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Preface

This book has been organized to give an overview of the clinical
and biological potential of nuclear magnetic resonance (NMR) im-
aging, and then proceeds to discuss the fundamental principles of the
interaction of NMR and electromagnetic waves to generate the NMR
signal on which NMR images are based. Subsequently, the compo-
nents of the NMR signal, i.e., proton density, relaxation times (T,
and T,), and motion or flow, are introduced together with their var-
ious interpretations and effects on image contrast.

Finally, some of the potential applications of NMR are introduced
as well as the types of current imaging systems available. The book
concludes with a chapter that considers the hazards of NMR imaging
and site planning, as well as a reference section for those desiring to
do further reading in this area. .

NMR imaging in all likelihood will become increasingly more im-
portant to a broad spectrum of health professionals and investigators.
This book has been compiled so that a broad spectrum of readers
with general imaging or NMR background or biological and physio-
logical medical backgrounds will b able to understand the basic prin-
ciples of NMR imaging and gain enough background to progress to
more in-depth NMR studies in their respective medical subspecial-
ties. Health professionals who have been previously concerned with
imaging subspecialties will benefit from becoming familiar with the
physical principles of NMR, and those who have a background in
NMR will further gain from the sections that are devoted to imaging
and anatomic correlation. Finally, other health professionals without
background in imaging or NMR should find the principles, as illus-
trated by analogies from common experience, helpful in under-
standing this complex technology.

Stuart W. Young
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Foreword

Nuclear magnetic resonance (NMR), long an established powerful
research tool of the physicist, chemist, and molecular biologist hus
finally caught the imagination of the practicing clinician as a nonin-
vasive technique for medical diagnosis that has an unprecedented
wealth of information, versatility, and potential in medicine, The suc-
cessful combination of NMR spectroscopy with established image
reconstruction techniques, pioneered by Paul Lauterbur, and the con-
struction of stable high resolution magnets with bores large enough
to accommodate the human body during the past decade have provided
the main impetus for this development. With it arose the need for an
introductory text on NMR and its potential medical applications for
the clinician who until now had little reason to worry about the in-
tricacies of exotic physical techniques.

Dr. Young has written a lucid introduction to the fundamentals of
NMR, relating by many imaginative analogies the physical principles
of the method to similar physical phenomena more familiar from ev-
eryday life. Mastery of these concepts will be indispensable not only
to the researcher, but to the clinical diagnostician as well. NMR is
inherently a more complicated physical phenomenon than the scat-
tering of X-rays. As a result, a greater variety of information can be
extracted from NMR observations, but there is also a far greater
danger of misinterpretation and instrumental artifact. Purely empir-
ical correlations may prove treacherous. because of the larger
number of physical variables involved. To be confident of a diagnostic
finding we will need to have not just density. as in X-rays. but also
the chemical shift, T1, T2, and RF pulse sequences as part of our
second nature. The reader of this book will be well on the way to
absorbing them into his intuitive armamentarium.

Whether we enter this new field with expertise in NMR or in clin-
ical medicine, we must however remember that we are all still begin-
ners. We have learned how to measure chemical shifts. T1 and T2 in
living systems, and we are rapidly learning how differences in these
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X - FOREWORD

variables affect the images and the measurements we make, but we
have very little understanding of the factors that determine them in
normal and diseased tissues. We understand the physics, but almost
not at all the chemistry of what we see. It is the access to chemical
information, both in the imaging and in the spectroscopic mode that
makes NMR uniquely versatile among the existing research and
diagnostic methods. Therein lies the great challenge to the experi-
mentalist and the clinician. We should meet this challenge with vigor,
but also with caution, aware that we are standing before a virtually
untapped treasure of new information, but also always bearing in
mind that a little knowledge can be a dangerous thing.

Oleg Jardetzky
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Chapter 1

Nuclear Magnetic Resonance: The
Clinical Potential

Pl

How To Use This Book ....... ...

