Magnetic Resonance Imaging

In 1944, Isidor Isaac Rabi was awarded the Nobel Prize for Physics for his resonance
method for recording the magnetic properties of atomic nuclei. This method was
based on measuring the spin of the protons in the atom's core, a phenomenon known
as nuclear magnetic moments. From Rabi’s work, Paul C. Lauterbur and Peter
Mansfield were able to research into magnetic resonance imaging (also known as
nuclear magnetic resonance, NMR) and were awarded the Nobel Prize for Medicine
in 2003.

Lauterbur, a professor and director of the Biomedical Magnetic Resonance
Laboratory at the University of Illinois, realised that it was to possible to create an
‘internal picture’ of an object by NMR and had his ideas witnessed by a colleague.
These ideas were based on the use of a magnetic field gradient — a magnetic field that
varies through space.

Mansfield, a professor of physics at the University of Nottingham had no knowledge
of Lauterbur’s work and had an idea of how he might get an NMR picture of a crystal,
similar to an X-ray signal crystal structure. With continual pioneering work with his
colleagues, he was able to produce the first picture from a live human subject in 1976
with true anatomical detail. He continued to be a pioneer in the field, developing
better imaging methods for larger body parts and also for imaging well past the sub-
cellular level, all using the idea of NMR.

How does MRI work?

To investigate this, I intend to give an account on the basic physics of MRI and then
explain the significance of the phenomenon to today’s society. The areas I will
research and address are:

The basic idea of MRI

The gyromagnetic ratio

Speed of precession in a magnetic field

Larmor Frequency

Relaxation times

Gradient Fields

Production of a magnetic resonance image

The major advantages and disadvantages of the system.

Basic idea

Hydrogen nuclei are subjected to a pulse of radio waves, which causes them to briefly
emit low-intensity radio waves. These are detected by the MRI scanner, which
measures the signal as the patient is scanned by a changing magnetic field. The signal
is processed, producing an image of where the hydrogen atoms in water molecules
and lipids are located.



Nuclei used in NMR contain an odd number of protons or neutrons and so possess
intrinsic spin. (Spin is an inherently quantum property. In the context of this
document, it refers to the turning motion of a proton). Hydrogen nuclei also possess a
magnetic moment M (a magnetic field created by the moving positively charged
protons) that has its origins in circulating currents. This means that there is always an
angular momentum J associated with it. The vector quantities M and J are related by
the equation:

M=v]

Where M = magnetic moment
v = The gyromagnetic ratio
J = angular momentum

Angular momentum is the momentum of a body, which undertakes rotational motion.
Momentum, P itself is a vector quantity that determines the potential force that an
object can impart to another object by collision. It is calculated by mass x velocity.
Since angular momentum involves rotational motion, it can be calculated by:

Radius of circular motion X momentum
Since momentum = mv,
Angular momentum = mvr

The gyromagnetic ratio is a nuclei-specific constant. For the normal isotope of
hydrogen, with one proton, one electron and no neutrons it is 42.6MHz/T.

The equation means that a system must possess a magnetic moment, angular
momentum and experience torques for it to exhibit a magnetic resonance. Torques are
turning forces causing rotational motion.

Precession

When nuclei are in the presence of an external magnetic field they experience torques
trying to align them with the applied field. Since they are spinning, the resultant
movement is a precession. In other words, the nuclei will rotate around the axis of the
magnetic field. If the protons in the nucleus can be made to precess about the external
field lines in phase with each other, then their transverse field components will add up
to give a small net transverse field that rotates about the external field axis at the
Larmor frequency. The Larmor frequency is the resonant frequency of the precession
of the protons.(Resonance normally refers to a vibration or oscillation only occuring
at a certain frequency. In this case, it refers to the protons absorbing energy only at the
Larmor frequency).The field can be detected and produce the information from which
the image is generated in a MRI scanner. This will be explained later in the
production of a magnetic resonance image section.



In order to achieve the protons precessing in phase with each other, they must be
made to absorb radio-frequency radiation of the same frequency as the Larmor
Frequency of the precession. Protons which absorb this energy will flip from a low-
energy state to a high-energy state with their axes anti-parallel to the external field
lines.
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(a) Shows random alignment of hydrogen atoms when there is no magnetic field
applied.

