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PREFACE

This work book, | have done as part of my training in the dept of
radiology for diploma in Advanced Medical Imaging Technology
(DAMIT) course includes brief details of the equipment used in the
Dept, basic physics and working involved with the equipments, the
routine protocols and the procedures followed in our different labs,
number of cases which | have individually done in X-RAY,CR,CT,
MRI,PACS&3D WORKSTATION, and the cases which | have
assisted in Neuro and Cardiac Cath Lab, | also have included the
seminars and projects | have done .

DAMIT is a two years full time residential programme in
advanced medical imaging technology for qualified radiographers to
excel and learn the newer techniques in medical imaging. Selection is
done by a national level entrance examination. At present institute
offers 3 seats.

The students are posted in the department of radiology
equipped with all modern medical imaging facilities-State of art and
top of the line-MRI system, Spiral CT system, DSA suit, Colour
Doppler ultra sound scanner and a radiology network with a central
workstation with added 3D software and the division of Interventional
Radiology make it a distinguished Radiology Dept .The course
schedule contains theory classes, practical training, seminar
presentations & projects. Diploma is awarded after successful
completion of 2 Year term based on a written examination with viva-
voce and internal assessment.
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MAGNETISM

Historv of Magnetic Resonance

In 1946, Felix Bloch and Edward Purcell independently discovered
that a magnetically energized substance bombarded with RF emitted
a "tune" similar to a tuning fork. They found that the nuclei of different
atoms absorbed radio waves at different frequencies. In 1952, Bloch
and Purcell received the Nobel Prize for their discovery cf what was
referred to as Nuclear Magnetic Resonance (NMR), eventually to be
known as Magnetic Resonance (MRI). In 1970, the medical imaging
world significantly changed with the contributions of Dr. Raymond
Damidian. Dr. Damidian discovered that the structure and abundance
of water in the human body was the key to MR imaging, and that the
water (hydrogen) emitted a signal that was both detectable and
recordable. Dr. Damidian and his team spent the next seven years



diligently designing and creating the first MRI scanner for medical
imaging of the human body. It was Paul Lauterbur, however, who
implemented the concept of tri-plane gradients used for
excitingselective areas of the body (Gx Gy, and G, ). Felix Bloch

Felix BlochFelix BlochMR was earlier referred to and is based onr the
physics of nuclear magnetic resonance (NMR). MRI is a second
generation term for this imaging modality. The term MRI was adopted
soon after imaging of the human body became possible as the public
could more easily adopt a term for an imaging modality without the
word "nuclear" in it. Thus we have magnetic resonance imaging
(MRD).

. Magnetism
s Resonance and RF
Relaxation
Waanetism
rlagnatizm iz 2 oroperty of matter that in g reault of tha arhiting

electrons in atoms. The orbiting electrons cause the atoms to have a
magnetic moment associated with an intrinsic angular momentum
called 'spin'. Magnetic field strengths are measured in units of gauss
(G) and Tesla (T). One Tesla is equal to 10,000 gauss. The earth's
magnetic field is about 0.5 gauss. The strength of electromagnets
used to pick up cars in junk yards is about the field strength of MRI
machines (1.5-2.0T). Four terms describing the magnetic properties
of materials, used in MRI. These terms are ferromagnetism,
paramagnetism, superparamagnetism, and diamagnetism

. Ferromagnetism

. Paramagnetism

. Superparamagnetism
. Diamagnetism




Ferromagnetism

Ferromagnetic
Material

Ferromagnetic materials generally contain iron, nickel, or
cobalt. These materials include magnets, and various objects one
might find in a patient, such as aneurysm clips, parts of pacemakers,
shrapnel, etc. These materials have a large positive magnetic
susceptibility, i.e., when placed in a magnet field, the field strength is
much stronger inside the material than outside. Ferromagnetic
materials are also characterized by being made up of clusters of
107 to 10”21 atoms called magnetic domains, that all have their
magnetic moments pointing in the same direction. The moments of
the domains is random in unmagnetized materials, and point in the
same direction in magnetized materiais. The figure to the above
illustrates the effect of a ferromagnetic material (grey circle) on the
magnetic field flux lines (blue). The ability to remain magnetized when
an external magnetic field is removed is a distinguishing factor
compared to paramagnetic, superparamagnetic, and diamagnetic
materials. On MR images, these materials cause susceptibility
artifacts characterized by loss of signal and spatial distortion. This
can occur with even fragments to small to be seen on plain x-ray.
This is a common finding in a cervical spine MRI post anterior fusion.
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Paramagnetism

Paramagnetic
Material

Paramagnetic materials include oxygen and ions of various
metals like Fe, Mg, and Gd. These ions have unpaired electrons,
resulting in a positive magnetic susceptibility. The magnitude of this
susceptibility is less than one one-thousands of that of ferromagnetic
materials. The effect on MRI is increase in the T1 and T2 relaxation
rates (decrease in the T1 and T2 times).

Superparamaanetism

Superparamagnetic
Material

Superparamagnetic materials consist of individual domains of
elements that have ferromagnetic properties in bulk. Their magnetic
susceptibility is between that of ferromagnetic and paramagnetic
materials. The figure to the left illustrates the effect of a
superparamagnetic material (grey circle) on the magnetic field flux
lines (blue). Examples of a superparamagnetic materials include iron
containing contrast agents for bowel, liver, and lymph node imaging.



Diamagnetism

Diamagnetic
Material

Diamagnetism is a very weakform of magnetism that is only exhibited
in the presence of an external magnetic .field. It is the result of
changes in the orbital motion of electrons due to the external
magnetic field. The induced magnetic moment is very small and in a
direction opposite to that of the applied field. When placed between
the poles of a strong electromagnet, diamagnetic materials are
attracted towards regions where the magnetic field is weak.
Diamagnetism is found in all materials; however, because it is so
weak it can only be observed in materials that do not exhibit other
forms of magnetism. Also, diamagnetism is found in elements with
paired electrons. Oxygen was once thought to be diamagnetic, but a
new revised molecular orbital (MO) model confirmed oxygen's
paramagnetic nature.

An exception to the "weak" nature of diamagnetism occurs with the
rather large number of materials that become superconducting,
something that wusually happens at Ilowered temperatures.
Superconductors are perfect diamagnets and when placed in an
external magnetic field expel the field lines from their interiors
(depending on field intensity and temperature).

Superconductors also have zero electrical resistance, a consequence
of their diamagnetism. Superconducting structures have been known
to tear themselves apart with astonishing force in their attempt to
escape an external field. Superconducting magnets are the major



component of most magnetic resonance imaging systems, perhaps
the only important application of diamagnetism

Perhaps the substance that displays the strongest diamagnetism is
bismuth, used as an alternative to lead shot in shotgun shells. Melting
down bismuth and then molding it is a very efficient way of capturing
the diamagnetic properties. Pyrolitic Graphite is stronger than
Bismuth in only one direction; in the other two directions it is still
diamagnetic, but it is weaker

LRy i

Super Conductors

Superparamagnetic materials consist of individual domains of elements that
have ferromagnetic properties in bulk. Their magnetic susceptibility is
between that of ferromagnetic and paramagnetic materials. The figure to the
left illustrates the effect of a super paramagnetic material (grey circle) on the
magnetic field flux lines (blue). Examples of a super paramagnetic materials
include iron containing contrast agents for bowel, liver, and lymph node
imaging. Diamagnetic materials have no intrinsic atomic magnetic moment,
but when placed in a magnetic field weakly repel the field, resulting in a
small negative magnetic susceptibility. Materials like water, copper,
nitrogen, bartum sulfate, and most tissues are diamagnetic. The figuiz above
illustrates the effect of a diamagnetic material (grey circle) on the magnetic
field flux lines (blue). The weak negative magnetic susceptibility contributes
to the loss of signal seen in bowel on MRI after administration of barium
sulfate suspensions.




The Atom

In order to understand MRI, it is necessary to understand the
properties of atoms. Atoms consist of a dense nucleus surrounded
by orbiting electrons. The nucleus of most atoms is made up of
positively charged particles called protons, and neutrally charged
particles called neutrons. The nucleus of an atom is always positively
charged due the positive protons. The electrons orbiting around the
nucleus are extremely small negatively charged particles which
balance the positive charge of the nucleus. Chemical properties of
elements vary based on the electrical charge of the atoms. An atom
with the same number of protons and electrons is chemically neutral
and stable. Often, electrons are added or knocked out of the orbits
around nuclei, which alters the charge of atom thus creating a
positively or negatively charged particle. An atom which is positively
or negatively charged is referred to as ionized

lonized Atom [Hydrogen Atom

The simple nucleus of the hydrogen atom consists of one proton,
and no neutrons. The hydrogen atom has a positive charge and an
atomic number of 1 due to the presence of only one proton in its
nucleus. For the purposes of MR, the hydrogen atom is referred to as
a proton. The abundance of the hydrogen atoms in the human body,
and the large magnetic moment (discussed below) created by the
single proton in the nucleus of the atom, make hydrogen atoms
extremely sensitive to magnetic resonance. Based on these facts, we
will concentrate on the hydrogen atom for the duration of this
section. Hydrogen has the simplest atomic structure compared to all
other elements. There is an abundance of hydrogen in the human



body. Approximately 70% of the body is made up of water which
contains two hydrogen atoms and one oxygen atom. It is the
hydrogen atoms that are focused on to produce an MR image.

The proton
Vviin spin and paiity 1/2°, charge +1, and mass of G606 gy, the
proton is the nucleus of a hydrogen atom (*Hy). It has a magnetl
moment of 2.79 nuclear magnetons. The electric dipole moment is
consistent with zero; the bound on it is that it is less than 0.54x10
*e-cm.
In some speculative grand unified theories it may decay. The half-life
for this decay has been limited to be greater than 2.1x10%° years. The
charge radius is measured mainly through elastic electron-proton
scattering and is 0.870 fm. For specific decay modes, into antilepton
or lepton and a meson, the bound is often better than 10 years. The
proton is therefore taken to be a stable particle, and baryon number is
assumed to be conserved.

The neutron
The neutron has no charge, has spin and parity of 1/2”, and inass of
940 MeV. The most precise measurements of its decay lifetime are
mainly from traps of various kinds and in beams. The lifetime of a
neutron is 886 s. It has the weak decay

n—=p4+edrv,
Its magnetic moment is -1.91 nuclear magnetons. Both time reversal
and parity invariance of the strong interactions implies that the
neutron's electric dipole moment must be zero; the current
nhseryational bound is that it is less than 0 63x102% e-cm. The mean-
square charge radius related to the scattering length measured in low
energy electron-neutron scattering for the neutron is -0.116 fm?.
Violation of baryon number conservation may give rise to oscillations
between the neutron and antineutron, through processes which
change B by two units. Using free neutrons from nuclear reactors, as
well as neutrons bound inside nuclei, the mean time for these
transitions is found to be greater than 1.3x10® seconds. The much
poorer bound, as compared to protons, is related to the difficulty of
the observations.
A limit on electric charge non-conservation comes from the observed
lack of the decay

n—p+ir, 47,




The observations which limit the branching fraction of the neutron in
this decay channel to less than 8x10%' are all done looking for
appropriate decays of nuclei (A—A and Z—Z+1).

Spin

The moving (spinning) hydrogen protons-create a magnetic field,
and thus perform as a tiny magnet with a north and a south pole.
Since there are two magnetic poles, the protons are referred to
magnet dipoles. Based on the laws of electromagnetism, any
electrically charged particle which moves creates a magnetic field
called a magnetic moment. This is the property that allows hydrogen
protons to behave predictably within an external magnetic field. The
motion or the "spin" of the hydrogen atoms can be described as a
random combination of the spinning of a top, the spin of a bowling
ball and the rotation of the earth around its axis. Understanding the
magnetic moment of the hydrogen protons, will lead to an
understanding of the alignment of the protons within a magnet.

Nuclear spin and magnets

Electrons, neutrons and protons, the three particles which constitute
an atom, have an intrinsic property called spin. This spin is defined by
the fourth quantum number for any given wave function obtained by
solving relativistic form of the Schrédinger equation (SE). It
represents a general property of particles which we can describe
using the properties of electrons. Electrons flowing around a coil
generate a magnetic field in a given direction; this property is what
makes electric motors work. In much the same way electrons in
atoms circulate around the nucleus, generating a magnetic field. This
generated field has an angular momentum associated with it. It so
turns out that there is also 2n angular momentum with the electron
particie itself, denoted the spin, and this gives rise to the spin
quantum number, ms.

Spin angular momentum is quantized and can take different integer
or half-integer values depending on what system is under study. If we
solve the relativistic SE for the electron we get the values +% and -1%.
Since the Pauli principle states that no two fermions can have the
same quantum number, it is why only two electrons, paired




10

antiparallel (one with positive spin and one negative with negative
spin), can appear in a single atomic orbital.

Like the electron, protons and neutrons also have a spin angular
momentum which can take values of + 72 and —%. In the atomic
nucleus, protons can pair with other antiparallel protons much in the
same way that electrons pair in a chemical bond. Neutrons do the
same. Paired particles, with one positive and one negative spin, thus
have a net spin of zero "0". We can see that a nucleus with unpaired
protons and neutrons will have an overall spin, with the number
unpaired contributing %2 to the overall nuclear spin quantum number,
I. When this is larger than zero, a nucleus will have a spin angular
momentum and an associated magnetic moment, y, dependent on
the direction of the spin. /t is this magnetic moment that we
manipulate in modern NMR experiments.

It is worth noting here that nuclei can have more than one unpaired
proton and one unpaired neutron, much in the same way that
electronic structures in transition metals can have many unpaired
spins. For example ?’Al has an overall spin 1=5/2.

A technique related to nuclear magnetic resonance is electron spin
resonance that exploits the spin of eiectrons instead of nuclel. The
principles are otherwise similar.

Values of spin angular momentum

The spin angular momentum of a nucleus can take ranges from +/ to
—/ in integral steps. This value is known as the magnetic quantum
number, m. For any given nucleus, there is a total (2/+1) angular
momentum states. Spin angular momentum is a vector quantity. The
z component of which, denoted /., is quantised:

I, =mh/2mr
where h is Planck's constant.
The resultant magnetic moment of this nucleus is intrinsically
connected with its spin angular momentum. In the absence of any
external effects the magnetic moment of a spin 72 nucleus lies
approximately 52.3° from the angular momentum axis or 127.7° for
the opposing spin. This magnetic moment is intrinsically related to /
with a proportionality constant y, called the gyromagnetic ratio:

p=yl
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spin behaviour in a magnetic field

Consider the case of nuclei which have a spin of a half, like 'H, "*C or
'9F. The nucleus thus has two possible magnetic moments it could
take, often referred to as up or down, +1/2 or -1/2, which are also
called the spin states a and B. The energies of each state are
degenerate - that is to say that they are the same. The effect is that
the number of atoms, their population, in the up or a state is the same
as the number of atoms in the B state.
If a nucleus is placed in a magnetic field, the angular momentum axis
coincides with the field direction. The resultant magnetic momenta,
space quantised from the angular momentum axis, no longer have
the same energy since one state has a z-component aligned with an
external field and are lower in energy (positive | values) and the other
opposes the external field and is higher in energy. This causes a
population bias toward the lower energy states.
The energy of a magnetic moment p when in a magnetic field By, the
zero subscript is used to distinguish this magnetic field from any other
applied field, is the negative scalar product of the vectors:

E= ’-UZBO
We've already defined py.=v/,. So placing this in the above equation
we get:

E =-mhyB,/ 2
Where y is the gyromagnetic ratio of the nucleus being scanned
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Random Distribution Aligned In Field

Hydrogen nuclei magnetic moments are randomly oriented in the
absence of an external magnetic field and are considered to have a
net magnetization of zero. Once hydrogen protons are placed in the
presence of an external magnetic field, they align themselves in one
of two directions, parallel or anti-parallel to the net magnetic field
which is commonly referred to as the vector By The strength of the
external magnetic field and the thermal energy of the atoms are the
factors which affect the direction of alignment of the hydrogen
protons. The high energy protons are strong enough to align
themselves against or anti-parallel to the magnetic field, whereas the
lower energy protons will align themselves with or parallel to the
magnetic field. As the magnetic field increases, there are fewer
protons which are strong enough to align anti-parallel to the magnetic
fickd. There are always a larger number of protons aligned paraliel
with the magnetic field (Bg), so once the parallel and anti-parallel
protons cancel each other out, only the small number of low energy
protons left aligned with the magnetic field create the overall net
magnetization of the patient’'s body. Even though there are relatively
only a few protons creating the net magnetization of the patient’s
body, this difference is all that counts. The magnetic moments of
these protons are added together and are referred to as net
magnetization vector (NMV) or the symbol ‘M’.
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Bar magnet Human magnet

Spinning proton Precession

Aliengment of spins in a magnetic field
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The Larmor Frequency

Tesla (T) or gauss is the measure of strength of the magnetic field.
One Tesla is equivalent to 10,000 gauss, and is about 20,000 times
stronger than the earth’s magnetic field. All protons precess at the
same frequency within a magnetic field. The gyro-magnetic ratio of
hydrogen is 42.57 MHz/Tesla. The gyro-magnetic ratio is different for
each nucleus of different atoms. The frequency is determined by the
gyro-magnetic ratio of atoms and the strength of the magnetic field.
The Larmor equation is important because it is the frequency at
which the nucleus will absorb energy. The absorption of that energy
will cause the proton to alter its alignment. In MR imaging, the energy
that is transferred is radio frequency waves (RF) and ranges from 1-
100 MHz. The Larmor equation governs the value of the precessional
frequency, and is follows: '

Precessional frequency (w o) = By x |
B, = the magnetic field strength of the magnet
i = the gyro-magnetic ratio.

At 1 T the precessional frequency of hydrogen is 42.57 MHz (1 T x
42.57 MHz) '

At 1.5 T the precessional frequency of hydrogen is 42.57 MHz (1.5 T
X 63.86 MHz)

The stronger the magnetic field, the higher the precessional
frequency. If an RF pulse at the Larmor frequency is applied to the
nucleus of an atom, the protons will alter their alignment from the
direction of the main magnetic field to the direction opposite the main
magnetic field. As the proton tries to realign with the main magnetic
field, it will emit energy at the frequency of the Larmor frequency.

