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Preface
One of the most impressive examples of high-technology health care is the magnetic resonance imaging (MRI) scanner, a device for viewing the internal structure
of the human body without surgery of any kind. It exploits the magnetic properties of the nucleus of the atom to obtain these images. The same fundamental
principles govern the science of high-resolution nuclear magnetic resonance
(NMR) spectroscopy, which allows the chemist to picture the architecture of
molecules too small to be seen under the most powerful microscope. This book
draws together these quite different applications and emphasizes their common
origins. The atomic nucleus obeys the laws of quantum mechanics, but it is
nevertheless possible to understand MRI and NMR without delving into mathematics or heavy physics. All the complex manipulations of the tiny magnetic
nuclei can be described in a largely pictorial fashion. The aim of this book is to
explain magnetic resonance in the simplest possible terms and to show that the
chemical and medical applications are based on the same fundamental concepts.
The differences are largely in the practical details.
The basic principles underlying magnetic resonance are set out in the first nine
chapters of this book, making few assumptions about prior knowledge. This sets
the stage for the treatment of chemical and medical applications in the remaining
chapters, with extensive cross-referencing. Every effort has been made to keep the
descriptions as simple as possible, so citations of the scientific literature have been
kept to a minimum. However, there are suggestions for further general reading at
the end of each chapter. Because the various practitioners of chemistry, magnetic
resonance and clinical medicine have their own particular brands of scientific
jargon, care has been taken to avoid the use of abbreviations and acronyms as far
as possible.
The aim is to make this text accessible to a wide spectrum of readers-from
busy medical practitioners at one extreme to undergraduate students of chemistry
at the other, A broad general understanding of magnetic resonance should prove
of interest to doctors who make use of the MRI scanner, and to those of their
patients who wish to learn more about these daunting machines, even if it is only
the question of their own personal safety. Many in the medical fraternity will
benefit from a general appreciation of how high-resolution NMR has advanced
our understanding of human biochemistry, diagnostic medicine, and the search
for new drugs. Chapters on in vivo NMR spectroscopy and the analysis of body
fluids examine the way human body reacts to drugs, toxic substances, or disease.
Chemists and biochemists who use NMR spectroscopy in their everyday investigations have much to gain by extending their horizons to cover the exciting new
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developments in imaging and in vivo spectroscopy, as one justification for their
research is the eventual benefit to health care. Insights and cross-fertilization from
the less-familiar realms of the subject can be very valuable. Anyone interested in
how the human mind works (cognitive neuroscience) will find a chapter devoted
to the fascinating new developments in functional magnetic resonance imaging of
the brain. Each disparate group has something useful to learn from the others.
In a book that covers such a wide range of different applications, it has been
very helpful to have established experts look over specific sections on the alert for
‘howlers’. So I would like to thank Peter Barker, Jim Feeney, Gareth Morris,
Jeremy Nicholson, Toshiaki Nishida, Brian Ross, and Kamil Ugurbil for kindly
reading and correcting parts of the text. Several colleagues have been kind enough
to provide illustrations of typical spectra or images, notably Peter Barker, William
Edelstein, Laurie Hall, Eriks Kupte, Gareth Morris, Jeremy Nicholson, Toshiaki
Nishida, Brian Ross, and Michael Woodley. Finally, I owe a huge debt of gratitude
to my editor, Michael Rodgers, for his long-standing patience and unwavering
support for a project that, at times, seemed to have no end.