(b) Shows that when a strong magnetic field B, is applied, the protons, having their
magnetic moments, align themselves with the external magnetic field. They precess
along the field lines of the magnetic field. Precession is shown more clearly below:

[Source: http://www.cs.sfu.ca/~stella/papers/blairthesis/main/nodel 1.html]

A spinning proton Precess ion

Z represents the direction of the direction of the external magnetic field as shown
by Bo. X and Y are the respective axes at right angles to the magnetic field.



The red arrows are the protons which are precessing around Z. They are in their low-
energy state, parallel to Z.

[Source: http://www.erads.com/mrimod.htm]

The majority of protons will align parallel to the external magnetic field since this is
when they are in a low-energy state. Some however, as shown in the diagram below
will align anti-parallel in the high-energy state. These will cancel out the protons
pointing upwards. The remaining protons in the low-energy state which have not been
cancelled, add up to produce a magnetic vector in effect, in the direction of the By
field. This is known as longitudinal magnetization.

[Source: “MRI made easy” by Prof. Dr. Hans H. Schild page 12, published by
Nationales Druckhaus Berlin 1990]

Z is the uniform By, field as before, and X and Y are again the respective axes at right
angles to the field. The red arrows are the protons, and the elliptical white arrows
show that the protons are not static but are precessing about the magnetic field line.



Larmor Equation

The Larmor frequency is proportional to the strength of the external magnetic field:

0o = 'YB()

Where ®, = Larmor frequency
B, = external magnetic field
Y = gyromagnetic ratio

This equation demonstrates that the stronger the external magnetic field, the greater
the Larmor frequency. A greater magnetic field would result in a greater torque
experienced by the nuclei and they would precess at a faster rate. The value for the
Larmor frequency calculated using this equation is important as the radio-frequency
pulse will need to have the same frequency as the Larmor frequency of the protons in
order for them to absorb energy and resonate. (A radio-frequency pulse is a short
burst of an electromagnetic wave which has its frequency in the radio wave region of
the spectrum).

Relaxation times

When the Radio-frequency (RF) pulse is sent at the Larmor frequency, more protons
flip to the high-energy state, anti-parallel to the external field as mentioned earlier.
The reason why this pulse is required is because the protons left in the low-energy
state will produce longitudinal magnetization which cannot be measured directly as it
is in the same direction, parallel to the By field. Thus the pulse not only causes the
protons to flip into their high-energy state but causes them to precess in synch, in
phase with each other producing a transversal magnetization as their vectors now add
up in the direction transverse to the external magnetic field.

[source: “MRI made easy” by Prof. Dr. Hans H. Schild page 21, published by
Nationales Druckhaus Berlin 1990]



This diagram shows that once the pulse is sent, more protons precess anti-parallel to
the By field and in phase, resulting in less longitudinal magnetization (in the upwards
direction) and more transversal magnetization (towards the right). These components
are shown as vectors. The vectors represent forces of a certain direction.

Once the RF pulse is removed, the protons return back to their low-energy state and
the longitudinal magnetization increases. This is known as longitudinal relaxation and
is described by a time constant T;. The transversal magnetization will decrease, as the
protons are no longer forced to remain in phase and this is known as transversal
relaxation, described by a time constant T,. Transversal relaxation also occurs as the
field of the MR magnet is not totally uniform, not totally homogeneous and so slight
variations will cause different precession frequencies of the protons as shown by the
Larmor equation. This will result in them precessing out of phase.

The T, and T, time constant can be shown graphically as below. Magnetization (%) is
plotted against time (ms).

T Relaxation curve

[source: "MRI made easy” by Prof. Dr. Hans H. Schild page 27, published by
Nationales Druckhaus Berlin 1990]

T, Relaxation curve



[source: "MRI made easy” by Prof. Dr. Hans H. Schild page 30, published by
Nationales Druckhaus Berlin 1990]

The T, recovery curve shows a steep initial increase of longitudinal magnetization
where the relationship is directly proportional but it then increases at a slower rate and
levels off when maximum longitudinal magnetization is reached.

The T, decay curve shows a steep initial decrease of transversal magnetization but as
time goes on, the magnetization decreases at a slower rate until minimum transversal
magnetization is reached.