Resonance is referred to as the property of an atom to absorb
energy only at the Larmor frequency. This is the basis of MR. An
atom will only absorb external energy if that energy is delivered at
precisely it's resonant frequency. The energy must also be delivered
at 90° to the net magnetic vector (NMV) and main magnetic field (Bo).
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Otherwise, no energy will be absorbed, resonance will not have
occurred and an image cannot be created. Excitation occurs when
the proton absorbs the applied energy or resonates. As resonance
occurs and the NMV moves out of alignment with the B, to a pre-
specified angle. The deflection of the magnetization or total angle
created after the end of the RF pulse is referred to as the flip angle.

Lonagitudinal and Transverse Magnetization

The stronger the RF energy applied to the protons, the
greater the angle of deflection for the magnetization. The
two most common flip angles in MR are 90° and 180° . A
90° pulse will flip the magnetization into the x-y plane
(Mxy). A 180° pulse will flip the magnetization through the
x-y plane and into the opposite direction of By.

When a 90° pulse is applied and the protons are given enough
energy to be flipped into the x-y plane, the net magnetization vector is
now in the transverse plane. By or z-axis is now referred to as the
longitudinal plane. The protons are now rotating in the transverse
plane at the Larmor frequency. As well as flipping into the transverse
plane, the protons also begin rotating in phase with each other. When
resonance occurs, all the magnetic moments move into the same

path or all flip the same number of degrees, and they all precess in
phase with other.



With the net magnetization in the transverse plane (created with a
90° flip angle), and a receiver coil or antenna in the transverse plane,
a voltage is induced within the receiver coil. This oscillating signal
voltage over time is the MR signal. The magnitude of the signal is
dependent on the magnetization present in the transverse plane. At
the termination of the RF, the freely precessing protons in the
transverse plane (Mxy) give up energy (RF) in order to try to realign
with By. As the transverse magnetization starts to decay due to the
loss of phase coherence, the protons eventually realign with Bo. This
signal produced by the decay of transverse magnetization is called
free induction decay (FiD). The ampilitude of the FID signal
becomes smaller over time as net magnetization returns to
equilibrium. Simultaneously, the longitudinal magnetization begins to
recover and return to By to a state of equilibrium just as if nothing had
occurred.

After the external RF signal is turned off, two phenomenons
simultaneously occur.

o 'Longitudinal magnetization gradually increases and
is called T1 recovery

e Transverse magnetization gradually decreases and
is called T2 decay ‘

These phenomena are discussed in more detail below. In summary,
atoms rotate randomly outside the presence of a magnetic field.
When in the presence of an external magnetic field, the atoms align
either with or opposed to the main magnetic field. The parallel and
anti-parallel protons cancel each other out, leaving a relatively small
number of protons aligned with the main magnetic field. As an RF
signal is applied at the Larmor frequency, the individual protons
resonate, or absorb the applied energy, and precess in phase.
Depending on the strength of the applied energy, the protons will flip

into the x-y plane (transverse magnetization), or exactly the opposite
direction of the main magnetic field. The transverse magnetization
induces a voltage in an antenna or receiver coil which will be
eventually become the MR signal. As the RF is turned off, the protons
dephase and lose their coherence as they try to realign with By Two
phenomenons occur simuitaneously. Transverse magnetization
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resonate. ur absorb the applied energy, and precess in phase.
Depending on the strength of the applied energy, the protons will flip

into {11 x-y plane (transverse magnetization), or exactly the opposite
direction of the main magnetic field. The transverse magnetization
induces a voltage in an antenna or receiver coil which will be
eventually become the MR signal. As the RF is turned off, the protons
dephase and lose their coherence as they try to realign with Bg. Two
phenomenons occur simultaneously. Transverse magnetization
decreases (T2 decay), while longitudinal magnetlzatlon increases (T1
recovery).

_ongitudinal and Transverse Relaxation

Relaxation is a very important process in MR imaging as it determines the
type of signal obtained greatly impacting the type of image generated. When
the RF pulse is terminated, the net magnetic vector (NMV) is once again
influenced by the main magnetic field (By) and tries to re-align with it along
the longitudinal axis. Protons attempt to return from a state of non-
equilibrium to a state of equilibrium. As the NMV gives up its absorbed RF
energy while trying to return to By, the process of relaxation occurs. As
relaxation 1s occurring, magnetization is recovering in the longitudinal plane
while decaying in the transverse plane. Longitudinal and transverse
magnetization occur at simultaneously but are two completely different
processes. To examine the relaxation phenomena further, the net
magnetization vector needs to be divided into its two processes; longitudinal
and transverse magnetization.

Longitudinal relaxation is the return of longitudinal magnetlzatlon to equilibrium
(Bo) and is termed T1 recovery.

« Transverse relaxation is the return of transverse magnetization to
equilibrium and is termec 72 decay.
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Longitudinal Relaxation

Longitudinal relaxation is the return of longitudinal magnetization to
equilibrium (Bp) and is termed T1 recovery. As the hydrogen atoms
release their energy they previously absorbed to the surrounding
tissue (lattice), in their attempt to realign with the main magnetic field,
T1 relaxation or T1 recovery occurs. This phenomenon is sometimes
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Transverse Relaxation

‘As longitudinal magnetization is occurring, it is accompanied by
transverse relaxation. Transverse relaxation is the return of
transverse magnetization {o equilibrium. Although these two
_ processes occur at the same time, they are quite different and thus
contribute significantly different information to the resulting MR -
image. Unlike longitudinal relaxation, transverse relaxation is not a
process of dissipation or absorption of energy into tissue. The decay
of transverse magnetization is a process called T2 decay. As the
amount of magnetization in the x-y (transverse) plane decreases, T2
decay increases. After an RF pulse, hydrogen nuclei are spinning in
unison or in-phase with each other. As the magnetic fields of all the
nuclei interact with each other, energy is exchanged between those
nuclei. The nuclei which began spinning "in-phase”,

lose their phase coherence or dephase over time and spin in a
random fashion. This process results in an exponential decrease or
decay in transverse magnetization. Because T2 decay is the result of
the exchange of energy between spinning hydrogen nuclei, it is
referred to as "spin-spin" relaxation. As T2 decay occurs, the MR
signal dies out. The rate of T2 decay is also expressed as a time
constant. T2 decay occurs when the transverse magnetization has
decreased to 37% of its initial value
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image. Unlike longitudinal relaxation, transverse relaxation is not a
process of dissipation or absorption of energy into tissue. The decay
of transverse magnetization is a process called T2 decay. As the
amount of magnetization in the x-y (transverse) plane decreases, T2
decay increases. After an RF pulse, hydrogen nuclei are spinning in
unison or in-phase with each other. As the magnetic fields of all the
nuclei interact with each other, energy is exchanged between those
nuclei. The nuclei which began spinning "in-phase",

lose their phase coherence or dephase over time and spin in a
random fashion. This process results in an exponential decrease or
decay in transverse magnetization. Because T2 decay is the result of
the exchange of energy between spinning hydrogen nuclei, it is
referred to as "spin-spin" relaxation. As T2 decay occurs, the MR
signal dies out. The rate of T2 decay is also expressed as a time
constant. T2 decay occurs when the transverse magnetlzatlon has
decreased to 37% of its initial value

- Tissue B~

Shoﬂ T1 Long Tl

T‘f Recovery Ctjrve ”

Longitudinal relaxation is a regrowth or an increase in value, whereas
transverse relaxation is a decrease or decay. Although these two

processes occur together, T2 decay almost always occurs more
rapidly than the regrowth of longitidina! magneatization

Tissue Contrast

Due to the T1 and T2 relaxation properties, we can differentiate
between various tissues in the body. As well as T1 and T2 contrast
in tissues, proton density can also be measured. Proton density is
measured by the number of protons per unit of tissue. Various
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tissues have different T1 and T2 values. These T1 and T2 values
significantly influence the type of signal generated during MRI and
thus contribute greatly to the MR image. Tissue contrast is affected
by not only the T1 and T2 values of specific tissues, but the
differences in the magnetic field strength, temperature changes and
many other factors. It is not imperative that one memorize the
absolute T1 and T2 values in different tissues, but being aware of the
values may make a difference when the technologist is programming
values for pulse sequences.

Fat Versus Water

Due to the slow molecular motion of fat nuclei, longitudinal relaxation
occurs rather rapidly and longitudinal magnetization is regained
quickly. The net magnetic vector realigns with By leading to a short
T1 time for fat. Water is not as efficient as fat in T1 recovery due to
the high mobility of the water molecules. Water nuclei do not give up
their energy to the lattice (surrounding tissue) as quickly as fat, and
therefore take longer to regain longitudinal magnetization resulting in
along T1 time.

As we know, T2 decay is dependent on the interaction of nuclei and
the exchanging of energy with near by nuclei. Fat has a very efficient
energy exchange and therefore has a relatively short T2. Water is
less efficient than fat in the exchange of energy, and therefore has a
long T2.

T1and T2 CONSTANTS

1 Constants at 1.5 T T2 Constants at 1.5 T

| Controlled by TR Controlied by TE
P s
Muscle 860 45
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Gray matter 920 e o e 100 b s

TR and TE are parameters controlled by the operator and are usually
measured in milliseconds.

. TR stands for repetition time, or the elapsed time between
successive RF excitation pulses. '

. TE stands for echo delay time, or the time interval between the
RF pulse and the measurement of the first echo.

TE TR
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RF pulses

The T1 constants above will indicate how quickly the spinning nuclei
will emit their absorbed RF into the surrounding tissue. The T2
constants above will indicate how quickly the spinning nuclei will
decay to 37% of the initial transverse magnetization.

114, T2 and Proton Density Contrast

Fat has a shorter T1 time than water, therefore the fat vector will
realign more quickly with the main magnetic field. It is obvious then
that fat has a larger longitudinal component than water. After a 90°
pulse, the longitudinal magnetization of both fat and water are flipped
into the transverse plane. As previously mentioned, fat has a larger
longitudinal component prior to an RF pulse, and it has a larger



23

transverse component after an RF pulse. Due to the larger
longitudinal and transverse magnetization, fat has a higher signal and
will appear bright on a T1 contrast MR image. Conversely, water has
less longitudinal magnetization prior to an RF pulse, therefore less
transverse magnetization after an RF pulse yielding low signal
appearing dark on a T1 contrast image. Images created with TR's
and TE's to enhance T1 contrast are referred to as T1-weighted
images.

The previously learned concepts of transverse magnetization apply
for T2 contrast. Fat has a shorter T2 time than water and relaxes or
decays more readily than water. Since the amount of transverse
magnetization in fat is small, fat generates very little signal on a T2
contrast image and appears dark. Water has a very high T2 constant,
therefore has very high T2 signal and thus appears bright on a T2
contrast image. Images created with TR's and TE's to enhance T2
contrast are referred to as T2-weighted images.

Proton density contrast is a quantitative summary of the number of
protons per unit tissue. The higher the number of protons in a given
unit of tissue, the greater the transverse component of magnetization,
and the brighter the signal on the proton density contrast image.
Conversely the lower the number of protons in a given unit of tissue,
the less the transverse magnetization and the darker the signal on
the proton density image.
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T4 AND T2 WEIGHTING (Proton weighting imaging)

Most all MR imaging will entail T1 and T2 weighted images among
many other types of imaging. T1 and T2 images are the most
common contrasts obtained in MRI. T1-weighted images are obtained
to compare the T1 differences in tissues or to compare the relaxation
rates of the tissue being examined. T2-weighted images are
obtained to compare the T2 contrast in tissues and compare the
transverse relaxation rates. Parameters are manipulated by the user
to obtain the type of image contrast desired

RF SIGNAL INTENSITIES INTISSUE
ngh!ntenS!ty P R e A
Signal |
ShortT1  LongTi |
Long T ShortTIZ e e o

»%Low-!ntensity Signal

As previously stated, TR will control the T1-weighting of an MR imagt
short TR maximizing T1-weighting and a long TR maximizing proton -
weighting

TE controls the T2-weighting of an MR image with a short TE

minimizing T2.weighting and a lona TE maximizing T2-weighting.

TYPICA 7 TEandTR IMAGE R WEIGHTING
Values PARAMETERS
EShert . b s
TE

10-25ms TR T
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Long TE so 100+ ms = T4 Weighting ~ Short Short
Short ~ Proton Density | |
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T1-Weighted Imaginag:

Emphasis is made on the differences on longitudinal relaxation rates
by utilizing a short TR and short TE. The short TR allows full recovery
of tissues with a short T1 (fat) to recover quickly while allowing only
partial recovery of tissues with a long TR (CSF). The short TE used to
obtain a T1-weighted image will allow minimal loss of transverse
magnetization due to T2relaxation. Basicaily, short TR increases T1
effects with the short TE minimizes T2 effects of tissue.

TZ2-Weighted Imaging:

Emphasis is made on the differences on transverse relaxation rates
by utilizing a long TR and long TE. The long TR allows tissues to
reach complete longitudinal magnetization which will reduce T1
effects. The long TE will allow for the loss of transverse signal
enhancing T2 effects. Fluid has a very long T2 and is frequently
associated with pathology, so it is important to take advantage of the
imaging parameters to accentuate signal differences.

There are many parameters which significantly contribute to the
contrast of an image. Most of these parameters are controlled or at
least influenced by the technologtst ‘creating the images. Care must
be taken to create the best possible MR images which will ensure a
more accurate diagnosis by the radiologist. Parameters contributing
to an MR image should be manipulated only by an experienced MR
technologist who is aware of all the factors which are changing durmg
the manipulation

On a macroscopic level, exposure of an object or person to RF
radiation at the Larmor freguency, causes the net magnetization to
spiral away from the Bo field. In the rotating frame of reference, the
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net magnetization vector rotate from a longitudinal position a distance
proportional to the time length of the RF pulse. After a certain length
of time, the net magnetization vector rotates 90 degrees and lies in
the transverse or x-y plane. [t is in this position that the net
magnetization can be detected on MRI. The angle that the net
magnetization vector rotates is commonly called the 'flip' or 'tip' angle.
At angles greater than or less than 90 degrees there will still be a
small component of the magnetization that will be in the x-y plane,
and therefore be detected.

INSTRUMENTATION

This section will cover the following topics:

. RF and Gradient Coils
. Electronics and Data Processing

MAGNET

PR A

cooncant of magneun mamant

Magnetic resonance imaging (MRI) is based on the magnetic
resonance phenomenon, and is used for medical diagnostic
imaging  since  ca. 1977 (see also MRI__ History).
The first developed MRI devices were constructed as long narrow
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tunnels. In the meantime the magnets became shorter and wider.
In addition to this short bore magnet design, open MRI machines
were created. MRI machines with open design have commonly
either horizontal or vertical opposite installed magnets and obtain
more space and air around the patient during the MRI test.
The basic hardware components of all MRI systems are the
magnet, producing a stable and very intense magnetic field, the
gradient coils, creating a variable field and radio frequency (RF)
coils which are used to transmit energy and to encode spatial
positioning. A computer controls the MRI scanning operation and
processes the information.

The range of used field strengths for medical imaging is from 0.15
to 3 T. The open MRI magnets have usually field strength in the
range 0.2 Tesla to 0.35 Tesla. The higher field MRI devices are
commonly solenoid with short bore superconducting magnets,
which provide homogeneous fields of high stability.

There are THREE different types of magnets:

« Resistive Magnet
¢ Permanent Magnet
» Super conducting magnet

Bl Vacuum

s Liguid Helium
= Liquid Nitrogen :
mw Contalner & Support §
¥ Superconducting C
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Resistive Magnet

A type of magnet that utilizes the principles of electromagnetism
to generate the magnetic field. Typically large current values and
significant cooling of the magnet coils is required. The resistive
magnet does not require cryogen's, but needs a constant power
supply to maintain a homogenous magnetic field, and can be quite
expensive to maintain.

Resistive magnets fall into two general categories - iron-core and
air-core. lron-core electromagnets provide the advantages of a
vertically oriented magnetic field, and a limited fringe field with
little, if any, missile effects due to the closed iron-flux return path.
Air-core electromagnets exhibit horizontally oriented fields, which
have large fringe fields (unless magnetically shielded) and are
prone to missile effects. Resistive magnets are typically limited to
maximum field strengths of approximately 0.6T.

The main advantages of these types of magnets are:
1) No liquid cryogen, 2) The ability to “turn off’ the magnetic field,

2\ Dalativualhy f\mﬁl f;r\ ~ finl
2) Relatively small fringa ficld
;

Permanent Maanet
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field and no missile effect. Due to weight considerations,
permanent magnets are usually limited to maximum field
strengths of 0.4 T. The main disadvantages of a permanent
magnet are the cost of the magnet itself and supporting structures
and the varying changes in the magnetic field. Field homogeneity
can be an on-going problem in permanent magnets.

The patient lies on a scanning table between these two plates.
Advantages of these systems are: 1) Relatively low cost, 2) No
electricity or cryogenic liquids are needed to maintain the magnetic
field, 3) Their more open design may help alleviate some patient
anxiety, 4) Nearly nonexistent fringe field. It should be noted that not
all vertical field magnets are permanent magnets.

Materials used for permanent magnets

e There are four classes of permanent magnets:
1, Neodymium Iron Boron (NdFeB or NIB)
2,Samarium Cobalt (SmCo)

3, Alnico
4 Ceramic or Ferrite

Br is the measure of its residual magnetic flux density in Gauss,
which is the maximum flux the magnet is able to produce. (1Gauss
islike6.45lines/sqin)

Hc is the measure of the coercive magnetic field strength in Oersted,
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or the point at which the magnet becomes demagnetized by an
external field. ( 1Oersted is like 2.02 ampere-turns/inch)
BHmax is a term of overall energy density. The higher the number,
themorepowerfulthmagnet.

