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Magnetic resonance imaging (MRI), a non-invasive imag-
ing modality, has revolutionized the field of clinical
medicine with its multiplanar imaging capability, high
spatial resolution, excellent soft tissue contrast and
absence of ionizing radiation. It covers a broad range
of applications from fast noninvasive anatomical mea-
surements to the study of tissue physiology and meta-
bolism.

MR images arise primarily from the protons of
water and fat present in human and/or animal tissues.
Several variants of MR methods have been developed
for studying specific disease processes. Recently, dif-
fusion and perfusion MRI have found widespread
application in the evaluation of epilepsy, stroke and
other brain disorders. Functional MRI, yet another
advance, is useful for studying several brain functions
and has immense potential in unravelling the mystery
of the human brain. It has the capability of identifying
specific anatomical sites involved in many cognitive
processes. Another aspect of MR is the so-called ir vivo

MR spectroscopy of living systems. Irn vivo MRS of
living systems are an extension of the traditional high-
resolution NMR method used for studying structure
of molecules but applied to more complex systems.
Among the various nuclei that generate MR signal,
proton (‘H) and phosphorous (*'P) are important in
the study of the biochemistry of living systems. In vivo
MRS can be used to observe different biochemicals
(metabolites) from a particular specified region of a
living system. Determination of the concentration and
relative levels of these metabolites provides informa-
tion on the normal and abnormal states of tissues and
their response to various therapeutic modalities. In short,
in vivo MRS can be used as a unique means for pro-
bing the biochemistry and physiology of living systems.

In this article, a general overview of the basics, deve-
lopment and the applications of various MRI and
MRS methodologies used in clinical and experimental
research are presented to understand the pathophysio-
logy of various disease processes.

ADVANCES in medical imaging techniques have revolu-
tionized the area of clinical medicine with the use of
X-rays, CT, MRI, SPECT and PET scans which allow us
to probe the human body to diagnose, monitor or guide
treatment of a variety of diseases and injuries. The field
of medical imaging began with Wilhelm Roentgen’s dis-
covery of X-rays in 1895 and in fact, until the early
1970s, it was the only technique available for imaging.
Although X-rays are useful for delineating the bones,
they do not provide detailed information about the soft
tissues of the human body. A major advance was made in
mid-1970s with the development of computerized tomo-
graphy (CT) using X-rays, which can image head as well
as other parts of the body, relatively quickly.

Although CT opened a new era in imaging, almost at
the same time MRI revolutionized the field of diagnostic
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radiology by providing detailed high-resolution images of
different structures of internal organs of the human body.
MRI produces a series of cross-sectional images in any
desired plane of any region of the body. Unlike CT, MRI
uses a strong magnet and radio waves rather than X-rays
to produce its images. Though more time consuming than
the CT scan, it has the best soft tissue characterization
among all the existing imaging techniques. MRI is superior
to CT in that patients are not exposed to X-rays and
images can be taken along any angle through the body.
MRI is an extension of the more generalized phenome-
non called nuclear magnetic resonance (NMR). Magnetic
resonance (MR) is the study of the interaction of a mole-
cule (to be precise atomic nuclei such as hydrogen) with
radiofrequency (RF) field in the presence of an external
magnetic field, By. Hydrogen is the most commonly used
nuclei for medical imaging because of its wide distribu-
tion in biological tissues. The development of MRI started
with the work of Damadian who demonstrated that the
NMR relaxation time constants (T1 and T2) are different for
normal and malignant tissues and could have diagnostic
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value'. In 1973, Lauterbur produced the first NMR image
of an object and called it ‘zeugmatography’, using mag-
netic field gradients’. Later, MR images of human organs
like finger’, hand* and wrist’ were reported. With the deve-
lopments in magnet technology, RF electronics and power-
ful computers in mid-1980s, the full potential of magnetic
resonance imaging (MRI) as a clinical tool was realized.
In the last two decades MRI has experienced rapid expan-
sion and has achieved on amazing level of success as an
important tool to study several disease processes in clini-
cal and experimental research. Recent advances in MRI
methodology offer high spatial resolution (100 um or less),
enabling detailed morphological/anatomical information
to be obtained from small animals. This rapid growth is due
to its noninvasive nature, avoidance of ionizing radiation
and its ability to generate high-resolution images. Recently,
Lauterbur and Mansfield were awarded the Nobel Prize
for their seminal contribution ‘concerning the use of MR
to visualize different structures’ (Box 1).

In vivo MR spectroscopy (MRS) of cells and of organs
of living systems are an extension of high-resolution NMR
used for studying structure of molecules, but applied to
more complex systems. It can be used to observe different
metabolites present in a particular region of tissues and
organs. The determination of the concentration and relative
levels of these metabolites provide information on the
normal and abnormal tissues. The method is useful to
monitor the response of tumours to various therapeutic
modalities and to understand the different metabolic pro-
cesses®’. Thus, in vivo MRS can be used as a unique
means for probing the biochemistry of living systems and
is increasingly being used in clinical, experimental, pharma-
ceutical and biological research. It serves as a link bet-
ween clinical and pre-clinical applications that renders it
as an attractive tool’. Even though for a number of rea-
sons MRI and MRS have evolved more or less indepen-
dently, in vivo localized MRS in human and other living
systems, are mainly guided through MR images. Thus,
the success of MRI has led to considerable interest in
MRS as a noninvasive probe for monitoring the metabo-
lism of living systems. In this article, an overview of the
potential of MRI and in vivo MRS in understanding the
pathophysiology of several disease processes is presented.

