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The development of magnetic resonance imaging (MRI) for use in medical investigation has provided a huge

forward leap in the field of diagnosis, particularly with avoidance of exposure to potentially dangerous ionizing

radiation. With decreasing costs and better availability, the use of MRI is becoming ever more pervasive

throughout clinical practice. Understanding the principles underlying this imaging modality and its multiple

applications can be used to appreciate the benefits and limitations of its use, further informing clinical decision-

making. In this article, the principles of MRI are reviewed, with further discussion of specific clinical applications

such as parallel, diffusion-weighted, and magnetization transfer imaging. MR spectroscopy is also considered,

with an overview of key metabolites and how they may be interpreted. Finally, a brief view on how the use of MRI

will change over the coming years is presented. (J CLin Exp HepaToL 2015;5:246-255)

he nuclear magnetic resonance (NMR) phenome-
non was first described experimentally by both
Bloch and Purcell in 1946, for which they were
both awarded the Nobel Prize for Physics in 1952.%% The
technique has rapidly evolved since then, following the
introduction of wide-bore superconducting magnets
(approximately 30 years ago), allowing development of
clinical applications. The first clinical magnetic resonance
images were produced in Nottingham and Aberdeen in
1980, and magnetic resonance imaging (MRI) is now a
widely available, powerful clinical tool.>* This article cov-
ers a brief synopsis of basic principles in MRI, followed by
an overview of current applications in medical practice.
All atomic nuclei consist of protons and neutrons, with
a net positive charge. Certain atomic nuclei, such as the
hydrogen nucleus, 'H, or the phosphorus nucleus, 3ip,
possess a property known as ““spin”, dependent on the
number of protons. This can be conceived as the nucleus
spinning around its own axis although this is a mathe-
matical analogy. The nucleus itself does not spin in the
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classical meaning but by virtue of its constituent parts
induces a magnetic moment, generating a local magnetic
field with north and south poles. The quantum mechani-
cal description of this dipolar magnet is analogous to
classical mechanics of spinning objects. The dipole itself
is analogous to a bar magnet, with magnetic poles aligning
along its axis of rotation (Figure 1°).°

Application of a strong, external magnetic field (Bo)
aligns the nucleus either in parallel with or perpendicular
to the external field. A liquid solution containing many
nuclear spins, placed within the By, field, will contain nuclear
spins in one of two energy states: a low-energy state (oriented
parallel to the magnetic field) or a high-energy state (orien-
tated perpendicular to the magnetic field direction). In
solids or liquids, there would tend to be an excess of spins
in the same direction as B,. Although a bar magnet would
orientate completely parallel or antiparallel to the field, the
nucleus has an angular momentum due to its rotation, so it
will rotate, or precess, around the By axis (Figure 2’). This
behavior is often compared to the wobbling motion of a
gyroscope under the influence of the Earth’s magnetic field
and explains the use of “spin” to explain what is in reality a
quantum mechanical phenomenon. The velocity of rotation
around the field direction is the Larmor frequency. This is
proportional to the field strength, and is described by the
Larmor equation (Figure 3).°

Nuclei that possess spin can be excited within the static
magnetic field, By, by application of a second radiofre-
quency (RF) magnetic field By, applied perpendicular to B,
The RF energy is usually applied in short pulses, each
lasting microseconds. The absorption of energy by the
nucleus causes a transition from higher to lower energy
levels and vice versa on relaxation. The energy absorbed
(and subsequently emitted) by the nuclei induces a voltage
that can be detected by a suitably tuned coil of wire,
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Figure 1 Nuclear spin.
The “spinning” nucleus (a) induces a magnetic field, behaving like a bar

magnet (b). N and S represent north and south respectively. The direc-
tions of the arrows represent the direction of the magnetic field.

Earth's magnetic field.

4

Figure 2 Nucleus precessing around an external magnetic field (Bo).
Mg = direction of net magnetization.
X, y and z represent the orthogonal Cartesian axes. wg = yBg

amplified and displayed as the “free-induction decay”
(FID). In the absence of continued RF pulsation, relaxation
processes will return the system to thermal equilibrium.
Therefore, each nucleus will resonate at a characteristic
frequency when placed within the same magnetic field.’
The energy required to induce transition between
energy levels is the energy difference between the two
nuclear spin states. This depends on the strength of the
Bo magnetic field the nuclei are subjected to (Figure 4).
Application of an RF pulse at the resonant frequency
generates a FID. In practice, multiple RF pulses are applied

o0=vB0

Figure3 Larmor equation. oy = angular frequency of the protons, yis
the gyromagnetic ratio, a constant fixed for a specific nucleus and By is
the field strength. AE = yhBy/27

AE=yhB0/2x!