Tcoef of Br is the temperature coefficient of Br in terms of % per
degree Centigrade. This tells you how the magnetic flux changes
with respect to temperature. -0.20 means that if the temperature
increases by 100 degrees Centigrade, its magnetic flux will decrease
by 20%!
Tmax is the maximum temperature the magnet should be operated
at. After the temperature drops below this value, it will still behave
as it did before it reached that temperature (it is recoverable).
(DegreesCentigrade)

Tcurie is the Curie temperature at which the magnet will become
demagnetized. After the temperature drops below this value, it will
not behave as it did before it reached that temperature. If the magnet
is heated between Tmax and Tcurie, it will recover somewhat, but not
fully (it is not recoverable). (degrees Centigrade)

Superconducting Magnet

A type of magnet whose field is generated by current in wires
made of a superconducting material such as niobium-titanium, that
has no resistance when operated at temperatures near absolute
zero (-273,15°C, -459°F, OK).

The coil of wire is kept at a temperature of 4.2K by immersing it in
liquid helium. The coil and liquid helium is kept in a large dewar. In
early magnet designs, this dewar was typically surrounded by a
liguid nitrogen (77.4K) dewar, which acts as a thermal buffer
between the room temperature (293K) and the liquid helium. In
later magnet designs, the liquid nitrogen region was replaced by a
dewar cooled by a refrigerator. This design eliminates the need to
add liquid nitrogen to the magnet.

Superconducting magnets typically exhikit field strengths of
greater than 0.5 T, operate clinically up to 3 T and have a
horizontal field orientation, which makes them prone to missile
effects without significant magnetic shielding.
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Boil off Rate

Rate of cryogen (liquid helium) evaporation in superconducting
magnets, usually measured in liters of liquid per hour. It increases
during ramping of the magnet and with eddy currents induced in
the cryoshields by pulsed field gradients. In calculating cryogen
consumption additional transfer and filling losses have to be
considered

Cryogen

A cooling agent, typically liquid helium or liquid nitrogen used to
reduce the temperature of the magnet windings in a
superconducting magnet. All cryogenic liquids are gases at
normal temperatures and pressures. Different cryogens become
liquids under different conditions of temperature and pressure, but
all have two properties in common: they are extremely cold, and

small amounts of liquid can expand into very large volumes-of-gas. -

The boiling points of cryogens are commonly below -150°C(- 238°)

Ramping Up.

Ramping up of oxford magnet.

The supercon contains minimum 80% He and 20% Nitrogen.
The normal ramp up procedure consumes 7 — 10 % of He. Normal
ramp down consume 5% of He. Normal ramp up takes 5 hrs. and
normal ramp down takes 4 hrs. to complete. Before start to ramp up
ensure that all magnet power supplies are okay and install the
magneto meter at the centre probe. Do not start ramp up procedure
with below 80% He. For proceeding the ramp up first give a warm up
heating to the heater (resistance) for a period of 3 — 5 minutes and
set voltage as 2V (for high current). After the warm-up procedure set
the current to 250A. The current will first jump to 4 A and comes
down to 1A per minute. Synchronize the magnetometer until the field
is approximately 7000 gauss. Once the magneto meter shows the
reading of 14750 gauss, set the current level which is less than 250A
and allow the field to stabilize for 45 minutes. The magnetometer
reading is stable at the stabilization time. By making the fine control
we can get a magnetic field strength of 15008 +/- 0.2 gauss. When
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the field reaches 15008 turns, off the heater switch and allow 5
minutes to cool. After this turn the current and voltage limit to zero.
When reaches zero wait 5 minutes for stabilization. Selective manual
ramp down can also do with proper current and voltage to the heater
to overcoming this problem is to use a secondary compensating
magnetic field generated by a set of so-called shim coils to bring the
overall field to the level of desired homogeneity.

Shimming

Correction of inhomogeneity of the magnetic field produced by the
main magnet of a MRI system due to imperfections in the magnet
or to the presence of external ferromagnetic objects. May involve
changing the configuration of the magnet or the using of shim coils
(active shimming) or adding or removing steel from the magnets
poles (passive shimming) to fine-tune the magnetic field.

COILS USED IN MRI SYSTEM

RF COILS And Gradient coils

R coils aie the "antenna” of the MRI system that broadcasts the RF
signal to the patient and/or receives the return signal. RF coils can be

receive-only, in which case the body coil is used as a transmitter; or
transmit and receive (transceiver).

A coil consist of one or more loops of a conductor used to create a
magnetic field or to detect a changing magnetic field by voltage
induced in the wire. A coil is usually a physically small antenna.

The perfect coil produces a uniform magnetic field without significant
radiation.

Radio Frequency Coil
RF coils create the B, field which rotates the net magnetization in a
pulse sequence. They also detect the transverse magnetization as it
precesses in the XY plane. RF coils can be divided into three general
categories; RF coils can be divided into three general categories
e transmit and receive coils
e receive-only coils
e transmit-only coils
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Transmit Receive Coil

(T/R) Also called transceiver coil. An RF coil that acts as a transmitter
(T) producing the B1 excitation field and as a receiver (R) of the MRI
signal. Such a coil requires a T/R switching circuit to switch between
the two modes. A body caoil is typically a T/R coil, but smaller volume
T/R coils (head/extremities) are often used at high field as a
possibility of reducing RF power absorption (SAR).

Transmitter Coil

The coil of the RF transmitter, inside the MR imager is used in
excitation of the spins. Also called transmit-only coil it is used to
create the B1 field. As a radio frequency generator send this coill
bursts of RF pulses. These pulses serve to disturb the spins in the
patient.

Receiver Coil

A coil, or antenna, positioned within the imaging volume and
connected to the receiver circuitry that is used to detect or receive the
MR signal from the patient as the disturbed spins relax back into their
equilibrium distribution.  Also  called receive-only  coil.
Special-purpose coils are designed to optimize the SNR from a given
region of the body. State-of-the-art coil systems include the use of
four or more coils with four separate receivers. This method is often
referred to as a phased array system. Receiver coil types include also
solenoid, planar, volume and quadrature coils. The quality of the MR
images depends on the SNR of the acquired signal from the patient.
SNR is of the utmost importance in obtaining clear images of the
interior of the human body

Multiply Tuned Coil

RF coil designed to ‘Ope‘rate at more than one resonance frequency,
so that NMR of more than one kind of nucleus can be observed with
the same coill.
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VOLUME COIL

Radia frequency coil that aurrounds a partian of the body. Valume
coils have a better RF hompaeneity than aurfaca cajls

Bird Cage Coil

Bird Cage
Coil

A {rahsmit and receive RF imaging coil, which looks like a bird cage.
The bird cage coil works on a different principle to conventionally
tuned local and surround coils in that it behaves like a tuned
transmission line with one complete cycle of standing wave around
the circumference.The bird cage coil provides the best RF
homogeneity of all the RF coils. One advantage is that it is simple to
produce an exceedingly uniform B1 radio frequency field over most of
the coil's volume, with the result of images with a high degree of
uniformity. A secoiid advantage is that ncdes with zero voltage ocour
90° away from the driven part of the coil, thus facilfitating the
introduction of a second signal in quadrature, which produces a
olrcumly pgmued radio frequency field. The bl'l’d cage ceil is t_he coil
of cholce for Imaging the head and bram.‘ _Thls type of ‘COll is also
used wm,ny for imaging of the extremities, such as the knees.

glggmgdg Eg]}arized Coil

d to excite or detect spins using twg or’thoggnal
cmc:“mud:‘ of receive channels. As a transmitter soil, there Is a
factor of 2 reductions in power required. The receiver coil has a better

SNR than a linearly polarized coil.
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Crossed Coil

RF coil pair arranged with their magnetic fields at right angles to each
other in such a way as to minimize their mutual magnetic interaction.

Helmholtz Pair Coil

The Helmholtz pair coil consists of two circular coils parallel to each
other. They are used as z gradient coils in MRI scanners. They are
also used occasionally as RF coils for pelvis imaging and cervical
spine imaging

Paired Saddie Coil

Paired saddle coils are commonly used for imaging of the knee.
These coils provide better homogeneity of the RF in the area of
interest and are used as volume coils, unlike surface coils.
Paired saddle coils are also used for the x and y gradient coils. By
running current in opposite diractions in the two halves of the gradient
coil, the magnetic field is made stronger near one and weaker near
the other

Quadrature Coul

A coil that produces an RF field with circular polarization. The RF
power received from the RF power amplifier comes in two signals
(quadrature detection), which have a phase difference of 90°. The RF
transmit coil converts the power into a circularly polarised RF
magneticfield. Quadrature coils can be used as both, transmit and/or
receive coil. When used as a transmitter coil a factor of two power
reduction over a linear coil results; as a receiver an increase in SNR
of up to a factor of 1.41 can be achieved.
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Single Turn Solenoid

A transmit and receive RF imaging coil that, in general, has a
cylindrical shape. This small volume coil differs somewhat from a flat
surface coil. The single turn consists of a significantly wider copper
tape whose width is wider than the diameter of the coil. The single
turn solenoid is useful for imaging extremities, such as wrist or knee.

SURFACE COIL

10
Surface Coils

A type of receiver coil, which is placed directly on or over the region
of interest for increased magnetic sensitivity. Surface coils have a
good SNR for tissues adjacent to the coil and the signal decrease
with the distance, an eligibility homogeneity correction will balance
this over the FOV. As only the region close to the surface coil will
contribute to the noise, there is an improvement in the SNR for
regions close to the coil, compared to the use of receiver coils that
surround the corresponding part of the body. These coils are
specifically designed for localized body regions, and provide
improved signal to noise ratios by limiting the spatial extent of the
excitation or reception. When a surface coil is used, a larger coil on
the imager is used as the transmitter of RF energy to producing the
90° and 180° pulses.

Array Coil

An array coil combines the advantages of smaller coils (high SNR)
with those of larger coils (large measurement field). This type of RF
coil is composed of separate multiple smaller coils, which can be
used individually (switchable coil) or combined.
When used simultaneously, the elements can either be:

coupled array coils - electrically coupled to each other through
common transmission lines or mutual inductance
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isolated array coils - electrically isolated from each other with
separate transmission lines and receivers and minimum effective
mutual inductance, and with the signals from each transmission line
processed independently or at different frequencies

phased array coils - multiple small coils arranged to efficiently cover a
specific anatomic region and obtain high-resolution, high-SNR
images of a larger volume. The data from the individual coils is
integrated by special software to produce the high-resolution images.

Body Wrap Around Coil(BWA)

A flexible surface coil for body imaging.

Linearly Polarized Coil(LP Coil)

A coil designed to excite or detect spins using one RF transmit
and/or receive channel. The magnetic field has predominantly a
single direction

Phased Array Coil

The phased array coils are typically operated as a receive only coil. A
larger coil on the imager is used as the transmitter of RF energy to
producing the 90° and 180° pulses. State-of-the-art coil systems
include the use of four or more coils with four separate receivers. This
method is often referred to as a phased array system, although the
signals are not added such that the signal phase information is
included. The use of phased array coils allows the number of signal
averages to be decreased with their superior SNR and resolution,
thereby decreasing scan time Fast parallel imaging techniques using
surface phased array multichannel coils, such as sensitivity encoding
(SENSE) or simultaneous acquisition of spatial harmonics (SMASH)
to further improve spatial and temporal resolution. High-sensitivity RF
coils and digital processing algorithms have been developed that
speed image acquisition and reconstruction during MRI.
Also called linear array coil ¢r synergy coil.
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Saddle Coil

A coil geometry, which has two loops of a conductor wrapped around
opposite sides of a cylinder. RF coil configuration design commonly
used when the static magnetic field is coaxial with the axis of the coil
along the long axis of the body (e.g., superconducting magnets and
most resistive magnets) as opposed to solenoid or surface coil.

Surface Coil NMR

A surface coil placed over a region of interest will have an effective
selectivity for a volume approximately subtended by the coil
circumference and one radius deep from the coil center. Such a coil
can be used for simple localization of sites for measurement of
chemical shift spectra, especially of phosphorus, and blood flow
studien. Some additional spatial selectivity can be achieved with
magnetic field gradients.

GRADIENT COIL

Gradient coils are used to produce controlled variations in the main
magnetic field (BO) to provide spatial localization of the signals and to
apply reversal pulses in some imaging techniques. The standard
magnetic resonance coordinate system, a gradient in B, in the Z
direction is achieved with an antihelmholtz type of coil. Current in the
two coils flow in opposite directions creating a magnetic field gradient
between the two coils. The B field at one coil adds to the B, field while
the B field at the center of the other coil subtracts from the B, field

The X and Y gradients in the B, field are created by a pair coils. The
X axis coils create a gradient in B, in the X direction due to the
direction of the current through the coils. The Y axis coils provides a
similar gradient in B, along the Y axis.
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X Gradient Coil

Z Gradient Coil Gy
G,

B

Current carrying coils designed to produce a desired magnetic field
gradient (so that the magnetic field will be stronger-in- some locations
than others). Proper design of the size and configuration of the coils
is necessary to produce a controlled and uniform gradient. Three
paired orthogonal current-carrying coils located within the magnet
that are designed to produce desired gradient magnetic fields, which
collectively and sequentially are superimposed on the main magnetic
field (Bo) so that selective spatial excitation of the imaging volume
can occur. Gradients are also used to apply reversal pulses in some
fast imaging techniques. Gradient coils are used to produce
deliberate variations in the main magnetic field (Bo). The set of
gradient coils for the z-axis are, e.g. Helmholtz pairs, and for the x-
and y-axis, paired saddle coils.

Figure 8 Coil

A magnetic field gradient coil shaped like the number eight.
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Golay Coil

Term commonly used for a particular kind of gradient coil, commonly
used to create magnetic field gradients perpendicular to the main
magnetic field

[ IO S § FA N |
Helmboltz Cotl

=

Helmholtz
Pair Coil

Pair of current carrying coils used to create uniform magnetic field in
the center of the space between them. For circular coils their
separation equals their radius

Maxwell Coil

A particular kind of gradient coil, commonly used to create magnetic
field gradients along the direction of the main magnetic field

Paired Saddie Coil

oV

Paired Saddle
- Coll

Paired saddle coils are commonly used for imaging of the knee.
These coils provide better homogeneity of the RF in the area of
interest and are used as volume coils, unlike surface coils.
Paired saddle coils are also used for the x and y gradient coils. By
running current in opposite directions in the two halves of the gradient
coil, the magnetic field is made stronger near one and weaker near
the other.
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o B ke b o ol ™ g : W R TN
shielded Gradient Coils

Current-carrying gradient coils with reduced gradient fringe field
inside of the magnet cryostat structures like cryoshields and He-
vessel. The shielding can be accomplished by secondary actively
driven coils or by passive screens, which are inductively coupled to
the gradient coils. In both cases eddy currents outside of the gradient
system will be reduced.

Gradient coil designs

Gradient coils are carefully designed to produce linearly varying
magnetic fields, as well as to have other features. The two simplest
coil designs for use with a cylindrical whole body imaging system are
shown in figures 3 and 4.:

Gradient cotl designs

Gradient coils are carefully designed to produce linearly varying
magnetic fields, as well as to have other features. The two simplest

coil designs for use with a cylindrical whole body imaging system are
shown in figures 3 and 4.
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The movement of the gradient coil wires in the magnetic field as
electric currents are pulsed through them is the reason that MRI is so

accoustically noisy.
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Slice selection

To select a slice, a magnetic field gradient is applied in a certain
direction, let us say z.. This means that the Larmor frequency now

varies along x (eqn.2, fig.5). |

In order to select a slice it is Frequencyt Vdz
necessary to apply an RF radiation
over a narrow bandwidth of A“’I
frequency, so that only spins in that An=yGAz
range of frequencies are excited. In pusra—
this way it is possible to select a slice | _ Az

. . igure 3 In a gradient, a narrow range of
perpend|CU|ar to the z-axis. frequencies corresponds to a narrow range

in space.

But how can a narrow range of
frequencies be excited?

RF radiation oscillates at a single carrier frequency (corresponding to
a single spike in the Fourier transform of the radiation time course).
RF pulses are created by modulating the carrier frequency at audio
frequencies (ie carrier signal is multiplied by an audio frequency
window. The audio frequency window defines the pulse shape).\

Remember that if you multiply two functions in time, it is equivalent to
convolving them in frequency space. Therefore if the carrier signal is
multiplied by a shaped envelope (eg a sinc function), this
corresponds to convolving the spike with the Fourier transform of the
shape of the envelope (for a sinc function in time, this is a rectangle
il frequerncy).

Hence an RF pulse can be designed to excite a range of frequencies
about w,. By varying the shape of the pulse you can control
thickness (and in fact the position) of the imaging slice.
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You may be interested to know that Sir Peter Mansfield (from
Nottingham) invented the slice selection technique. The patent
income from this discovery paid for a large part of the building of the

SPMMRC Centre.
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Figure 6 Amplitude modulation of an RF pulse can be used to select a narrow range of frequencies
to be excited. Multiplying the MHz carrier RF signal by a sinc pulse envelope (only the centre of the

K- SPACE

The inverse relationship between time and frequency: if the period of
a function is T s, then its frequency is 1/T Hz..

Spatial encoding using magnetic field gradients

Virtually all modern MRI scanners use spatially variations in the
applied magnetic field (Bo), to make the Larmor

frequency spatially dependant. Magnetic field 4
gradients can be formed in any direction T
dB, dB. . _dB.

(G :_"Gv = - ) Z
Tody dz
TT+

Y dx
Therefore in the present of a magnetic field

. . . . dB, dB.
gradient, the local applied magnetic field is X N 0
given by: ' . =
BrY=8B +Gr Magnetic field gradients are variations
pry=8,+G, in the applied magnetic field.
where

B, = applied field from magnet (T)
G, = applied gradient along r (mT/m) from the gradient coils
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Therefore the Larmor frequency now depends on the position of the
spins within the sample:
w=y(B,+Gr)

i.e. different parts of sample will produce transverse magnetisation
precessing at different frequencies.

