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Introduction

Traditional biomedical methods study “life’”” on dead
specimens. To address limitations of in-vitro assays,
in-vivo imaging of vertebrates has emerged as a
powerful tool used in virtually all forms of modern
biomedical research and drug discovery. In-vivo ima-
ging fulfils a basic necessity to dynamically and spa-
tially resolve anatomical, functional and molecular
events as they occur in live tissues. How would we
quantify the cardiac function and adaptation to a
stimulus other than in a live animal? How can the
effects of a sensory stimulus on the cerebral cortex be
accurately described if not by using in-vivo observa-
tions? Similar motivations arise in many other aspects
of the life sciences such as examining complex mole-
cular pathways in disease evolution or the longi-
tudinal assessment of treatment.

Following this fundamental requirement for
in-vivo assessment of tissue characteristics in the bio-
medical sciences, significant progress has been made
towards non-invasive imaging of animals, from the
embryonic stage to fully developed adult stage. This
progress has seen three major traits. One approach
has been the adaptation of clinical imaging methods
to the animal dimensions for obtaining optimal ima-
ging characteristics in the smaller volumes examined.
A second trait has been the evolution or development
of new methods, primarily based on photonic tech-
nologies, which are well suited for small animal
research. The third trait has been the engineering of
important new chemistry and biotechnology methods
that impart significant ability to identify and report on
a magnitude of cellular and sub-cellular functions, a
capacity that was previously unavailable to tradi-
tional medical imaging. These newer imaging tech-
nologies have opened the possibility for visualizing
proteins, genes and their function in entire animals
in-vivo and non-invasively. Imaging of entire intact
animals has therefore emerged as one of the important
biomedical tools in the post genomic era. Similarly
to the significant gains seen by the introduction of
the microscope in biology, imaging of entire intact
animals enables unprecedented insights at the system
level and offers new found capabilities of accurate

visualization of structure, physiology and molecular
function.

The fundamental principles of interaction and
image formation differ significantly between the
imaging modalities used in vertebrate imaging.
Combined with elaborate methods of inducing bio-
logical contrast, the plurality of technologies and
the diverse performance characteristics may at
times appear daunting not only for the biologist
but even for the medical imaging specialist. This
book intends to summarize the wealth of imaging
technologies and applications that have emerged for
in vivo imaging of animals and to serve as a refer-
ence to the biologist and biomedical investigator. It
serves the dual role of 1) describing the basic under-
lying principles of image formation using different
energies of the electromagnetic radiation spectrum
and acoustic waves and of 2) exemplifying repre-
sentative applications in studying living vertebrates,
with the exception of humans. The ultimate goal is
to explain the different types of information gained
by modern in vivo imaging techniques and illustrate
the potential to replace the accurate but destructive
histological techniques with high-throughput ima-
ging strategies. The utility of multimodality ima-
ging is also scrutinized as it allows for optimal
combination of complementary tissue parameters
measured on the same animal/organ and position.
Key characteristics and limitations of the different
imaging approaches including the specificity and
the sensitivity achieved in retrieving various bio-
markers, the speed of acquisition for dynamic
measurements, the easiness of ‘‘bench-top” or
‘‘cageside’” application and the appropriateness by
which to examine key biological problems is also
presented. Minimally invasive imaging modalities
increasingly used in biomedical research are also
described. By combining expert descriptions of the
most widespread imaging approaches for vertebrate
imaging, we hope that this book will contribute in
collectively describing the most important of ima-
ging approaches in order to categorize them and
describe in a concise manner.



XVi INTRODUCTION

Accelerating biomedical discovery

By enabling longitudinal studies, non-invasive imaging
comes with increased observation accuracy; each
animal can serve as its own control, thus reducing the
sources of experimental variability. Moreover, since a
single animal yields observations at multiple time
points, smaller animal numbers are required in order
to build meaningful statistics. This practice overall
reduces research cost and the time required to reach
meaningful conclusions. With this capacity, animal
imaging can significantly accelerate biomedical discov-
ery by enabling expeditious tests of agents, drugs and
hypotheses. Imaging can be pivotal for example in
accelerating drug discovery or the identification of
potent diagnostic agents by utilising the animal as the
test bed in the pre-clinical in-vivo assessment of treat-
ment efficiency, targeting sensitivity and specificity, bio-
distribution and long term effects. Correspondingly, in-
vivo imaging is in par with modern legislation that
wisely incites researchers to spare animal life. The
rule of the three R’s — replacement, reduction and
refinement of animal experimentation — enounced by
Russel and Burch in 1959 is at best respected when
atraumatic experimentation is exercised.

Similar benefits can be found when imaging the
rising numbers of genetically modified animals,
mostly mice, which come with the need for quick
screen for phenotypes that correspond to human dis-
ease. Transgenic, knock out and knock in techniques
can yield a significant number of animal model
variants of unknown disease traits. Imaging plays an
important role in identifying and comparing different
phenotypes to human disease and can accelerate the
traditional observations of biochemical testing, phy-
siological inspection and molecular analyses.