Figure 4 Difference in energies of the two spin orientations, where
h = Planck’s constant.
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Figure 5 The free induction decay (FID) and Fourier transformation to
generate MR images or MR spectra.

to obtain multiple FIDs, which are then averaged to
improve the signal-to-noise ratio (SNR). The signal-aver-
aged FID is a time-domain signal. It will be made up of
contributions from different nuclei within the environ-
ment being studied (e.g. free water and 'H bound to
tissue). The signal-averaged FID can be resolved by a
mathematical process known as Fourier transformation,
into either an image (MRI) or a frequency spectrum, pro-
viding biochemical information (Figure 5°).°

MR FIELD GRADIENTS

Localizing the MR signal spatially to a region of interest
requires the use of gradients. These are additional spatially
linear variations in the static field strength. Gradients can
be applied in any orthogonal direction using the three sets
of gradient coils, Gx, Gy, and Gz, within the MR system.
Faster or slower precession is detected as higher or lower
MR signal. Thus, the frequency measurements can be used
to distinguish MR signals at different positions in space
and enable image reconstruction in three dimensions
(Figure 6).

RF COILS

The transmitter and receiver coils may be either separate
or individual pieces of hardware, depending on the area
of body under examination and the experiment being
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Figure 6 Effect of field gradient on nuclei.
(@) Bo only, all nuclei precess at the same frequency.
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(b) By with gradient Gx. Further along the x direction the field increases and thus the protons resonate faster- precession frequency depends upon

position.

Adapted from McRobbie, D et al. MRl From Picture to Proton. 1st edn. Cambridge. Cambridge University Press, 2003. MTR + 100 x (Sl off — Sl on)/SI

performed. The applied B; pulse is applied by an envel-
oping transmitter coil, which uniformly surrounds the
area of interest, such as a head coil. The receiver coil
consists of a loop of wire, which may either be placed
directly over the region of interest or combined within
the transmitter coil. Phased-array coils involve a number
of coils receiving MR signal simultaneously and indepen-
dently from a single excitation. If each coil is connected to
a separate receiver, then the noise between the coils is
uncorrelated, resulting in a higher signal-to-noise ratio
than if the coils were just connected to one receiver.
Mathematical algorithms can then be employed to com-
bine the data from the individual coils to generate an
optimum reconstructed Image.”

PARALLEL IMAGING

Parallel imaging is an MR technique designed to reduce
scan time. Sensitivity encoding (SENSE™, Philips) and
simultaneous acquisition of spatial harmonics (SMASH)
are two such examples. SENSE works through under-sam-
pling of the MR data and by collecting data simultaneously
from multiple imaging coils. Reconstruction of the data
requires an accurate knowledge of the individual coil sen-
sitivities prior to the acquisition of the data. Therefore, a
reference scan acquiring low resolution individual coil data
is acquired prior to the main imaging sequence. Thus, a
SENSE factor of 2 may reduce imaging time by up to 50%.
However, with higher SENSE factors there may be a dimin-
ishing amount of MR signal that is recorded.’
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THE MRI SCANNER

Current diagnostic MRI scanners use cryogenic supercon-
ducting magnets in the range of 0.5 Tesla (T) to 1.5 T. By
comparison, the Earth’s magnetic field is 0.5 Gauss (G),
which is equivalent to 0.00005 T. Cooling the magnet to a
temperature close to absolute zero (0 K) allows such huge
currents to be conducted; this is most commonly per-
formed via immersion in liquid helium. Until recently,
most clinical research was conducted at a field strength
of 1.5 T. However, 3 T systems are now widely available and
are being used regularly in the research setting, where the
capabilities of 3 T systems are being explored and opti-
mized. The advantages of higher field strength systems
include improved signal-to-noise ratio (SNR), higher spec-
tral, spatial, and temporal resolution, and improved quan-
tification. The improved SNR can be traded to allow a
reduced imaging time. Inherent disadvantages include
magnetic susceptibility, eddy current artifacts, and mag-
netic field instability.*”