R. E

Jesus College, Cambridge
May 2002
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1.1 Imaging and spectroscopy
If the man in the street has heard about magnetic resonance at all it is probably in
the context of the ‘MRI scanner’, a large and expensive piece of equipment used
to diagnose medical problems associated with the vital internal organs-the heart,
brain, liver, kidney, etc. In his mind, he might well associate this machine with the
earlier X-ray device, sometimes called the CT (computer-aided tomography) scanner. If ever he needs medical examination with a magnetic resonance scanner, he
will be relieved to learn that it is a ‘non-invasive’ technique, in the sense that it
does not involve the more usual exploratory surgery with a sharp knife. He
should also feel reassured, because no ionizing radiation is involved, in contrast
to X-ray procedures. To the medical fraternity X-ray scanning and magnetic resonance imaging are usually grouped under radiology, and they occupy the hightechnology end of medical practice, reminiscent of the wizardry visualized in
certain science fiction films.
Anyone acquainted with chemistry would have a more intimate relationship
with magnetic resonance, for this subject has been turned on its head by the introduction of nuclear magnetic resonance (NMR) spectroscopy. Soon after the first
observations of NMR in bulk matter at Harvard‘ and Stanford’ it was discovered
that the observed NMR frequencies were sensitive to the chemical environment of
the nucleusM although the effect is quite small. Within a year a group at Stanford7
demonstrated that the three chemically distinct protons in the ethanol molecule
gave a spectrum with three corresponding NMR responses and it became clear that
high-resolution NMR offered a powerful new technique for chemical studies.
The structures of all relatively simple chemical molecules were established
many years ago by painstaking experiments in ‘wet chemistry’, followed by
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deductions made from the way chemicals react. Many of these structures are
based on the principle that the carbon atom has four valence bonds, usually
pointing in a tetrahedral arrangement in space. High resolution NMR has confirmed these simple structures and goes much further, allowing us to probe the
detailed architecture of macromolecules such as proteins. These days, no serious
structural research in chemistry or biochemistry can be carried out without access
to a high resolution NMR spectrometer.
Magnetic resonance is a technique that allows us to meet two very important
challenges-the investigation of the internal organs of the human body without
surgery, and the study of the structure of molecules too small to be observed under
the most powerful microscope. These two fields of science may seem far removed,
but it turns out that the underlying basic principles of magnetic resonance are
common to both; they exploit the magnetic properties of the nucleus of the atom.
The clinician and the chemist rely on identical physical laws. Furthermore, the
clinician has much to gain by familiarity with the chemical aspects of the subject,
and every chemist should be aware of the amazing new developments in medicine.
The two disciplines begin to overlap in an application called magnetic resonance
spectroscopy (MRS), where a high resolution NMR spectrum is recorded from a
localized region of the body, for example the heart, or a particular muscle. Perhaps
the most exciting new area is functional magnetic resonance imaging (fMRI), in
which a particular region of the brain ‘lights up’ according to a specific stimulus.
Even the layman should be aware of this development, if ever it proves to be a
viable technique for monitoring what a person is actually thinking.
The chemical and medical aspects of magnetic resonance have hitherto been
treated as separate disciplines, for both have become vast subjects in their own
right. But if we draw a schematic diagram of the applications of magnetic
resonance in chemistry and medicine it is clear that the tentacles of NMR are
inextricably entwined with those of MRI (Figure 1.1). To take just one simple
example, the study of human body tissues and fluids relies heavily on high resolution NMR spectroscopy to identify and quantify trace amounts of important
chemicals, but the thrust of this research is undoubtedly medical ( 3 15.1). It
therefore makes sense to consider the entire edifice of magnetic resonance as a
single entity, not least because the underlying science is the same for both MRI
and NMR.
Any rigorous treatment of magnetic resonance must be grounded on quantum
mechanics, but this monograph takes the view that all the essential concepts can
be described in a pictorial fashion, with a minimum of mathematical formalism.
Quantum effects can be explained in terms of the existence of a set of energy
levels of the nuclear spin system. The images we see (or the spectra we record)
involve radiation at just the right frequency to cause a ‘transition’ from one such
level to another. That is why we speak of ‘quanta’ of radiation. These frequencies
fall in the radiofrequency range, similar to those used to transmit television
pictures.

NUCLEAR MAGNETISM
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Flgurel.1 The chemical and medical applications of magnetic resonance are inextricably linked,
although the technique of high-resolution NMR was established two decades before magnetic
resonance imaging. Applications like magnetic resonance spectroscopy and chemical shift imaging
borrow from both disciplines.