In-vivo imaging of animals can further serve as a
common framework for animal and human observa-
tions and yield a bridge between traditional biomedi-
cal research and improving human health. This can be
achieved at many different levels. Technologies devel-
oped for the assessment of drugs in mice can be
translated to imaging efficacy in humans as well,
utilizing the imaging experience gained from animal
imaging. Similarly, some of the most potent detection
technologies, tested in mice, can be then employed
diagnostically in humans using the same imaging
modality. With modern imaging serving as the com-
mon denominator, quick pre-clinical screens and
accurate clinical evaluations at the structural, physio-
logical and molecular levels can be facilitated effi-
ciently and at no significant additional technological
expense.

Image formation and contrast
mechanisms

All modalities used for in-vivo imaging utilize some
wave form which non-destructively interacts with
tissue. Information on the internal characteristics of
tissues is obtained by recording the response to this
interaction and is then utilized in forming images.
Most imaging modalities use a part of the electromag-
netic spectrum to form images, with the exception of
ultrasound that uses acousto-mechanical waves. The
most typical distinction of different imaging methods,
is by means of the particular electromagnetic energy
used. Shown in Fig. 1 is the correspondence of the
most common imaging methods with the electromag-
netic spectrum. The particular physical parameters of
the wave used are ultimately responsible for the par-
ticular characteristics of each technology. There are
three major types of information that can be assessed
with modern imaging methods as summarized in
Fig. 2:

Anatomical imaging is the traditional radiological
approach, largely facilitated by X-ray imaging, X-ray
CT, Magnetic Resonance Imaging, Ultrasound and

Figure 1 Wavelength, energy of photon and
frequency of electromagnetic radiations used for
in vivo imaging

Energy of electromagnetic radiation is indicated
by the energy of one photon,

E=h.F=h.c/i

where h is the Planck’s constant equal to 6.62
1022 Joule s, F is the frequency of the wave and
A Is its wavelength.

Here E is plotted in eV. Photons with energy higher
than 1 eV can ionise molecules and then have
biological effects
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Figure 2 Which kind of information may be-

given by the main imaging techniques
INFORMATION

Molecular

Anatomical Functional

X-ray
MR
Ophical
PET
SPECT
us

Optical Imaging, the latter when superficial structures
are considered. Generally, the information and con-
trast visualized and the corresponding information
conveyed by the image can be found in an anatomy
textbook. This anatomical information, or the
changes found from the expected known anatomy,
relate to development and disease. Typically, these are
high resolution images and the contrast imaged is
endogenous, i.e. the attenuation of X-ray beams by
bone or cancer-related calcifications or the differences
between the concentration and motility of water
molecules by MRI. However the use of contrast
agents is occasionally used to improve the contrast
in anatomical structures, for example in resolving the
structure of the vascular system or better visualizing a
suspicious lesion.

Functional imaging is used to study the function of
organs, under physiological or pharmacological sti-
mulations. It typically requires fast measurement
techniques and resolves contrast parameters found
in your physiology book. It can visualize for example
organ movement, fluid flow, membrane permeability
and the function of tissue bio-molecules associated
with basic tissue function such as haemoglobin or
oxygen. Imaging is based either on endogenous con-
trast or the administration of exogenous agents. All
imaging modalities have been used for functional
imaging with varying resolutions, often using a
high-resolution anatomical image as reference. Exam-
ples of functional imaging include the visualization of
deoxy haemoglobin changes during functional cortex
studies by MRI or optical methods or blood flow
measurement during the cardiac cycle by MRI or
ultrasound.

Molecular imaging is the most recent of the ima-
ging sciences and it refers to the visualization of bio-
logical processes at the cellular and molecular level.
Molecular imaging is based on the combination of
advanced chemistries, transgenic strategies and ima-
ging technologies in order to resolve engineered con-
trast specific to particular cellular and sub-cellular
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processes. Generally it is used to visualize processes
found in a molecular biology book and associated
fields of science and offers the widest versatility over
the two previous methods in terms of the contrast
mechanisms that can be achieved and the technologies
utilized. The images are typically low resolution and a
high-resolution anatomical or functional image is
used for reference. Typically all the standard radiolo-
gical imaging modalities have been used for molecular
imaging, except X-ray CT, that does not up to this
point offer sufficient sensitivity.