Magnetic susceptibility is the degree of magnetization
that a tissue or material exhibits in response to a magnetic
field. This may have either a beneficial or deleterious effect
on the overall image quality. Magnetic susceptibility arti-
facts are more prominent at 3 T compared to 1.5 T. The
phenomenon may be beneficial in functional or diffusion
MRI by improving tissue contrasts, but disadvantageous
by producing signal voids at air/tissue interfaces in diffu-
sion sequences. An eddy current is an induced current
generated due to the interaction between the rapidly
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changing magnet field and the conducting structures
within the MRI scanner. Eddy currents may lead to per-
turbations in the gradient field, reducing resolution of the
subsequent MR Image.7

T1- AND T2-WEIGHTED MR IMAGING

Relaxation is the term used to describe the process by
which a nuclear “spin” returns to thermal equilibrium
after absorbing RF energy. There are two types of relaxa-
tion, longitudinal and transverse relaxations, and these are
described by the time constants, T; and T, respectively.5

T, is also known as “‘spin-lattice relaxation”, whereby
the “lattice” is the surrounding nucleus environment. As
longitudinal relaxation occurs, energy is dissipated into
the lattice. T is the length of time taken for the system to
return 63% toward thermal equilibrium following an RF
pulse as an exponential function of time. T; can be manip-
ulated by varying the times between RF pulses, the repeti-
tion time (TR). Water and cerebrospinal fluid (CSF) have
long T values (3000-5000 ms), and thus they appear dark
on Ti-weighted images, while fat has a short T; value
(260 ms) and appears bright on T;-weighted images.”

Relaxation processes may also redistribute energy
among the nuclei within a spin system, without the whole
spin system losing energy. Thus, when a RF pulse is
applied, nuclei align predominantly along the axis of
the applied energy. On relaxation, there is dephasing of
nuclei orientations as energy is transferred between the
nuclei and there is reduction in the resultant field direc-
tion, with a more random arrangement of alignments. This
is T,, termed transverse relaxation, because it is a measure
of how fast the spins exchange energy in the “xy”” plane. T,
is also known as “spin-spin”’ relaxation.

MAGNETIZATION TRANSFER IMAGING (MT)

MT indirectly allows measurement of bound and free
water compartments in the brain. It can be affected by
variations in membrane fluidity, heavy metal concentra-
tion, and total water content.®>” MT itselfis a technique for
manipulating tissue contrast.'”'" In addition to enabling
acquisition of images with enhanced contrast, techniques
employing MT allow measurement of MT ratios (MTR)
(Figure 7). MTR is a quantitative tissue characteristic
reflecting the behavior of normally MR-invisible protons
bound to macromolecules. MTR measurement can detect

MTR= 100 x (S! off — Sl on)/Sl

Figure 7 MTR formula. (S| off = signal intensity in the baseline proton
density image, Sl on = signal intensity in the image with the MT pulse
applied).

ation frequency

. ’vo
Figure 8 Model demonstrating the concepts underlying the phenom-
enon of magnetization transfer.

parenchymal changes in the brain that may not be seen
using standard MR techniques.s’ In essence, protons in
tissues exist in two pools, free and bound. Mobile pro-
tons, such as those found in body water make up the
free pool; it has a narrow spectral line with relatively
long T; and T, relaxation times (Figure 8’). The majority
of signal in conventional MR applications comes from
the free pool, as the range for MR excitation frequency is
narrow and centered on these mobile protons. A second
pool of protons bound in proteins and other macro-
molecules or membranes is referred to as being MR
invisible, as it is not typically within the excitation
frequency range used. This pool has a much broader
spectral line and shorter relaxation times, giving a lower
SNR (Figure 8). Magnetization can be transferred
between pools bidirectionally through direct interaction
between spins, transfer of nuclei or direct chemical
means. Under normal circumstances, magnetization
transfer is the same in both directions.”

Techniques employing MT saturate the magnetization
in the bound pool, leaving the free pool mostly unaffected.
This is possible due to the broad spectral line of the bound
pool. It can be excited through the use of an “off-reso-
nance” RF pulse (Figure &). The saturation of the bound
pool causes substantial attenuation of the magnetization.
Consequently, there is little transfer of the magnetization
to the free pool, with the effective longitudinal magneti-
zation within it and its T, relaxation time reduced as a
consequence. Pulse sequences incorporating the use of
“off-resonance” pulses can be designed to quantitate
the effect of MT in different tissues.'”