1.2 Nuclear magnetism
The medical profession has quietly dropped the term ‘nuclear’ from the vocabulary of magnetic resonance, on the grounds that it could be unnecessarily
alarming to a patient-the nuclei we deal with are not radioactive, they are simply
an integral part of the atoms and molecules that make up human tissue or everyday
chemical substances. They are far removed from the dangerously radioactive
nuclei (uranium or plutonium) used to create nuclear fission. It is the innocuous
magnetic properties of the nucleus that are of interest here.
We are taught that an atom is made up of a small central nucleus surrounded by
a diffuse cloud of electrons. The nucleus accounts for most of the mass of the atom,
and it also carries a positive electric charge. If we disregard the ‘atom smashing’
experiments of the physicists, that is about all we need to know about the nucleus,
except for one very important property-many nuclei are continually spinning
about an axis. This is such a fundamental property that we often speak of a ‘spin’ as
if this were a noun synonymous with ‘nucleus’. Now a spinning charge creates an
electric current. Since the work of Faraday we know that a circulating electric
current generates a magnetic field, so these nuclei behave like tiny bar magnets.
If these tiny nuclear magnets are immersed in a magnetic field they line up
with one another, creating macroscopic magnetism, but the resultant is extremely
weak, for reasons set out below.
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For our purposes, the most important types of nuclei that possess ‘spin’ are
hydrogen (the proton), carbon- 13, nitrogen-15, fluorine-19 and phosphorus-3 1.
Their characteristic properties are set out in Table 1.1. Of these, the proton will
turn out to be the most important because it gives a strong signal and is widely
distributed. Hereafter we shall use the terms ‘nucleus’ and ‘spin’ essentially interchangeably. According to the context, ‘spin’ may mean a single nucleus or a particular spin species, for example, protons.
There are also two very important non-magnetic nuclei-carbon- 12 and
oxygen-16; these are both almost 100% abundant in nature. For the purposes of
magnetic resonance we may disregard their presence in a given molecule. For
example, in ethanol (CH3CH2OH) we are concerned only with the protons; the
carbon-12 and oxygen-16 atoms give no magnetic resonance response at all.
(However, in some special applications we might deliberately set out to look for
some very weak NMR signals from one of the low-abundance isotopes, carbon-13
or oxygen-17.)
There is also an entire class of nuclei (including nitrogen-14, chlorine-35 and
chlorine-37) that are also magnetic but the macroscopic effect is quickly dissipated
and is consequently difficult to detect. This is because the nuclear charge is distorted from the spherical shape, rendering them very susceptible to interaction with
local electric fields (5 4.1). These so-called ‘quadrupolar’ nuclei can be disregarded
for many NMR purposes-we can therefore concentrate on the class of nuclei that
have a spherical distribution of electric charge, like those listed in Table 1.1.
Much of our interest will be focused on the proton because it possesses very
strong nuclear magnetism, is widely distributed in chemical compounds, and, in
Table 1.1 Properties of some common magnetic nuclei

Nucleus

Abundance

Frequencya

Frequencyb

Proton
Carbon-13
Nitrogen- 15
Fluorine-19
Phosphorus-31

100 %
1.1 Yo
0.4 %
100 Yo
100%

900.0 MHz
226.3 MHz
91.2MHz
846.7 MHz
364.3MHz

63.9 MHz
16.1 MHz
6.5 MHz
60.1 MHz
25.9MHz

a

At a magnetic field of 21.14 tesla (NMR);

At 1.5 tesla (MRI)
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the form of water, makes up a large proportion of the human body. When we
obtain a routine magnetic resonance image of a patient we are in fact observing
the spatial distribution of water protons. Chemical applications of magnetic resonance tend to explore a wider range of magnetic nuclei than do imaging experiments, depending on the composition of the sample under investigation.
As mentioned above, the magnetic properties of the nucleus may not be evident under normal everyday circumstances. First of all the patient or the sample
of material must be placed in a strong magnetic field. Even then, there is very
little overall magnetism because the individual nuclear magnets tend to cancel one
another. Think of the nuclei as tiny compass needles that have the special property that they can only align themselves along the applied field direction (parallel)
or opposed to it (antiparallel). This is because quantum mechanics permits only
two states, not a continuum of states. We often represent these two possible
orientations as little arrows (vectors) pointing ‘up’ or ‘down’ with respect to the
direction of the applied magnetic field.

t

Spin-up

J.

Magnetic field

I

Spin-down

Lower energy

Higher energy

The ‘spin-up’ case is slightly favoured over the ‘spin-down’ case, although the
difference in energy is very small. Later we shall see that the tiny excess population of ‘spin-up’ nuclei turns out to have a very important influence on the ability
to detect magnetic resonance.