The classification of anatomical, functional and
molecular imaging is often associated with particular
contrast mechanisms and strategies, but it does not
impose strict boundaries. Anatomical imaging for
example can be performed after administration of a
contrast agent that can better outline architectural
features. Similarly, molecular imaging can operate in
the absence of exogenous contrast enhanced strate-
gies; for example Magnetic Resonance spectroscopic
imaging resolves the relative concentrations of var-
ious intrinsic molecules and correspondingly relays
information on tissue and disease molecular status,
at the absence of extrinsic contrast agents. However,
while endogenous contrast can be used as a biomarker
in many applications, it is the use of versatile exogen-
ous contrast strategies that brings a new paradigm
into animal imaging. There are several different
classes of enhancing or generating contrast associated
with particular tissue function and molecular activity.
The classical approach follows the clinical radiologi-
cal paradigm where a contrast agent is intravenously
injected to enhance the capacity to detect disease. This
agent preferentially distributes at the site of interest,
or demarcates the vascular structure of an organ of
interest. Examples include the injection of an iodi-
nated agent or a super-paramagnetic contrast agent
for imparting contrast on X-ray CT or MR images
respectively. Another example is the injection of com-
mon molecules labeled with radioactive isotopes, or
the use of labeled moieties such as antibodies or pep-
tides. This latter approach is a change in paradigm as
contrast is in this case engineered for specific bio-
molecules. This basic example of engineered contrast
is significantly augmented in molecular imaging by
sophisticated techniques that can mark virtually any
protein, an increasingly large number of diverse cel-
lular functions and cell traffic. Collectively, these
engineered technologies are referred to as reporter
technologies, since they report on specific targets
and functions. There are two fundamental reporter
approaches, i.e. direct and indirect imaging.

Direct imaging uses exogenously administered
probes that are engineered to report on specific
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molecular process (e.g., a receptor target imaged with
a ligand molecular imaging probe). This approach is
similar to the nuclear imaging example discussed in
the previous paragraph, but is significantly enhanced
for use with different modalities (i.e optical, MRI etc)
and using different design principles. Importantly,
engineered probes used for direct imaging can be
categorized to active probes, i.e. probes that carry
an active reporting component and activatable
probes, which carry an inactive reporting component
which is activated through interaction with a mole-
cular target, or more generally changes some of its
own physical parameters after interaction with a spe-
cific target. Activatable probes are also known as
molecular beacons, switches or smart probes and
they are so far available for fluorescence, biolumines-
cence and MRI. An important distinction of probes
vs. contrast agents is that the former have specificity
against a gene or gene-expression product.

Indirect imaging refers to methods that utilize a
reporter trans-gene which is inserted in the animal’s
DNA. Contrast is generated after transcription of the
reporter gene. The product of the transcription and
translation can be a reporter probe directly (for exam-
ple a fluorescent protein) or otherwise a functional
cellular change that facilitates preferential uptake of
an exogenously administered probe, for example up-
regulation of an enzyme or receptor that is in turn
responsible for accumulating or trapping a radionu-
clei-based agent into a cell or the cellular surface.
Reporter gene imaging is a generalizable platform
that in contrast to the direct imaging method, only
one or few well validated reporter-gene & reporter
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probe pairs can be used to image many different
molecular and genetic processes. On the downside is
the introduction of foreign proteins and genes which
limits applicability to animals.

Chapters

This book is divided into three parts.

The first part presents the basic principles of opera-
tion of the most common imaging techniques used in
small animal imaging. Chapter 1 is devoted to
Nuclear Magnetic Resonance Imaging (and Spectro-
scopy); Chapter 2 to X-Ray Tomography, Chapter 3
to Ultrasound Imaging. Chapter 4 is devoted to
Nuclear Imaging (PET and SPECT) and to the pro-
duction of radioactive tracers. Chapter 5 is devoted to
Optical Imaging, and Chapter 6 to in vivo Optical
Microscopy. Chapter 7 shows the newest radioactive
tracers, reporters and contrast agents that are pro-
posed in each imaging domain, and Chapter 8 pre-
sents the potentialities offered by the combination of
several imaging techniques.

The second part is made from reports that each
show how a given technique optimally adresses a
specific biological question, with four chapters show-
ing illustrations related respectively to brain (Chapter
9), heart vessels and muscle (Chapter 10), tumours
(Chapter 11), other organs (Chapter 12).

The third part is devoted to the review of two
domains where in vivo imaging has brought new
insights: Gene therapies (Chapter 13) and cellular
therapies (Chapter 14).

Vasilis Ntziachristos
Anne Leroy-Willig
Bertrand Tavitian
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Anne Leroy-Willig and

Nuclear Magnetic Resonance
Imaging and Spectroscopy

Danielle Geldwerth-Feniger

1.0 Introduction

Nuclear magnetic resonance (NMR) detects the mag-
netic moments of nuclei using their orientation in a
strong magnetic field and their response at a specific
resonance frequency. Discovered in 1946 by Bloch
and Purcell, NMR spectroscopy (MRS), at first used
for chemical and physical studies, quickly became a
major tool for spectroscopic analysis of complex
molecules and further of biochemical systems. Then
in the 1980s, NMR gave rise to magnetic resonance
imaging (MRI), a medical imaging technique very
attractive despite its cost, from the profusion of ana-
tomical and physiological information available.

In biomedical research, the two modalities, ima-
ging (MRI) and spectroscopy (MRS) are increasingly
used for in vivo animal studies, with benefit from the
technical developments carried out for human studies.
These two modalities give access to various data ran-
ging from three dimentional (3D) anatomy to physio-
logical and biochemical information, and many
applications are available via specific measurement
techniques that we will shortly explain here.

NMR is fully based upon quantum physics. Here
we give a simplified and then by some ways approx-
imate description, mixing classic and quantum phy-
sics, in paragraphs one to six; the later paragraphs are
oriented towards in vivo explorations.