The free pool of protons (A) has a narrow spectral line,
resonating at the Larmor frequency (vp). RF pulses cover-
ing the frequencies, which are shown in pink (Figure 8), are
able to excite the free pool. The “bound” pool (B) has a
broad spectral line, while the subsequent application of RF
irradiation at a frequency offset by Av, shown in blue, can
excite and saturate the pool without significantly affecting

the free pool (pool A).
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Figure 9 Principles of diffusion. Isotropic (A) diffusion and restricted diffusion (B and C). See text for further explanation.

DIFFUSION-WEIGHTED IMAGING

Diffusion-weighted imaging (DWI) is an MR technique
allowing quantification of water molecule movement. In
the early 1990s, DWI was pioneered to detect acute cerebral
ischemia.'*"? Other indications include investigation for
multiple sclerosis and brain tumors.'* !¢

Water molecule diffusion follows the principles of
Brownian motion. Thus, when unconstrained, water mol-
ecule movementis random and equal in all directions. This
random movement is described as “isotropic”. However,
motion of water molecules in structured environments is
restricted due to their physical surroundings. In the brain,
the microstructure within gray and white matter restricts
water molecule movement. On average, water molecules
tend to move parallel to white matter tracts, as opposed to
perpendicular to them.'”'® This motion is described as
“anisotropic”, as it is not equal in all directions. The
molecules’” motion in the x, y and z planes and the corre-
lation between these directions is described by a mathe-
matical construct, known as the diffusion tensor.'”*’ In
mathematics, a tensor defines the properties of a three-
dimensional ellipsoid. For the diffusion tensor to be deter-
mined, diffusion data in a minimum of six noncollinear
directions are required. This process is known as diffusion
tensor imaging (DTI). Figure 9’ shows the graphical repre-
sentation of a diffusion tensor, as a three-dimensional
ellipsoid; the long axis represents the primary direction
of motion.?

Unconstrained, a water molecule would move randomly
and equally in all directions, isotropic diffusion (A). The
radius “#” of the spherical range of motion seen in Fig-
ure 9" defines the probability of motion in a given direction.
Anisotropic diffusion will occur in an ordered environ-
ment, for example within the white matter, and will form
an elliptical range of motion (B and C). Three eigenvalues,
A1, Az, and A5 and three eigenvectors vq, v, and v; define the
shape and orientation of the ellipsoid, respectively (Fig-
ure 9), describing the magnitude and directions of the
three major planes of the diffusion ellipsoid.21 During
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DTI, the tensor is calculated at each pixel location, allow-
ing a map of diffusion to be produced, showing the mag-
nitude and dominant direction of the process. When
followed across a number of pixels, the dominant direc-
tions plot lines along which diffusion is most likely to
occur. Practicing this technique is known as tractography,
due to the theory that the likely diffusion of these paths

represents the white matter tracts.

APPARENT DIFFUSION COEFFICIENT

DTI collects detailed information allowing insight into the
microstructure found within an imaging voxel. Factors
calculated include the mean diffusivity, degree of anisot-
ropy, and direction of the diffusivities.”” Mean diffusivity is
a measure of displacement of water and also the presence of
obstacles to movement at a cellular and subcellular level.
Using differently weighted DWI images, a measure of diffu-
sion can be calculated. The different images can be mapped
to create an apparent diffusion coefficient (ADC) Image.*”
The ADC measures tissue water diffusivity dependent on the
interactions between water molecules and their surround-
ing structural and chemical environment.”*

FRACTIONAL ANISOTROPY

Fractional anisotropy (FA) and relative anisotropy (RA) are
terms frequently used to describe the degree of anisotropy.
Anisotropy relates to physical barriers, affected by charac-
teristics, such as the density, orientation, size, and shape of
nerve fibers within white matter tracts. However, myelina-
tion has been demonstrated not to be an essential compo-
nent for anisotropy, though it certainly does contribute to
the development of it, with nonmyelinated nerves also
having the potential to exhibit anisotropy.”> The direction
of the anisotropy, and therefore the fibers, can be plotted
on color-coded two-dimensional maps (Figure 10), or
otherwise by three-dimensional tractography. Various
algorithms can be used to calculate the orientation of
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Figure 10 Color fractional anisotropy (FA) image from a 44-year-
old healthy male volunteer. Diffusion tensor imaging (DTI) imaging
performed on a 3T Philips Intera™ using 32 different directions of
diffusion sensitization. The different colors represent the principle diffu-
sion directions and hence the direction of the white matter tracts: green
represents anterior-posterior, blue represents caudo-cranial, red repre-
sents transverse.

the major axonal fiber bundles using eigenvectors and
eigenvalues.21 Three-dimensional expression of DTI data
is one of the latest developments using this technique and
may provide a better understanding into failings in brain
connectivity.