Both relaxation times are not however defined as the times when relaxation is
completed. Instead T} is defined as the time when about 63% of the longitudinal
magnetization is reached and T is defined as the time when transversal magnetization
decreased to 37% of the original value. These percentages are derived from
mathematical equations describing signal intensity (63% = 1-1/e; 37% = 1/e) but
further detail into this is not necessary.

The transversal component of the net magnetization is constantly moving, constantly
changing and so induces an electrical current into the receiver coil as described by
Faraday’s law which is to be explained. This is the signal used in MRI. The rate of
change of transversal magnetization over time is determined by the relaxation times
and because different tissues have different relaxation times, the rate of change of the
transversal magnetization will be different and the MR signal obtained will be of a
different intensity. (as differing amounts of currents are induced).

Faraday’slaw € oc -N d¢
of induction dt




Where ¢ is the induced emf or voltage
N is the number of turns on the receiver coil
¢ is the magnetic flux
t is the time over which the magnetic flux changes

Faraday’s law shows that the emf induced is proportional to the rate of change of
magnetic flux (d¢/ dt) multiplied by the number of turns on the coil, N. emf
(electromotive force) can be thought of as the amount of energy a source can produce
per unit charge, coulomb. In this case, it can be used as meaning the same as voltage.
Magnetic flux can be thought of as the lines of force surrounding a permanent
magnet. In MRI it is the magnetic moments of the protons, which add up to produce
the transversal magnetization vector.

Since current is proportional to voltage; I = V/R a changing magnetic flux or
changing magnetic moment will induce a current, the signal in the receiver coil.

Once the transversal magnetization has disappeared after the RF pulse has been
applied, no signal will be present (no current will be induced) as longitudinal
magnetization is completely restored. This means that another radio-frequency pulse
must be applied for the signal to be produced again. Initially a 90° pulse can be sent to
tilt the net magnetization 90° in the direction transverse to the external magnetic field
allowing a signal to be produced. After a certain time when most of the transversal
magnetization has disappeared, another 90° pulse can be sent causing the same effect.
The time between these pulses is known as the time to repeat, TR and is important in
distinguishing between tissues of different types, hence increasing the resolution of
the image (the resolution being the smallest distance between 2 objects which can be
easily distinguishable).

The strength of the signal obtained after sending the second 90° pulse, depends on the
amount of longitudinal magnetization that we start with as this is tilted to become the
transversal magnetization. If a relatively long time is elapsed between sending the
second RF pulse, then the longitudinal magnetization will have recovered totally and
the signal after the second pulse will thus be the same as the one after the first pulse.
Since different tissues have different longitudinal relaxation times, T; values, using a
short TR would mean that tissues with a short T; would have more longitudinal
magnetization than those with a longer T; by this time. This results in more
longitudinal magnetization being tilted by the next 90° RF pulse and a stronger signal
produced. This difference in signal intensity allows different tissues to be
differentiated between.

Images produced by using a short TR (typically less than 0.5 seconds) to make the
differences in T; between tissues pronounced, are known as T;-weighted images. Ti is
not the only parameter which signal intensity depends on. When a long time has
elapsed between one pulse and the next (long TR, more than 1.5 seconds), there may
still be a difference in the intensities of the signals produced. This is mainly due to a
difference in the proton density of the tissues. More protons in a given area in a tissue
would result in more protons precessing in phase when an RF pulse is sent, and more
magnetic moments of the protons will add up to produce a greater transversal



magnetization vector. The consequence would be a greater rate of change of the
magnetic flux as d¢/dt in faraday’s law as ¢ is larger and more current will be
induced, hence a stronger signal produced. Images produced based on the density of
protons are known as proton density-weighted images.

The transversal relaxation time, T is yet another parameter which signal intensity
depends on. The pulse sequence used to produce T,-weighted images is different
however. A 90° RF pulse is used first to tilt the longitudinal m agnetization, producing
transversal magnetization as before, and is then switched off. The protons then lose
phase coherence as they have different precession frequencies and the transversal
magnetization decreases and thus the loss of signal. Rather than using another 90°
pulse, an 180° pulse is used instead after a certain time known as TE/2. This makes all
the protons turn around, so that they precess in exactly the opposite direction. The
result is that the faster precessing protons are now behind the slower ones and after
time TE/2, the faster ones will have caught up with the slower ones. The protons at
this time are nearly in phase again and a stronger signal is detected as transversal
magnetization becomes stronger. A little later, the faster precessing protons will be
ahead again, with the signal decreasing. Hence another 180° pulse can be sent, and
again later and so on. Since this pulse acts like a wall from with the protons bounce
back and change direction, the signal is known as a spin echo and the 90° pulse
followed by the 180° pulse is known as the spin echo sequence.