In this chapter, several levels of information are
given, which are as follows: readers can jump the
paragraphs labelled as ‘more physics’ or ‘more tech-
nology’; also they may read only key points before
coming to the following paragraph. For those who

wish to know more about MRI and MRS, more com-
plete descriptions are given in a free access Web book
(Hornack, 2005), in books by Webb (2003) and
Bushberg et al. (2001), and concerning the toolbox
of MRI sequences, in Ness Aiver (1997) with a fully
graphic presentation. Gadian (1995) wrote an excel-
lent introduction to in vivo MRS.

1.1 Magnets and magnetic
field

In everyday life, a magnet is a piece of a material
which attracts or repels another magnet and creates
a magnetic field. For example, the magnetic bar
shown in Figure 1.1.1(a) has two poles; the magnetic
field it creates goes from the North Pole to the South
Pole. The magnetic field all around this magnet can be
probed by its action, which is the force exerted on
another magnet. For example, the weak earth’s mag-
netic field acts upon a needle compass: The compass
rotates and lines along the magnetic field pointing
towards the magnetic North.

Magnetism is the fundamental property of mat-
ter. The magnetism of nuclei is weak, hidden behind
the stronger contribution of electrons, and one may
easily ignore its existence. Magnetism is the result
of moving electrical charges (mostly the electrons).
The magnetic field, the mediator of magnetic force,
is created either by electric current flowing in a wire
or by the microscopic electric circuits, which exist
inside materials like iron, at the atomic scale.
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Figure 1.1.1 How to create a magnetic field.

(a) The magnet bar, a rod made with iron, is a permanent source of magnetic field throughout space.
The field lines (black curves), that indicate the direction of the magnetic field, go from North Pole to
South Pole. A small needle compass lines along the direction of the magnetic field.

(b) A loop of copper wire, fed with electrical current, creates a magnetic field with similar spatial
distribution at long distance as indicated by field lines.

(c) A solenoidal winding is made by many conductive wire loops winded upon a cylinder. In the central
part of the cylinder, the magnetic field is lined along the axis of the cylinder (white lines) and is

homogeneous
(a)

The magnetic field is measured in Tesla or in Gauss,
with 1 T=10*G. (Note that we make a rather
loose use of magnetic units, forgetting the differ-
ence between magnetic field and magnetic induc-
tion, only needed when studying ferromagnetic
materials.)

Another simple magnet is made by a circular loop of
copper wire fed with electric current, shown in Figure

(b)

1.1.1(b). A basic physical law tells us that the magnetic
field created by a current rotates around the wire
where the electric current is flowing. Then the mag-
netic field is perpendicular to the circle at its centre;
elsewhere its intensity and its direction vary through
space. The solenoid is made with multiple loops of
wire coiled upon a cylinder (Figure 1.1.1(c)). The
magnetic field inside the cylinder is very homogeneous.
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1.1.1 More technology: The
‘perpetual’ magnet

Nearly all magnets for NMR are solenoids, made of
supraconductive wire winded upon a hollow cylind-
rical support. Electric current circulates in the circuit
that is immersed in a cryostat filled with liquid helium
at temperature —269°C. Since the supraconductive
wire has zero electrical resistance at low temperature,
no electrical power is dissipated. This system creates a
very stable magnetic field that may be disconnected
from a power supply, as long as the temperature is
kept low enough. The low temperature is maintained
by high vacuum insulation that reduces liquid helium
boil off.

Besides the high intensity, high homogeneity and
stability of the magnetic field are also needed. The

magnet is the more heavy and expensive piece of
NMR hardware. There is a growing demand for
high field magnets dedicated to biomedical research,
but few centres can buy very high field magnets for
large animals.

Big magnets delivering magnetic fields between 0.3
and 3T are currently used for NMR human studies.
For smaller animals, smaller magnets delivering
higher fields (1.5 to 11 T) are currently used. In vitro
experiments are done at still higher fields. For com-
parison, the earth magnetic field is 5 x 1074 T (or
0.5G).

Magnets for small animals are either vertical (as
those commonly used for in vitro studies) or hor-
izontal, yielding wider access and allowing more
physiological housing of animals during NMR
examination (as shown by Figure 1.1.2).

Figure 1.1.2 The supraconductive magnet used for NMR experiments. (a) High field supraconduc-
tive magnet for rats and mice NMR examination. This horizontal magnet, weighting 2 tons, delivers a
magnetic field of 7 T inside a cylindrical access 30 cm wide. After installation of the shim and gradient
coils, the access available for small animals is 15 cm wide. The chimney above the magnet is used for
liquid helium refill. (b) Examination bed. The small animal is lain inside an anaesthesia chamber. The
bed is positioned at the centre of the magnet bore during the examination (Courtesy of Bruker, SA,

Ettlingen, Germany)

(a)

(b)
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1.2 Nuclear magnetization

1.2.1 The magnetic moment of

the nucleus

Key points

The nuclei that bear a net magnetic moment (such as
'H, 3P, 13C) can be detected by NMR. Hydrogen
nuclei, that bear the largest magnetic moment
amongst stable nuclei, are detected to build in vivo
NMR images. Hydrogen, phosphorus, sodium,
fluorine nuclei are currently detected to build in
vivo NMR spectra.