MR FIELD STRENGTH

Clinical imaging at 3 T field strength instead of 1.5 T has
advantages in diffusion-weighted imaging. The advantages
are improved signal-to-noise ratio by 30-50%, improved
contrast-to-noise ratio by up to 96% and reduced variabil-
ity in ADC and FA by 34-52%.26°%8 Disadvantages of
imaging at 3 T include susceptibility artifact and image
distortion; but this can be attenuated significantly by
parallel imaging techniques, such as SENSE™ (sensitivity
encoding).”>*** Field strength should make no difference
to the values of FA and ADC obtained, but should improve
the accuracy and precision of those measurements.”**%°

NUMBER OF DIFFUSION DIRECTIONS

Cellular structures are not orientated in perfect symmetri-
cal alignment homogeneously throughout the body, and
thus the measurement of the diffusion of water molecules
will be directionally dependent. This means that diffusion
needs to be measured in several directions to obtain a
rotationally invariant estimate of isotropic diffusion.

Various experiments and modeling strategies have been
employed to determine the minimal number of diffusion
directions required to obtain an isotropic voxel, from
which robust ADC and FA data can be derived, thus
allowing a reasonable scan time for the patient with acqui-
sition of reliable data. The minimal number of directions is
reported as 20-30,"2 although ADCs can be calculated
with a minimum of 6 noncollinear directions. Diffusion
weighting is expressed as a b value, which is dependent on
the characteristics of the MR sequence. The b value
increases with increasing diffusion weighting, and suffi-
cient diffusion weighting is usually achieved with a b value
of 1000 s/mm?. Two-point ADC estimates, with by and
1000 s/mm? are adequate for measuring diffusion in the
human brain.’** They produce good agreement with six-
point estimates.”* However, it may be possible to improve
the quality of data by increasing the number of b values,”’
though this requires a longer scan time.

MAGNETIC RESONANCE SPECTROSCOPY

The magnetic environment experienced by each MR sensi-
tive nucleus is different. Although all nuclei are dominated
by the By and applied B, field, they will also experience a
local magnetic force due to the magnetic fields of the
electrons within their immediate chemical environment.
Thus, the degree of shielding or enhancement of the local
magnetic field by electron currents depends on the exact
electronic environment, a function of the chemical struc-
ture. Different chemical environments will produce difter-
ent nuclear resonant frequencies. This gives rise to the
phenomenon of chemical shift, whereby the MR frequency
spectrum consists of nuclei, which resonate at different
frequencies.s’ The frequency depends on the exact mag-
netic field strength, and so is usually expressed in dimen-
sionless units (parts per million, ppm), by reference to a
specific reference point; in "H MR spectroscopy, this is
usually water at 4.7 ppm. 'H and 'P are the main nuclei
investigated in clinical MRS, but 13C, %*Na, and '°F are also
amenable to MRS investigation, if appropriate coils are
available to overcome the problem of low signal-to-noise
ratio in these isotopes. Peaks in the MR spectra are also
called resonances. Some metabolites may be split into two
(doublet) or more subpeaks. The area beneath the peak
represents the concentration of the metabolite. Absolute
quantification of metabolites is theoretically possible, but
can be difficult to achieve accurately owing to factors
including Ty and T, effects.®® Therefore, results are usually
reported as metabolite ratios to a stable metabolite occur-
ring naturally in tissue, such as creatine.

DATA ACQUISITION

The two main clinical techniques for in vivo MRS are
single-voxel spectroscopy and chemical shift imaging.
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Single-voxel spectroscopy uses gradients to define a voxel
of interest within an organ. The size of the voxel is pre-
defined by the user and is the only source of signal. To
improve the signal-to-noise ratio in smaller voxels, the
number of signal averages acquired may be increased,
requiring increased scanning time. Chemical shift imaging
(CSI) acquires spectra from a matrix of voxels. In principle,
this can be done in all three directions, but in practice, it is
usually done in one plane, hence the name, 2D-single slice
CSI. Single-voxel spectroscopy has the advantage of greater
signal-to-noise, whereas CSI allows wider anatomical
coverage.