FOR Imaging seguences

Once a slice has been selected we want to be able to create a picture
the distribution of the spins within it. There are many ways of
producing an image in MRI, and we are going to consider just a few
of them.

This is closely related to the method of CT imaging.
After a slice has been excited using a gradient along z, another
gradnent is applied along x. Now the precessional frequency of the

suins thal have beon cxoied depends on their position in x. Therefore
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the time varying signal will be the sum of signals at a range of
frequencies. -

If the signal is Fourier transformed, so that the frequency spectrum is
obtained, then the spectrum is the same as the projection through the
object along the gradient.

B, \Sample;
,;? ¥ g / (; _ C/B: //
U5 Jdx
B(x,) A
B(x,)| _
B(x)= B, +G.x R T S
W, = )/(B() + (;'XI )  Signal ‘
- _(spectrum)|
W, = }/(BU + (I.X2 ) . Jrequency
(!\1 (!)2
Figure 7 The use of gradients to produce a projection through a sample.

If this process is repeated for different directions of the gradient (ie at
various angles between x and y), then projections through the object
can be acquired at a variety of angles. The image can then be
reprocessed back projections

Gradients can be produced at
various angles between x and
y, by using combinations oi
the x and y gradients. The

G.=G,cos6
G, =G,sinf

—p

relative amplitudes of the
currents through the Gx and
Gy coils, determines the

angle of the gradient with
respect to the x axis. (figure 8).

G,
Figure 8 To generate a gradient G at

Look at this analytically. The signal from a sample at position x is.

given by:
S, (1) = p(x)e™
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where

o = y(G x+ B,)1.e. the frequency of rotationin the x y plane

p(x) = total spin density at position x (ie projection along x)

However the signal we measure is summed over the whole sample,
ie over all values of x:

Smml (") = J.p(x)eiy(nu ‘(;‘xydx

As we know, phase sensitive detection mixes out the central Larmor
frequency, ie the B, term, so that the total signal after detection is
given by

S() = [ p(x)e ™" dr

ie the projection through the object along the direction of the gradient
can be obtained by taking the Fourier transform of the signal (NB this

Repeat for .
pU|se sequence n different k-space t'@]eCtory
values of 6
RF T
G, Typically G A
slice] =
]
Gead $ Typically G, >
X
A
Signal ]\ \
—
Time
Figure 9 Projection reconstruction sequence

analysis neglects T2* decay). (If filtered backprojection reconstruction
is to be used, then the signal can be multiplied by the appropriate
Fourier domain filter before Fourier transforming).

The projection reconstruction imaging ‘pulse sequence’ is shown in
figure 9. This shows the time course of the gradient and RF
waveforms. The first line shows the slice selective RF pulse, and the
second line shows the slice selection gradient. The third line shows
the image encoding (frequency encoding/ readout) gradient. The
fourth line shows the magnitude of the signal that will be acquired (ie
the magnitude of the transverse magnetization, so net frequency
offsets cannot be seen).
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Applications of back projection reconstruction:

because imaging can start sampling very quickly after excitation,
projection reconstruction is useful for imaging things with a short T,*
€g

Lungs (which have a very short T2* because of susceptibility
differences between lung tissue and lung gas)

Sodium imaging (which has a very short T2)

Microscopy (where susceptibility artefacts can also be a problem)
The images can be badly affected by inhomogeneities in the main
magnetic field (Bo)

The total scan time is long.

k-space imaging

MR pulse sequences are best compared in k-space (reciprocal
space), (which contains the spectrum of spatial frequencies contained
in the image. If we define

k=y [Gydi

(for the general case where G is varying) so that the Fourier

transform in egn. 5 can be rewritten
S(k) = [p(x)e™*dx

i.e. signal obtained can be directly mapped into ‘reciprocal’ space
(spatial frequency space). To sample higher spatial Frequencies
(responsible for sharp edges and high resolution) you need higher (or
longer) gradients. :

Conventional Fourier Imaging

Fourier imaging resolves spatial information by three distinct
procedures, called selective excitation, phase encoding, and
frequency encoding).The slice-selection gradient spreads out the
Larmor frequency over a broad range so that the frequencies
contained in the RF pulse affect only a slice. The phase-encoding
gradient is pulsed briefly after the RF excitation pulse has been
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turned off, making the Larmor frequency depend on spatial position
along the phase-encoding direction. Afterwards, magnetization
components everywhere in the slice regain the same Larmor
frequency, but the phase depends on their position along the phase-
encoding direction. Spatial information in the phase-encoding
direction can be resolved if many separate MR signals are collected.
The amplitude of the phase-encoding gradient for each signal is
decreased systematically. Each of these signals is measured as an
echo while the frequency-encoding gradierit is active, which creates a
distribution of Larmor frequencies along the frequency-encoding
direction. The first pulse of the frequency-encoding gradient is
necessary for an echo to form during the middle of the second pulse.

Spin-warp imaging

if youl remember, the problems of crude back projection
reconstruction stem from the fact that k-space is not sampled
uniformly. In spin warp imaging k space is sampled on a regular grid.

Remember that moving across k space you are increasing the
number of radians per meter acquired by the spins. Therefore in
order to move across the k space in the k, direction, you must apply a
y direction gradient (so that the spins gains relative phase shifts

along y).

Spin-warp Spin-warp
pulse sequence k-space tLajectory
Y
RF 1B A e
G 3 >

»
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X n . e
Gread ) > B
n >
| Signal [\ ' -
: ! il
A B c Time

Figure 10 The spin warp imaging sequence
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Figure 10 matches up the k space trajectory and the imaging
sequence. Frequency encoding: The line BC in k space is acquired
between the points B and C in the pulse sequence diagram, whilst
the spins evolve under the read gradient. This part of the sequence
looks very much like a standard projection reconstruction sequence:
whilst the gradient is applied (and the signal is readout), we move
across k space in the reciprocal direction of the gradient. You may
have noticed that a negative read gradient is actually applied during
the period AB, so that a gradient echo is acquired in the period BC
.This corresponds to the fact that the line AB in the k-space trajectory
is moving in a negative ky direction. Phase encoding During the
period AB an additional phase encoding gradient is applied. This
makes the initial phase of the signal depend on both G, and the
position of sample in y (Morris 1985) and moves us in the y direction
in k space.

A b g e g oy g
AOvaniages,

Most widely used imaging sequence Field errors cause distortion,
not blurring ‘

Disagvaniages

Long imaging times... motion causes ghost artifacts

Cine imaging.

Uses a single thick slice (10 — 40 mm) is acquired in the plane that
best include the vessel. Acquisition is carried indexed to the patient’s
heart rate. The heart beat interval is divided in to several segments
called cardiac phases. This is achieved using a gradient echo with
small flip angle leaving enough magnetization on the longitudinal axis
of the magnet for a multiple data collection from same slice
throughout the cardiac cycle, as heart rate varies the time for T1
relaxation recovery also vary from one encoding cycle to the next.
This motion can be corrected by giving ECG triggering and
respiratory compensation. When displayed in a movie mode this
images give excellent functional aspect of flow during the cardiac
cycie through the vessei.
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PROPELLER IMAGING

Periodically rotated overlapping parallel lines with enhanced
reconstruction.
Multiple sets of parallel lines in k-space are filled

An angle is then shifted ,and another sets of parallel lines are ﬁlled

It overlapping first sets of parallel lines in the center It is continued
until full range of k-space is filled

Central region of the k-space is sampled repeatedly
It suppress motion artifact.

FFT is required to collect the row data

Chemical shift artifact are more

hod: PROPELLER data acquisition

The acguired views 1o reconstruct a given image slice or volume e
data can be shared between one or more images.This will decrease -
the amount of data that must be newly sampled per images .it
increase the temporal resolution of fast mri techmques Approach is
similar to the radiographic fluoroscopy
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Real time images are generated by continuously replacing the
alternate lines in the CRT It effectively doubling the apparent
temporal resolution .

MR Fluoroscopy —intermittently refreshing some of the image data .
An image with 128 lines in the Kx, replacing 8 lines we can generate
16 images .

view sharing-increase the efficiency of dual TE FSE

Center of the k-space obtain separately with in each of the echo train
portion Cardiac imaging,
Dynamic contrast —enhanced MR images

Dynamic events during fMRI
View sharing —impressive reduction imaging time

KEYHOLE IMAGING

A variant of the shared echo techniques K-space is covered
completely on the first image only the central part (20%),which
provide the most of the contrast,is updating on subsequent image
It speed up the imaging by a factor of 5 Is very useful in fast
recitative imaging of the same slice Its disadvantages is high
frequency outer 80% of k space is shared information

Two maior limitation of keyhole imaging technigues

If any motion between the baseline higher resolution images&
dynamic contrast enhanced images

It will produce misregistration between the contrast &fine detail of the
image

It produce some distortion in the contrast enhanced small vessel or
finely heterogeneous pattern of tissue

Kevhole hybrid technique
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It intermittently updating the peripheral views ‘
Periphery of the k-space is filled in an interleaved manner.This has
been applied to 3D MRA

Contrast enhanced application,3D-TRICKS .

Hybrid keyhole-spin echo,fse,gre

ZIP IMAGING

Zero fill interpolation processing.
Zip are used with any MR acquisition

The portion of the K-space are not directly filled during the read out

These are filled with zeros ,FFT can be performed This techniques
allows for interpolation of large matrix
Zip create 512X512 matrix image from 256X256 image

Using this we can increase the apparent resolution

It reducing the scanning time with out much loss in resolution & SNR
It increase the truncation artifact

ELECTRONICS AND DATA PROCESSING

This will be an abbreviated description of the MRI ’scannef To
get a general idea of the major components of a MR! scanner l have
included the following schematic diagram:
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2
— Gradient .
l | Amplifiers (3)
1 3 A
Wagnet < RF Transmitter Computer
5 : T
RF Amplifier ——b—A_ D converter

Starting from the right hand side, we have the computer that directs
all of the action in the MRI acquisition and acquires and processes
the data. The computer tells the gradient amplifiers and RF
transmitter when to turn on and off to obtain the proper pulse
sequence. The RF receiver amplifier is also controlled by the
computer and relays the signal received by the RF coil from the
patient to the A-D converter that digitizes the signal, and from there to
the computer to be reconstructed into

Fouipment: The MR Console

The MR Console is the "brains' of the system. it consists of one or
more computers, complete with software, and the control electronics.

It controls all the hardware, collects the data and presents it to the
user.
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MRI PULSE SEQUENCE

A preselected set of defined RF and gradient pulses, usually
repeated many times during a scan, wherein the time interval
between pulses and the amplitude and shape of the gradient
waveforms will control NMR signal reception and affect the
characteristics of the MR images. Pulse sequences are coimputer
programs that control all hardware aspects of the measurement
process.

A recommended shorthand desrgnatron of mterpulse times and
excitation pulse used to generate a particular image is to list the
repetition time (TR), the echo time (TE) and, if using inversion
recovery, the inversion time (TI) with all times given in milliseconds
and if using a gradient echo sequence the flip angle. For example,
3000/30/1000 would indicate an inversion recovery pulse sequence
with TR of 3000 msec, TE of 30 msec, and Tl of 1000 msec.
Specific puise sequence weightings are dependent on the field
strength, the manufacturer and the pathology.
See also Interpulse Times. R :

SPIN ECHO SEQUENCE

The most common pulse sequence used in MR imaging is based of
the detection of a spin ¢ Hahn echo. It uses 90° radio frequency
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pulses to excite the magnetization and one or more 180° pulses to
refocus the spins to generate signal echoes. In the pulse sequence
timing diagram, the simplest form of a spin echo sequence is
illustrated. The 90° pulse is first applied to the spin system and
rotates the magnetization down intc the X'Y' plane. The transverse
magnetization begins to dephase. At some point in time after the 90°
pulse, a 180° pulse is applied. This pulse rotates the magnetization
by 180° about the X' axis. The train of refocusing 180° pulses serves
to generate repetitive signal echoes (hence the name spin echo). The
180° pulses occur at time, 2TE + iTE i = 0,1,....n, and the signal
echoes at ITE. The echoes serve to rephase all the coherence in the
X y-magnetization which are lost during the time between 90° and
180° pulse due to dephasing.

The recovery of the z-magnetization occurs with the T1 relaxation
time and typically at a much slower rate than the T2-decay, because
in general T1 is greater than T2 for living tissues and is in the range
of 100-2000 ms. The SE pulse sequence was devised in the early
days of NMR days by Carr and Purcell and exists now in many forms:
the multi echo pulse sequence using single-or multislice acquisition,
the fast spin echo (FSE/TSE) pulse sequence, echo planar imaging
(EPI) pulse sequences and the GRASE pulse sequence are all
basically spin echo (SE) sequences. In the simplest form of SE
imaging, the pulse sequence has to be repeated as many times as
the image has lines.
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A slice selective 90° RF pulse is applied in conjunction with = slice
selection gradient. A pericd of time equal to TE/2 elapses artd a 180°
slice selective 180° pulse is applied in conjunction with the slice
selection gradient. A phase encoding gradient is applicd between the
90° and 180° pulses The phase encoding gradient could be applied
after the 180° pulse, however if we want to minimize the TE period
the pulse is applied between the 90° and 180° RF pulses. The
frequency encoding gradient is applied after the 180° pulse during the
time that echo is collected. The recorded signal is the echo. The FID,
which is found afier every $0" puise, is 1ot used. One addilionai
gradient is applied between the 90° and 180° pulses. This gradient is
along the same direction as the frequency encoding gradient. It
dephases the spins so that they will rephase by the center of the
echo. This gradient in effect prepares the signal to be at the edge of
k-space by the start of the acquisition of the echo. The entire
sequence is repeated every TR seconds until all the phase encodmg
steps have been recorded ,

PDWeighted:ShortTE(20Ms)AndLongTR.
T1Weighted:Short TE(10-20Ms)AndShort TR(300-600Ms) |

T2Weighted: LongTE{GreaterThanGOMs)AndLongTR(GreaterThan‘!GGGMs}

With Spm Echo imagmg No T2* Occurs.

Dual Echo Sequen (DE duai / doubfe echo)

Dual echo sequences mclude lmages thh different weightings and
or echo times and are used to obtain both, proton density and T2
weighted images or in. phaf d out of phase gradient echo images,
simultaneously wsthoufmcreasmg”the measurement time.

Modified Spin Echo(MSE)

A spin echo technique with a flip akﬁ;gle overgo®.

Multi Echo Multiplanar (MEM™
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Sequence with a multislice and multi echo acquisition in one TR.

i o s N F e, Rl e Y
T T TR o R e on g el
aturation Som oo (Pobhe)

T by |
o H
oAl

LR

S

Partial saturation sequence in which the signal is detected as a spin
echo. Even though a spin echo is used, there will not necessarily be a
significant contribution of the T2 relaxation time to image contrast,
unless the echo time, TE, is on the order of or longer than T2.

Y Fomopmt oy b f 3 v s b4 1 o N FLDB ALY e e et
Variable Echo Multintanar (VEMP)

MR imaging spin echo pulse sequence in which signals for multiple
variable echoes are collected

s
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TR LIS ST
HMN ECHO (FSE)

s

In conventional snin echn depending up up on the phase encoding
steps we repeat the TR and fill the k-space for each echo (e.g. for an
8 echo train we will get a eight different images), but in FSE we wil
get only one K-space and also we get 8 lines at a time depending up
on the ETL. In this one TR we will get 8 lines next TR we will get 8
more lines. If your phase encoding steps is 256 & ETL-8 ,we only
have to repeat the k-space to 32 times

‘-Q-‘\'v-vw v}
Sose |

-

S ey
Fad radl -~

£TL |

It refers to the number of echoes used in-FSE and it ranges typically
from 3-32.The time interval between successive echoes is called the
echo spacing (ESP) ,the typical ESP is in the order of 16-20ms at a
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typical high field band width of 32 khz .in FSE the only TEs we can'
choose are integral multiples of the echo spacing this is called
effective TEeff

Center of k-space has maximum signal .Edges of k-space :,we get
less signal .we use phase encoding with lowest strength for effective
TE. Each subsequent phase encoding steps will have a gradient with
more and more amplitude

readout L

V%.V_ .,., e

signal—

In case of the acquisition of 2 echoes this type of a sequence is
named double fast spin echo / dual echo sequence, the first echo is
usually density and the second echo is T2 weighted.
Other terms for this technique are
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with 90° phase shift in the rotating frame of reference between the
90° pulse and the subsequent 180° pulses in order to reduce
accumulating effects of imperfections in the 180° pulses. Suppression
of effects of pulse error accumulation can alternatively be achieved
by switching phases of the 180° pulses by 180

Double Fast Spin Echo(DFSE)

Simultaneously acquired T2 and proton density weighted TE in FSE
echo images

Double Turbo Spin Echo(DTSE / DE TSE)

Simultaneously acquired T2 and proton density weighted echoes in a
TSE sequence.

Half Fourier Acquisition Single Shot Turbo Spin
Echo(HASTE)

A pulse sequence wilh data acquisition after an initial preparation
pulse for contrast enhancement with the use of a very long echo train
(Single shot TSE), whereat each echo is individually phase encoded.
This technique is a heavily T2 weighted, high speed sequence with
partial Fourier technique, a great sensitivity for fluid detection and a
fast acquisition time of about 1 sec per slice. This advantage makes it
possible for using breath-hold with excellent motionless MRI, e.g.
used for liver and lung imaging.
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Rapid Acquisition with Refocused Echoes(RARE) (GE)

If the image lines from multiple echoes are used for the same image,
this results in the RARE pulse sequence. The sequence is similar to
fast spin echo.

Turbo Spin Echo (TSE)

A pulse sequence characterized by av series of rapidly applied 180°
rephasing pulses and multiple echoes.(SIEMENS)

Ultrashort Turbo Spin Echo

A turbo spin echo (TSE / FSE) technique with extremely short echo
spacing, resulting in shorter scan times. This is an advantage in
areas where motion is a problem, for example dynamic or abdominal
imaging. The shorter scan time and echo spacing are achieved by
using a higher TSE factor and an increased data sampling.
Disadvantages are the decrease in SNR (caused through the
increase of the bandwidth) and artifacts if minimum echo spacing is
used (incomplete dephasing of the 180° pulse FID).