Image formation

Water constitutes 70% of the human body weight and most
MR images are acquired using the hydrogen (proton) nuclei
present in the water molecule. There are differences in
water content among tissues and organs and in many dis-
eases the pathological processes alter the characteristics
of water, which is reflected in the MR image. Each water
molecule has two hydrogen atoms covalently bound to an
oxygen atom and there are approximately 5 x 10*” hydro-
gen nuclei in an adult human body that are randomly ori-
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ented. These nuclei behave as tiny magnets (magnetic
dipoles) and when a human body is exposed to a strong
magnetic field, these line-up either parallel or anti-parallel
to By. More spins will be in the parallel orientation since
this is the lower energy state. With the application of an
appropriate RF field, these nuclei return to parallel state
emitting RF energy (NMR signal), which depends on the
strength of the applied external magnetic field. This rela-
tionship is expressed by Larmor equation:

Vo = (Y21)B,,

where v, is the resonance frequency expressed in MHz
and 7y the gyromagnetic ratio in units of frequency/field
strength, is a nuclear property. Thus the resonance pheno-
menon is governed by a simple relation between strength
of the magnetic field and frequency of radio waves.

In MRI, the magnetic field strength across the body is
manipulated, such that different tissues of the body can
be labelled with different frequencies. Thus, if a linear gra-
dient G is applied in the direction x along with the large
static field By, then

v =021 By (1 + G

and the observed frequency can measure the value of x. A
linear gradient in any one of the three orthogonal direc-
tions, x, ¥, or z or by using combinations of these gradients,
the overall gradient could be set in any chosen direction®.
The images are pictorial representation of the spatial dis-
tribution of mobile protons in the body that arise primarily
from water and fat. The density of mobile protons in tissues
affects the image contrast in addition to other factors to
be discussed later in this article. The principles of MRI
and in vivo MRS are described in many textbooks®'*.
MRI systems are generally characterized by strength of
the magnetic field and imaging is generally performed with
field strengths in the range of 0.2 to 2 Tesla, although
imaging outside this range is possible. The strength of the
magnetic field determines the tissue (proton) resonant fre-
quency. Prior to the actual image acquisition, the mag-
netic field is the same at all points throughout the region,
say, a patient’s body. However during the acquisition, the
gradient magnetic fields (discussed above) are switched on
in a pulsed fashion. The gradient coils are situated within
the bore of the magnet. The gradient coils consist of three
pairs: x-, y-, and z-gradients. z-gradient changes the mag-
netic field along the z-axis, thereby allowing a slice of
the patient to be selected for imaging. x-gradient coils
produce a magnetic field gradient across the patient, thus
providing spatial localization along the x-axis of the patient
called as ‘frequency encoding’. The y-gradient coils pro-
duce magnetic field gradient through the patient from
front to back, and by convention, the y-axis is the vertical
axis through the patient used for ‘phase encoding’ the
MR signal. Together, the y- and x-gradients allow precise
determination of where within the imaging plane the con-
tribution to the NMR signal from each voxel or pixel
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Box 1. Nobel Prize for Physiology or Medicine, 2003

Nuclear magnetic resonance (NMR) discovered as a tech-
nique for various applications of physics initially, soon
found widespread application as a method of structure elu-
cidation of organic and biological molecules in 1970s. Dur-
ing the same time NMR moved into a totally new area for
obtaining ‘spatial’ information of objects that had great
potential in the fields of medicine and biology. The 2003
Nobel Prize for Physiology or Medicine was awarded jointly
to Paul C. Lauterbur and Peter Mansfield for their discover-
ies concerning ‘magnetic resonance imaging’. Lauterbur
discovered the possibility to create a two-dimensional pic-
ture by introducing gradients in the main static magnetic
field. In 1973, he described how addition of gradient mag-
netic field to the main magnet made it possible to visualize
the cross-section of tubes (or other origin) with water. This
made it possible to create two-dimensional pictures of
structures that could not be visualized with other methods.
Mansfield utilized gradients in the magnetic field in order to
more precisely show differences in the resonance. He
mathematically analysed the NMR signal and showed how
the detected signals could rapidly and effectively be trans-
formed to an image. Mansfield also proposed a fast imag-
ing method that could be achieved by single excitation
pulse followed by rapid switching of a strong gradient.