SINGLE-VOXEL SPECTROSCOPY

The height of the MRS peaks depends on the metabolite
concentration, spectroscopy sequence, TR, and echo
time (TE). The ideal scenario is to avoid signal loss
due to T; relaxation and T, decay, and thus the TR
should be at least 2000 ms, certainly no less than
1500 ms, and the TE as short as possible, usually 30-
35 ms. The TE determines the information acquired, a
short TE maximizes the data acquired, but a longer TE
attenuates the signal from the unwanted macromolecule
resonances, such as lipids.”®

MRS SEQUENCES

A number of different MRS sequences have been devel-
oped, which differ in pulse sequences and localization
methods. Stimulated echo acquisition mode (STEAM)
historically used to be the only sequence capable of short
echo times.”” Point-resolved spectroscopy (PRESS) uses a
90 degree pulse followed by two 180 degree pulses. Each
pulse has a slice selective gradient on one of the three
principle axes, so that protons within the voxel are the only
ones to experience all three RF pulses.”® The signal inten-
sity acquired with PRESS is twice as high as STEAM.
Modern equipment and sequences are now able to produce
short-echo-time PRESS.*’

DATA ANALYSIS

Several issues need to be considered with respect to inter-
pretation of MRS data. A number of experimental factors
contribute to the accuracy of the data: hardware (coil
characteristics, linearity of receiver, field homogeneity,
and homogeneity over the voxel), efficiency of water sup-
pression, and voxel localization, by pulse sequence and the
analysis technique method used to quantify the data.*”
One must also consider the physical characteristics of the
tissues under investigation and the analysis technique
employed. For example, water concentration varies
between different tissue classes, such as gray and white
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matter in the brain. Therefore, if water is used as an
internal reference for quantification, calculations of
metabolite concentrations may be affected if the tissue
composition of a voxel cannot be accurately determined.*"
Different software programs exist for analyzing MRS data;
identical spectra analyzed by different techniques can pro-
duce varying results for metabolite levels.** Thus, when
spectra are analyzed by different investigators, there may be
variability in the metabolite ratios.*’

CEREBRAL PROTON SPECTROSCOPY-
VISIBLE METABOLITES

The most important visible peaks on the cerebral proton
MR spectrum are N-acetyl aspartate (NAA), choline (cho),
creatine (Cr) myo-inositol (ml), and the combined gluta-
mine and glutamate peak (Glx); lactate (Lac) may also be
visible. At a TE of 30 ms, the NAA resonance is at 2.0 parts
per million (ppm), cho at 3.2 ppm, Cr at 3.0 ppm, ml at
3.6 ppm, the Glx complex between 2.1 and 2.5 ppm and
the lactate doublet around 1.3 ppm.

N-acetyl aspartate is the major peak seen on water
suppressed proton spectroscopy, but its exact physiologi-
cal role is not known.*” It is regarded as a marker of
neuronal dysfunction and neuronal loss and is used clini-
cally in the study of disease progression in multiple
sclerosis.®

Choline is considered to be a marker of membrane
activity, since phosphocholines are released during mem-
brane breakdown. The phosphocholines also participate in
phospholipid metabolism and osmotic regulation in glial
cells. The choline resonance is elevated in a variety of
inflammatory and malignant processes, probably repre-
senting increased cellularity, gliosis, and membrane degra-
dation due to myelin breakdown.*"***® Decreases in
choline resonance have been associated with osmoregula-
tory changes in hepatic encephalopathy.47

Creatine is the total peak from creatine and phospho-
creatine and is often taken as the internal reference level. It
is assumed to be constant in concentration throughout the
brain in health and disease.”"> However, it may be that in
certain disease states, such as HIV-related dementia, the
creatine level may be affected.™

Myo-inositol is a sugar alcohol involved in the synthe-
sis of phosphoinositides and a cerebral osmolyte involved
in cerebral osmoregulatory processes.”” Elevated levels of
myo-inositol have been associated with microglial activa-
tion and astrogliosis.44

Glutamine and glutamate metabolism are interrelated.
Astrocytes take up glutamate from the capillaries and
combine it with ammonia by the action of glutamine
synthetase to produce glutamine. Neurons subsequently
take up glutamine and convert it to glutamate, a neuro-
transmitter, by the action of glutaminase.
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METABOLITE QUANTIFICATION