INVERSION RECOVERY(IR)
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Inversion recovery is a MR technique, which can be incorporated
into MR imaging, wherein the nuclear magnetization is inverted at
a time on the order of T1 before the regular imaging pulse-
gradient sequences. The resulting partial relaxation of the spins in
the different structures being imaged can be used to produce an
image that depends strongiy oii T1. This may bring out differences
in the appearance of structures with different T1 relaxation times.
Note that this does not directly produce an image of T1. T1 in a
given region can be calculated from the change in the MR signal
from the region due to the inversion pulse compared to the signal
with no inversion pulse or an inversion pulse with a different
inversion time. This sequence involves successive 180° and 90°
pulses. The inversion recovery sequence is specified in terms of
three parameters, inversion time (TI), repetition time (TR) and
echo time (TE).

inversion Recovery Sequence

This pulse sequence produces signals, which represent the
longitudinal magnetization existent after the application of a 180°
inversion RF pulse and rotates the net magnetization down to the
negative z-axis. The magnetization undergoes spin Lattice relaxation
and returns toward its equilibrium position along the positive z-axis.
Before it reaches equilibrium, a 90° pulse is applied that rotates the
longitudinal magnetization into the xy plane. Once magnetization is
present in the xy plane it rotates about the z-axis and dephases
giving a FID.

In the pulse sequence timing diagram, the basic inversion recovery
sequence is illustrated. The 180° inversion pulse is attached prior to
the 90° excitation pulse of a spin echo acquisition.
The inversion recovery sequence has the advantage, that it can
provide very strong contrast between tissues having different T1
relaxation times or to suppress tissues like fluid or fat. But the
disadvantage is, that the additional inversion radio frequency RF
pulse makes this sequence less time efficient than the other pulse
sequences.
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Inversion Recovery Spin Echo (IRSE)

Form of inversion recovery imaging in which the signal is
detected as a spin echo. For TE short compared to the T2
relaxation time, there will be only a small effect of T2 differences
on image intensities; for longer TE's, the effect of T2 may be
significant |

Short T1 Inversion Recovery(STIR)

Also called Short Tau (Tl-inversion time) Inversion Recovery. [t
is an inversion recovery sequence where the Tl time is se! to
T1In2, where T1 is the spin Lattice relaxation time of the
component that should be suppressed. For fat suppression that
component is fat, for water suppression it is water. This technique
only works when the T1 values for the two components are
different. Inversion recovery doubles the distance spins will
recover, allowing more time for T1 differences. A 180° preparation
pulse inverts the net magnetization to the negative longitudinal
magnetization prior to the 90-degree excitation pulse. This
specialized application of the Inversion Recovery pulse
sequence set the inversion time (Tl) of the sequence at 0.69 times
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the T1 of fat. The T1 of fat at 1.5T is approximately 250 with a null
point of 170 ms while at 0.5T its 215 with a 148 ms null point. At
the moment of excitation, about 120 to 170 ms after the 180°
inversion pulse (depending of the magnetic field) the
magnetization of the fat signal has just risen to zero from its
original, negative, value and no fat signal is available to be flipped
into the transverse plane. When deciding on the optimal T1 time,
factors to be considered include not only the main field strength,
but also the tissue to be suppressed and the anatomy. In
comparison to a conventional spin echo where tissues with a short
T1 are bright due to faster recovery, fat signal is reversed or
darkened. Because body fluids have both a long T1 and a long T2, it
is evident that STIR offers the possibility of extremely sensitive
detection of body fluid. This is of course, only true for stationary fluid
such as edema, as the MR signal of flowing fluids is governed by
other factors.

Flow Sensitive Alternating Inversion Recovery(FAIR)

In this sequence 2 inversion recovery images are acquired, one with
a nonselective and the other with a slice selective inversion pulse.
The z-magnetization in the first sequence is independent of flow.
Inflowing spins give z-magnetization from second pulse. A major
signal loss in FAIR is the T1 relaxation of tagged blood in transit to
the imaging slice. Sharper edges of the inversion pulse give narrow
spacing between the inversion edge and the 1st slice because
reduced transit time gives lower T1 relaxation induced signal loss.
The difference of the images in a consequence contains information
proportional to flow (blood partition coefficient). Standard adiabatic
inversion RF pulse does not have good slice-profile, because of
power/SAR limitation. A c-shaped frequency offset coirected
inversion (FOCI) RF pulse can help to increase the signal.
Perfusion imaging, e.g. "myocardial, using tissue water as
endogenous contrast is suggested
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Fluid Attenuation Inversion Recovery(FLAIR)

A special inversion recovery sequence wiih iong i to remove the
effects of fluid from the resulting images. The Tl time is set to the
relaxation time of the component that should be suppressed. For fluid
suppression the inversion time (long Tl) is set to the zero crossmg
point of fluid, resulting in the signal being 'erased".

Lesions that are normally covered by bright fluid signals using
conventional T2 contrast are made visible by the dark fluid technique
Therefore it is an important technique for the differentiation of brain
and spine lesions. This sequences is used in the brain to suppress
csf to bring out the periventricular hyper intense lesion ,such as
multiple sclerosis ptagues

Turbo Inversion Recovery( TIR/ TIRM / IR-TSE)

Turbo Spin Echo / FIR - Fast Inversion Recovery)
A turbo / fast spin echo sequence with long Tl for fluid suppression
(FLAIR) or with short Tl for fat suppression (STIR). This sequence
allows for a true inversion recovery display that shows the
arithmetic sign of the signal.

TIRM means a turbolR with a magnitude display.

CRADIENT ECHQO SEQUENCE(GRE - sequence)

A gradient echo is generated by using a pair of bipolar gradient
pulses. In the pulse sequence timing diagram, the basic gradient
echo sequence is illustrated. There is no refocusing 180° pulse and
the data are sampled during a gradient echo, which is achieved by
dephésmg the spins with a negatively pulsed gradient before they
are rephased by an opposite gradient with opposite polarity to
generate the &cho.

Pulse Sequence Timing Diagram

Phase

Readout //——ﬁ\\
ADC (_}
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There you will find a description of the components. The excitation
pulse is termed the alpha pulse ..t tilts the magnetization by a flip
angle O, which is typically between 0° and 90°. With a small flip angle
there is a reduction in the value of transverse magnetization that will
affect subsequent RF pulses. The flip angle can also be slowly
increased during data acquisition (variable flip angle: tilt optimized
non-saturation excitation). The data are not acquired in a steady
state, where z-magnetization recovery and destruction by ad-pulses
are balanced. However, the z-magnetization is used up by tilting a
little more of the remaining z-magnetization into the xy-plane for each
acquired imaging line. Gradient echo imaging is typically
accomplished by examining the FID, whereas the read gradient is
turned on for localization of the signal in the readout direction. T2* is
the characteristic decay time constant associated with the FID. The
contrast and signal generated by a gradient echo depend on the size
of the longitudinal magnetization and the flip angle. When flip angle is
90° the sequence is idertical to the so-called partial saturation or
saturation recovery pulse sequence. In standard GRE imaging, this
basic pulse sequence is repeated as many times as image lines have
to be acquired. Additional gradients or radio frequency pulses are
introduced with the aim to spoil to refocus the xy-magnetization at the
moment when the spin system is subject to the next pulse.

As a result of the short repetition time, the z-magnetization cannot
fully recover and after a few initial o pulses there is an equilibrium
established between z-magnetization recovery and z-magnetization
reduction due to the O pulses.

Gradient echoes have a lower SAR, are more sensitive to field in
homogeneities and have a reduced crosstalk, so that a small or no
slice gap can be used. In or out of phase imaging depending on the
selected TE (and field strength of the magnet) is possible. As the flip
angle is decreased, T1 weighting can be maintained by reducing the
TR. T2* weighting can be minimized by keeping the TE as short as
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possible, but pure T2 weighting is not possible. By using a reduced
flip angle, some of the magnetization value remains longitudinal (less
time needed to achieve full recovery) and for a certain T1 and TR,
there exist one flip angle that will give the most signal, known as the
"Ernst angle"

Contrast values:

PD weighted: Small flip angle (no T1), long TR (no T1) and short TE (no T2%)
T1 weighted: Large flip angle (70°), short TR (less than 50ms) and short TE

‘T2* weighted: Small flip angle, some longer TR (100 ms)and long TE (20 ms

Classification of GRE sequences

1. T1 weighted or incoherent/(RF or gradient) spoiled GRE
sequences . ,

2. 11/T2* weighted or coherent/refocused GRE sequences.

3. T2 weighted contrast enhanced GRE sequencesultrafast GRE
sequences.

GRADIENT RECALLED ECHO SEQUENCE

An MRI sequence producing signals called gradient echoes as a
result of the application of a refocusing echo. In the gradient
recalled echo sequence, a slice selective RF pulse is applied to
the imaged object. This RF pulse typically produces a rotation
angle of between 10° and 90°.

A slice selection gradient is applied with the RF pulse. A phase
encoding gradient is applied and a dephasing frequency encoding
gradient is applied at the same time so as to cause the spins to be
in phase at the center of the acquisition period. This gradient is
negative in sign from that of the frequency-encoding gradient
turned on during the acquisition of the signal. An echo is produced
when the frequency encoding gradient is turned on because this
gradient refocuses the dephasing, which occurred from the
gradients.
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GRADIENT ECHO FAST SCANNING TECHNIQUES

DRIVEN EQUILIBRIUM FAST GRADIENT RECALLED
ACQUISITION IN THE STEADY STATE
DEPHASING GRADIENT(DE FGR)

A gradient echo sequence using a pulse, which sensitizes the
sequence to variations in T2, rather than waiting for T1 relaxation

Fast Gradient Recalled Echo(FGRE)
In the gradient recalled echo sequence, a slice selective RF pulse
is applied to the imaged object.

SPGR(Spolied Gradient)

With SPGR T2 dependence is aimost completely eliminated. if we
use this sequence with short TE and moderate flip angle, one could
achieve T1 weighted gradient echo images. This pulse sequences
uses very short TR values neither a transverse or longitudinal state
has enough time to become fully established during the course of
imaging. Because the image acquisition has not taken place under
steady state condition, non uniform weighting of the data along phase
encoded axis will occur and can cause loss of image resolution.
Because the TR value are so short, small flip angle may be used to
minimize saturation to preserve the SNR. In SPGR uses a simple
preparative non-selective 180° pulse along the phase encoding
axis(Spoiling gradient) which invert the tissue magnetization across
the sample and produces T1 weighted images. The SPGR spoiling is
achieved by adding phase shift to each successive RF excitation
pulse. This result in tilting of residual magnetization in out of phase
with each other to prevent the build up of steady state component
and thus eliminate T2 contribution. This approaches only works if the
transmitter and receiver keep a constant phase relationship for each
transmit and receive function.

There are various way to get SPGR images

1,By applying RF spoiling

2,BY applying variable gradient spoilers

3,BY lengthening TR
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RF spoiling

In this scheme ,a phase offset is_added to each successive RF
pulse. This causes a corresponding phase shift in successive Mss
vectors.By maintaining a constant phase relationship between the
transmitter and the receiver

Variable Gradient Spoilers

Spoiling can also be achieved by using gradient spoilers . This is
accomplished by introducing an additional gradient with variable .
strength from cycle to cycle

Lengthening TR

When TR is sufficiently large ,there is enough time to allow
complete dephasing of the spin in the transverse plane

CE-FFE-T1: Contrast Enhanced Fast Field Echo with T1 Weighting,
GFE:Gradient Feildf Echo,,

FLASH: Fast Low Angle Shot,

PS: Partial Saturation,

RF spoiled FAST: RF Spoiled Fourier Acquired Steady State
Technique,

RSSARGE: Radio Frequency Spoiled Steady State Acquisition
Rewound Gradient Echo

S-GRE: Spoiled Gradient Echo,

SHORT: Short Repetition Techmques

SPGR: Spoiled Gradient Recalled (spoiled GRASS)

STAGE: T1W T1 weighted Small Tip Angle Gradient Echo,

T1- FAST T1 weighted Fourier Acquired Steady State Technique,
T1-FFE 71 weighted Fast Field Echo.

Abdominal Imaqging

General MRI of the abdomen can consist of T1 or T2 weighted
spin echo, fast spin echo (FSE, TSE) or gradient echo sequences
with fat suppression and contrast enhanced MRI techniques. The
examined organs include liver, pancreas, spleen, kidneys,
adrenals as well as parts of the stomach and intestine.
Respiratory compensation and breath hold imaging is mandatory
for good image quality.
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T1 weighted sequences are more sensitive for lesion detection
than T2 weighted sequences at 0.5 T, while higher field strengths
(greater than 1.0 T), T2 weighted and spoiled gradient echo
sequences are used for focal lesion detection. Gradient echo in
phase T1 breath hold can be performed as a dynamic series with
the ability to visualize the blood distribution” Phases of contrast
enhancement include the capillary or arterial dominant phase for
demonstrating hypervascular lesions, in liver imaging the portal
venous phase demonstrates the maximum difference between the
liver and hypovascular lesions, while the equilibrium phase
demonstrates interstitial disbursement for edematous and
malignant tissues.

Out of phase gradient echo imaging for the abdomen is a lipid-
type tissue sensitive sequence and is useful for the visualization
of focal hepatic lesions, fatty liver, haemochromatosis, adrenal
lesions and renal masses. The standards for abdominal MRI vary
according to clinical sites based on sequence availability and MRI
equipment. Specific abdominal imaging coils and liver-specific
contrast agents targeted to the reticulocendothelial system (RES)
of the liver and spleen, achieve the goals of improved detection
and localization in the liver.

Contrast Enhanced Fast Field Echo with T1 Weighting(CE-FFE-T1)
A T1 weighted gradient echo sequence

Fast Spoiled Gradient Echo(FSPGR)
A sequence similar to Turbo FLASH or Turbo Field Echo

Refocused Gradient Ecliv Sequeﬁce

Refocused GRE sequences use a refocusing gradient in the
phase encoding direction during the end module to maximize
(refocus) remaining xy- (transverse) magnetization at the time
when the next excitation is due, while the other two gradients are,
in any case, balanced.

When the next excitation pulse is sent into the system with an
opposed phase, it tilts the magnetization in the O direction. As a
result the z-magnetization is again partly tilted into the xy-plane,
while the remaining xy-magnetization is tilted partly into the z-
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direction.

Companies use different acronyms to describe certain techniques.
Different terms for these gradient echo pulse sequences:
R-GRE:RefocusedGradientEcho,

FAST: Fourier Acquired Steady State,

FFE: Fast Field echo,

FISP: Fast Imaging with Steady State Precession,

F-SHORT SHORT Repetition Technique Based on Free
Induction Decay,

GFEC: Gradient Field Echo with Contrast,

GRASS: Gradient Recalled Acquisition in Steady State,
ROAST: Resonant Offset Averaging in the Steady State,
SSFP: Steady State Free Precession.
STERF: Steady State Technique with Refocused FID

Fast Field Echo(FFE) ,

An echo signal generated from a FID by means of a bipolar
switched magnetic gradient. The preparation module of the pulse
sequence consists of an excitation pulse. The magnetization tilts
by a flip angle between 0° and 90°.

Fast Gradient Recalled Echo(FGRE)

In the gradient recalled echo sequence, a slice selective RF pulse
Is applied to the imaged object.

Fast Low Angle RecaHed Echoes (FLARE)

A sequence producing signals called gradient echoes as a result
of the application of a refocusing echo with low flip angles.

SSFP { Steady State Free Precession) | PSIF

Steady state gradient secuence is designed to operate either single
or multi- section mode by using extremely short TR values
(TR<50mSec.) and to produce a coherent steady state free
precession. The steady state can be controlled in two ways .Through
the use of resonant offset averaging on the read and slice select
gradients. Through-the application of rewinder gradients on the phase
encoded axis.Steady state is the sum of two components-
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FID occurring early in the cycle (just after each RF pulse) and A
stimulated echo(St.E ) occurring late in the cycle (just before next RF
pulse.) It is possible to recover both signals simultaneously and
coherently, provided gradient profiles are perfectly balanced.

If the sequence were run for only one cycle no echo is formed. An
echo is formed in this sequence by magnetization brought in to
trasverse plane by RF pulse in the preceding cycle. The effective
echo timeis TR + TE [ SSFP => TE =2(TR-9)

Relatively long evaluating period before echo collection allows for
natural transverse decay of magnetization to occur. So the images
from SSFP sequence is highly T2 weighted. In this each [ pulse
contains some 90° and 180° pulses embedded in it

ADVANTAGES

1,Decreased dephasing due to in homogeneities in BO compared with
GRASS and SPGR

2, Decreased magnetic susptibility artifacts compared with GRASS
and SPGR

3,Dcreased chemical shift artifact s

DIS ADVANTAGES
1, Decreased SNR secondary to the use of longer TE
2, Increased sensitivity to non stationary tissue

ULTRAFAST GRADIENT ECHO SEQUENCE

In simple ultrafast GRE imaging, TR and TE are so short, that tissues
have a poor imaging signal and — more importantly — poor contrast
except when contrast media enhanced (contrast enhanced
angiography). Therefore, the magnetization is 'prepared' during the
preparation module, most frequently by an initial 180° inversion
pulse. ,

In the pulse sequence timing diagram, the basic ultrafast gradient
echo sequence is illustrated. The 180° inversion pulse is executed
one time (to the left of the vertical line), the right side represents the
data collection period and is often repeated depending on the
acquisition parameters.

