dense objects, such as small metal fragments
or cholesterol crystals, as illustrated in Figure
2-10. A characteristic “comet tail” artifact results
from these internal reverberations. This artifact
consists of short parallel lines that taper and
“fade out” distal to the object.}-% 59

Slice Thickness Artifacts

- An ultrasound image is shown on a television
monitor as if it has only two dimensions, width
and height. The ultrasound slice actually has
three dimensions, width, height, and thickness,
but slice thickness is not shown. As illustrated in
Figure 2-11, the compression of three dimen-
sions into two may superimpose objects and
cause diagnostic ambiguity.> 1° Slice thickness
artifacts include cysts that appear echogenic and
spurious thickening of the gallbladder wall.

Off-Axis Ultrasound Beams

We typically assume that an ultrasound trans-
ducer produces a single ultrasound beam that
propagates straight outward from the crystal, but

Figure 2-8—Lateral Edge Shadows. {A) Reflection occurs at the surface of a sharply marginated object, and
refraction occurs within the wall of the object. These phenomena generate an edge shadow. (B) In this clinical example,

lateral edge shadows {arrows) are seen distal to the wall of an epididymal cyst (C}.
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Figure 2-9—Reverberation
Axtifacts. {A} Reverberation occurs
when the ultrasound beam bounces back |
and forth between strongly reflecting
surfaces. In this diagram, the sound beam
bounces (arrows) between the transducer A
face and a strongly reflecting superficial

Transducer

Strongly Reflecting
Interface

Reverberation
Axtifacts

interface. Reverberation artifacts are

produced that are superimposed on

deeper structures as uniformly spaced
- parallel lines. Note that the distance
between these lines is twice the distance
between the reflectors. (B) In this clinical
_e.\'amplc, prominent reverberation artifacts
are seen along the right side of the image,
These were produced by reverberation
between the transducer and a rib.

s not really the case. In addition to the main
1, all ultrasound transducers produce off-axis
s that are known by names such as side
grating lobes'® 1 (Fig. 2-12A). These
trasound beams are significantly weaker
the main beam; nevertheless, they may gen-
echoes that are mistakenly placed in the
the “real” echoes {from the main beam.
ifferent types of artifacts may result from
ltrasound beamns. First, and most com-
image may be “peppered” with a
wrious echoes that reduces detail (Fig.
econd, spurious structures are superim-
| structures (Fig. 2-120).

ctin the ultrasound image is repre-
in the mirror image artifact, once
1o ation and a second time in an
1miror image” location. Mirror image
most commonly seen adjacent to

the diaphragm, where an “extra” diaphragm may
appear in the image (Fig. 2-12C), or an echoic
liver lesion may be shown twice: once in the liver
where it belongs and a second time in the lung,
where it does not belong (or vice versa).

Mirror image artifacts are caused by two basic
fallacies in the way ultrasound machines think*
4.5 First, the ultrasound machine assumes that all
echoes that return to the transducer arise from
structures along the beam axis. This is not true,
because off-axis ultrasound beams oceur, as illus-
trated in Figure 2-12. The second fallacy is that
the ultrasound beam always travels in a straight
line to and from a reflector. This also is not the
case, for reflection and refraction may divert the
beam. These two fallacies of “ultrasound ma-
chine thinking” cause ambiguity in ultrasound
distance measurements (range ambiguity). Am-
biguous distance measurements lead to mis-
placement of objects in the ultrascund image.
Two additional examples of mirror image artifacts
are shown in Figure 2-13.
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gi‘]‘ Dense Reflector
\{}]
Bl 3
T Comet Tail
? Reverberation
Artifacts

Figure 2-10—Comet Tail Artifacts. (A) Reverberation of the ultrasound beam (arrows) within a dense object
produces comet tail artifacts seen distal to the chject. (B) In this clinical example, a distinct comet tail (arrow) is seen deep
to a dense object (possibly crystalline cholesteral) within the gallbladder.

c , D

Figure 2-11—Slice Thickness Artifact. (A) The gallbladder wall appears thick in this clinical example, but this
thickening is artifzctual. (B) With proper position of the scan plane, the gallbladder wall is thin and sharply defined. (C)
Artifactual wall thickening in this example oocurred when the slice thickness fell partially within the gallbladder lumen and
partially outside the lumen. (D) The gallbladder wall was correctly shown when the beam axds passes through the diameter of
the gallbladder lumen, minimizing the effect of slice thickness.
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Main Beam