1.3 Resonance
A platoon of soldiers marching across a bridge would be ordered to ‘break step’ for
fear that the regular tramp, tramp, tramp in unison might force the bridge into a
dangerous vibration at its natural ‘resonance’ frequency, possibly collapsing the
structure. This would only be a real problem if the cadence of the march closely
matched the mechanical vibration frequency of the bridge. Resonance effects are
quite widespread in the mechanical world-the tuning fork is a good example.
Resonance is a key feature of MRI and NMR phenomena. We can only make
nuclear spins jump between their two energy states by applying radiation at
precisely the right frequency-any other frequency is quite ineffective. Hence the
term ‘magnetic resonance’. So what is so special about this particular frequency?
Well, the picture of nuclear magnets aligned parallel or antiparallel to the external
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magnetic field is something of an oversimplification. We should rather say that
the vectors representing nuclear spins precess about the direction of the field,
moving on the surface of a cone, but there are still only two possibilities, which
we can continue to call ‘spin-up’ and ‘spin-down’:

I

Spin-up

Spin-down

The frequency of this precession (w) is in fact the resonance frequency. It is called
the Larmor frequency’ and it is directly proportional to the strength of the applied
magnetic field (Bo)according to the expression

where y is a characteristic constant for the nucleus in question-called the gyromagnetic ratio. This proportionality pervades all of magnetic resonance; whenever
there is some effect that changes the magnetic field, there is always a corresponding proportional shift of the Larmor precession frequency.
Early NMR experiments were performed by slowly sweeping the radiofrequency
until it reached this resonance condition, then measuring the tiny absorption of
energy as nuclei were ‘flipped’ from the lower energy level to the upper level.
Present-day experiments operate in a distinctly different mode where an intense
pulse of radiofrequency energy ‘shocks’ the nuclei into emitting their characteristic
resonance frequency, rather like a sharply-struck tuning fork. Just as the tuning fork
continues to ‘sing’ for a few seconds, the note slowly dying away, the nuclear spin
response persists for a few seconds, becoming weaker and weaker with time. This
decay is caused by a process known as ‘relaxation’ which we shall examine in detail
later (5 4.5). The magnetic resonance response to the radiofrequency pulse is
known as the fiee precession signal or the free induction decay and it is this tiny
transient signal that is amplified electronically, detected, and then converted into
either a spectrum (for high-resolution NMR) or an image (for MRI).