Ultrafast GRE sequences have a short TR, TE, a low flip angle and
TR is so short that image acquisition lasts less than 1 second and
typically less than 500 ms. Common TR: 3-5 msec, TE: 2 msec, and
the flip angle is about 5°. Such sequences are often labeled with the



prefix "Turbo" like TurboFLASH, TurboFFE and TurboGRASS.
This allows one to center the subsequent ultrafast GRE data
acquisition around the inversion time Tl, where one of the tissues of
interest has very little signal as its z-magnetization is passing through
zero. ;

Unlike a standard IR sequence, all lines or a substantial segment of
k-space image lines are acquired after a single inversion pulse, which
can then together be considered as readout module. The readout
module may use a variable flip angle approach, or the data
acquisition may be divided into multiple segments ("shots"). The latter
is useful particularly in cardiac imaging where acquiring all lines in a
single segment may take too long relative to the cardiac cycle to
provide adequate temporal resolution.
If multiple lines are acquired after a single pulse, the pulse sequence
is a type of gradient echo echo planar imaging (EPI) pulse sequence

Pulse Sequence Timing Diagram
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Balanced Sequence

This family of sequences uses a balanced gradient waveform. This
waveform will act on any stationary spin on resonance between 2
consecutive RF pulses and return it to the same phase it had before
the gradients were applied. A balanced sequence starts out with a RF
pulse of 90° or less and the spins in the steady state. Before the next
TR in the slice, phase and frequency- enceding direction, gradients
are balanced so their net value is zero. Now the spins are prepared to
accept the next RF pulse, and their corresponding signal can become
part of the new transverse magnetization. If the balanced gradients
maintain the longitudinal and transverse magnetization, the result is
that both T1 and T2 contrast are represented in the image.
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This pulse sequence produces images with increased signal from
fluid (like T2 weighted sequences), along with retaining T1 weighted
tissue contrast. Because this form of sequence is extremely
dependent on field homogeneity, it is essential to run a shimming
prior the acquisition.

This sequences include e.g. Balanced Fast Field Echo (bFFE),
Balanced Turbo Field Echo (bTFE), Fast Imaging with Steady
Precession (TrueFISP), Completely Balanced Steady State (CBASS)
and Balanced SARGE (BASG).

Balanced Fast Field Echo( bFFE)

A FFE sequence using a balanced gradient waveform. A balanced
sequence starts out with a RF pulse of 90° or less and the spins in
the steady state. Before the next TR in the slice phase and frequency
encoding, gradients are balanced so their net value is zero. Now the
spins are prepared to accept the next RF pulse, and their
corresponding signal can become part of the new transverse
magnetization. Since the balanced gradients maintain the transverse
and longitudinal magnetization, the result is, that both T1 and T2
contrast are represented in the image. This pulse sequence produces
images with increased signal from fluid, along with retaining T1
weighted tissue contrast. Because this form of sequence is extremely
dependent on field homogeneity, it is essential to run a shimming
prior the acquisition. A fully balanced (refocused) sequence would
yield higher signal, especially for tissues with long T2 relaxation
times.

Balanced SARGE(BASG)

The gpoiled steady state acquistion rewinded gradient echo
sequence with balanced waveform.

Balanced Turbo Field Echo(BTFE)

A gradient echo pulse sequence with a balanced gradient waveform

and data acquisition after an initial preparation pulse for contrast
enhancement.
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Fast Imaging with Steady Precession(TrueFISP)

True fast imaging with steady state precession is a coherent
technique that uses a fully balanced gradient waveform. The image
contrast with TrueFISP is determined by T2*/T1 properties and
mostly depending on TR. The speed and relative motion insensitivity
of acquisition help to make the technique reliable, even in patients
who have difficulty with holding their breath.
Recent advances in gradient hardware have led to a decreased
minimum TR. This combined with improved field shimming
capabilities and signal to noise ratio, has allowed TrueFISP imaging
to become practical for whole-body applications. There's mostly T2*
weighting. With the used ultra short TR-times T1 weighting is almost
iminossivie. Gnie such appiication is cardiac cine MR with high
myocardium-blood contrast. Spatial and temporal resolution can be
substantially improved with this technique, but contrast on the basis
of the ratio of T2* to T1 is not sufficiently high in soft tissues. By
providing T1 contrast, TrueFISP could then document the
enhancement effects of T1 shortening contrast agents. These
properties are useful for the anatomical delineation of brain tumors
and normal structures. With an increase in SNR ratio with minimum
TR, TrueFISP could also depict the enhancement effect in myoma
uteri. True FSIP is a technique that is well suited for cardiac MR
imaging. The imaging time is shorter and the contrast between the
blood and myocardium is higher than that of FLASH.

Reduced k-Space Sampling

. Reduced k-space sampling methods include MR Fluoroscopy,
Fourier-encoded keyhole imaging, random k-space sampling
methods. Spiral scan imaging and other fast or ultra-fast techniques
can be included among these methods if acquisition yields
incomplete k-space filling. Also, the Half Excitation method] uses half
k-space filling exploiting k-space symmetry. images acquired using
reduced k-space sampling may suffer from reduced spatial resolution,
artifacts, low tissue contrast, or be restricted to a small FOV.
Reduced k-space sampling methods exploit different imaging
algorithms - Fourier spatial encoding ordering strategies - for
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temporal efficiency, and, in theory, can utilize a number of
fundamental pulse sequence approaches. Also, some of these
methods use the strategy of updating, rather than waiting to refill, the
k-space image reconstruction buffer so that fast computing hardware
can reconstruct and display images (from the mixture of image data
in the buffer) in real-time without the delay of the standard acquire-
delay-reconstruct-display paradigm.

MR FLUOROSCOPY

MR fluoroscopy techniques have been available for the last decade
but predominantly based on gradient echo or EPI acquisitions
providing T1 or proton weighted imaging . They have primarily been
applied to cardiac and angiographic imaging. As a result of their
limited contrast and spatial resolution, combined with their sensitivity
to off resonance artefacts,

MR Fluoroscopy combines a fast MR pulse sequence (GRASS) and
an efficient imaging algorithm (partial zero-filling of k-space) with
specialized hardware for image reconstruction, and was developed
for real-time visualization of dynamic processes. The approach of the
MR Fluoroscopy method is to acquire less data for image
reconstruction in order to improve temporal resolution in dynamic
studies and to create the appearance of real-time image display.
Improved temporal resolution is obtained, however, at the expense of
reduced spatial resolution since the acquisition of higher spatial
frequency information is bypassed in order to more rapidly update low
spatial frequency image data

SPIRAL SCANNING,

A way of sampling image data for MR imaging in k space. As
opposed to a standard procedure, where k-space is examined by
sampling data points linearly, in spiral scanning k-space is scanned in
one or several intertwined . Spiral scanning is more demanding on
image reconstruction than standard scanning. When moving through
K-space in a spiral fashion, the gradient fields are continously
changing in a sinus-like form with decreasing frequency. Data
acquisition requires nonlinear sampling. Potential advantages of
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spiral scanning are: k-space can be sampled more efficiently, omitting
data points at its edge where image information is less important; and
image data in the centre of k-space are acquired first, where the
gradient strength needed is small and thus flow effects are smaller, i.
e. images acquired using spiral scanning are less prone to flow
artefacts.
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Spiral scanning is an echo planar imaging EPI sequence, as after a
single excitation pulse the entire k-space is sampled, entailing the
problem that the signal amplitude decays with T2* during the
measurement. Hence, the signal from image data measured further
out on the spiral is underestimated to an unknown and variable
degree. This problem can be remedied by using an interleaving or
"multishot" data acquisition technique .Where multiple intertwined
spirals originating at the centre of k-space are traced consecutively,
but with fever turns per radial distance increment
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Conventional k-space Spiral scan k-space

ECHO PLANAR IMAGING

This was also invented by Professor Sir Peter Mansfield..

In 2003,he got Nobel prize in medicine

1981-82-the first snap shot EPI image

1983-Firsy EPI images of the brain

EPlis a very fast MR imaging technique. It acquiring the entire mr
image in fraction of seconds. In this multiple lines of imaging data are
acquired after a single RF pulse. Its advantages over conventional
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MR imaging is reduced imaging time, reduced motion artifact,
possible to imaging the rapid physiological process of human body

In this technique the whole of k space is sampled in a single FID, so
that the totai scan tiime is typicaiiy iess than 100 ms. This is a major
advantage of EPI is, there are no motion artefacts, dynamic
processes (such as brain activation) can be scanned, quantitative
imaging (measurement of T1 and T2 and other parameters) can be
performed in a reasonable time However the images have a low
intrinsic signal to noise ratio (although the signal to noise per unit time
is very high, and this is what really matters), The magnetic field
gradients have to be switched very rapidly. This means that low
inductance gradient coils are required, (and the sequence can be
very loud at high field) The images are very sensitive to distortions
and signal loss arising from gross variations in the magnetic field
across the sample (T, effects).High performance of gradient are
needed to to allow rapid on and of switching of the gradient

TYPES OF EPI
Two main types exist
1,single-shot EPI
2,multi-shot EPI
Newer techniques use as blipped phase-encoded gradient
blipped-EPI ‘

Single-shot EPI

in single-shot EPI all the lines in K-space are filled by multiple
gradient reversal ,producing multiple echoes in a single RF-pulse
To achieve this ,read out gradient must be reversed rapidly from
maximum positive to maximum negative value. Each lobe of the read
out gradient above or below the base line correspond to a separate
Ky line in the k-space. so the number of phase encoding steps Ny is
equal to the +ve & -ve lobes of read out gradient In earlier EPI
methods,the phase-encoding gradient was kept on continuously
during the acquisition resulting in the zigzag coverage of k-space
.This lead to some artifacts during FT compared with conventional
k-space trajectories.To rectify this problem ,the phase encoding
gradient was subsequently applied briefly during the time when the
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read out gradient was zero .This method was reffered to as blipped
phase encoding and this k-space trajectory is much easier on FT.

Figure 11 The EPI pulse
sequence
EPIl pulse sequence EPl k-space trajectory
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The susceptibility artifact ié more in single shot EPI, and the phase
errors tends to propagates along the phase-encode axis,

Multishot- EPI
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In multi-shot EPI ,the readout is divided in to multi-shot EPI or
segments (Ns),so that

Ny=Ns X ETL
ETL is echo train length iz the number of lines in each segment .this
is also called segmental EPI
Advantages of multi-shot EPI (compared with single-shot EPI)
1,this technique places less stress on the gradients compared with
single-shot EPI i
2,phase errors susceptibility artifact are less
Disadvantages of multi-shot EPI (compared with single-shot EPI)
1, multi-shot EPI takes longer to perform than does single-shot EPI
2,multi shot EPI is more susceptible to motion artifact

CONTRAST IN EPI

Contrast in EPI depends on the root pulsing sequence .For SE-EPI
We are using 90°-180°-SE root sequences is applied before the
EPI module like that we can produce the gradient echo,IR-
sequences, diffusion etc |

1,Spin Echo EPI

2,Gradient EPI

Soin Echo EPI

RF refocusing pulses can be applied after th initial excitation pulse
.the application of the refocusing pulse helps to clean up some of the
artifacts by magnetic field inhomogenities and chemical shift.

Gradient Echo EPI

This EPI is acquired with a RF pulse followed by a number of
gradient blips creating a train of gradient echoes.in this sequence
images are acquired in one TR pass in milliseconds.

Gradient EPI is less time than SP EPI
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Special Hardware Requirements

gradient strength, rise time, and duty cycle are markedly increased
gradient coils capable of a maximum amplitude of 20 mT/m
minimum rise time of 0.1 msec
slew rate of 200 T/m per second
duty cycle of 50%—60%
First generation Epi hardware-resonant systems
Second generation Epi hardware-nonresonant systems

Instascan Block Diagram

Saturation Recovery Sequence

The saturation recovery (SR) sequences are rarely used for imaging
now. Their primary use at this time is as a technique to measure T1
times more quickly than an inversion recovery pulse sequence.
Saturation recovery sequences consist of multiple 90 degree RF
pulses at relatively short repetition times (TR). An example of a SR
sequence is shown below. Residual longitudinal magnetization after
the first 90-degree RF pulse is dephased by a spoiling gradient (in
this case with the slice select gradient). Ltongitudinal magnetization
that develops during the TR period after the dephasing gradient is
rotated into the transverse plane by another 90 degree pulse. A
gradient echo is acquired immediately after this. The signal will reflect
T1 differences in tissues because of different amounts of longitudinal
recovery during the TR period.
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Saturation Recovery Sequence
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SMASH (Simultaneous Acquisition Of Special Harmony)

SMASH is such a technique. It uses combinations of component coil
signals in a radio-frequency (RF) coil array to substitute for omitted
gradient steps, reducing the burden on the gradients and allowing
multiple components of the spatial encoding required to generate an
MR image to be performed in parallel.”> This technique has been
shown to achieve a four- to eightfold reduction in image acquisition
time, with no compromise in spatial resolution.

TRICKS

This technique uses an increased sampling rate for lower
frequencies, temporal interpolation of k-space views, and zero filling
in the slice-encoding direction. When appropriately combined, these
elements permit reconstruction of a series of 3-D image sets, having
an effective temporal frame rate of one volume every two to six
seconds, with no serious compromise in the spatial resolution.

RARE. (Rapid acquisition with relaxation enhancement)

The RARE is a fast spin echo sequence using a series of RF
pulses, after an initial P/2 RF excitation pulse, to evoke a train of
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multiple individually phase encoded echoes. The RARE method is
initiated by a slice-selective P/2 RF excitation pulse applied
simultaneously with a gradient in the slice-selective direction, which is
inverted after the RF pulse ends for spin rephasing. A short
dephasing gradient pulse is then applied in the frequency encoded
direction. Next, a P RF pulse is transmitted accompanied by a
gradient in the slice-selective direction. A phase encoding gradient
pulse follows, after which is applied the readout frequency encoding
gradient and the sampling of an echo occurs. Echo acquisition is
immediately followed by a rephasing gradient in the phase encoded
direction (ie. phase 'unwound'). A subset of sequence events is
repeated 4-16 times, including the P RF pulse, slice-selective
gradient pulse, phase encoding gradient, readout gradient and
rephasing gradient in the phase encoding direction. Optional 'crusher’
gradients can be used before and after the slice-selective gradients
(simultaneous with the P RF pulse) to improve slice definition. FAISE
(Fast acquisition interleaved spin echo) is a hybrid RARE technique
with an special phase encode gradient order (ie. special imaging
algorithm) that traverses k-space in an interleaved manner giving
straightforward T2 contrast manipulation.

................................... |
T I T N
Frequency
mwe e 0 il

The advantage of fast spin echo methods is that a number of echoes
can be acquired in a single TR period yielding a highly efficient
method for obtaining proton density-weighted or strongly T2-weighted
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images, 3D images [], or for dynamic imaging. The SNR of fast spin
echo methods is near that of standard spin echo imaging, and
generzlly surpasses that of images acquired using gradient-recalled
echo methods]. Several 256x256 images can be obtained in a multi-
slice acquisition in 30-60 sec. Disadvantages of RARE images are
the presence of T2-dependent effects along the image phase
encoding axis, insensitivity to susceptibility effects and increased RF
power deposition (due to the multiple P RF pulses) which can be
overcome by using an a degree RF excntat:on pulse (a < P) in place
of the repeated P RF pulse

BURST.

The BURST is a ultra-fast imaging method utilizes a rapid sequence
of short very low flip angle RF excitations of varying amplitudes to
generate multiple echoes accompanied by either constant is an
example of a BURST sequence) or switched gradients to improve
SNR. BURST sequences can be designed in several ways with either
phase and frequency encoding gradients occuring during the BURST
RF pulses and/or after the pulse during RF sampling. An image is
formed from a small number of repeats of this multi-echo sequence
segment with even sub-100 msec acquisition times possible. Related
ultra-fast methods referred to as DUFIS (or OUFIS) imaging] have
ais0 been described that can similariy acquire images in about 10
msec - similar to BURST in that relatively infrequent gradient
switching is required. BURST-type methods have shown promise for
rapid 3D imaging. A current disadvantage of BURST-type images is
the low SNR.
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GRASE.

The gradient- and spin-echo (GRASE) method combines
magnetization refocusing using U RF pulses interleaved with
refocusing gradient pulses to form a train of echoes. Using the CPMG
method, [0 RF refocusing pulses are used to create an echo train,
similar to fast spin echo techniques. Three or more gradient-recalled
echoes are also then created during the period between each RF
echo using a combination of stepped phase encoding gradients and
switched frequency encoding gradients. An image is formed from a
small number of repeats of this multi-echo sequence segment. (Multi-
shot spin echo planar imaging is equivalent to GRASE.) Used in
multi-slice 3D imaging GRASE imaging can yield more than 20 T2-
weighted 256x256 images i about 30 sec. A disadvantage of
GRASE, shared by fast spin echo sequences, is that magnetization
remains saturated after a single shot, requiring a delay before the
next acquisition. GRASE images are less affected by chemical shift
and field inhomogeneities, advantageously more sensitive to
magnetic susceptibility differences, and are acquired with reduced RF
deposition compared to fast spin echo techniques and is more rapid.
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PARALLEL Imaging

Introduction:

Since the development of the NMR phased array in the late 1980s,
multicoil arrays have been designed to image almost every part of the
human anatomy. These multicoil arrays are primarily used for their
increased signal-to-noise ratio (SNR) compared to volume coils or
large surface coils. Sensitivity encoding for MRI (SENSE),
simultaneous acquisition of spatial harmonics (SMASH), and
sensitivity profiles from an array of coils for encoding and
reconstruction in paraliei (SPACE-RIF) are MRI techniques designed
to reduce the scan time. The reduction is achieved by under sampling
k-space and recording images simultaneously from multiple imaging
coils. Under sampling reduces the acquisition time and the use of
multiple RF coils eliminates the wraparound caused by the under
sampling.

In this technique the component coils of an array to partially replace
spatial encoding which would normally be performed using gradients,
thereby reducing imaging time.
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In general, higher acceleration factors can be achieved, approaching
the number of coil elements.

«Huchinson & Raff (1988) and Kwiat & Einav (1991)
suggested using arrays of coils in place of all phase
encoding steps.

*Requires one coil for each line of k-space.

*Signals seen by adjacent coils must be sufficiently distinct.