All elementary particles (electron, proton, neu-
tron and others) bear a spin. The spin is purely
guantic without strict correspondence in classical
physics, but it can be described as a quantity of
rotation of the particle spinning about one axis,
where each spin §'is associated with an elementary
magnetic moment /i, related to the spin by a num-
ber, the gyromagnetic factor y.

i=vy.5 (1.1)
The elementary magnetic moment may be
described as a tiny magnet that we will represent
as an arrow; a more accurate description is possible
only by quantum mechanics, out of our scope.

The spin is the kinetic moment of the particle (a
‘quantity of rotation’), and the magnetic moment is
always associated — and proportional — to this
kinetic moment. (Note that in many books, the
word ‘“‘spin”” is written instead of ‘magnetic
moment’.)

For one given nucleus, the magnetic moment is
the sum of the magnetic moments of its protons and
its neutrons. Hydrogen nucleus is made of one
proton (Figure 1.2.1). When protons or neutrons
are associated as pairs with their magnetic
moments in opposed direction, these pairs have a
net magnetic moment equal to zero. For example,
the carbon nucleus *?C (with 6 protons and 6
neutrons) cannot be detected by NMR, whereas
the less abundant isotope **C (6 protons, 7 neu-
trons) has a detectable magnetic moment. In vivo
NMR spectroscopy of *3C allows the quantification
of molecules such as glucose, acetate and glycogen.

Electrons bear a much larger elementary mag-
netic moment, nearly two thousand times bigger
than that of protons. In most molecules, electrons

are associated as pairs with their magnetic
moments in opposed direction, and these pairs
have nearly net zero magnetic moment. The iron
atom has several non-paired electrons and then
bears a large magnetic moment from its electrons,
so that iron is a good material to experience what is
magnetism, or to make magnets, and also NMR
contrast agents (see paragraph 1.9).

1.2.2 The motion of a magnetic

moment around the
magnetic field and the
resonance frequency

Key points

A magnetic moment rotates around the direction
of the magnetic field B, as does a spinning top. Its
longitudinal component, along Bo, is constant,
whereas its transverse component, perpendicular
to By, rotates at the frequency F,. F, is propor-
tional to the magnetic field intensity B, and to the
gyromagnetic factor characteristic of the nucleus,
y. The gyromagnetic factor y has a characteristic
value for each nucleus, so that at a given field
value each kind of nucleus rotates at a specific
frequency.

A magnetic moment /i in presence of a magnetic
field By is submitted to a torque: It rotates along a
cone around the direction of the magnetic field, as
does a spinning top. This special rotation is named
precession (it is the name for the motion of a gyro-
scope when a torque is applied upon it). Then the
longitudinal component of ji, uz, along Bo, keeps a
constant value, and the transverse component, ut,
perpendicular to B, rotates (Figure 1.2.2). The
precession takes place at a well-defined frequency,
Fo, proportional to the magnetic field intensity B,
and to the gyromagnetic factor, y, characteristic of
the nucleus.

Fo is the resonance frequency of this nucleus:

Fo = y/27.Bo (1.2)

The gyromagnetic factor y is determined by the
internal quantum structure of the nucleus. It has
a characteristic value for each nucleus, so that at a
given field value each kind of nucleus rotates at a
specific frequency as shown in Table 1.2.1.
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Figure 1.2.1 The hydrogen nuclear magnetic
moment. The proton, with mass rotating upon
itself, has some analogy with a spinning top.
The positive charge rotating can also be
described as some current flowing in a circuit
and then behaves as a small magnet. Rotation
(spin) is symbolized by the black arrow, mag-
netic moment by the grey arrow. The magnetic
moment ji and the spin S of a proton are collinear,
and they are related by: ji = y.S, where y is the
gyromagnetic factor

1.2.3 Resonance frequencies
of nuclei of biological
research

Amongst the stable nuclei, the hydrogen nucleus
has the highest gyromagnetic factor and then the
highest resonance frequency at a given magnetic
field. NMR signals of hydrogen are currently
detected at frequencies between 64 and 900 MHz

Figure 1.2.2 Precession of a magnetic moment
around the magnetic field. The magnetic moment
of a proton rotates around the field By tangentially
toacone. The angle between ji and B, is constant;
the projection of i on the direction of By, uz —
named the longitudinal component, has a fixed
value. The projection upon the plane perpen-
dicular to By, ut — named the transverse compo-
nent, rotates at the frequency F,

Z A
BoA

(corresponding to magnetic field intensity between
1.5T and 21.13T). Other nuclei resonate at lower
frequencies, because they have lower magnetic
moments. These resonance frequencies are in the
range used for radio, telephones and radars. In
Table 1.2.1, the gyromagnetic factor y of nuclei is
expressed by their resonance frequency at
Bo =4.7T (the field of many NMR spectrometers
used for small animal examinations).