1.4 Spies at work
How do these arcane properties help us study human disease (or indeed the structure of molecules)? Consider this everyday analogy. Someone strikes a sequence of
certain keys on a piano. Without observing this action directly, a musician with the
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gift of absolute pitch could identify the notes and deduce the locations of the keys
on the keyboard. He has translated frequency information into position. Magnetic
resonance imaging employs the same principle-a frequency is detected and used
to deduce the location of the spins that generated that frequency.
Think of the nucleus as a spy, present in all living, and indeed, all inanimate
matter. For the moment we can focus our attention on the hydrogen nucleus (the
proton). The human body is made up of a high proportion of water and fat, both
of which contain protons. The proton acts as a spy, reporting back a radiofrequency (its natural Larmor precession frequency) corresponding to the exact
value of the magnetic field at his location. If we deliberately vary the intensity of
the magnetic field applied across a human patient, let us say a high field at the
head, falling off to a lower field at the toes, then the spy ‘knows’ where he is
located with respect to the main axis of the body. The field gradient defines a
specific direction, and the spy uses the local value of the field as a reference to
establish his position in that dimension. He ‘broadcasts’ this information to the
outside world as the Larmor precession frequency, always exactly proportional to
the local magnetic field strength. If the measurement is twice repeated with field
gradients in the other two dimensions, the spy can then report all three spatial
coordinates. We often speak of ‘encoding’ the spatial information in the form of a
frequency; once again implicitly employing the vocabulary of espionage.
In this manner the MRI technique generates a three-dimensional picture of the
density of protons within the patient. In practice such a three-dimensional array
is awkward to handle and we normally work with a two-dimensional display from
a selected ‘slice’ through the subject. (Note that this ‘slice’ is defined by magnetic
resonance conditions and in no sense involves physically sectioning the patient.)
The relative intensities in the MRI scan may be represented on a grey-scale or
they may be colour-coded. The radiologist is trained to interpret any abnormalities in this image. For example, if a tumour has developed within a particular
organ, its presence may show up as an enhanced proton signal from that region, a
bright area on the MRI scan.
The MRI information is thus loosely related to that obtained from an X-ray
scanner, but we shall see that it is far more detailed and specific. The magnetic
resonance technique is said to be non-invasive, in the sense that it does not
involve the use of a scalpel, although we should remember that the subject is
bathed in an intense magnetic field, with rapidly-switched applied field gradients,
and penetrated by electromagnetic fields in the radiofrequency region, which in
certain circumstances could cause undesirable heating effects (5 13.4).However,
unlike X-ray tomography, ionizing radiation is not involved, and tissues are not
damaged. Our only intervention has been to change some nuclei from the ‘spinup’ state to the ‘spin-down’ state, and vice versa. After a few seconds to allow the
spins to return to their equilibrium condition (‘relaxation’), there is no evidence
to show that a magnetic resonance experiment has been performed. Nothing has
been permanently altered by the MRI scan.
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The CT scanner differentiates very clearly between bone and soft tissue, in
effect giving a clear picture of the skeletal structure, but is less effective than MRI
in distinguishing between various types of soft tissue. Indeed, MRI contrast can be
improved by any one of an entire armoury of special techniques, based on relaxation, diffusion, flow effects, oxygenation level, or the deliberate injection of
chemical reagents (although here the ‘non-invasive’ claim is infringed to some
extent). This very flexibility is characteristic of magnetic resonance in generalthe image (or the spectrum) is susceptible to complex manipulations that can
improve the quality and provide more detailed information.
Our spy has a quite different role in chemistry. He still reports on the local
magnetic field, broadcasting this information as a radiofrequency signal, but normally no field gradients are applied, indeed the magnetic field is made as uniform
as possible, so the resonance frequency is no longer a function of the coordinates
in space. Each individual nucleus is surrounded by a cloud of electrons. If we
represent the applied magnetic field by a set of parallel ‘lines of force’ then the
closer the lines of force, the stronger the field. The extranuclear electrons tend
to bend these lines away from the nucleus, which then experiences a magnetic field
that is lower than the external field. This very slight reduction in magnetic
field manifests itself as a corresponding lowering of the Larmor precession frequency of the nucleus. In effect the electrons act to ‘shield’ the nucleus from the
external magnetic field to a very small degree (9 7.1).
The structural chemist has to deal with molecules that contain many spies, in
different electronic environments. So each spy has a different frequency to transmit-he reports on the local density of electrons, which in turn determines the
chemical properties of that particular atom. Only the outermost electrons are
affected by the formation of chemical bonds-they are referred to as valence
electrons. Chemical bonding modifies the shape and density of this outer electron
cloud, slightly changing the magnetic field at the nucleus. The corresponding
change in the nuclear precession frequency is called the chemical shifi. Instead of a
single Larmor frequency there is a characteristic spectrum of discrete frequencies.
For example, the ethanol molecule mentioned above contains three different types
of hydrogen atom, situated in the CH3, CH2, and OH groups, with three different
chemical shifts, leading to three resonance lines in the NMR spectrum.’ Our spy
reports three different frequencies (with intensities in the ratio 3:2:1). To the
chemist this is an invaluable ‘fingerprint’ that identifies the molecule and determines its structure. Martin Packard, the physicist who first observed the three
resonance lines of ethanol, claims that he never really believed the molecular
structures written by chemists until he saw this spectrum.
The chemical shift is a parameter of enormous interest to an analytical or