-Kelton et al: “An algorithm for rapid image acquisition using multiple
receiver coils,” 8th SMRM proc., 1172 (1989).

*Ra & Rim: “Fast imaging using subencoding data sets from multiple
detectors,” 10th SMRM proc., 1240 (1981), Mag. Res. Med. 30, 143
(1993).

*A set of aliased images are produced by an array of receiver coils
using subencoded data.

*These images are resolved to an aliasing-free image by using the
distance-dependant sensitivity information for each coil.

Phased Array

*Phased array is the use of several surface coils.
—Advantages:

*Good SNR

-Large FOV

—Disadvantages:

+Coil coupling - “magic separation” geometry

*Multiple receiver channels ($)

Extending the phased array to more channels:
23 channel “Bucky” array for 1.5T

Recenerarmay:
Andreas Potthast

Whys stop at 32? ¥ _gg)’
96 Channels on its way... i}!)i'fg‘
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Parallel imaging key points
Aliasing occurs as a result of sub sampling, Parallel imaging
algorithms aim at removing aliasing or regenerating the missed k-
space lines using the coil sensitivities. Subsampling factor is limited
theoretically by the number of coils

Parallel reconstruction techniques
E SENSE (SENSiItivity Encoding)
PILS (Partially Parallel Imaging with Localized Sensitivites)
SMASH (SiMultaneous Acquisition of Spatial Harmonics)
GRAPPA (GeneRalized Auto-calibrating Partially Parallel
Acquisitions)

wom o=

E SPACE RIP (Sensitivity Profiles from an Array of Coils for
Encoding and Reconstruction In Parallel)

SENSE (SENSitivity Encoding)
Sensitivityencoding (SENSE) is based on the iact thal receiver
sensitivitygenerally has an encoding effect complementary to Fourier
preparation by linear field gradients. Thus, by using multiple
receiver coils in parallel scan time in Fourier imaging can be
considerably reduced. The problem of image reconstruction
from sensitivity encoded data is formulated in a general fashion
and solved for arbitrary coil configurations and k-space sampling
patterns. Special attention is given to the currently most
practical case, namely, sampling a common Cartesian grid with
reduced density. For this case the feasibility of the proposed
methods was verified both in vitro and in vivo. Scan time was
reduced to one-half using a two-coil array in brain imaging.With
an array of five coils double-oblique heart images were obtained
in one-third of conventional scan time.
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THEORY AND METHODS

In this section SENSE theory is presented and methods for image
reconstruction from sensitivity encoded data are derived. The theory
addresses the most general case of combining gradient and
sensitivity encoding. That is, no restrictions are made as to the coil
configuration and the sampling pattern in k-space. Two reconstruction
strategies are discussed. The first approach strictly aims at optimal
voxel shape and is called strong reconstruction for convenience.

In weak reconstruction, the voxel shape criterion is weaker in favor of
the SNR. With both strategies the reconstruction algorithm is
numerically demanding in the general case. This is mainly because
with hybrid encoding the bulk of the work of reconstruction can
usually not be done by fast Fourier transform (FFT). However, it is
shown that in weak reconstruction FFT can still be applied if k-space
is sampled in a regular Cartesian fashion. For this reason sensitivity
encoding with Cartesian sampling is particularly feasible.

Sensitivity Encoding With Cartesian Sampling of k-Space

In two-dimensional (2D) Fourier imaging with common Cartesian
sampling of k-space, sensitivity encoding by means of a receiver
array permits reduction of the number of Fourier encoding steps. This
is achieved by increasing the distance of sampling positions in k-
space while maintaining the maximum k-values. Thus scan time is
reduced at preserved spatial resolution. The factor by which the
number of k-space samples is reduced is referred to as the
reduction factor R. In standard Fourier imaging, reducing the
sampling density results in the reduction of the FOV,causing aliasing.
In fact, SENSE reconstruction in the Cartesian case is efficiently
performed by first creating one such aliased image for each array
element using discrete Fourier transform {BDFT). The second step
then is to create a full-FOV image from the set of intermediate
images. To achieve this one must undo the signal superposition
underlying the fold-over effect. That is, for each pixel in the reduced
FOV the signal contributions from a number of positions in the full
FOV need to be separated. As depicted in Fig. 1, these positions
form a Cartesian grid corresponding to the size of key to signal
separation lies in the fact that in each single-coil image signal
superposition occurs with different weights according to local coil
sensitivities. Consider one pixel in the reduced FOV and the
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corresponding set of pixels in the full FOV (Fig. 1). Let nP denote the
number of pixels superimposed and nC the number of coils used.
Assemble in the vector a the complex image values the

chosen pixel has in the intermediate images. The complex

coil sensitivities at the nP superimposed positions form an

nC 3 nP sensitivity matrix S:

v = Ua,

where the resulting vector v has length nP and lists separated pixel
values for the originally superimposed positions. By repeating this
procedure for each pixel in the reduced FOV a non-aliased full-FOV
image is obtained.

. 1his reiation confirms an upper bound for SNRK
characterized by the square root of the number of samples
acquired. The geometry factor describes the ability with the
used coil configuration to separate pixels superimposed by
aliasing. In practice it allows a priori SNR estimates and

provides an important criterion for the design of dedicated
coil arrays
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IEEEEREERES SENSE imaging of a quality phantom with
increasingreduction factor Rindicated on the left. Phase encoding in
vertical direction. Left: conventional sum-of-squares images. Middle:
SENSE reconstruction from the same data. Right: maps of the
relative noise level as predicted by SENSE theory, colored according

to the gray-scale on the far right (arbitrary units).

FIG. 7. Transverse brain images obtained with TSE using two coils.
a, b: Reduction factor R=2.0, conventional single-coil image and
SENSE reconstruction. ¢: SENSE image from fully Fourier encoded
data.
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SMASH (SiMultaneous Acquisition of Spatial Harmonics)

1997 SMASH is introduced. The SMASH technique exploits
sensitivity variations in a surface coil array to substitute for spatial
modulations normally produced by phase-encoding gradients.11 This
use of coil encoding in place of gradient encoding allows the whole of
kspace to be traversed using a reduced number of phase encoding
gradient steps, thereby reducing image acquisition times. The
function of phase-encoding gradients is to impose sinusoidal
modulations of magnetization across the image plane. The MR signal
integrated against these sinusoids then corresponds to spatial Fourier
components of the image, or the familiar k-space lines.

In the SMASH technique, some of these sinusoidal modulations, or
“spatial harmonics', are generated by manipulations of component
coil sensitivities, rather than by gradient-induced modulations of
magnetization. '

An array of rf coils contains spatial information in the form

of its component coil sensitivities (Figure 2). In a linear surface
coil array with adjacent components, each coil j has a distinct
but overlapping sensitivity Cj(x, y). By forming appropriate linear
combinations of component coil signals (Figure 3), we may

P10
generate composite sensitivity profiles ¢ t which oscillate in
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Phase encode (£ )

\j

Frequency encode (k )

Figure 1 A k-space schematic, indicating the spatial modulations
resulting from phase-encoding gradients. Gradient steps on either side
of the central k=0 line correspond to various harmonics of spin
modulation across the image plane

SPATIAL ENCODING USING MULTIPLE RF COILS: SMASH IMAGING AND PARALLEL MRl 3
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Figure 3 Multiple spatial hamnonic profiles derved by linear
combination of component coil sensitivities in an eight-element aray
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Figure 2 The of sensitivities of a linear coil army. Each of the three
overapping sensitivity distributions corresponds o cue of he three
component coils in the amray pictured at the top. (The conductor paths
of adjacent component coils are also typically overlapped, as shown in
this example, to minimize inductive coupling between coils.)) Ounly
sensitivity magnitudes are shown here. In practice, coil sensitivities
may also have spatially varying phase distributions

Implementation

An important first step in a practical SMASH implementation

is to measure the rf sensitivities of the various array

elements. These sensitivities may be extracted in a straightforward
manner from images of homogeneous phantoms, since

any intensity variations in such images may be traced to variations
in coil sensitivity. Typically, intensity profiles across an

image plane of interest are extracted from a stored phantom

data set and are used as sensitivity references.

4 SPATIAL ENCODING USING MULTIPLE RF COILS: SMASH IMAGING AND PARALLEL MRI
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AUTO-SMASH,

a small number of reference k-space lines are added to the
acquisition, and the relation between these reference lines and the
usual MR signal data lines are used to "train' SMASH reconstructions
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In AUTO-SMASH,a small number of reference k-space lines are
added to the acquisition, and the relation between these reference
lines and the usual MR signal data lines are used to “train' SMASH
reconstructions directly in k-space.

Coil 1 Coil 2 Coil 3 Coil 1 Coil 2 Coil 3

Figure 5 Schematic representation of the SMASH reconstruction
procedure (left: k-space cartoon, right. corresponding phantom
images). (A) Acquisition of data with reduced phase encoding. (B)
Formation of shifted data sets using spatial harmonic
combinations.(C) Interleaving of shifteddata sets to generate a full
signal matrix, corresponding to an image with full FOV
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. ~Reference

Coronal cardiac images showing the use of SMASH for increased
spatial resolution

- Réfere:iée it SMASH 2x SMASH 4x

 Acquisition window . Acquisition window Acqw’sition,windawl’ .
200ms - 100ms . S50ms :

Coronal cardiac images from a 3D data set demonstratingte us of
SMASH to increase temporal resolution at fixed spatial resolution

VD-AUTO-SMASH Imaging

This method uses a VD k-space sampling approach and shows
the ability to improve the image quality without significantly
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increasing the total scan time. This new k-space adapted calibration
approach is based on a k-space—dependent density

function. In this scheme, fully sampled low-spatial frequency

data are acquired up to a given cutoff-spatial frequency. Above

this frequency, only sparse SMASH-type sampling is performed.

On top of the VD approach, advanced fitting routines,

which allow an improved extraction of coil-weighting factors

in the presence of noise, are proposed. It is shown in simulations and
in vivo cardiac images that the VD approach significantly increases
the potential and flexibility of rapid imaging with AUTO-SMASH.

GRAPPA

Current parallel imaging techniques for accelerated imaging

require a fully encoded reference data set to estimate the spatial

coil sensitivity information needed for reconstruction. In dynamic
parallel imaging a time-interleaved acquisition scheme can be used,
which eliminates the need for separately acquiring additional
reference data, since the signal from directly adjacent time frames
can be merged to build a set of fully encoded full-resolution reference
data for coil calibration. In this work, we demonstrate that a time-

interleaved sampling scheme, in combination with autocalibrated
GRAPPA

The GRAPPA parallel imaging reconstruction is performed in k-space
by calculating the missing k-space lines in each coil in the array using
a weighted sum of adjacent lines from all coils.
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In general,more neighboring frames can be averaged to increase the
SNR of the ACS(autocalibration signal) data, resulting in a potentially
improved GRAPPA reconstruction.
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FIG. 4. Rate 4 undersampled example images after GRAPPA
reconstruction using (a) 60 ACS lines (full spatial resolution),

(b) 40 ACS lines, (c¢) 32 ACS lines,and (d) 24 ACS lines as reference
data. The image quality improves significantly with increased number
of ACS lines. Residual aliasing artifacts are visible even

with 40 ACS lines as reference data.

MAGNITATIONTRANSFER CONTRAST IMAGING

Magnetization transfer (MT) is a unique contrast mechanism in
magnetic resonance (MR) imaging that has been known for the past
decade. Magnetization transfer contrast (MTC) is most useful in two
basic areas, improving image contrast and tissue characterization.
M’ C nas aiso proven 10 be extremely usertui in the reduction of
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background signal in MR angiography and improves the appreciation
of tissue enhancement by intravenous contrast agents.

Basis of Maanetization Transfer

The signal obtained in clinical MR imaging comes from mobile
protons. These are largely present in free water with a smaller
~ contribution from lipid. There are, in addition, a large number of
protons in tissues contained in macromolecules or in water bound to
these macromolecules. No signal is normally detected from these
protons by standard clinical imaging techniques because they have a
very short T2 value (of the order of 1 ms or less) and any transverse
magnetization is rapidly dephased before data collection is possible.
There is, however, a constant exchange of magnetization between
the protons in these two pools, the free pool and the bound pool,
which occurs by through-space dipole-dipole interactions or probably
- less importantly direct chemical exchange. By means of this
interchange, the bound pool influences the signal obtained from the
free pool even though the bound pool cannot be directly visualized. In
MT imaging, the normal equilibrium between free and bound pools is
perturbed and the resulting contrast is referred to as magnetization
transfer contrast and indicates the exchange processes with the
bound pool in that particular tissue. Wolff and Balaban, first produced
in vivo images with MTC and described two-pool concept of
magnetization transfer. They coined the terms free (Hf) and restricted
(Hr) proton pools to describe the exchange compartments. These
“authors perturbed the normal equilibrium between free and bound
pools by selectively saturating the bound pool (Fig. 1).

SaN 'ﬁéﬂ'PW': i ] i

A ‘free:pooi’ aher MT
i}




102

Figure: Schematic diagram of water and macromolecule proton
linewidths (top), and the use of an off-resonance pulse to detect
‘magnetization transfer in tissue where both lines overlap (bottom)

Selective saturation:

It is possible to saturate the macromolecular spins (i.e. to reduce their
‘magnetization to zero) preferentially using radio frequency pulse. The
restricted motion of protons results in a very short spin-spin relaxation
rate (T2). This results in a very broad absorption line shape (20-40
kHz) than the mobile spins (narrow water resonance peak of 15Hz), |
making them as much as 106 times more sensitive to an
appropriately placed radlo frequency pulse. The saturated
macromolecular spins, with zero magnetization will exchange for
water spins having magnetization of one. Thus, when the - V
magnetization of the water spins is subsequently measured, it will be

- found to be less than one. The absolute reduction in magnetization

~ will clearly depend, on the rate of exchange between the two spm
populations, and hence can be detected with MR imaging.

MT Contrast:

The reduction of magnetization in the water spins will be manifest
-as less signal, or less brightness on MR image, when compared to
the “control” image obtained without the MT preparation. The
decrease will be larger in regions where exhange of magnetization is
more efficient, determined by the relative proportion of the hydrogen
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atoms of the two pools, their intrinsic relaxation times and the
exchange rate. Although saturation is never perfectly selective in
vivo, contrast between areas exhibiting varying degrees of MT effect
is developed and superimposed upon the intrinsic contrast of the
baseline image, be it proton-densitweighted(W) image, T1-W image,
or some combination

Saturation transfer techniques:

Three techniques for saturating the bound water have been studied:
(a) off-resonance (radio frequency pulses applied at a frequency that
is offset from the “free” water resonance) continuous wave excitation
(3), (b) off-resonance shaped pulses, and (c) on-resonance binomial
pulses[4,5]. The off-resonance shaped pulses are now the
commonest saturation transfer techniques for clinical imaging.
Magnetization transfer ratio:

It is a quantitative measure of the MT effect on tissues. It is the
degree of signal suppression of a given tissue compared with the
conventional PD or T1-W image. The MT ratio (MTR) may be simply
obtained by collecting a pair of identical images (PD or T1-W), one
with and one without MT saturation.. For each region of interest
(ROI), MTR is calculated from the two images using the formula:
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MTR = {1 - Ms }x 100%
Mo
Where Mo, Ms represent the signal intensity with the saturation pulse
off and on, respectively.
Controlling parameters in saturation transfer:

There are several key parameters in the off-resonance saturation
transfer technique that can alter the quantitative and qualitative MTC.
The MTR measured depends upon the degree of saturation of the
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the mobh- protons and the exchange rate. The principle determinants
being the base sequence used, characteristics of the saturating pulse
(pulse type, power, duration, time between pulses, duty cycle i.e.
number of pulses per TR, bandwidth, its effective flip angle), offset
frequency of the saturating pulse, and field strength [6]. All of these
characteristics alter the degree of saturation obtained and must be
known before quantitative comparisons can be made between clinical
studies. Numerical values may be given, or the information displayed
as a difference image.

Cross relaxation:

dipole-dipole interactions

Although the magnetization transfer mechanismis relatively well
understood at the tissuelevel, much less detailed knowledge is
availableon a cellular and molecular level. Contiriued advances i
modeling of magnetization transfer effects will improve the detailed
picture of the mechanism underlying this phenomenon.

FMR IMAGING

Functicnal Magnetic Resonance Imaging (fMRI)

INTRODUCTION

The recent discovery that magnetic resonance imaging can be used
to map changes in brain hemodynamics that correspond to mental
operations extends traditional anatomical imaging to include maps of
human brain function. The ability to observe both the structures and
also which structures participate in specific functions is due to a new
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technique called functional magnetic resonance imaging, fMRI, and
provides high resolution, noninvasive reports of neural activity
detected by a blood oxygen level dependent signal (Ogawa, et al,
1990 a and b, 1992, 1993; Belliveau, et al, 1990, 1991). This new
ability to directly observe brain function opens an array of new
opportunities to advance our understanding of brain organization, as

well as a potential new standard for assessing neurological status
and neurosurgical risk.