Magnetic resonance medical imaging i« becoming very important
in the clinical management of patients. The information density in
the nuclear magnetic resonance (NMR) signal is greater than that avail-
able in an imaging modality like computed tomography (X-ray CT)
because the magnetic resonance signal is based on four separate com-
ponents: density of the nuclear species (usually hydrogen, which is
composed of a single proton—'H). two relaxation times (T, and T,).
and motion or flow. The computed tomography (X-ray CT) radio-
graphic image, by comparison, is based muainly on one tissue char-
acteristic: electron density. The information available in nuclear mag-
netic resonance (NMR) images will in all likelihood be further en-
riched when other nuclear species such as phosphorus and carbon
can be scanned in clinical NMR scanners. The signals from nuclear
species other than '"H are low. and therefore. the likely format will
be to superimpose phosphorus or carbon images or spectra on hy-
drogen density images either by color tinting of the hydrogen image
or by superimposing a black dot distribution format similar to auto-
radiography. Another aspect of NMR imaging that will encourage its
clinical utilization is that magnetic resonance imaging does not use
ionizing radiation and thus is free of the potential hazards of X-ray
interaction with tissue.

The practicing physician, whether an imaging specialist or primary-
care physician. may never have encountered NMR imaging and may
have previously considered NMR as merely a chemical phenomenon
useful for sophisticated chemical analysis. The principles of NMR
were actually first described in 1946, and NMR imaging has been
used since 1973. Although -clinical medical applications of these im-
aging techniques have only recently been reported, NMR imaging
has already been shown to be clearly superior to other competitive
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imaging modalities (e.g., CT scanning) in certain specific situations.
NMR scans are free from the artifacts produced in CT scans by sharp
dense bone or metallic surgical clips (i.e., aliasing and overrange
artifacts). NMR is the imaging modality of choice in diagnosing mul-
tiple sclerosis, and by selecting the proper NMR imaging techniques,
in determining accurately areas of edema and hemorrhage which are
difficult to separate by X-ray CT. Whether a nodular density in the
lung hilum is a normal pulmonary blood vessel or an abnormal tumor
mass is a difficuit clinical problem with CT scanning or conventional
radiography; however, in NMR imaging no signal is returned from
rapidly flowing blood, and a very strong signal is returned from be-
nign or neoplastic masses. Thus, this specific clinical problem is easily
resolved using NMR. Gated NMR scans appear to be excellent for
imaging the myocardium because the flowing blood in the ventricle
(no NMR signal) accurately outlines the cardiac muscle. At first glance
NMR scans appear very much like CT scans, but there are very
definite differences, as illustrated in Figs. 1.1 through 1.8. (CT/NMR
scans). A careful examination reveals that the circular high-density
region is the bony skull and calvarium on the CT scan with little of
the subcutaneous fat and scalp tissue in evidence. However, in the
NMR scan the high-density (white) ring structure corresponds to the
subcutaneous fat and the bone is seen as a relatively dark or black
. ring inside the outer white ring of fat. Some white and gray areas
within the black ring of the skull indicate the bone marrow, which
has a relatively high fat content, and therefore a larger NMR signal
than surrounding bone. The comparisons and contrasts between NMR
and CT imaging will be expanded in the ensuing chapters.

The tempo of change in medical imaging has been accelerating,
and it is continuing to accelerate at a bewildering rate even for those
whose expertise is primarily in the imaging sciences. If- we borrow a
bit of imagery from Carl Sagan and create an imaging calendar to
relate chronologically the major breakthroughs in imaging as Sagan
related the major events in the development of the cosmos on a ga-
lactic calendar, spanning the events from the last big bang to the
present, we find our ‘‘imaging big bang’ occurs with the discovery
of the roentgen ray by Wilhelm Conrad Réntgen in 1895 (Fig. 1.9).
We can see that January in this imaging calendar year was truly a big
bang with fluoroscopy, X-ray tubes and X-ray films, all developed-in
those early stages. Everything else through September of this year
was really just a variation on a theme, which required a slightly dif-
ferent application of previously well-undérstood principles. How-
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FIG. 1.2, A normal X-ray CT scan (top) and a normal NMR scan (botton) ob-
tained at the level of the left renal vein. As in Fig. 1.1, note the reversal in gray
scale density between bone, which is white on the X-ray CT scan and black on
the NMR scan (black arrowheads), and fat, which is biack on the X-ray CT scan
and wnitz on the NMR scan (opened white arrows). Another interesting differ-
ence between X-ray CT and NMR scans illustrated by these body sections is
the absence of NMR signal obtained from the blood vessels in the NMR scan
as opposed to the soft tissue density seen on the X-ray CT scans. This absence
of signal especially when juxtaposed with the high-contrast NMR signal from
fhe fat makes the left renal vein, vena cava, and aorta (long stra/ght arrows)
very easy to identify as well as the superior mesenteric artary and vein (curved
arrows). The reascn for the lack of NMR .ignal from blood vessels is due to the
absence of signai from moving structures in general (3 KG. 1-cm slice thick-
ness). (Copyright Technicare Corporation. NMR image provided by courtesy of
Technicare Corporation.)
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NMR: CLINICAL POTENTIAL