structural chemist for it allows him to identify the chemical environment of any
given atom. For example, a nitro group is known to withdraw electrons from
neighbouring atoms, so a proton close to a nitro group has a weakened electron
cloud which has a smaller shielding effect on the applied magnetic field. The
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resonance frequency is thus slightly increased. Protons on aromatic rings are
affected by the T electrons which circulate around the ring, generating a current
that induces a slightly increased magnetic field at the proton sites, so they have a
slightly higher resonance frequency.
Of course a molecule of any complexity harbours several nuclear spies, and
they provide further useful information by informing on their near neighbours.
Since each nucleus behaves like a tiny bar magnet, it creates a weak additional
magnetic field at the site of its neighbour, positive or negative depending on
whether the nucleus is aligned ‘spin-up’ or ‘spin-down’. This rather weak effect,
called spin-spin coupling, is carried through the electrons that form the chemical
bonds and consequently only operates over relatively short distance^.^
Spin-spin coupling (represented by the symbol J) imposes a characteristic
pattern on each chemically-shifted resonance response. The form of this ‘spin
multiplet’ pattern depends on the number of close nuclear neighbours. Common
patterns are the 1:l doublet, the 1:2:1 triplet and the 1:3:3:1 quartet. These are
analysed in detail in Chapter 8. They serve as an additional aid to the assignment
of the NMR response to a particular site in the molecule. Ethanol has three such
responses, a 1:2:1 triplet from the CH3 group and a 1:3:3:1 quartet from the CH2
group. The OH group is a special case (9 7.8). It generates a single resonance line,
as if it were not coupled to any of its neighbours in the molecule. We might think
of it as a ‘sleeper’, a spy without any contact with his colleagues.
Owing to this wealth of information, spectrometers for structural chemistry are
designed to have high resolving power in order to reveal all the interesting fine
structure. This entails the use of an applied magnetic field that is extremely
uniform in space and highly stable in time; otherwise the fine details of the
spectrum would be blurred. We are talking about a resolving power of the order
of one part in a thousand million; if an astronomical telescope could achieve a
comparable resolving power it would be able to pick out an individual 40 cm rock
on the surface of the Moon, at a distance of about 400,OOOkm. The technique is
therefore known as high-resolution nuclear magnetic resonance. (In this chemistry
context the term ‘nuclear’ has no negative connotations.)
Most clinical applications of magnetic resonance are principally concerned
with the distribution of proton density, irrespective of chemical shift effects, so it
is usual to apply magnetic field gradients so intense that they swamp any small
differences in chemical shifts, coding only the spatial information. Nevertheless, it
can sometimes be useful to exploit the chemical shift to distinguish different
tissues, for example, water and fat. Indeed, two different images can be obtained,
one reflecting the distribution of fatty tissue and the other the spatial distribution
of water (§ 14.9). Even the spin-spin splitting can be put to good use, for
example, to distinguish the important lactate moiety (which has a detectable
spin-spin splitting) from other molecules that lack spin-spin interactions.
Chemical applications employ the highest possible applied magnetic field and
the highest attainable field uniformity. The sample is usually a pure liquid or,
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more commonly, a solution in a deuterated solvent (so that there are no protons
in the solvent to interfere with the spectrum of interest). It is contained in a
cylindrical glass tube (usually 5mm in diameter) which is often rotated about its
long axis by an air turbine in order to increase the effective uniformity of the
applied field. Field gradients are only applied to disperse unwanted signal components or to distinguish between different types of signal.
Medical applications employ much weaker magnetic fields; indeed there are
regulations that limit the magnetic field that can be used for routine clinical
examination of human patients to an intensity about fourteen times weaker than
the highest field employed in high-resolution NMR spectroscopy. However, the
magnets used for MRI are physically much larger since the enclosed volume has
to be big enough to accept the entire human body.
We see that the two main applications of magnetic resonance-imaging and
high resolution NMR-are related by the fact that they both use the nucleus as a
probe of the local magnetic field. Both rely implicitly on the Larmor relationship
between magnetic field and the resonance frequency. Magnetic resonance imaging
uses the Larmor relationship to convert a position in space into a characteristic
frequency; high resolution NMR uses it to measure chemical influences on the
electron cloud that surrounds the nucleus.
It is easy to fall into the trap of assuming that the medical applications of
magnetic resonance are more important than the chemical ones, they certainly
touch many more people directly and entail a considerably higher expenditure on
the equipment. But that would be to underestimate the pivotal role that high
resolution NMR has had on chemistry in general, particularly the life-saving
developments in pharmaceutical chemistry (Chapter 16) and biochemistry (Chapters 14 and 15). We must always bear in mind that MRI is only a diagnostic
technique; it does not cure disease. Any subsequent therapy must rely on drugs.
The clinical and chemical fields are combined in magnetic resonance spectrosopy (MRS), where a high-resolution NMR spectrum is obtained from a particular organ, for example, the kidney, heart, or brain. This involves localization of
the excitation, using methods related to imaging, yet detecting the response under
high-resolution conditions (Chapter 14). This technique, sometimes known as in
vivo spectroscopy, offers the possibility of studying metabolic processes within a
living animal or patient. Another hybrid technique is chemical shift imaging,
which produces different images according to the chemical species under investigation ( 3 14.9). These applications strengthen the argument for treating MRI and
NMR under the same head.

1.5 Aword about jargon
To the layman reading about magnetic resonance for the first time, there is a disagreeable surprise in store-practitioners of this art have constructed a defensive