Off-Axis Beam /\ Off-Axis Beam

Beam ntensity
Profile

Crystal

igiire 2-12—Artifacts Pue to OffAxis Ultrasound Beams. (A) Ultrasound transducers prodluce off-axs,

dary ultrasound beams in addition to the main central beam. (B) The diffuse punctate echoes within this pelvic cyst

bily are caused by off-axis ultrasound beams striking reflectors outside the eyst. {C) A mirror image of the diaphragm
generated by an off-axis beam that strikes a part of the diaphragm that is not in the image plane.

not have an absolute value, and the actual power

ULTRASOUND POWER
SUREMENT cannot be deseribed with this term. Decibel cali-
bration is like saying that a vehicle is runuing at

yas noted previously that the power of an  a certain percent of its maximum power; for
ound heam may be quantified with a unit  one vehidle, a given percentage might be 50

called the decibel. Measurements in ~ horsepower and for another vehicle the same
uscful for describing the relative  percentage might be 150 horsepower.
ut of a device, but the decibel does The watt is a commonly used absolute value
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Figure 2-13—Mirror Image
mistaken for the margin of an extra-axi
response to this finding, (B} A mirror image of & T

for measuring acoustic power, and a number of
methods are available for accurately measuring
ultrasound power in watts.® 1215 The measure-
ment process is complicated, however, by two
factors: (1) power intensity varies markedly from
moment to moment in pulsed ultrasound apphi-
cations, since the ultrasound pulses are intex-
spersed with long “listening” periods; and (2)
ultrasound power varies markedly from one point
to another within the beam due to the effects of
attenuation and focusing, The existence of these
factors creates three potential choices for de-
scribing pulsed ultrasound power: (1) as a tempo-
ral peak or temporal average; (2) as a pulse peak
or pulse average; and (3) as a spatial peak or
spatial average. The most commonly used mea-
sures are spatial peak temporal average {SPTA),
reported in milliwatts per square centimeter
(mW/em?®); and spatial peak pulse average
(SPPA), reported in watlts per square centimeter
(W/em?),

In the United States, the Food and Drug Ad-
ministration has authority to regulate diagnostic
ultrasound instruments and requires extensive
verification of output power for all devices used
for medical purposes. A standardized system for
displaying output power has not been adopted
by manufacturers of ultrasound instruments, but

Axtifacts. (A) A mirror image artifact of 1
al fluid collection. No fluid was present on & computed tomog
oley catheter (arrow) is seen

he skull {arrows) of this premature infant was
ram performed in

distal to the real image within the biadder.

it is likely that such a system will be adopted or
required in the future.
Tt is noteworthy that output power varies
markedly among presently available diagnostic
ultrasound instruments; furthermore, for a given
instrument, output also may vary markedly from
one application to another.’® 1418 Qutput power
generally is quite low for applications involving
finear array transducers. Sector scanners gencr
ally require slightly higher power than linear
arrays, and spectral Doppler applications require
the greatest power output of all. The output
power of modern pulsed ultrasound instruments
“aries from 0.02 mW/cm?® SPTA for some linear
array applications to 4000 mW/em® SPTA for
some Doppler applications (note: the high end is
4 watts/em!).1» % The power output of diagnostic
ulirasound instruments has risen steadily over
the history of medical sonography and has taken
a particularly great jump in recent years% 1% 1
This recent increase in power has raised addi-
tional concern with respect to the safety of ultra-

sound diagnosis.

ULTRASOUND SA¥ETY

The safety of ultrasound is of elementary im-
portance and has been the subject of extensive
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investigation since ultrasound was first used for
diagnostic purposes early in the 1950s. Four
physical effects of ultrasound are of principal
concern: (1) tissue heating resulting from fric-
tional resistance to wave transmission; (2)
streaming of suspended particulate matter or cell
structures; (3) direct vibratory effects on mem-
branes and other cell structures; and (4) cavita-
tion phenomena!*® The greatest concern has
centered on tissue heating and cavitation.