Table 1.2.1 Nuclear magnetic resonance frequencies at Bo = 4.7 Tesla for nuclei of biological

interest

Nucleus Frequency at 4.7 Tesla (MHz) Natural abundance (%0) Sensitivity*
H 200 99.98 1

3He 152.4 1.3-10% 6.10 5**

Bc 50.2 1.1 0.18-107

19k 188.2 100 0.85

Na 52.9 100 0.136

3lp 80.9 100 0.063

*The sensitivity for a given nucleus is the ratio of its signal to the signal of hydrogen, at same number of atoms (taking into account the
natural abundance of the isotope detected), at the same magnetic field. The sensitivity for *3C is low because **C nuclei are only 1.1% of all
carbon nuclei. The sensitivity varies as the square of the gyromagnetic ratio of the nucleus.

**This nucleus is detected at abundance higher than its weak natural abundance, after separation from “He, and after hyperpolarization

(cf paragraph 1.10.1).
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1.2.4 The nuclear magnetization

Key points
Nuclear magnetization is the sum of the individual
magnetic moments per unit volume.

In presence of the external magnetic field By,
individual magnetic moments are lined either par-
allel or anti-parallel to B, corresponding to two
energy levels. The weak difference between the
populations in these two energy levels determines
the nuclear magnetization. At equilibrium, the
nuclear magnetization is parallel to By, and its
value M, is proportional to the number of nuclei
N and to B,.

The magnetization is the sum of the individual
magnetic moments in one unity of volume. These
magnetic moments are borne by nuclei and
electrons.

Here we consider only the magnetization from the
nuclei, that we call ‘nuclear magnetization’, and only
the contribution from the nuclei to be detected (very
often hydrogen nuclei).

Let us consider a water sample of volume V that
contains N hydrogen nuclei. In the absence of external
magnetic field, the individual nuclear magnetic
moments are oriented randomly with zero sum, and
then the total magnetization is equal to zero
(Figure 1.2.3(a)).

In the magnetic field BTO, they do not behave as a
classic magnet: A compass needle would always align

with the field. Here they orientate either along
or opposite the magnetic field (Figure 1.2.3(b)).
Their z-component pz is quantified, taking values
+u or —pu.

The magnetic energy of a magnetic moment i in
the field By, is given by

E=—/iBs (1.3)

The two orientations relative to B, determine two
energy levels. The energy of the lower level is E* =
—u.By, for ji parallel to By (assuming . is positive).

The energy of the upper level isE~ = +u.B,, for ji
in the direction opposite to B,.

The two levels are separated by

AE = 2.1.B, (1.4)

If the N hydrogen nuclei were reparted equally between
these two levels, magnetization would still be zero.
From thermal agitation, the hydrogen nuclei are con-
tinually jumping from one energy level to the other. At
equilibrium, N* nuclei are in the lower level (which is
slightly more populated) and N~ nuclei are in the upper
level as drawn in Figure 1.2.4.

The magnetization, the sum of individual
moments, is parallel to the magnetic field By, and
has the value M,:

Mo = (NT =N ).u/V (1.5)
This magnetization is much lower than N.../V, which
would be its value if all magnetic moments were in the
lowest energy level. The magnetization at equilibrium

Figure 1.2.3 Nuclear magnetic moments and magnetization. The sum of the elementary magnetic
moments in a unit volume is the magnetization. (a) At zero magnetic field, the magnetic moments are
randomly oriented. (b) At the magnetic field intensity B,, the magnetic moments are oriented either
parallel or anti-parallel to B, and their sum is parallel to B,
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1.2 NUCLEAR MAGNETIZATION 7

Figure 1.2.4 Population of the nuclear energy levels.

(a) Magnetic moments at equilibrium in the magnetic field B,. The energy levels corresponding to the
two orientations relative to B, are separated by AE = 2 u B,. The lower level contains N™ hydrogen
nuclei; the upper level contains N~ hydrogen nuclei. The net magnetization of the sample is
Mo = (Nt —N7) u/V.

(b) Excitation of nuclear magnetic resonance. Photons from the electromagnetic field B,, that have the
energy h F, = AE, are absorbed and allow magnetic moments in the lower level to reach the upper
level: The populations N* and N~ are modified by the absorption of photons. When N* =N~ the
longitudinal magnetization is equal to zero, while the photons have brought their polarization to the
transverse magnetization that is no longer equal to zero.

(c) Energy levels and longitudinal relaxation. The recovery of M, to equilibrium, or longitudinal relaxa-
tion, derives from rebuilding the difference between the populations N™ and N~ of the two energy levels
of hydrogen nuclei magnetic moments. The hydrogen nuclei that have been previously excited to the
upper level have to emit the excess of energy in order to return to the lower level

(a) 7 \ (b) A
Bo Bo

Electromagnetic field B1
Photons

Bo

N-

Mz

N+

is calculated from the polarization P of nuclei that
qguantifies how much the magnetic moments are
oriented by the magnetic field.

