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Preface

The field of medical imaging is advancing at a rapid pace. Imaging modal-
ities such as x-ray radiography, x-ray computed tomography (CT), ultra-
sound, nuclear imaging, magnetic resonance imaging (MRI), and optical
imaging have been used in biology and medicine to visualize anatomi-
cal structures as large as the lung and liver and as small as molecules.
Ultrasound is considered the most cost-effective among them all. It is used
routinely in hospitals and clinics for diagnosing a variety of diseases and
is considered the tool of choice in obstetrics and cardiology because it is
safe and capable of providing images in real time. New applications in pre-
clinical or small animal imaging and cellular imaging are being explored.

Although there have been many clinical books published for ultra-
sound, very few technical books are available. Over the past 35 years, this
has been a major problem for the author in teaching a graduate course in
ultrasonic imaging at the Department of Bioengineering, Pennsylvania
State University, and the Department of Biomedical Engineering, University
of Southern California. It is for this purpose that this book was written.
The book is intended to be a textbook for a senior-level or first-year grad-
uate-level course in ultrasonic imaging in a biomedical engineering, elec-
trical engineering, medical physics, or radiological sciences curriculum.
An attempt has been made to minimize mathematical derivation and to
place more emphasis on physical concepts. In this edition, several chapters,
including the chapter on transducers, were greatly expanded. Chapter 1
gives an overview of the field of ultrasonic imaging and its role in diagnos-
tic medicine relative to other imaging modalities. Chapters 2 and 3 describe
the fundamental physics involved and a crucial device in ultrasound, ultra-
sonic transducers, respectively. Conventional imaging approaches and
Doppler measurements are given in Chapters 4 and 5. More recent devel-
opments, including contrast imaging and 4D imaging, are described in
Chapters 6 to 9. In Chapter 10, current status and standards on ultrasound
bioeffects are reviewed. Chapter 11 discusses methods that have been used
to measure ultrasonic properties of tissues. This chapter is optional and
may be eliminated at the discretion of the instructor. At the end of each
chapter a list of relevant references and further reading materials is given.

xiii



xiv Preface

Material contained in the book should be more than sufficient for a one-
semester graduate- or senior-level course.

The book should also be of interest to radiologists with some technical
background and practicing engineers and physicists working in the imag-
ing industry.
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chapter one

Introduction

1.1 History

The potential of ultrasound as an imaging modality was realized as early
as the late 1940s, when several groups of investigators around the world
utilizing sonar and radar technology developed during World War II
started exploring medical diagnostic capabilities of ultrasound (Goldberg
and Kimmelman, 1988). John Wild and John Reid in Minnesota developed
a prototype B-mode ultrasonic imaging instrument and were able to dem-
onstrate the capability of ultrasound for imaging and characterization of
cancerous tissues in the early 1950s at frequencies as high as 15 MHz. John
Wild’s pioneering effort and accomplishment were recognized with the
Japan prize in 1991. At the same time, Douglas Howry and Joseph Holms
at the University of Colorado at Denver, apparently unaware of the effort
by Wild and Reid, also built an ultrasonic imaging device with which
they produced cross-sectional images of the arm and leg. In Japan, start-
ing in the late 1940s, medical applications of ultrasound were explored by
Kenji Tanaka and Toshio Wagai. Two Japanese investigators, Drs. Shigeo
Satomura and Yasuhara Nimura, were credited for the earliest develop-
ment of ultrasonic Doppler devices for monitoring tissue motion and
blood flow in 1955. Virtually simultaneously with the work going on in
Japan and in the United States, Drs. Inge Edler and Hellmuth Hertz at
the University of Lund in Sweden worked on echocardiography, an ultra-
sound imaging technique for imaging cardiac structures and monitoring
cardiac functions. In parallel with these developments in the diagnostic
front, William Fry and his colleagues at the University of Illinois at Urbana
worked on using a high-intensity ultrasound beam to treat neurological
disorders in the brain. The primary form of ultrasonic imaging to date
has been that of a pulse-echo mode. The principle is very similar to that
of sonar and radar. In essence, following an ultrasonic pulse transmis-
sion, echoes from the medium being interrogated are detected and used
to form an image. Many terminologies used in ultrasound are imported
from the field of sonar and radar. Although pulse-echo ultrasound had
been used since the 1950s to diagnose a variety of medical problems, it
did not become a widely accepted diagnostic tool until the early 1970s,
when gray-scale ultrasound with nonlinear echo amplitude to gray-level
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mapping was introduced. Continuous-wave (CW) and pulsed-wave (PW)
Doppler ultrasound devices for measuring blood flow also became avail-
able during that time. Duplex ultrasound scanners that combined both
functions, allowing the imaging of anatomy and the measurement of
blood flow with one single instrument, soon followed. Today, ultrasound
is the second most utilized diagnostic imaging modality in medicine (sec-
ond only to conventional x-ray) and is a critically important diagnostic
tool of any medical facility.