The time TE between the pulses stands for time to echo and like the time to repeat
TR, the length of TE affects the signal produced and the amount of T, weighting.
Using reasonably long TEs means that the signal intensity between different tissues
will be depending very much on their T;s, their transversal relaxation times. With
very long TEs there should be even more T,-weighting but the signal intensity would
be very small, as most of the longitudinal magnetization would have recovered. Well
why not use a short TE instead? Surely the signal would be far stronger as a lot of the
net transversal component of the magnetization will still be present. This is true, but
the difference in the transversal relaxation time, T, of the tissues has not had time to
be pronounced and both signals produced will be identical. A time to echo is
considered short when it is less than 30msec (30x107 seconds) and long when it is
greater than 80msec (80x107 seconds). So a TE not too much longer than 80msec is
ideal for T,-weighting.

Production of a magnetic resonance image

When using MR, it is often useful to only examine a specific area or slice of the
body. In order to do this, a second magnetic field is superimposed on the external
magnetic field (B field), which has different strengths in varying locations. Thus the
additional magnetic field is stronger or weaker in some places than others and is
called a gradient field, produced by gradient coils. The gradient field means that the
protons in the different slices will experience different magnetic fields and so have
different precession frequencies as the Larmor equation shows. Since the RF pulses
must have the same frequency as the protons for energy to be exchanged and
resonance to occur, the pulses in different slices must have different frequencies as
well.



The gradient fields can be superimposed in any direction and so it is possible to define
all kinds of different imaging planes as well as transversal slices without having to
move the patient. A gradient field which enables a specific slice to be examined is
called a slice selecting gradient.

After choosing the slice position, the slice thickness needs to be determined as well.
One way is to send an RF pulse that has a certain range of frequencies, a bandwidth
because the wider the range of frequencies, the thicker the slice in which protons will
be excited. If the same bandwidth is used, the slice thickness can be modified by the
slope of the gradient field. A steeper gradient field means a thinner slice when the
same bandwidth of radio frequencies is used.

Once the slice position and thickness has been selected, it needs to be known what
point of the slice a certain signal is coming out. Here, another gradient field is applied.
The following diagram shows 9 protons depicted in the same slice with a gradient
field applied:

Gradient field

65 mHz

[source: "MRI made easy” by Prof. Dr. Hans H. Schild page 91, published by
Nationales Druckhaus Berlin 1990]

The gradient field decreases from left to right. The protons were originally precessing
in phase with each other (arrows pointing in the same direction) with the same
frequency after the RF pulse was sent in but once the gradient field is applied, the
protons experience different magnetic field strengths and the signals they give off
known as the free-induction decay (FID) response signals will be at different
frequencies (e.g. 65,64,63mHZ as in the diagram). The corresponding magnetic
gradient is known as the frequency encoding gradient and enables us to tell from
which row a signal comes from, but not the exact place of origin. This is solved by
applying a phase encoding gradient after an RF has brought all the protons initially in



phase. The phase encoding gradient like the other gradient fields, causes the protons
to precess at different frequencies since they experience different magnetic field
strengths. Once this is switched off, the protons experience the same magnetic field
again and thus have the same precession frequency. The key difference, is that
formerly the protons (and their signals) were in phase but now the protons and their
signals still have the same frequency but are out of phase.

After all these gradients have been applied, a mixture of different signals is obtained.
These have different frequencies, and signals with the same frequency have different
phases, all according to their location. A computer can use a mathematical process
called the Fourier transformation to analyse how much signal of a specific frequency
and phase is coming out. Our MR image can now be reconstructed as these signals
can be assigned to a certain location in the slice.

MRI as a medical phenomenon today

Magnetic resonance imaging has given another revolutionary form of body scanning,
which is non-invasive and does not use any ionising radiation. It allows an early and
easy diagnosis of many conditions such as cancer and multiple sclerosis. The MR
images can be created in more than one plane without the patient having to move,
allowing tumours, torn ligaments, etc to be visualized more clearly. For this reason, it
is often preferred to CT scanning which can only create images in one plane.