Paul C. Lauterbur was born on 6 May 1929 in Sidney,
Ohio, USA. He obtained his B Sc in Chemistry in 1951 and
his Ph D in Chemistry in 1962 from the University of Pitts-
burg, Pennsylvania, USA. He was Research Associate at
the Mellon Institute from 1951 to 1963 and later a Faculty at
the State University of New York, Stony Brook from 1969 to
1985. Presently he is the Professor and Director, Biomedi-
cal MR Laboratory, University of lllinois, College of Medi-
cine at Urbana-Champaign, IL, USA. He won numerous
awards in Chemistry, Physics and Biomedical Sciences.
His initial research interest includes work on carbon-13,
silicon-29 and other nuclei. In 1971, he conceived the idea
of using magnetic field gradients to obtain two- or three-
dimensional spatial information about the distribution of
magnetic nuclei in a sample placed inside a NMR coil and
thus to create a ‘picture’ of the object by NMR. The Larmor
relation v, = (y/2rx)Bn ensured that the NMR frequency
would precisely monitor the magnetic field B, at the nuc-
leus, so that if a linear gradient G is applied in the direction
x, along with the large static field By, then v = (y/2n)B,
(1 £ Gx), and the observed frequency can measure the
value of x. Lauterbur realized that a linear gradient in any
one of the three orthogonal directions, x, y, or z or by using
combinations of these Cartesians gradients, the overall
gradient could be set in any chosen direction. This seminal
contribution appeared in Nature in March 1973. This paper
illustrates the use of gradients in several directions and by
back-projecting the one-dimensional spectrum, a two-dimen-
sional image of two capillaries of water, which would fit
within a standard 5-mm diameter, was generated. The image
formation from NMR is different from that of classical laws
of diffraction in that it is the combined effect of the static
magnetic field and the RF that leads to localization. He
coined the term ‘zeugmatography’, which in Greek means
‘that which is used for joining’. Lauterbur tested a number of
other small objects and the first living animal to be imaged
was a clam, 4-mm in diameter, which fitted into a standard
5-mm sample NMR tube. The NMR image showed the soft
structure within the closed shell, the latter not contributing
to the proton signalb. Later in 1974 an image of the thoracic
cavity of a living mouse was demonstrated®.

Peter Mansfield born on 9 October 1933 in England,
obtained his B Sc in 1959 and Ph.D. in Physics from the Uni-
versity of London in 1962. He worked as a Research Asso-
ciate at the University of lllinois, USA from 1960 to 1964. Later,
he moved as a Faculty to the Department of Physics, University
of Nottingham, England where he rose to become a Pro-

fessor in 1979. He won numerous awards including Fellow of
the Royal Society (FRS) and was Knighted in 1993. His early
research interests were in multiple pulse techniques for line
narrowing in solids. In 1970s Mansfield and Grannell reported a
one-dimensional interferogram to a resolution of better than
1 mm from layers of camphor using magnetic fields gradientsd’e.
The pulsed approach proposed by them had an optical analogy
of plane-wave scattering through mathematical framework
where reciprocal lattice space or k-space was introduced and in
which the k vector was proportional to the product of time and
gradient vector. The concept of k-space in MRI, of course, now
plays an important role in categorizing different imaging seg-
uences in terms of the k-space trajectory. They pointed out that
NMR diffraction could be useful at the macroscopic level for
microscopy in biophysical systems with regular, or approximately
regular macroscopic structures, e.g. cell membranes and fila-
mentary or fibre structures®. Mansfield and his workers exam-
ined the theory and reported one-dimensional responses and
2D images obtained by projection-reconstruction techniques.
Later they worked on switched gradient methods with selective-
pulse excitation’ to define a strip within the slice and obtain an
image a ‘line’ at a time?". Using this method they produced a
cross-sectional image of human finger—the first image to reveal
anatomical detail in a live human object®.

In 1977 Mansfield reported ultra-high-speed imaging method
which was eventually named as ‘echo-planar imaging’ or EPI'. In
this method, the entire slice selection was obtained with one exci-
tation RF pulse followed by a string of echoes that resulted from
a rapid and repeated switching of field gradients. This gives series
of gradient echoes, each of which is given a different degree of
phase encoding and thus can be reconstructed to form an image.
Using this methodology, Mansfield and Pykett obtained crude
images of a phantom” and of anatomical features'™. In 1981, the
first real-time moving images were obtained, which demon-
strated the potential for ‘freezing’ cardiac motion”.

By mid-1980s, added by developments in magnet technology,
RF electronics, powerful computers, and image processing algo-
rithms the full potential application of MRI in the diagnosis of
various diseases like tumours and cancers was realized and has
now become an indispensable tool in clinical medicine. A great
advantage with MRI is that it is harmless and does not use
ionizing radiation, in contrast to X-ray or CT scan. In addition to
its use as a diagnostic tool, MRl examinations have also
become important in treatment and follow-up of various disease
processes. It can also be used to ascertain the stage of a
tumour, which is important for the choice of treatment. In fact,
MRI replaced several invasive examinations, thereby reducing
the suffering of many patients. An estimated 22,000 MRI
scanners are in use worldwide and more than 60 million MRI
examinations have been performed.
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