FIG. 1.3. A normal X-ray CT scan (/eft) and a norma! NMR scan of the posterior
fossa (right). Note the white streak artifacts on the CT scan, produced by the
dense bone of the posterior fossa, and the absence of these artifacts on the
NMR scan. No signal is obtained from the mastoid sinuses in either study (straight
arrow), and also note opacification of the left maxillary sinus on the NMR scan
due to sinusitis (curved arrow). (Copyright Technicare Corporation. NMR image
provided by couriesy of Technicare Corporation.)

ever. in November things began to pick up with CT imaging, and an
imaging ‘‘mini-bang’" really exploded in December with clinical NMR
imaging, digital imaging. digital subtraction angiography (DSA). laser
imaging, and medical holograpky.

HOW TO USE THIS BOOK

For many imaging specialists who have recently become familiar
with the principles, techniques, normal anatomy, and artifacts of ul-
trasound, CT, and digital imaging, the prospect of learning the un-
derlying physical principles and clinical use of an entirely new tech-
nology is not considered lightly. There are always those individuals
within the imaging community who take the 747 approach in the belief
that you do not have to know an aileron from a gyroscope to use the
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FIG. 1.4. A sagittal NMR scar of a patient \Lith large plagues of multiple scle-
rosis, one of which is seen in the frontal lobe (arrows) as a low-density lesion
on this inversion-recovery image (3 KG, 1:cm slice thickness). (NMR image
provided by courtesy of Technicare Corporation and the University Hospitals of
Cleveland.) '

FIG. 1.5. An NMR scan at the tevel of the hilum demonstrating a large NMR
signal from the metastatic carcinoma mass (open arrow) that is clearly seen as
separzte from the blood vessels in the same cut that are only seen because of
the absence of NMR signal (straight arrows). Note also the bone marrow (white)
in the humerus and cortical bone surrounding (black ring, long arrow) (3 KG,
1-cm slice thickness). (Copyright Technicare Corporation. NMR image provided
by courtesy of Technicare Corporation and the University Hospitals of Cleve-
land.)



NMR: CLINICAL POTENTIAL 7

FIG. 1.6. A gated coronal NMR scan illustrating well the left ventricle (open’
arrow) as distinct from the black (lack of NMR signal) intraventricular blood
and surrounding lung and fat (white) at the apex. Note also in this image the
right atriunf (long arrow), aorta (short arrow), pulmonary artery (curved arrow),
and the proximal humerus with black cortical bone and white marrow (3 KG,
1-cm slice thickness). (Copyright Technicare Corporation. NMR image provided
by courtesy of Technicare Corporation.)

747 to get from San Francisco to New York. Nevertheless, NMR will
be a very important tool in medical imaging and in all likelihood will
at some point exceed CT scanning as a diagnostic modality. To use
these techniques, the clinician is consequently obliged to understand
the basics of NMR image formation, particularly as it relates to clin-
ical interpretation. To the clinician, magnetic resonance may seem
exceptionally complex upon first encounter. However, it is the ob-
jective of this bock to develop each principle and concept of NMR
as if it were a fugue, using many examples from common experience.
Each principle will be discussed first, by analogy with sound waves,
and second, by analogy with magnetic compass needles. Finally, these
analogies will be used as a foundation for the more complex expla-
nations of NMR physics and imaging principles.

» Readers of this book will undoubtedly*have varying degrees of
expertise and experience with magnetic resonance. Many will not
need all of the fundamental analogies presented here or may wish to
read the explanations in classical physics and quantum mechanics,
referring to the analogies only where their understanding is somewhat
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