Despite its advantages (for which there are many others in terms of diagnosis and
evaluations of different conditions), there are drawbacks of the system. These include:

» Some people cannot be scanned safely with MRI due to pacemakers or if they
are too big to be scanned.

» Being in the MRI machine can be a very uncomfortable experience for many
people who are claustrophobic as patients are required to hold still for
extended periods of time, often between 20-90 minutes or longer.

» The machine produces a tremendous amount of noise as the rising electrical
current in the wire of the gradient magnets is being opposed by the main
magnetic field. — Patients are given earplugs or stereo headphones to
overcome the noisiness.

» Orthopaedic hardware such as screws, artificial joints, plates can distort the
images as they cause an alteration in the main magnetic field. Images may also
be very distorted with slight movements of the patient and the scan will need
to be repeated.

» The system is extremely expensive with a running cost ranging from £400,000
to £800,000. The cost of the system itself can be as much as 1 million pounds.

Although it does have its disadvantages, the almost limitless benefits of MRI for most
patients far outweigh the few drawbacks. It may be expensive but a very effective and
safe way of imaging. Alot of the expense is to do with the hardware required for
producing a strong magnetic field and the gradient fields.

In order to produce the strong magnetic fields, large superconducting electromagnets
are used, producing magnetic field strengths of up to 2 T (Tesla is the unit of



magnetic field strength. One Tesla is 10,000 Gauss). This field strength is uniform
and constant over a volume large enough to accomodate a patient. These magnets are
coils of superconducting wire, and are only superconducting at -269°C and so need to
be immersed in liquid helium. This temperature also causes the resistance in the wire
to fall to zero, which reduces the electrical requirement for the system dramatically
and makes it much more economical to operate.

A zero resistance in the wire means that it has zero resistivity p, since they are related
by the equation:

R =pL/A

Where R = resistance,
p = resistivity
L = length of wire
A = cross-sectional area of wire

Zero resistivity allows the wire to be so-called superconducting with infinite
conductivity since conductivity = 1/resistivity.

Even though superconducting systems are still very expensive, they can easily
generate magnetic field strengths from 0.5T to 2T which allows for much higher
quality imaging.

Conclusion
From researching the various physics involving MRI, it has been found that:

Hydrogen nuclei containing an odd number of electrons possess a magnetic moment.
When a magnetic field is applied, the nuclei undergo a motion known as a precession
about the external By field at a certain frequency known as the Larmor frequency.
This frequency is related to the strength of the external magnetic field by a nuclei-
specific constant, known as the gyromagnetic ratio as shown by the Larmor equation.

When a radio-frequency pulse is applied at the Larmor frequency, resonance occurs
and the protons absorb energy, flipping to a higher energy state. They also precess in
phase producing a net transversal magnetization. As this magnetic vector is constantly
moving a changing direction, it induces a current in the receiver coil as stated by
Faraday’s law of induction. Once the pulse is switched off, the transversal
magnetization decays and longitudinal magnetization recovers. The time constants
representing the recovery and decay of the respective magnetization components are
known as the T, and T, relaxation times. The times vary for different tissues.

A pulse sequence of radio waves can be developed where the times between sending
one pulse and the next known as TR (time to repeat) and TE (time to echo) affect the
amount of Ty and T, weighting. This also affects how the final image looks.



Gradient fields can be applied producing a magnetic field of varying strength across a
slice. This causes protons to precess at different frequencies and hence the signal
produced will be at different frequencies. Another gradient field can be applied after
an RF pulse has been sent in, which again causes protons to precess at different
frequencies. Once it is switched off, the protons all precess at the same frequency but
are out of phase. The information from these different signals can be processed using
a fourier transformation to form the final image.

Magnetic resonance imaging has been proved to be a revolutionary method of
imaging the human body. It allows images to be taken from different planes enabling
tumours for example to be seen more easily. It is however, expensive to buy and run
but for the many people who can benefit greatly from the system, it is seen as a
necessary expense.

Below is a schematic diagram of an MR system:
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Fig13.8 Schematic diagram of an MR system

Source: "Medical Physics" by Martin Hollins, published by Macmillan education Itd
1990, pagel87
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