There are two main methods of expressing the concen-
tration of metabolites in MRS, either as absolute values
or ratios. Absolute quantification requires either the use
of external reference solutions, ‘“‘phantomsf”, or more
commonly utilizing tissue water as an internal reference
within the MR scanner.”” The advantage of absolute
quantification is the ability to describe individual metab-
olite concentrations and variations in disease states.
There are, however, a number of technical and methodo-
logical issues. If one uses external reference solutions,
there is concern regarding B, field inhomogeneity in the
two disparate regions of interest. Using water as an
internal reference, the water content has to be assumed,
but this may change in disease states, and focal lesions.
Additionally, different tissue classes may have different
water contents, for example gray and white matter in the
brain.’® Water constitutes over 70% of brain tissue mass
and is thus present at over 10,000 times the concentra-
tion of most metabolites (10 mmol/L).*' Therefore, small
errors in the assignment of a value to the absolute water
concentration will affect the calculated concentrations of
metabolites. With absolute quantification methods, the
effects of Ty and T, relaxation on water and metabolite
peaks need to be accounted for and additional measure-
ments need to be taken while a subject is in the MR
scanner, prolonging examination time. Metabolite ratios
work on the presumption that the concentration of
creatine is stable in health and disease, which may be
incorrect. However, as the comparison being made is at
the same time point and within the same region of
interest, the error should be dynamic and therefore
minimized.

MRS ANALYSIS

Metabolite peaks are usually calculated by integration or
line-fitting of the Fourier transformed signal using pro-
prietary software. Accuracy can be improved by the use of a
prior-knowledge based approach, defined as previously
obtained information regarding the component character-
istics of the spectrum, which are likely to be different
between different hardware and acquisition sequences.SI’
One such software package that incorporates the prior
knowledge methodology is JMRUI, which uses the
AMARES algorithm.”"”” Another advantage of the use
of prior knowledge is reduction of user-dependent input,
which could otherwise lead to further operator-dependent
variability. JMRUI analyses spectra in the time domain.
Analysis of spectroscopy data in the time domain, rather
than the frequency domain, is advantageous, allowing
better coping with artifacts, such as baseline roll and
any underlying broad spectral component due to
unwanted noise within the data.””

MRI IN THE FUTURE

Although a lot of progress has been made in the cost and
therefore availability of MR, it is expected that the cost of
MR scanners will be driven down even more over the
coming years, improving accessibility. Investigations, such
as MR cholepancreatography and MRI of the liver, pan-
creas, abdomen, and brain, will become commonplace.
Magnetic field strength is also expected to increase with
3 T machines being used routinely in some areas even now;
this can be expected to roll out across the country. Higher
resolution and tissue contrast will further enhance the
importance of MRI in routine diagnosis, decreasing the
number of invasive diagnostic procedures, such as endos-
copy, performed. To summarize, it is our view that the
underlying physical principles of MRI are an important
concept for the clinician to appreciate. An accurate under-
standing of the limitations of the techniques employed will
ensure appropriate use.

SUMMARY OF KEY ISSUES

3

® The principles of nuclear “spin” and how nuclei react when
external magnetic fields are applied to them underpin the
functioning mechanism of MRL

® MR pulses must be applied at a particle’s resonant frequency to
generate a free-induction decay and therefore a signal that can
be converted into readable data.

® MR gradients are required to localize MR signals in space/
tissue. These are generated using multiple radiofrequency coils
arranged in different positions in space.

e Parallel imaging utilizes multiple RF coils to reduce scan time.

® 3 T systems are regularly used in the research setting, exhibit-
ing improved signal-to-noise ratio and higher resolution than
regular 1.5 T models generally used in clinical practice.

e Magnetization transfer imaging can be used to visualize nor-
mally MR-invisible protons bound to macromolecules, allow-
ing indirect measurement of protein/lipid components versus
body water.

¢ Diffusion-weighted imaging allows imaging of the water com-
ponent of the brain; diffusion tensor imaging allows detailed
information of water movement at a microscopic, cellular level.

® Magnetic Resonance Spectroscopy can be used to determine
the exact chemical makeup of a sample, performed by single-
voxel spectroscopy or chemical shift imaging. Observations
made about changes in normal tissue metabolism have clinical
relevance.
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