Tissue heating in response to ultrasound is
directly proportionate to beam intensity and the
duration of exposure. Furthermore, a 1-degree
centigrade (C) elevation of tissue temperature is
an accepted threshold for tissue damage (ie.,
tissue damage is thought not to occur if the
temperature rise is under 1 degree G).2% " It is
- generally accepted that tissue heating occurs in
" humans during diagnostic ultrasound exposure,
_but it is not known whether heating ever is suffi-
cient to cause biologic damage.”®
© Cavitation refers to the formation and/or
-expansion of microbubbles within a liquid me-
dium in response to the rapid pressure oscilla-
-tions induced by the ultrasound wave.'** During
‘the rarefaction (pressure reduction) phase of an
wltrasound beam, micrcbubbles form and/or ex-
and, creating cavities. These cavities decrease
‘in size or collapse during the comipression phase.
“As the ultrasound waves pass through tissue,
assive and rapid alteration of cavity size may
ur, potentially causing violent movement or
ctual streaming of cell conterits, as well as other
irect physical damage. In the worst case, violent
xpansion and collapse of cavities causes tremen-
ous shock waves, local heating, and the forma-
of “sonochemicals,” including free radicals. !
Cavitation, unlike tissue heating, is not pre-
y related to beam intensity or exposure time
can occur at (uite low ultrasound output
. No threshold is thought to exist, therefore,
avitation damage. The generation of cavita-

ith ultrasound appears to depend on the
mment of very precise conditions, and it is

w1 whether cavitation occurs in humans
ng diagnostic ultrasound exposure. !>

Xperiments

biologic damage that might injure or
-Organism divectly, and teratogenic effects
ight injure or kill the offspring of an organ-
concerns have generated bioeffects
that fall into several general categories:

ic experiments that address the na-
sound damage (e.g., heat production
n); (2} outcome experiments that

about ultrasound safety have been
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address the effects of ultrasound exposure on
mammalian and nonmammalian tissues (e.g., in-
sonation of cultured cells, mice, or rats in an
attempt to detect adverse effects on the individu-
als or their offspring); and (3) epidemiologic
studies of humans exposed to ultrasound.'> The
results of such experiments can be summarized
as follows:

1. Potentially damaging physical effects of ultra-
sound, such as heating and cavitation, have
been demonstrated convincingly in vitra, Al-
though these phenomena potentially could
occur in humans at current diagnostic ultra-

- sound exposure levels, it has not been demon-

= strated that these effects in fact do oceur, and
no potential adverse effects of these phenom-
ena have been revealed by epidemiologic
studies, 1214

2. Potentially adverse effects of ultrasound at
diagnostic levels have been shown in certain
tissue culture and laboratory animal studies,
but independently verified adverse effects
have not been demonstrated at output power
levels of 100 mW/em? or less for unfocused
beams and 1000 mW/cm? or less for focused
beams, The American Institute of Ultrasound
in Medicine suggests, therefore, that these
output power levels are safe for diagnostic
purposes. It is postulated, furthermore, that
significantly higher output power would be
required to produce adverse effects in hu-
mans.'?

3. Epidemiologic studies in humans have not
documented any adverse effects of ultrasound
exposure, including exposure to fetuses.?

4. No adverse effects of diagnostic ultrasound on
patients or ultrasound operators have become
apparent empirically during more than 40
years of clinical use.’®

Is Ultrasound Safe?

What about the bottom line: is ultrasound
safer After 40 years of diagnostic ultrasound ex-
perience, we can say that we think ultrasound is
safe, even though we know that ultrasound can
cause cellular damage in an in vitro setting at
currently used output levels. It is likely that we
will never be able to prove conclusively that
ultrasound is safe. The increase in output power
that has occurred in recent years is noteworthy.®
Some diagnostic instruments clearly operate
above the recognized safe limit of 1000 mW/em?®
Although it is likely that the upper limit of safe
operation exceeds 1000 mW/em?,® we would do
well to be cautious, especially during Doppler
examination of fetuses. Output power is apt to be
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maximum during spectral Doppler examination,
and the risk of biologic effects, at least empiri-
cally, is at its greatest in the early stages of Fetal
development. Therefore, in my opinion, fetal
ultrasound exposure should be kept as low as
possible during the first trimester, and it should
particularly be minimized during the period of
embryogenesis (the first 9 weeks of pregnancy).
In keeping with this philosophy, I feel that fetal
Doppler examination should be conducted only
when absolutely necessary during the first tri-
mester of pregnancy.
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