WHAT IS fMRI ,_

Functional MRl is based on the increase in blood flow to the local
vasculature that accompanies neural activity in the brain. This results
in a corresponding local reduction in deoxyhemoglobin because the
increase in blood flow occurs without an increase of similar
magnitude in oxygen extraction (Roy and Sherrington, 1890; Plum,
Posner & Troy, 1968; Posner, Plum & Poznak, 1969; Fox and
Raichle, 1985). Since deoxyhemoglobin is paramagnetic, it alters the
T2* weighted magnetic resonance image signal (Ogawa, et al, 1990a
and b, 1992, 1993; Belliveau, et al, 1990, 1991; Turner, et al, 1991;
Tank, et al, 1992). Thus, deoxyhemoglobin is sometimes referred to
as an endogenous contrast enhancing agent, and serves as the
source of the signal for fMRI. Using an appropriate imaging
sequence, human cortical functions can be observed without the use
of exogenous contrast enhancing agents on a clinical strength (1.5 T)
scanner (Bandettini, et al, 1992, 1993; Kwong, et al, 1992; and
Turner, et al, 1993; Schneider, et al, 1993). Functional activity of the
brain determined from the magnetic resonance signal has confirmed
known anatomically distinct processing areas in the visual cortex
(Belliveau, et al, 1991; Ogawa, et al, 1992; Blamire, et al, 1992;
Schneider, et al, 1993; Hirsch, et al, 1995), the motor cortex (Kim, et
al, 1993a; Kim, et al, 1993b), and Broca's area of speech and
language-related activities (Hinke, et al, 1993, Kim, et al, 1995).
Further, a rapidly emerging body of literature documents
corresponding findings between fMRI and conventional
electrophysiological techniques to localize specific functions of the
human brain (Atlas, et al, 1996; Puce, et al, 1995, Burgess, 1995;
Detre, et al, 1995; George, et al, 1995; Ives, et al, 1993).
Consequently, the number of medical and research centers with fMRI
capabilities and investigational programs continues to escalate.
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The main advantages to fMRI as a technique to image brain aciivity
related to a specific task or sensory process include 1) the signal
does not require injections of radioactive isotopes, 2) the total scan
time required can be very short, i.e., on the order of 1.5 to 2.0 min per
run (depending on the paradigm), and 3) the in-plane resolution of the
functional image is generally about 1.5 x 1.5 mm although resolutions
less than 1 mm are possible. To put these advantages in perspective,
functional images obtained by the earlier method of positron emission
tomography, PET, require injections of radioactive isotopes, multiple
acquisitions, and, therefore, extended imaging times. Further, the
expectea resolution of PET images is much larger than the usual
fMRI pixel size. Additionally, PET usually requires that multiple
individual brain images are combined in order to obtain a reliable
signal. Consequently, information on a single patient is compromised
and limited to a finite number of imaging sessions. Although these
limitations may serve many neuroscience applications, they are not

optimally suitable to assist in a neurosurgical or treatment plan for a
specific individual.

What are some common uses of fMRI?

fMRI is becoming the diagnostic method of choice for learning how a
normal, diseased or injured brain is working, as well as for assessing
the potential risks of surgery or other invasive treatrnent ot the biain.
The term "Functional MRI" (with a capital F) can also include other
MRI techniques that are sensitive to physiologic changes (such as
changes in water motion), whereas fMRI with a lower case f usually
refers to the mapping of brain activity using MRI. As a group, these
"Functional MRI" techniques appear to provide the most sensitive
method currently available for identifying, investigating and
monitoring brain tumors, strokes and certain chronic disorders of the
nervous system such ac multinle sclerosis. In addition, these
methods appear to provide a useful means of documenting some
brain abnormalities related to dementia or seizures.

In routine practice, fMRI studies are often used in planning brain
surgery, since they can help physicians monitor normal brain function
as well as any disturbed brain function. While research is still
ongoing, it appears that fMRI can also help assess the effects of

stroke, trauma or degenerative disease (such as Alzheimer's) on
brain function.




107

How should I prepare for the procedure?

Since fMRI uses an MRI device, the standard preparations for an MRI
procedure are necessary. For example, because the strong magnetic
field used for MRI will pull on any ferromagnetic metal object
implanted in the body, MRI staff will ask whether you have a heart
pacemaker (or artificial heart valve), implanted port, infusion catheter
(brand names Port-o-cath, Infusaport, Lifeport), intrauterine device
(IUD) or any metal plates, pins, screws or surgical staples in your
body. In most cases, surgical staples, plates, pins and screws pose
no risk during MRI. Red dyes used in tattoos and permanent eyeliner
may contairi metallic iron oxide and could heat up during MRI,
however this is rare. You will be asked if you have ever had a bullet
or shrapnel in your body, or ever worked with metal. If there is any
question of metal fragments, you may be asked to have an x-ray that
will detect any such metal objects. Tooth fillings are not affected by
the magnetic field, but they may distort images of the facial area or
brain, so the radiologist should be made aware of them. The same is
true of braces, which may make it hard to "tune" the MRI unit to your
body. You will be asked to remove anything that might degrade MRI
images of the head, including hairpins, jewelry, eyeglasses, hearing
aids and any removable dental work.

The radiologist or an assistant may ask about drug allergies and
whether head surgery has been done in the past. If you might be
pregnant, this should be mentioned. Less than one in 20 patients who
undergo MRI in an enclosed unit may feei confined or claustrophobic

Task Procedure: Patients and subjectsare positioned in the
scanner as for a conventional scan, and plane lines are set based on
conventional imaging methods. During a typical functional imaging
series, 30 images are acquired in a 90 sec run where the initial and
last 10 images are baseline conditions and the middle 10 images (30
secs) are acquired during a task. For example, in the case of a typical
task designed to identify eloguent brain tissue involved in hand and
finger movement, the patient taps fingers and thumb during the
activity epoch. The beginning and end of this activity period is cued
by a visual or auditory signal and occurs at images 10 and 20,
respectively. Language, sensory, visual, auditory and other targeted
functions are imaged in a similar manner. A task-induced signal
change is illustrated in Fig. 1 for a sensory task involving tactile
stimulation (touching) the left hand. The abscissa represents a 30
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image acquisition run during a 9U seC peiiod. ine initai iG pre-
stimulation (baseline) images are followed by 10 activation images
(left hand stimulation) and 10 post-stimulation images. Each 90 sec
imaging series (illustrated by the intensity levels for one voxel) is
actually repeated twice although only one series is illustrated. In this
example the left hand stimulation results in right hemisphere activity -
and presumably represents the post central sulcus sensory strip.

BOLD-fMRI (Blood-Oxygen- Level Dependent fMRI)
BOLD-fMRI is currently the most common fMRI technlque (Table

2).

Here, the MRI scanner is tuned to e
resonate and image hydrogen atoms as -
in conventional MRI; however, T2*-

weighted images are performed which

take advantage of the fact that —

deoxygenated hemoglobin is magnetic
whereas oxygenated hemoglobin is not *

8 Because of the magnetic properties of "
the unflipped magnetic deoxyhemoglobin ,
molecule which causes rapid dephasing, T2* signal iv e ou wige:
in a renion when it has more oxvaenated blood compared to when
there is less oxygenated blood. Thus, an area with more oxygenated
blood will show up more intense on T2*-weighted images compared
to when there is less oxygenated blood around.

With this technique, it is assumed that an area is relatively more
active when it has more oxygenated blood compared to another point
in time ®. This is based on the principle that when a brain region is
being used, arterial oxygenated blood will redistribute and increase to
this area. This principle has one caveat: there is a time lag of 3-6
seconds between when a brain region is activated and blood flow
increases to it "*'°. During this time lag of 3-6 seconds, in fact, the
activated areas experience a relative decrease in oxygenated blood
as oxygen is extracted by the active regional neurons. Afterward, the
amount of blood flowing to the area far outweighs the amount of
oxygen that is extracted so that oxygenated blood is now higher
Although images can be acquired every 100 msecs with echoplanar
(a type of rapid acquisition) BOLD fMRI, this predictable but time
varied delayed onset of the BOLD response limits the immediate
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temporal resolution to several seconds instead of the 100 msec
potential °. In the future, researchers may be able to improve the
temporal resolution of fMRI by measuring the initial decrease in
oxygenated blood with activation "'

BOLD fMRI is a relative technique in that it must compare images
taken during one mental state to another to create a meaningful
picture. As images are acquired very rapidly (ie. a set of 15 coronal
brain slices every 3 seconds is commonly done in our lab), one can
acquire enough images to measure the relative differences between
two states to perform a statistical analysis within a single individual.
Ideally, these states would differ in only one aspect so that everything
is controlled for except the behavior in question '°. Breiter et
al.(1996), for example, scanned Obsessive-Compulsive Disorder
patients and healthy controls during activated (ie. holding dirty

washcloth) versus rest states (ie. holding clean washcloth) 12 (see
figure 2).

Passive Listening to Speech
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BOLD-fMRI paradigms generally have several periods of rest
alternating with several periods of activation . Images are then
compared over the entire activation to the rest periods (see figure 3).
Images obtained over the first 3 to 6 seconds of each period are
generally discarded due to the delay in hemodynamic response.
Alternating paradigms are used because the signal intensity
generated by the MRI scanner drifts with time.
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With current technology, fMRI-BOLD is best used for studying
processes that can be rapidly turned on and off like language, vision,
movement, hearing, and memory °. The study of emotion is
hampered by its slow and variable onset and its inability to be quickly
reversed '>'* Some have, however, succeeded in using this
technique to study emotional processes '*'°. For example, Whalen et
al. (1998) " used a backwards masking procedure to present 3
alternating conditions to 10 subjects: (1) a baseline condition where
subjects would see a “+” sign, (2) a “happy” (H) condition where
subjects would see repeated presentations of 33 msecs of a happy
face followed by 167 msecs of a neutral face, and (3) a “fear” (F)
condition where subjects would see repeated presentations of 33
msecs of a fearful face followed by 167 msecs of a neutral face.
Here, fearful and happy faces were presented in such a way that 8 of
the 10 participants could not identify them. Despite this unconscious
processing, subjects had relatively increased amygdala activation
with fearful faces and relatively decreased amygdala activation with
the happy faces (see Figure 4).

BOLD-fMRI is very sensitive to movement so that tasks are limited
to those without head movement, including speaking. BOLD-fMRI is
also limited in that artifacts are often present in brain regions that are
close to air (i.e. sinuses). Thus, there are some problems in
observing important emotional regions at the base of the brain like
the orbitofrontal and medial temporal cortices. Another problem is
that sometimes observed areas of activation may be located more in
large draining veins rather than directly at a capillary bed near the site
of neuronal activation °.
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Currently, there are no indications for BOLD-fMRI in clinical
psychiatry, although this technique holds considerable promise for
unraveling the neuroanatomic basis of psychiatric disease. It may be
of potential help in sorting out diagnostic heterogeneity and treatment
planning in the future. Neurologists and neurosurgeons are beginning
to use this technique clinically to noninvasively map language, motor,
and memory function in patients undergoing neurosurgery *°.

Bold is using gredient echoplanar sequences.In EPI, a gradient echo
is formed in the broadening direction by applying an initial dephasing
gradient, and then a series of ‘blips’ of the opposite polarity which
form the echo. The time from the r.f. excitation pulse to the centre of
the echo is defined as the echo time in EPI (see Figure 4.1). This is
distinct from the repeated set of echoes formed by the switching of

the read gradient.
Broadeni N10000nnanng
Gt | ]

Gradient

Signal I

TE
e

Figure 4.1. Formation of a Gradient Echo in EPI using the Broadening
Gradient.

Having formed one gradient echo, it is possible to form other echoes
simply by reversing the polarity of the blipped gradient. These echoes
all form under the T, decay envelope, and have different echo times
(Figure 4.2). This is distinct from the multiple spin echo experiment
described in section 2.4.3, in which the echoes form under the T,
decay envelope.
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fmri paradigm

A large series of images are acquired rapidly while the subject performs at
rest and activation Several such volumes may be collected while the subject
performs different tasks

By correlating the signal time course in each voxel it is possible to
identify voxels that shows signal change

r foim acquired images to
“a clinically useful picture”

The t —test

The i-iest vaivuiaies ihe diiference 1 signal iniensity between the two
groups ,rest and activation Analyzing BOLD data - the calculation of t-
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 statistic for each voxel .One can take a threshold value of eg:- p <.01, this
can pick out all voxels whose t value passes the threshold . These voxels are
then displayed in colour over the anatomy images

Visualisation

» Threshold the SPM, so that
only significant voxels

© remain

.« Colouraccording to
significance

+ Overlay ontothe anatomical

MPRAGE image

The kolmogorov —smirnov test

Same like t-test For each population (rest and activation) measured
values are sorted in an ascending order .From the two
distributions (P act and P rest ) KS statistic is calculated as the
maximum difference between the two cumulative distributions
Time Series and Activation Maps
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Challenges in Functional FMRI

Sensitivity (Contrast-to-noise ratio)

BOLD signal change is ~1-2% at 1.5 T; signal-to-noise ratio in
single-shot EPI images is ~100.

Physiological pulsations (cardiac and respiratory); Head motion;
instrumental instability

Specificity

Location of activation — neurons or veins

Susceptibility artifacts

Suppression of Temporal Fluctuations

Head motion reduction

Head holder modified from a football helmet
Image realignment in data processing

Physiological pulsations
Correction using simultaneously recorded cardiac and respiratory
signals
Ultra-fast imaging techniques
Single-shot echo-planner imaging (EPI)
Single-shot Spiral imaging
Post-processing
Denoising
fMRI paradigms

—Motor
—Language
—Other



Motor Paradigm- ‘BOX- CAR’ Design

Motor } —

conditions are alternated:
—Rest (R)
—Movement (MOV)

Motor function
Rt Hand

Left Hand
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ARTEFACT IN BOLD :

One type of artifact which is specific to EPi is the Nyquist. This arises
because odd and even echoes are acquired under opposite read
gradients, and the data requires reversal prior to image
reconstruction. Inaccurate timing of the sampling relative to the
switched gradient, temporal asymmetries in the analogue filter or
inhomogeneities in the static field cause a modulation of alternate
lines in k-space. This leads to a ghost image shifted by N/2 pixels in
the phase encode direction. In fMRI, ghosting artifact can cause a
number of problems. In the first place, the ghosting can spoil the look
of the image, and ghosting of activated regions could lead to
apparent 'activation' appearing outside the head. More serious effects
occur if the artifact changes with time. Movement of the subjects
head causes the interference fringes, of overlapping ghost and
image, to change dramatically, with even small displacements having
a large effect. Since subject motion is often stimulus correlated,
particularly if the experimental paradigm involves movement, the
changes of the interference pattern can show up in the statistical
analysis as 'activation’,

Diffusion-Weighted Imaqging:

Diffusion Weighted imaging provides a technique for mapping proton
contrast that reflects the microvascular water environmen.Diffusion
imaging makes use of the variability of "Brownian motlon" of water
molecules in brain tissue.

Brownian motion refers to the random movement of molecules.
Water molecules are in constant motion, and the rate of movement or
diffusion depends on the kinetic energy of the molecules and is
temperature dependent. In biological tissues, diffusion is not truly
random because tissue has structure. Cell membranes, vascular
structures, and axon cylinders,for example, limit or restrict the amount
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Motor } —

conditions are alternated:
—Rest (R)
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Motor function
Rt Hand

Left Hand




116

ilate_ral finger tappiny

Left finger tapping Vs Rest
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Lip Pouting vs rest

Bilateral leg motor vs Rest
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Vergpal

Semantic Decision
Language

‘STRONG LEFT LATERALISED LANGUAGE
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Verbal Fluency_ Inline BOLD
Left lateralized language

Negative BOLD Positive BOLD
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occur if the artifact changes with time. Movement of the subjects
head causes the interference fringes, of overlapping ghost and
image, to change dramatically, with even small displacements having
a large effect. Since subject motion is often stimulus correlated,
particularly if the experimental paradigm involves movement, the
changes of the interference pattern can show up in the statistical
analysis as 'activation’,

Diffusion-Weighted Imaqging:

Diffusion Weighted imaging provides a technique for mapping proton
contrast that reflects the microvascular water environmen.Diffusion
imaging makes use of the variability of "Brownian motlon of water
molecules in brain tissue.

Brownian motion refers to the random movement of molecules.
Water molecules are in constant motion, and the rate of movement or
diffusion depends on the kinetic energy of the molecules and is
temperature dependent. In biological tissues, diffusion is not truly
random because tissue has structure. Cell membranes, vascular
structures, and axon cylinders,for example, limit or restrict the amount



Pulse Sequences

¢ Turbo STEAM

of diffusion. - Conventional 1 5T system Also, chemical
interactions - Gradients - 9 mTim of water and

- Single slice - 27 sec macromolecules affect
diffusion * DWI with FPI properties.  Diffusion-
weighted - Echoplanar system imaging is very
sensitive to ~ Gradients - 25 mT/im the random movement
of 1H in ~ Whole brain - 4 sec water molecules
(brownian movement). The am<unt of water 2iffiision for 2 given pixel

can be calculated and is called the apparent diffusion coefficient
(ADC).

Areas with low ADC values (ie.low diffusion) appear more intense.
ADC values are direction sensitive. For instance, if images are taken
perpendicular to myelin fiber tracts like the optic chiasm, arcuate
fasciculus, or corpus callosum, ADC values will be lower than if the
images are taken along the length of these fibers. This is thought to
be because there is little diffusion across myelin sheaths.

Thus, ADC direction sensitivity permits detection of myelination and
may allow researchers to understand in greater detail myelin
development in infants. On the other hand, this direction sensitivity
hampers the study of diffusion in other processes as ADC values
differ, depending on the imaging plane (axial, coronal, or sagittal).
Gradients are applied in to three orthogonal plain of gradient

(x,y and Z) and creating a average diffusion weighted image . There
are now ways to calculate average ADC values incorporating all
planes for each pixel, removing “artifacts” due to the direction of
acquisition. Removing the directional diffusion sensitivity has been
helpful in studying stroke.

A pair of strong gradient pulses'are added to the pulse sequence.
The first pulse dephases the spins, and the second pulse rephases
the spins if no net movement occurs. The amount of diffusion
weighting is determined by the strength of the diffusion gradients, the
duration of the gradients, and the time between the gradient pulses
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DIFFUSION TENSOR IMAGING:

The basic idea of diffusion tensor imaging is the same as for Phase
Contrast Angiographic MRLIt is an anisotropic process with different
molecular mobility in X, y and z directions, the diffusion constant"D”

has to be replaced by a diffusion tensor

. Pulses Echo
o0 ” ﬂ 180°
T
Gradient
s 8
FAN
90° 180° -
|\ Spin
\E/
= ==}
Dephasing Rephasing

diffusion in white matter is extremely variable. The value of the
diffusion co-efficient directly depends on the relative orientation of the
fibers and the magnetic field gradients, which is known as
"anisotropic diffusion." Water diffusion in gray matter does not exhibit
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Although the indi