The polarization of nuclei by the magnetic field B,
P is the ratio between the difference of populations of
the two energy levels, AN = N* — N, and the total
population of nuclei, N = N* + N~

P = AN/N,

1.6
so that My = N Pu/V. (1.6)

At equilibrium, P depends on the ratio of the magnetic
energy uBo (the source of magnetic order) to the
thermal energy k T (the source of disorder), where k
is the Boltzman constant and T the temperature.
This ratio is very low in usual in vivo conditions.
The polarization of hydrogen nuclei is equal to
3x107% at 1T, at 300°K. We shall later see that
the signal from nuclei is related to the polarization.
A benefit of stronger magnetic field is the higher
polarization of nuclear magnetic moments. Special
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Figure 1.2.5 Nuclear magnetization precesses
around the magnetic field.

(a) At equilibrium, all individual magnetic
moments experience precession around B, at
the frequency F,. The individual magnetic
moments are distributed randomly across each
cone. The upper cone (corresponding to the lower
energy level) is more populated than the lower
cone: there is a net longitudinal magnetization,
M;=M,. The transverse components of the mag-
netic moments rotate; their rotations are not
coherent, so that there is no net sum along the
other directions. Then for the nuclear magnetiza-
tion of the sample My = My = 0.

(b) When the absorption of photons from the RF
field B; has equalized the populations of the two
cones and has modified the transverse orienta-
tions of the magnetic moments, M; =0 and M;
gets a net value (M, and My, # 0)

(a)
Bo 4

Mz=0

Mt=0

techniques allow to increase very strongly the polar-
ization of nuclei such as Xenon, Helium and Hydro-
gen (see paragraph 1.10.1).

Let us come back to our small water sample and
complete the description of magnetic moments.

Atequilibrium, all the individual magnetic moments
experience precession around By, at the frequency Fq as
displayed by Figure 1.2.2, but their transverse compo-
nents are reparted randomly in the plane perpendicular
to B, and the sum of transverse components, My, is
equal to zero (Figure 1.2.5(a)). After excitation of
nuclear magnetic resonance, their transverse compo-
nents are oriented in the plane perpendicular to B, and
the sum of transverse components, My, can be detected
(Figure 1.2.5(b)).

1.3 Excitation and return to
equilibrium of nuclear
magnetization

Key points

Excitation of NMR is done by irradiation of the
sample with a magnetic field oscillating at the
resonance frequency Fo. This magnetic field tips
the nuclear magnetization away from its initial
orientation along B,. While the transverse nuclear
magnetization M; rotates, it can be easily detected.
The receiver probe picks the weak magnetic signal
created by the rotation of M; and generates a
voltage oscillating at the frequency F,. Detection
can be done during a time limited by the decay of
My, measured by the transverse relaxation time T2.
One has to wait for the return to equilibrium of the
longitudinal nuclear magnetization, during a time
related to the longitudinal relaxation time T1,
before repeating excitation and detection.

The magnetization at equilibrium, parallel to By,
cannot be measured directly: Magnetic forces are small
and difficult to measure. Conversely, when the global
magnetization rotates around B, at the resonance fre-
guency, measurement of an electrical signal is possible.

Here we describe how to excite resonance, how to
detect NMR signal, and the way nuclear magnetiza-
tion returns to its initial equilibrium.

An oscillating or rotating physical phenomenon
can be described by its amplitude, its frequency and
its phase.

Both the RF magnetic field B; and the transverse
magnetization M, are vectors perpendicular to B, that
rotate or oscillate at the resonance frequency F, (for
definition of phase, see Figure 1.3.1).

At best, the field B, used for NMR excitation is a
rotating field; however, the experiment is often driven
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Figure 1.3.1 Oscillating/rotating vectors. The
rotating vector M rotates in the plane XOY, as
the needle of a clock; Ma, the amplitude of M is
like the length of the needle. The angle of this
vector with the reference axis OX is the phase ¢.
The rotation takes place at the frequency F
(measured in turns per second or hertz). The
phase at time zero is ¢.; later at time t the phase
is written as

¢=217F t+¢,. (1.7)

The components of the vector M are
My = M, cos(¢) = My cos(2 Ft + ¢,), (1.8)
My = Masin(¢) = Masin(2 7 Ft + ¢,), (1.9)

My is an oscillating quantity, also characterized by
its amplitude M,, its frequency of oscillation F and
its phase att = 0, ¢,

by a linear oscillating magnetic field that can be dis-
composed into two rotating fields: One of them
rotates clockwise and the other counterclockwise.
One of them is efficient to excite nuclear magnetic
resonance and the other is not efficient.

The three characteristics of the transverse magneti-
zation M are itsamplitude, its precession frequency and
its phase. They intervene in the generation of the NMR
signal: The intensity of signal is proportional to the
amplitude of the local magnetization, whereas the fre-
guency and phase of the signal inform upon the spatial
localization.