Although ultrasound has been in existence for more than 40 years and
is considered a mature technology by many, the field is by no means in a
stagnant state. Technical advances are constantly being made. The intro-
duction of contrast agents, harmonic imaging, flow and tissue displace-
ment imaging, multidimensional imaging, and high-frequency imaging
are just a few examples. In this book, these new developments, along
with fundamental physics, instrumentation, system architecture, biologi-
cal effects of ultrasound, and clinical applications, will be discussed in
detail.

1.2 Role of ultrasound in medical imaging

Ultrasound not only complements the more traditional approaches such
as x-ray, but also possesses unique characteristics that are advantageous in
comparison to other competing modalities, such as x-ray computed tomo-
graphy (CT), radionuclide emission tomography, and magnetic resonance
imaging (MRI). More specifically, ultrasound (1) is a form of nonionizing
radiation and is considered safe to the best of present knowledge, (2) is less
expensive than imaging modalities of similar capabilities, (3) produces
images in real time, unattainable at the present time by any other methods,
(@) has a resolution in the millimeter range for the frequencies being clini-
cally used today, which may be made better if the frequency is increased,
(5) can yield blood flow information by applying the Doppler principle, and
(6) is portable and thus can be easily transported to the bedside of a patient.

Ultrasound also has several drawbacks. Chief among them are that
(1) bony structures and organs containing gases cannot be adequately
imaged without introducing specialized procedures, (2) only a limited
window is available for ultrasonic examination of certain organs such
as the heart and neonatal brain, (3) it is operator skill dependent, and (4)
it is sometimes impossible to obtain good images from certain types of
patients, including obese patients.

The many advantages that ultrasound is capable of offering have
allowed it to become a valuable diagnostic tool in such medical disciplines
as cardiology, obstetrics, gynecology, surgery, pediatrics, radiology, and
neurology, to name just a few. The relationship among ultrasound and other
imaging modalities is a dynamic one. Ultrasound is the tool of choice in
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obstetrics primarily because of its noninvasive nature, its cost-effectiveness,
and its real-time imaging capability. This role will not change in the foresee-
able future. Ultrasound also enjoys similar success in cardiology, demon-
strated by the fact that echocardiography is a training that every cardiologist
must have. The future of ultrasound in cardiology, however, is not as rosy
as in obstetrics because while ultrasound is progressing at a rapid rate,
other competing imaging modalities, such as multislice spiral CT and MR,
are also making great strides in improving the image acquisition rate and
image quality. Ultrasound may lose ground in certain areas, but it may gain
in other areas. Ultrasound mammography is an example of gradually gaining
importance in breast cancer imaging. Nevertheless, at a time of heightened
public concern with health care costs, the cost-effectiveness of an imaging tool
is a crucial factor in planning diagnostic strategies. Diagnostic ultrasound is
particularly attractive in this respect and is likely to remain a major diagnostic
modality for many years to come.

Although the pace of development in therapeutic ultrasound has not
been as striking as diagnostic ultrasound, significant progress has also
been made in the past decades. These efforts have been primarily focused
on developing better devices for hyperthermia, frequently in combination
with chemotherapy or radiotherapy, for the treatment of tumors, and for
high-intensity focused tissue ablation.

1.3 Purpose of the book

This book is written based upon the notes for a graduate course on ultra-
sound imaging that the author has been teaching at the Department of
Bioengineering, Pennsylvania State University, and the Department of
Biomedical Engineering, University of Southern California, since 1979. In
the 2nd edition several chapters are expanded and updated. The book is
intended to be a textbook for a senior- to graduate-level course in ultra-
sonic imaging. It should also be useful for physicists, engineers, clinicians,
and sonographers who are interested in learning more about the technical
side of diagnostic ultrasound as a reference.

References and Further Reading Materials

Cho ZH, Jones JP, and Singh M. Foundations of medical imaging. New York: John
Wiley, 1993.

Christensen DA. Ultrasonic bioinstrumentation. New York: John Wiley, 1988.

Cobbold RSC. Foundations of biomedical ultrasound. Oxford: Oxford Press, 2007.

Evans DH and McDicken WN. Doppler ultrasound: Physics, instrumentation, and
signal processing. 2nd ed. New York: John Wiley, 2000.

Goldberg BB and Kimmelman BA. Medical diagnostic ultrasound: A retrospective on
its 40th anniversary. Laurel, MD: AIUM, 1988.
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University Press, 1996.
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Cliffs, NJ: Prentice-Hall, 1987.
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Saunders, 2010.
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Academic Press, 1992.

Smith NB and Webb A. Introduction to medical imaging: Physics, engineering, and
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