1.3.1 The excitation of nuclear
magnetic resonance

To excite nuclear resonance means to set nuclear
magnetization out of equilibrium by using a second
magnetic field, the RF magnetic field B: (RF means
‘radio frequency’). This is done by irradiating the
sample with an electromagnetic field rotating at the

resonance frequency F,. This field is created by send-
ing current oscillating at the frequency F, in a coil
around the sample. (Note that this irradiation by an
electromagnetic field is usually fully devoid of biolo-
gical effects, except the thermal effects due to heating,
because the energy of photons is more than 1 x 10°
times smaller than any energy of ionisation: At the
highest field used for MRI, 17.6 T, the photons of
frequency 748 MHz have an energy equal to
3 x 10~ %eV. These photons can only heat tissues.)
The RF magnetic field B is perpendicular to B,
and rotates around the direction of B,. From the
equivalence between electromagnetic field and
photons, here again, there are two complementary
descriptions of the excitation of resonance.

1.3.1.1 In terms of energy

levels and populations

An electromagnetic wave of frequency F can also be
described as made by photons of elementary energy

E = h F (where h is the Planck’s constant equal
t0 6.634 x 10727 J.s).

The RF magnetic field B; at the resonance frequency
Fo is the magnetic component of an electromagnetic
wave. The energy of the corresponding photons, equal
to h F,, is exactly equal to the difference between the
magnetic energy of magnetic moments in the two
energy levels, AE =2 i B,. Such photons convey
exactly the energy needed to raise one magnetic moment
from the lower level up to the higher level, whence the
name of resonance frequency (Figure 1.2.4(b)).

When the two populations get equal, M, is equal to
zero and My = Mo. This is described geometrically as
a 90° flip of the vector M that rotates around the
direction of the RF field By (Figure 1.3.2).

The photons of the electromagnetic field at fre-
quency F, are fully polarized: This means that for
every photon, the direction and phase of B, is well
defined and identical. When the photons are absorbed
by the magnetic moments they give a well-defined
value to the transverse component of the elementary
magnetic moments, so that the transverse magnetiza-
tion is no more equal to zero.

1.3.1.2 In terms of vectors and forces

The magnetic field B is perpendicular to M and exerts
a force upon it. Under this force, the orientation of M
is modified: M is tipped away the z axis.
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Figure 1.3.2 Flip of the magnetization induced by the RF magnetic field B;. The magnetic field B,
perpendicular to the magnetization M and to By, exerts a torque upon M and modifies its direction.
Since B, rotates around B, at the same frequency F, than does M, it keeps an adequate angle with M
during the precession, and its action goes on during the rotation of M. Note that this drawing does not
shows the fast rotation of M and B; at the frequency F,: The observer is ‘in the rotating frame’ that
rotates at the frequency F,. Many of the following graphs are drawn with the same convention

Bo

initial magnetization
longitudinal

Y

", final magnetization
transverse

Transverse plane (x,y)

Both M and Bl rotate at the frequency Fo: The
force exerted by By upon M also rotates, so that M
goes on tipping away from z axis, and, while continu-
ing its precession around Bo, rotates around Bl
(Figure 1.3.2).

The angulation of M relative to By, induced by
application of the RF field B, is measured by the
angle between the two vectors and is named as the
flip angle. The magnitude of the flip angle depends on
the amplitude of B, and the duration of its application
7, and also on the gyromagnetic factor y, according to
the relation

a=yBirT. (1.10)
When the flip angle reaches 90°, so that M is per-
pendicular to I§o, the RF field I§1 is shut down. Now
the magnetization is fully ‘transverse’: The vector M
lies in the plane x-y and rotates around B, at the
frequency F,. The transverse component My is the
largest possible at the end of a 90° flip: Then M is
equal to the value of M, before the application of B;
and M, =0

The sample is ready for detection of the rotating
transverse nuclear magnetization.

Usually B4 is applied during a very short time, at
high intensity: This is called a pulse of RF magnetic
field. The RF pulse, which makes a 90° flip angle, is
called a ‘90° RF pulse’.

Other trajectories are possible with a flip angle
smaller than 90° (M, is smaller but positive at the
end of the RF pulse) or larger than 90° (M, is negative
at the end of the RF pulse).

More physics: the 180° RF pulse.
Initially, the nuclear magnetization is at equilibrium
(M; = My) corresponding to the difference AN
between the populations N and N—. After irradiation
by the RF field B, at the resonance frequency, when the
number of photons absorbed by the nuclear magnetic
moments is twice of that corresponding to a 90° pulse,
the difference between populations N* and N~ is
inverted: The upper level is more populated and the
longitudinal magnetization has the value —M,. Mag-
netization has been inverted; geometrically, this corre-
sponds to a flip angle of 180° around the direction of B;.
A 180° RF pulse is also applied in order to refocus
the transverse magnetization and hence to generate a
spin echo (see Section 1.3.4). Then its effect is to
invert the component of M, perpendicular to the RF
field B; as shown in Figure 1.3.3(b).

1.3.2 How to detect the nuclear
magnetization?

Nuclear magnetization can be detected while it rotates
at a well-defined frequency after excitation. Voltage at
the same frequency is induced in a receiver coil.
When a magnet bar rotates next to a loop of con-
ducting wire, a voltage is induced and current flows in
the loop. The simplest receiver coil is a loop of conduc-
tive wire designed to deliver alarge voltage when it ‘sees’
a small magnetic field oscillating at the frequency F,.
Let us consider a small sample containing water, in
proximity to the receiver coil. After excitation of NMR



